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ABsTRACT:  Following mass deaths of Laughing Doves (Streptopelia senegalensis) in different localities
throughout Kenya, internal organs obtained during necropsy of two moribund birds were sampled and
analyzed by next generation sequencing. We isolated the virulent strain of pigeon paramyxovirus type-1
(PPMV-1), PPMV1/Laughing Dove/Kenya/Isiolo/B2/2012, which had a characteristic fusion gene motif
llOGGRRQKRF“’. We obtained a partial full genome of 15,114 nucleotides. The phylogenetic
relationship based on the fusion gene and genomic sequence grouped our isolate as class II genotype
VI, a group of viruses commonly isolated from wild birds but potentially lethal to Chickens (Gallus gallus
domesticus). The fusion gene isolate clustered with PPMV-I strains from pigeons (Columbidae) in Nigeria.
The complete genome showed a basal and highly divergent lineage to American, European, and Asian
strains, indicating a divergent evolutionary pathway. The isolated strain is highly virulent and apparently
species-specific to Laughing Doves in Kenya. Risk of transmission of such a strain to poultry is potentially
high whereas the cyclic epizootic in doves is a threat to conservation of wild Columbidae in Kenya.
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INTRODUCTION member of the Paramyxoviridae, is the causal
organism of Newcastle disease (Mayo 2002).
The full genome of NDV is about 15.2 kb and

is classified into three sequence types, with

The Paramyxoviridae is a composite family
of multiple human and animal viruses that

cause severe diseases including measles,
mumps, and respiratory tract infections (Hines
and Miller 2012). The genomic structure of
these viruses is complex, consisting of single-
stranded RNA of 13-19 kb and containing 6
10 genes that encode up to 12 proteins (Saif et
al. 2008). Some of the proteins include the
matrix (M), fusion (F), phosphoprotein (P),
nucleocapsid (NP), hemagglutinin-neuramini-
dase (HN), and RNA-dependent RNA poly-
merase (L) (Hines and Miller 2012). Virulent
strains of avian paramyxovirus serotype 1 (also
called Newecastle disease virus [NDV]), a

lengths of 15,198 nucleotides belonging to class
I (one genotype) while class II (18 genotypes)
has nucleotide lengths of 15,192 and 15,186
(Courtney et al. 2013). Nearly all orders of
avian species are susceptible to NDV (Lom-
niczi et al. 1998) infection and, depending on
the strain virulence, it causes diverse clinical
symptoms that lead to variable rates of
morbidity and mortality. Virulent strains of
NDV are enzootic in many countries and
responsible for huge economic losses in the
poultry industry, especially in growing econo-
mies (Xiao et al. 2012). Outbreaks of Newcastle
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disease in African poultry are common, but
genomic details of the causal viruses remain
mostly unknown. Recently, novel NDV strains
have been detected in West Africa (de Almeida
et al. 2013) as well as other parts of Africa
(Byarugaba et al. 2014), which suggests that
Africa may have more genetically diverse
strains within and among local NDV popula-
tions (Samuel et al. 2013). Since 1926, virulent
strains of NDV have caused devastating
panzootics, taking place in waves, with the
third and fourth wave still ongoing and the
associated strains rapidly evolving (Diel et al.
2012). Recently, Miller et al. (2015) suggested
an emergence of the fifth panzootic wave,
which resulted from coevolution of NDV
strains of subgenotype VIIi and VIIh. The
third panzootic, which began in the 1980s, was
caused by a pigeon-adapted variant of NDV
(Saif et al. 2008) that is commonly known as
the pigeon paramyxovirus type-1 (PPMV-1).
This group of strains, originally isolated in feral,
domestic, and wild pigeons as well as in doves,
all from the family Columbidae (Ujvari et al.
2003), is currently a global threat because of its
expanded geographic occurrence coupled with
a host range that is increasingly diverse and
includes non-Columbidae such as waterfowl
(Anseriformes), robins (Turdidae), partridges
(Phasianidae), and domestic fowl (Phasianidae,
Gallus spp.) (Jindal et al. 2009; Vidanovic et al.
2011). The strain is responsible for the growing
number of outbreaks in chickens in a variety of
locations (Alexander 2011). In Kenya, PPMV-1
has not been associated with epidemics in
poultry.

Mass deaths of wild birds in the order
Columbiformes have occurred annually in
several parts of Kenya, with NDV associated
with the deaths (Kenya Wildlife Service
unpubl.). However, little information is known
on the genotype, pathotype, or genomic
information of the causal strains in Kenya.

