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Newcastle disease (ND) causes significant economic losses in the poultry industry in developing countries. In Kenya, despite
rampant annual ND outbreaks, implementation of control strategies is hampered by a lack of adequate knowledge on the
circulating and outbreak causing-NDV strains. This study reports the first complete genome sequences of NDV from backyard
chicken in Kenya. The results showed that all three isolates are virulent, as assessed by the mean death time (MDT) and in-
tracerebral pathogenicity index (ICPI) in specific antibody negative (SAN) embryonated eggs and 10-day-old chickens, re-
spectively. Also, the polybasic amino acid sequence at the fusion-protein cleavage site had the motif '"RRQKRFV''®,
Histopathological findings in four-week-old SPF chicken challenged with the NDV isolates KE001, KE0811, and KE0698 showed
multiple organ involvement at five days after infection with severe effects seen in lymphoid tissues and blood vessels. Analysis of
genome sequences obtained from the three isolates showed that they were 15192 base pair (bp) in length and had genomic features
consistent with other NDV strains, the functional sites within the coding sequence being highly conserved in the sequence of the
three isolates. Amino acid residues and substitutions in the structural proteins of the three isolates were similar to the newly
isolated Tanzanian NDV strain (Mbeya/MT15). A similarity matrix showed a high similarity of the isolates to NDV strains of class
II genotype V (89-90%) and subgenotype Vd (95-97%). Phylogenetic analysis confirmed that the three isolates are closely related
to NDV genotype V strains but form a distinct cluster together with NDV strains from the East African countries of Uganda and
Tanzania to form the newly characterized subgenotype Vd. Our study provides the first description of the genomic and
pathological characteristics of NDV of subgenotype Vd and lays a baseline in understanding the evolutionary dynamics of NDV
and, in particular, Genotype V. This information will be useful in the development of specific markers for detection of viruses of
genotype V and generation of genotype matched vaccines.

1. Introduction (OIE) [1]. In developing countries, ND has a significant eco-

nomic impact on the poultry sector due to the high morbidity
Newcastle disease (ND) is a highly contagious disease of poultry ~ and mortality [2]. Newcastle disease is caused by Newcastle
that is notifiable to the World Organization for Animal Health disease virus (NDV), a single-stranded negative-sense RNA
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virus classified in the genus Avulavirus within the family
Paramyxoviridae in the Order Mononegavirales [3]. Newcastle
disease virus consists of a 15kb genome with six open reading
frames (ORF) encoding six major structural proteins, namely,
nucleoprotein (NP), phosphoprotein (P), matrix protein (M),
fusion-protein (F), hemagglutinin neuraminidase (HN), and the
RNA-dependent RNA polymerase (L) in the order, 3'-NP-P-M-
F-HN-L-5' [4, 5]. Each of these genes is flanked by short
extragenic “leader” and “trailer” sequences. Besides, each gene
starts with a conserved gene start (GS) and ends with a con-
served sequence: gene end (GE) [6].

Newcastle disease virus, although belonging to one
serotype, is highly diverse genetically and antigenically.
NDYV isolates from the world are grouped into two distinct
classes (class I or II), based on genome lengths and nu-
cleotide sequences. Class I NDV is less divergent and
belongs to a single genotype, whereas class II isolates are
more diverse [5]. Based on the analysis of the complete
coding region of the fusion gene, class II NDV has been
divided into 18 genotypes [7-10]. Newcastle disease virus
belonging to class II, which was isolated between the 1930s
and 1960s, includes genotypes I, II, III, and IV. These are
considered “ancient” and have genome sizes of 15,186
nucleotides (nt) [11]. The currently circulating or “recent”
class II genotypes were isolated after the 1960s (V, VI, VII,
VIII, and X-XVIII). The latter genotypes have an insertion
of six nucleotides into the 5’ noncoding region of the
nucleoprotein gene. They, therefore, possess 15192 nt in
their genomes [11]. More genetic distance has been ob-
served between “ancient” and the “recent” genotypes [5].
Some of the genotypes are further divided into sub-
genotypes according to set criteria [7].