MATERIALS AND METHODS
Sampling area and sample collection

Die-offs of Laughing Doves (Streptopelia
senegalensis) have occurred since 2006 in several
locations, mainly in the semiarid and arid regions
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of Kenya (Fig. 1). The locations are inhabited by
both agro-pastoralists and nomadic-pastoralist
communities who mainly keep cattle (Bos taurus),
sheep (Ovis aries), and goats (Capra aegagrus
hircus). The regions are also home to a rich
diversity of wildlife, particularly hosting the
largest populations of Kenya’s African elephants
(Loxodonta africana). Although these sites are in
the dry regions of Kenya (Fig. 1), permanent
bodies of water are common. For example, the
Tsavo River traverses the Tsavo National Park
while natural springs provide permanent water for
animals in the Amboseli ecosystem. Kinna, a
community area adjacent to the Bisanadi National
Reserve, has a rich network of permanent rivers
and streams. No other wildlife species were found
moribund or dead in the die-off sites. All these
die-off sites had a common characteristic in that
they were around stagnant pools or slow-flowing
water that appeared greenish due to algal growth.
Moribund Laughing Doves and their carcasses
were scattered in water perimeters at lengths
ranging from 1-40 m from the river/stream banks.
The moribund Laughing Doves were on the
ground or perched on low canopy vegetation.
We observed Laughing Doves flying in and
drinking water, and thereafter we saw them lose
flight capacity and progress to being listless and
drowsy. By the time we responded to these
outbreaks in Milgis, Melako, Kina, and Biliqo
Bulesa (Fig. 1), 3-5 wk after the initial outbreak
reports, we found the sites littered with carcasses
and some Laughing Doves that were displaying
neurologic disorders. Die-offs occurred in March,
May, and August-November of 2012. Because the
die-off occurred in remote regions, viable samples
were collected from only one site at Biliqo Bulesa,
Merti Division, Isiolo County (0°32'41"'N;
38°24'51""E). At this site a troop of olive baboons
(Papio anubis) was found feeding, capturing the
moribund birds and feeding on them. In an
estimated area of 200 X 35 m, we collected and
counted 977 carcasses, which we burned on site to
sanitize the area. We captured 12 moribund
Laughing Doves by hand and weighed and
examined them for overall body condition and
presence of ectoparasites. An inadequate quantity
of dry ice at the time prevented us from
transporting all 12 Laughing Doves after their
death. Nevertheless, we collected two of the dead
doves, preserved their whole carcass in dry ice,
and airlifted them to the Veterinary Laboratory at
the Kenya Wildlife Service in Nairobi. The two
birds were necropsied and portions of the
intestines, liver, spleen, lung, heart, brain, and
proventriculus were excised, placed in separate
labeled cryovials, and immediately frozen in liquid
nitrogen. The organ samples were then transport-
ed in liquid nitrogen to the Animal Bioscience
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Ficure 1. Sites of mass deaths of wild doves in Kenya (2006, 2007, and 2012).

Laboratory at the International Livestock Re-
search Institute in Nairobi for analysis.

RNA isolation

We isolated RNA using the Roche MagNA
Pure LC instrument (Roche, Mannheim, Ger-
many) with the MagNA Pure LC RNA isolation
tissue kit III (Roche). The analyzed tissue samples
from the two Laughing Doves were from the
intestines, liver, spleen, lung, heart, brain, and
proventriculus. A pea-size tissue sample was
placed in a 2-mL screw-cap tube and 400 pL of
lysis buffer from the MagNA Pure LC RNA
isolation kit IIT was added to the tube. Silicon
beads (1-mm) were added to the tube covering
the tissue and were crushed for 1 min using a
bead beater. The tube was centrifuged for 1 min
at 10,621 X G using a refrigerated bench-top
centrifuge (Eppendorf 5417R, New York, New
York, USA). We carefully withdrew 200 pL of
supernatant without unsettling the beads. The
supernatant was loaded onto a Roche MagNA
Pure LC sample cartridge and processed follow-
ing the manufacturer’s instructions.

cDNA synthesis, amplification, and sequencing

We used the amplification protocol of Chen et
al. (2011) for ¢cDNA synthesis with the following

modifications of the primers. The first and second
strands of ¢cDNA synthesis were primed using
modified primer A (MID1-AGTCAC-
GATCNNNNNNNNN) where the Multiplex
IDentifier (MID) was a unique 10-base pair (bp)
sequence used as a bar code for the different
tissue. Different MID sets were used for each
tissue. The second strand ¢DNA was further
amplified using modified primer B (MID1-AGT-
CACGATC) where the MID was the same unique
10-bp sequence as used for the first and second
strand ¢cDNA synthesis. The reaction mixtures
and PCR conditions are provided in the upcoming
text.

First strands cDNA synthesis

In synthesizing the first strand cDNA, 4 pL of
RNA and 1 pL of 40 pmol/pL modified Primer A
(MID tagged) were mixed in a 200-uL PCR tube
A and heat denatured for 5 min at 65 C and
placed on ice for 1 min. To the PCR tube, 7.2 pL
master mix was added, comprising 5X RT 1st
strand buffer (4 pL), 0.IM DTT (2 pL), 10 mM
dNTPs (1 pL), and 400U/uL. RNase OUT (0.2 uL)
and then incubated at 25 C for 5 min. Subse-
quently, 0.5 pL of superscript III enzyme was
added and the reaction incubated at 25 C for 10
min, 50 C for 50 min, and 70 C for 15 min.
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Second strand cDNA synthesis

The contents of tube A (first strand cDNA
synthesis) were denatured at 94 C for 2 min and
cooled to 10 C followed by addition of 5 pL
Sequenase™ mix (USB, Cleveland, Ohio, USA; 5X
Sequenase buffer [1 pL], Sequenase enzyme [0.2
puL], and sterile water [3.8 plL]). The reaction
mixture was taken through one cycle, which
involved ramping from 10 C to 37 C in 8 min; a
hold at 37 C for 8 min (a 2% increase in ramp
speed); 94 C for 2 min (2% increase in ramp speed);
and a hold at 10 C for 5 min. During the 10 C hold,
0.6 pL of the Sequenase mixture (Sequenase
dilution buffer and Sequenase enzyme mixed in
the ratio of 4:1) was added and the reaction mixture
taken through the single cycle described earlier.

Amplification of cDNA

AccuPrime™ Taq polymerase (Invitrogen,
Carlsbad, California, USA) was used for amplifi-
cation of 5 pL of double stranded ¢cDNA in a
reaction mix containing 10X PCR buffer (5 pL),
12.5 mM dNTP (1.2 pL), 100 pmol/pL Primer B
(1uL), AccuPrime Taq polymerase (0.5 pL), and
sterile water (37.3 pL). Initial activation was done
at 94 C for 1 min followed by 30 cycles of 94 C for
30, 50 C for 30 s, 72 C for 1 min, and a final hold
at 72 C for 7 min. The products were cleaned, and
libraries were prepared and sequenced on a
Roche GS FLX 454 sequencer according to
Roche manuals. The sequences obtained were
demultiplexed into individual tissue samples and
the adaptors, MIDs, and primer sequences
trimmed off using Roche sff file tools. Trimmed
read quality was checked using NGS Toolkit
v2.3.2 (Patel and Jain 2012), where reads <100
bases and those with quality scores <20 were
discarded. High-quality reads were checked for
the closest match with sequences in GenBank.

Phylogenetic analysis

Two alignments were prepared; the Fusion
gene (n=78, 1,681 bp) and the complete virus
genome (n=61, 15,344 bp). Sequences were
chosen for the alignments through a GenBank
BLAST search and by including other, more-
diverged African and non-African type VI strains
that would help compare phylogenetic relation-
ships with our target sequence.

Sequences were aligned in Seaview v.4.2.11
(Gouy et al. 2010) under ClustalW2 (Larkin et al.
2007) default settings. The most appropriate
substitution model for the Bayesian inference
analysis was determined by the Bayesian Infor-
mation Criterion (BIC) in jModeltest v.0.1.1
(Posada 2008). The tree was constructed using
the Bayesian inference optimality criteria under

the best fitting model (GTRHHG, fusion gene
tree: -InL. 1907.50481, BIC 40625.64114; and
complete virus genome tree: -InL. 104579.82889,
BIC 210403.021674). All computations were run
through the CIPRES gateway (Miller et al. 2010).
MrBayes v.3.2.6 (Huelsenbeck and Ronquist
2001) was used with default priors, Markov chain
settings, and with random starting trees. Each run
consisted of four chains of 40,000,000 genera-
tions, sampled each 1,000 generations. A plateau
was reached after a few generations, and 25% of
the trees resulting from the analyses were
discarded as “burn in.”