The most recent genotypes (XIV-XVIII) have mostly
been isolated on the African continent [8, 10, 12]. A study on
isolates from Southern Africa as well as from Namibia,
Zambia, Zimbabwe, and Mozambique revealed the presence
of genotypes VIII and VII [13, 14]. In Zambia, genotype XIII
has also been isolated from poultry [15]. A comparative
analysis of APMV-1 sequences from West Africa indicated
that the viruses correspond to genotypes I and VI and novel
genotype XVIII [16]. Novel genotypes XIV and XVII have
also been isolated from Western and Central African
countries [17, 18]. Isolates from Ethiopia were assigned to
genotypes VII and VI [19-21]. Isolates from Tanzania were
assigned to genotypes I, V, and Via, respectively [22].
Previous studies reported that isolates from Sudan belonged
to genotypes VII and VI [23, 24]. A study in Eastern Uganda
in 2001 revealed that they belonged to genotype VIa , 2004)
[25]. A more recent study in Uganda isolated strains of
genotype Vd from poultry in LBMs [26]. It is suggested that
increased surveillance on the African Continent may lead to
the discovery of more genotypes and subgenotypes [27]. This
is thought to be a result of the predominance of the backyard
poultry management system which encourages the presence
and spread of varied strains of velogenic NDV which
threatens commercial poultry enterprises [28].

In Kenya, like other developing countries, the high
population of poultry is kept on smallholder backyard farms.
Poultry production is important for the livelihoods of many
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rural households as a source of protein and income and
fulfills the sociocultural role. Although Newcastle disease is
endemic in Kenya, potential reservoirs of NDV virus exist
which are responsible for the annual epidemic outbreaks of
ND causing annual epidemic outbreaks that result in high
bird mortality, economic losses, and negative impact on the
livelihoods of rural populations [1]. The introduction of
birds from informal live bird markets (LBMs) poses an
important source of introduction of NDV into a flock [29].
Live bird markets may enhance the movement of infected
birds and the spread of NDV is rampant in Kenya and may
be important in the epidemiology of ND [30]. However,
until now, only a few studies have reported the genetic and
pathological characteristics of NDV circulating in Kenya.
This study for the first time characterized and compared the
genomic and pathological characteristics of NDV from live
bird markets and backyard poultry farms in Kenya to es-
tablish the epidemiological link and role of live bird markets
and backyard poultry in the spread of NDV in Kenya.

2. Materials and Methods

2.1. Viruses. Cloacal swabs and tissue samples for the study
came from chicken showing clinical symptoms of Newcastle
disease. These samples were obtained from live bird markets
and backyard poultry farms in Kenya during a survey of
Newcastle disease virus described by [30]. We inoculated
samples from individual birds in three 10-day-old specific
antibody negative (SAN) embryonated chicken eggs through
the allantoic cavity. Three days after inoculation, the al-
lantoic fluid was harvested and clarified by centrifugation at
4000 x g for 20 minutes at 4°C. We used the supernatant to
run the hemagglutination inhibition test using specific
antisera to the reference strains of NDV. Three NDV isolates
designated KE001/2015 (Makueni), KE0811/2016 (Mom-
basa), and KE0698/2016 (Malaba) showed high HA titer
(>2%). The allantoic fluid of the three isolates was aliquoted
for use in pathogenicity tests and genome sequencing and
characterization.

2.2. Study Clearance and Permits of Compliance. The Kenya
Agricultural and Livestock Research Organization (KALRO),
Veterinary Science Research Institute- (VSRI-) Institutional
Animal Care and Use Committee (IACUC), approved poultry
handling procedures used in the study (protocol number:
KALRO/VSRI/IACUC/1/23082017) according to the appro-
priate animal guidelines [31]. We carried out the study in the
biosafety level II isolation facility at KALRO-VSRIL

2.3. Biological Characterization of the NDV Isolates. The
pathogenic potential of the three NDV isolates was evaluated
using a standard assay to determine mean death time (MDT)
in 10-day-old specific antibody negative (SAN) embryo-
nated eggs and the intracerebral pathogenicity index (ICPI)
in 1-day-old chicks [1]. Briefly, ICPI was performed in 1-
day-old chicks by inoculation of 50 uL of allantoic fluid
diluted 10-fold in PBS without antibiotics as recommended
[1]. We calculated the intracerebral pathogenicity index as
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the mean of each observation for each bird. We observed the
birds every 24 hours for 1 week. At each observation, the
birds were scored 0 if normal, 1 if sick, and 2 if dead. We
humanely sacrificed birds that were too ill and unable to eat
by cervical dislocation and scored them as dead in the next
observation. We gave dead birds a score of two at each of the
remaining observations.

We considered Newcastle disease virus strains with ICPI
score of 0.7 lentogenic, while those with a score of more than
1.5 as velogenic. On the other hand, those strains with ICPI
scores between 0.7 and 1.5 were mesogenic. For MDT, al-
lantoic fluid with virus was diluted in a series of 10-fold
dilutions with phosphate-buffered saline (PBS) and each
dilution inoculated into the allantoic cavity of specific
pathogen-free 10-day-old embryonated eggs and incubated
at 37°C. We observed the eggs every 8 hours for 7 days and
the time of embryo death was recorded. The MDT was
recorded as the mean time (hours) for the minimum lethal
dose of the virus to kill all the embryos [1]. We considered
isolates with MDT <60 hours velogenic: MDT between 61
and 90 hours was mesogenic, while those with MDT >90
hours were lentogenic.

2.4. Pathological Characteristics of the NDV Isolates. To
determine the pathological characteristics of the NDV
isolates, we randomly allocated forty (40) SAN chicken aged
four (4) weeks into four experimental groups consisting of
three NDV infected groups (group 1-KE001/2015, n=10;
group 2-KE0698/2016, n=10; and group 3-KE0811/2016,
n=10) and one control group (n =10). We challenged birds
in the NDV infected groups via intraocular inoculation with
respective virus suspension (0.1 ml) containing 10° 50%
lethal dose (LD50). We inoculated the control group with
0.1 ml PBS and observed all birds daily for clinical signs of
disease. We euthanized and necropsied two birds from each
group at day 5 after inoculation and all birds with severe
clinical symptoms. We monitored the birds daily until the
end of the experiment, two weeks after challenge. Thereafter,
we euthanized and necropsied all remaining birds. At
necropsy, we collected tissues of trachea, spleen, brain, lung,
liver, bursa of Fabricius, proventriculus, and caecal tonsils
and fixed them in 10% buffered formalin. The samples were
embedded into the paraffin and sectioned at 3uym and
routinely deparaffinized and stained with hematoxylin and
eosin for histopathological examination.

2.5. RNA Extraction and Whole-Genome Sequencing. We
extracted viral genomic RNA from the allantoic fluid using
Trizol reagent (Life Technologies, USA) according to the
manufacturer’s instructions. The concentration and purity
of extracted RN A were measured using a spectrophotometer
(ND-1000, Nanodrop Technologies, USA) and Qubit
Fluorimeter (Invitrogen, Carlsbad, CA, USA), and the in-
tegrity of RNA was visualized by electrophoresis in a 1.2%
formaldehyde agarose gel stained with GelRed and also
using the Bioanalyzer. RNA extracts were selected for library
preparation when the 260/280 purity index was >2.0 and the
integral RNA in electrophoresis and Bioanalyzer

measurements was greater than eight (RIN > 8). The con-
centration and purity of the extracted RNA were determined
using a Qubit Fluorimeter (Thermo Scientific, Walton,
Massachusetts, USA) before storage at —80°C until use.
The nucleotide sequence of the full viral genome was
determined using next-generation sequencing (NGS). The
cDNA libraries were prepared using a TruSeq RNA sample
preparation kit (Illumina, CA, USA). Briefly, mRNA was
prepared by purification and fragmentation of 2 ug of total
RNA using oligo (dT) magnetic beads and was used as a
template for cDNA synthesis by random hexamer priming.
Paired-end (2 x 100 reads) sequencing was done using Miseq
(Ilumina). The reads of the full-length viral genome were
assembled de novo with SPAdes assembler version 3.10.1
[32]. We confirmed the NGS results with conventional
Reverse-Transcription polymerase chain reaction (RT-PCR)
using virus-specific primers. This involved purification of
amplified products using Qiagen PCR Purification Kit and
sequencing purified products by the Sanger method at
Macrogen, Korea. The sequences obtained by the Sanger
method were 100% identical to the NGS sequences.

2.6. Phylogenetic Analysis. We obtained complete sequences
of reference strains for each NDV genotype from GenBank
including the recent Tanzania isolate MK583011 (Supple-
mentary Table S1). We also compared the study isolates with
other NDV isolates from Africa, which are present in the
GenBank. These sequences from GenBank and the complete
coding sequences of the four NDV isolates were aligned
using MUSCLE v. 3.8.31 [33, 34]. Phylogenetic and mo-
lecular evolutionary analyses were conducted using MEGA
(Molecular Evolutionary Genetics Analysis) version 6.0 [35].
We constructed phylogenetic trees using the Maximum
Likelihood (ML) method and estimated the tree using best-
fit general time-reversible (GTR) model of nucleotide
substitution with gamma-distributed rate variation among
sites. We employed a bootstrap resampling process (1000
replications) to assess the robustness of individual nodes of
phylogeny. Evolutionary distances were computed by the
Pairwise Distance method using the Maximum Composite
Likelihood method [35].