RESULTS

The 12 moribund Laughing Doves had
sharp keels indicating emaciation and their
weights averaged 65.2 g. The birds were
infested with hippoboscid flies (Diptera:
Hippoboscidae); death occurred shortly after
capture. Field necropsy of the 12 Laughing
Doves revealed variable conditions in differ-
ent carcasses which included dark spots on
the lungs, empty crop, cloudy air sacs,
apparently enlarged heart and liver, and
congested brain. The two Laughing Doves
that were necropsied in the laboratory and
had their organ samples analyzed were
overtly emaciated (sharp keels). The lungs
were congested with dark spots and air sacs
appeared cloudy. We also noted congestion
of the brain and liver and the heart appeared
enlarged. The intestines had a greenish
content. There was cloacal matting due to
greenish fecal material and the birds were
infested with hippoboscid flies. We obtained
positive virus identification aligning to
PPMV-1 from one of the Laughing Doves
(bird 2) whose intestinal samples had high-
quality reads of 15.4% (5, 007/32, 427). From
the intestine of bird 2, 39,386 reads were
obtained with quality distributed as follows;
read length <100 bp 2,154 (5.47%), low-
quality score 4,805 (12.20%), high-quality
score 32,427 (82.33%), and average read
length 261 bp. The five 007 reads were
assembled to five contigs using Newbler
assembler version 2.5.3 (Roche Applied
Science, Mannheim, Germany). The contigs
arrangements were ordered by mapping to
PPMV-1 strain AV324/96, complete genome
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(GenBank: GQ429292.1), using CLCBio
Workbench version 5.1 (CLC bio A/S,
Aarhus, Denmark). No sequences from the
other tissues aligned to PPMV-1. Other
sequences had hits to host and other
microbial organisms, mainly bacteria and
Archaea (data not shown).

Cleavage site and phylogeny

The fusion protein from the isolated virus
had the sequence motif of "’ GGRRQKRF'"”,
which is similar to isolates from other
countries such as the US (accessions; gi/
217323225 and gi/45511229), Ttaly (gi/
21780303), France (gi/81991862), and Tanza-
nia (gi/58201052) (Table 1). Phylogenetic
comparison of our isolate with GenBank F
gene sequences of classes I and II NDVs
indicated that the Kenyan Laughing Dove
isolate belongs to the class II genotype VI
(Fig. 2).

The phylogenetic relationships of the fusion
gene revealed a terminal taxa positioning of the
Kenyan sequence. The highest affinity was to
Nigerian pigeon fusion type VI strain, but it
showed unique lineage differentiation from the
rest of the Nigerian fusion gene sequences (Fig.
2). Within the monophyletic clade (supported
by Bayesian posterior probability: 1.00), the
Kenyan sequences were sister to the Nigerian
samples. All strain VI were terminal to the tree,
mostly from pigeon and dove hosts. Strains VII
and VIII were basal to strain VI and were mostly
associated to a chicken host.

Genomic data and phylogeny

The genomic sequence length of our isolate
was partially complete with 15,114 bp (Gen-
Bank JX518532). Phylogenetic relationships of
the complete genomic sequences revealed a
basal positioning of the Kenyan strain (Fig. 3).
The Kenyan Laughing Dove strain did not
group with any other strain VI virus and
showed high genetic divergence to all others
(Fig. 3). Unlike the Kenyan strain, most other
strains showed high monophyly to strains from
the same country and host (e.g., US, Belgium,
China), as supported by the robust Bayesian
posterior probabilities.
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DISCUSSION

Although NDV-associated die-offs in wild
birds have previously occurred in Kenya,
herein we report the genotype and genomic
information of a PPMV-1 strain that is
circulating in Laughing Doves in Kenya. The
die-offs occurred mainly in xeric regions of
Kenya during the dry months, and mainly
affected the Laughing Doves. We could not
ascertain whether the die-offs were caused by
a single strain of PPMV-1. Elsewhere, in West
and South Africa, multiple strains of PPMV-1
tend to cocirculate within a region or country
(Abolnik 2007; Snoeck et al. 2013). In South
Africa, it was reported that most of the PPMV-
1 isolates were mainly from several species of
doves in multiple regions (Abolnik et al
2008), which tends to agree with our obser-
vation and suggests host-specific susceptibili-
ty. This is in spite of the presence of other
sympatric dove species in Kenya such as
African Mourning Dove (Streptopelia deci-
piens), Ring-necked Dove (Streptopelia cap-
icola), Emerald-spotted Wood Dove (Turtur
chalcospilos), and Namaqua Dove (Oeana
capensis). It would be of interest to investigate
whether these other sympatric Columbi-
formes asymptomatically carry the isolated
dove strain or perhaps different strains.
Nevertheless, our study suggests that Laugh-
ing Doves are either highly susceptible or they
are reservoirs and that other factors trigger
the outbreak. Winter and drought are some of
the stressful environmental conditions associ-
ated with NDV outbreaks in wild birds
(Goekjian et al. 2011).