3. Results and Discussion

3.1. Biological Characterization. The three isolated viruses
were virulent by the OIE standard criteria. Table 1 shows the
MDT in embryonated eggs and ICPI values for the three
NDV isolates as well as the amino acid sequence at the
cleavage site. The ICPI for the three isolates was >1.5, while
the MDT was <60 hours indicative of velogenic strains.
Further, the amino acid sequence motif at the cleavage site of
the fusion gene concurred with the ICPI and MDT scores of
the three isolates that indicated their velogenic nature.

3.2. Pathological Lesions. All chickens inoculated with NDV
study isolates were successfully infected and showed signs of
depression, mucoid diarrhea, leg paralysis, comb cyanosis,
and head edema and facial swelling with mucoid exudate
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TaBLE 1: Results of pathogenicity index tests of three NDV isolates from Kenya.

Strain Place of origin Accession number MDT ICPI F, cleavage site (111-118)

KE001/2015 Makueni MN685354 48.7 1.56 GRRQKR.FV

KE0811/2016 Mombasa MN685355 44.2 1.69 GRRQKR.FV

KE0698/2016 Malaba MN685356 38.9 1.74 GRRQKR.FV

from the nostrils. Gross lesions consisted of enlargement of
organs such as the liver, spleen, and kidneys in the majority
of the birds. Gross lesions were also evident in the mucosa of
the proventriculus, spleen, liver, and small intestines
(Figure 1).

These lesions included hemorrhagic and necrotic patches
and blood vessel congestion. The spleen had numerous
multifocal whitish spots that were evident on the surface.
The trachea also showed mucosal hemorrhages and necrosis
with a few birds showing pneumonic consolidation in the
lungs with the discharge of caseous exudates from the air
sacs. The intestines showed darkened areas of necrosis that
were evident on the serosa surface. These necrotic areas in
the lumen of the intestines were covered with mucoid
content underneath of which were ulcerative foci. The bursa
of Fabricius showed marked edema (Figure 1).

All groups infected with the NDV study isolates pre-
sented similar histological changes in the multiple organs
and tissues at 5 days after challenge. The most extensive
damage involved blood vessels and lymphoid tissues. We
observed vascular changes including hemorrhages, con-
gestion, and edema in majority of the organs. Severe con-
gestion of blood vessels and diffuse hemorrhages were
present in the liver, small intestines, and kidneys.

We observed depletion of the lymphoid tissue in lym-
phoid organs such as the spleen, bursa, and payers patches.
On the other hand, organs such as lungs, small intestines,
and liver showed lymphocyte infiltration (Figure 2). The
intestinal mucosal epithelium was denuded with loss of villi
structure. The findings resemble pathological presentation in
infection by highly virulent viruses [36].

3.3. Genome Similarity Analysis. Similarity search of the
three isolates on the nucleotide databases through the
BLAST algorithm yielded the highest similarity (97%) to the
genome sequence of a previous Kenyan Newcastle disease
virus (NDV) isolate, A48 (Accession JQ217420), and Tan-
zanian isolate, Tanzania/Mbeya/MT15/2012. The isolates
also showed high similarity (92%) to the complete genome
sequence Newcastle disease virus strain, Largo/71 from the
USA classified as genotype V clade II

The percentage similarity for nucleotide sequences
encoding the different NDV genes was compared between
isolate KE001/2015 (Makueni) and other NDV strains in-
cluding the study strains: KE0811/2016 (Mombasa) and
KE0698/2016 (Malaba) and others from the GenBank
(NCBI). Study isolates were highly similar to NDV strains
grouped under genotype V ranging from 89 to 97 (Table 2).
On the other hand, the similarity of the study isolates to
NDV strains of genotypes I and II ranged between 82 and 83
percent. The similarity of the coding regions of KE001/2015

F1GURE 1: Gross pathology lesions observed on organs of specific-
pathogen-free chicken infected with NDV isolates at 5 days after
challenge. First row: (a) proventriculus showed patches of reddened
areas on the mucosa (hemorrhagic patches), (b) the spleen was
oedematous and showed multifocal white specks (necrotic points-
A), and (c) the liver was oedematous and showed focal reddened
hemorrhagic areas (H). Second row: ((d-f)) small intestines
showed congestion of blood vessels (C), darkened patches of ne-
crosis (arrow), and diffuse hemorrhages (H) on the mucosa.