Hippoboscid flies comprise numerous spe-
cies, are considered normal ectoparasites of
diverse avian taxa, and are associated with
negative health consequences (Lloyd 2002),
but their role in NDV transmission is not clear
and requires further investigation.

Pathogenicity of Newcastle disease is
based on an intracerebral pathogenicity index
of at least 0.7 in 1l-day-old chicks or by
multiple basic amino acids at the F protein
cleavage site (World Organisation for Animal
Health 2012). The sequence of the cleavage
site of our isolate had a characteristic motif
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Laughing Dove (Streptopelia senegalensis) in Kenya (bold dot) and those from GenBank. All terminal taxa have
the GenBank accession number, locality, host, and strain type. Asterisks by nodes indicate Bayesian posterior

probabilities higher than 95%.

(M"°GGRRQKRF'"") that is indicative of
virulence. The F protein cleavage position
for virulent or mesogenic strains entail a
furin recognition site that is made up of
various basic amino acids (arginine [R] or
lysine [K]) surrounding the glutamine (Q) at
position 114 and phenylalanine (F) at posi-
tion 117 (Collins et al. 1993; Hines and
Miller 2012). Cleavage of the F protein and
virulence of the NDV strain depends on one
or both ‘R’ at positions 112 and 115 or ‘F” at
position 117 (Hines and Miller 2012). The
sequence motif of the F gene cleavage site is
not sufficient to distinguish between velo-
genic and mesogenic strains (Hines and

Miller 2012). However, we consider our
isolate as virulent because of its fusion gene
sequence, which conforms to the character-
istic motif of virulent strains (Table 1).
Phylogenetic comparison of our isolate indi-
cates that it belongs to class II genotype VI
(Fig. 2). Genotype VI was originally from the
Middle East and Asia during the 1980s and
1990s (Kwon et al. 2003) but has since spread
to other continents (Kaleta et al. 1985).
Genotype VI is highly diverse and includes
several subgenotypes, but many PPMV-1
strains from Columbidae cluster as a mono-
phyletic group of genotype VIb (Ujvri et al.
2003). This genotype is both antigenetically
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and genetically dissimilar from NDV isolates
common in poultry (Collins et al. 1993);
however, with exposure to domestic poultry
and subsequent adaptation (Dortmans et al.
2011), the genotype has been reported to
cause severe disease in domestic poultry
(Abolnik 2007).

The interhost species transmission of
virulent strains between wild and domestic
fowl (Vidanovic et al. 2011) is viewed as an
epidemiologic risk predicted to influence the
rate of evolution and emergence of novel
genotypes (de Almeida et al. 2013), diagnos-
tic failures, and weak efficacy of first-gener-
ation vaccines (Samuel et al. 2013).
Phylogenetic relationships showed a close
association of the Kenyan strain to pigeon
(Columbidae) strains, with the fusion gene
matching closely to African strains from
Nigeria (Fig. 2). The strain is basal to strains
from pigeons in Europe and the US (Fig. 2).
The genomic information of our isolate
(PPMV1/Laughing Dove/Kenya/Isiolo/B2/
2012) suggests that it is ancestral to most
known New and Old World strains but with
high genetic divergence to such strains (Fig.
3). The nongrouping of the Laughing Dove
genome with other available strains shows a
unique evolutionary lineage. Further studies
would help assess the reasons for such
divergence and the implications from an
epidemiologic perspective.

A PPMV-1 strain circulates in wild birds
within Kenya, which is likely different from
strains currently circulating in domestic poul-
try. Because Laughing Doves are found in
farms and backyards where they interact
closely with free-ranging domestic poultry,
specifically sharing feed lot and watering
points, there is a probability of exposure and
cross-transmission of this virulent strain to
domestic poultry.
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