(Makueni) to NDV vaccine strains (LaSota, BHG, and I-2)
ranged from 77 to 85%, while the similarity to gene se-
quences of genotype V strains was the highest ranging from
87 to 98%. We observed the lowest similarity between the
study and vaccine strains in the coding sequence of the V
and P gene.

3.4. Genomic Features of Coding and Noncoding Regions of
Isolates. The genomes of the three isolates had a length of
15192 nucleotides with the insertion of six nt (cytosine:
“CCCCC (T) C”) in the 5" UTR noncoding region of the NP
gene between position 1643 nt and 1650 nt. The genome of
the three isolates was organized as 3'-NP-P-M-F-HN-L-5'.
The genomes started with a leader and trailer sequences at
the 3' and 5’ end with lengths of 330 55 nt and 114 nt, re-
spectively (Table 3). Similarly, the isolates had a considerably
conserved 10 nt sequence at the start of every gene (GS) and
another one at the end (GE) of each gene. The open reading
frame of each gene was flanked with 3’ and 5’ end un-
translated regions (UTRs) of varying lengths on each end
(Table 3). Between GE of one gene and GS of the next gene
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F1GURE 2: Photomicrographs showing hematoxylin and eosin (HE) staining on sections of the spleen, small intestines, and liver at 5 days
after challenge. Magnification for panels of spleen and liver and 100x for small intestines x 400. First row: spleen tissue samples from isolate:
KE0811 and KE001 showed lymphocyte depletion in the follicles and inflammatory exudates (star). Second row: small intestine tissue
samples from NDV challenged groups showed multifocal mucosal hemorrhages (H), lymphocytic infiltration of the submucosa (star), and
sloughing of mucosa (arrow). Third row: liver tissue samples of NDV challenged group showed congestion of hepatic blood vessels (C) and
lymphocyte infiltration of periportal areas (arrow).

TaBLE 2: Percent (%) similarity of isolate KE001/2015 to nucleotide coding sequences of NDV reference strains.

Coding regions

Strain Genome
NP P \ M F HN L

KE0811/2016 (Mombasa) 98.94 97.34 98.82 96.19 98.99 96.49 96.85 99.06
KE0698/2016 (Malaba) 96.63 96.8 96.54 95.87 97.35 96.18 96.73 97.0
A48-Vd 95.61 97.82 — — 97.44 97.21 97.66 97.64
Mt15/Tanzania-Vd 96.76 97.75 96.46 96.50 96.80 96.61 97.02 97.56
Larg0/71-Vh 92.25 93.06 90.65 90.79 91.87 91.89 92.13 93.87
rAnhinga-Va 89.15 90.27 87.20 87.61 91.87 89.89 89.45 91.44
Italien-1V 86.28 88.29 84.34 83.80 86.21 87.47 87.0 88.72
QH1-VIII 86.49 88.23 85.10 84.12 84.01 86.02 85.95 88.90
AV324/96-VI 85.53 87.68 82.82 81.90 86.48 86.87 86.71 87.73
Mukteswar-III 84.79 85.23 81.81 82.22 85.11 85.84 85.02 87.52
7J/1/86/Ch-IX 84.58 86.73 82.40 81.26 84.65 85.60 84.79 87.64
Mali/ML007/08-XIV 84.50 85.98 83.41 80.89 84.56 84.87 84.79 87.21
ZA/A1495/04-VII 84.22 85.91 81.39 83.43 85.75 85.48 86.07 87.34
499-31/2008-XVI 83.36 86.19 80.55 81.26 84.47 83.0 84.32 85.97
MG/1992/08-X1 82.78 84.28 80.97 78.02 83.37 82.87 83.04 84.84
I-2-1 82.69 83.87 78.70 79.04 83.28 83.0 82.98 85.48
BHG-I 82.32 83.46 78.70 79.68 81.73 83.24 82.69 85.30
LaSota-II 82.12 84.14 80.30 79.68 81.91 83.36 82.68 85.10

NP: nucleoprotein; P: phosphoprotein; F: fusion protein; M: matrix protein; HN: hemagglutinin neuraminidase protein; L: RNA-dependent RNA polymerase.
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TaBLE 3: Genomic features of three NDV isolates from backyard chicken flocks in Kenya.

Genome characteristics

ORF . IGS Gene length Protein length
Gene start 3UTR Coding sequence 5UTR Gene end
NP 56-65 66 122-1591 216 1798-1808 1 1753 489
P 1810-1819 73 1893-3080 180 3250-3260 1 1451 395
M 3262-3271 34 3296-4390 112 4493-4502 1 1241 364
F 4504-4513 46 4550-6211 84 6285-6295 31 1792 553
HN 6327-6336 91 6418-8133 195 8318-8328 47 2002 571
L 8376-8386 11 8387-15001 77 15069-15078 NA 6703 2204
Leader 1-55 NA NA NA NA NA 55 NA
Trailer 15079-15192 NA NA NA NA NA 114 NA

NP: nucleoprotein; P: phosphoprotein; F: fusion protein; M: matrix protein; HN: hemagglutinin neuraminidase protein; L: RNA-dependent RNA polymerase;
3UTR: 3’ end untranslated regions (UTRs); 5UTR: 5' end untranslated regions (UTRs); ORF: open reading frame; IGS: intergenic sequence; 1: coding
sequence including stop codon; 2: number of amino acid bases without stop codon.
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UK/ Herts{AY 741404 41 GRASSTSAPTAGESTEPRE . SCKTAKPCGQCGRPWRPCGHRREHSISWTM.GVTTISWCNPSCAPVRAEPRQY 210
SDOF-2HQILTISNIC 4l GRASSTSNPTAGESTEFPQK SGETAEPGQGRPWRFGHRREHSISWTMGGVTTISWCNFPSCSPVRAEPRQY 210
rAnhinga(EFOS5852)Va 1] RRTSSTSD . ATWGSAE SWVSPGEVPAPCRGRPWKPCGHRREHSISWTT . CVTTISWCNPSCAPVRAEFRQY 210
Largo{AYSS2990) Ve 41 RRTSPTSEG . TTWE SAEFPWEPPGKIPAPGQGRPWKPGHRREHSISWTT GVTTISWCNPECAPVRAEFPRQY 210
41 RRTSSSPDRTARE  AASWEPPGKIPAPSQCRSWANFPGHRREHSISWTT GVTTISWCNFPSCAPIRAEPRQD 210
41 RRTLSFPDRTARE  AAPWEPPGKISAPSQGRSWRPGHRREHSISWTT GVTTISWCNPSCAPIRAEPRQD 210
41 RETSSFPGRTARE  AAPWEPFPGE ISAPSQCRSWRPCHRREHSISWTT GVTTISWCNPSCAPIRAEFRQD 210
41 RRTSSSPDRTARE  AASWEPPGKISAPSQCRSWRPCHRREHSISWTT . GVTTISWCNPSCAPIRAEFPRQD 210
AVI2HHGQe29252)VI 41 GGPPSTSGFTTRESVEFPWK . PGRTAAPSQSCPWKFGHRREHSISWTM . GVTTISWCNPSCAPVRAEFRQY 210
SDSGOI(N400596)VI 41 RRASPTSGPTTRE . AELWK . PCKTAASGQGRPWKPGHRREHSISWTT .CGVTTISWCNPSCAPVRAEPRQY 210
41 CRISSTSDPTTGESAEPRK . PCKIAVPEQCRPWKPCHRREHSISWTT .GVTTISWCNPSECAPIRTEPRQY 210
41 RRIPPAPGPTTRE . VEPRK . PCKAAATGQGRPWKPCGHRREHSISWTT .GVTTVSWCNPSCAPVRAEPRPY 210
1915-039NS00305) X 41 GRTPPTSSLPTQE .AEPWE . P . KTAAPSRDRLWKPGHRREHSISWTT .CVTTISWCNPSCAPIRAEFPRQY 210
455 _31JN119183)XVI 4] RREPSTSHSTAGE . AEPWT . P KTAATGQGRPWKPGHRREHSISWTV . GVTTISWCNFSCAPVRADFPRQY 210

211
211
211
Mukteswar (EF201505) I 211
UK/ Herts{AYT41408) IV 211
CDOP-2(HQELTISHD 211
rArhinga(EFOSS652) Va 211
211
m
m
m
211
211
211
211
211
1915-03 STINE00306) X 211
455 _S1X119193) XV 211

ASVDHVQLPVDFVQAMMAMME AISQRVSK 238

SCICGSCPVTCRLC.
PCFCGSFP.TCRLC.
SCICGSCPATCRLC.
SCTCGSCPATCRLC.
SCTCGSCPATCRLC.
SCICGSCPATCRLC .
SCICGSCPATCRLC .

GDDVYDGGDITEG .
SDDVYYGGDFPK . .
GDDVYDGGDITEG .
GDDVYDGGVITEG .
GDDVYDGGDITEG .
GDDVYDGGVIAEG .
GDDVYDGGVIAEG .

239
239
239
239
239
239
239

SCICGSCPATCRLC
SCICGSCPATCRLC
SCICGSCPATCRLC

SDDVYNGGVIAEG
SDDVYNGGVIAEG
SDDVYNGGVIAEG

239
239
239

SCTCGSCPATCRLC.
SCTCGACPTTCRLC.
SCTCGSCPATCRLC .
SCTCGSCPATCRLC .
SCTCGSCPATCRLC.
SCICRSCPATCRLC.
SCSCGSCPATCRLC.

SDDVYNGGVIAEG .
GDDVYDGGVVTEG .
GDDVYDGGIITEG .
GDDDYDGGVITE . .

GDDVYDGGIITEG
GDDVYDGGIITEKG
GNDVYDGSAISEG

239
238
239
239
rR 239
E 238
« 239

FiGuRre 3: Alignment of the V protein of NDV isolates. The amino acid sequence of the V protein of the study isolates (highlighted in red)
was aligned with NDV V proteins of each genotype reference strain. The P gene-editing site is indicated with an arrow.
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TaBLE 4: Comparison of the amino acid residues at the antigenic sites of the hemagglutination neuraminidase protein of the Newcastle

disease virus.

Amino acid residues at different antigenic sites

1 2

3 4

12 14 23

345 513 514 521 569 263 287 321 333 356 494 516 347 350 353 193 194 201

Virus Strain (Accession) Genotype

12 (AY935499) I P R 1 S D
Lasota (AF077761) 11

Mukteswar (EF201805) III G
Herts (AY741404) v

MTI15 (Mk583011) vd N
KE001 (MN685354) SS N
KE0811 (MN685355) ss N
KE0698 (MN685356) SS N
Largo (AY562990) Vb N
AV324 (GQ429292) VI %

QH1 (FJ751918) VIII M

SDSGO01 (JN400896) VII \%
GU585905 XIII A\ A
1918-03 (JN800306) XII A%

Z

ARAARARAARARRIRRIIFI AR

bD R K K D R E Y R L S H
K G
K R
K R
K N
K R N
K R N
K R N K
R R N
K G
D R
K
K Q
K G

HN antigenic sites 1, 2, 3, 4, 12, 14, and 23 shown on the table are essential for receptor recognition. In the table are amino acid residue substitutions at
different amino acid positions at the antigenic sites on the sequence of different Newcastle disease virus strains/genotypes compared to that of strain I-2
(AY935499). The amino acid residues shown are at position 345 of antigenic site 1; amino acid at positions 513, 514, 521, and 569 at antigenic site 2; amino acid
at positions 263 and 287 at antigenic site 3; amino acid at positions 321, 333, and 356 at antigenic site 4; amino acid at positions 494 and 516 at antigenic site 12;
amino acid at positions 347, 350, and 353 at antigenic site 14; amino acid at positions 193, 194, and 201 at antigenic site 23. The universal one-letter codes of
the amino acid residues shown are interpreted as follows: P: proline; R: arginine; I: isoleucine; S: serine; D: aspartic acid; N: asparagine; K: lysine; E: glutamic
acid; Y: tyrosine; L: leucine; H: histidine; V: valine; W: tryptophan; G: glycine; A: alanine; Q: glutamine. A blank at the residues shows that the sequence of the
virus strain has an amino acid similar to that of I-2 Newcastle disease virus strain at that site.

was a conserved sequence, intergenic sequence (IGS). The
length of the nucleotide and amino acid sequence of each
gene was varied with the RNA-dependent RNA polymerase
(L) gene presenting the longest gene.

3.5. Genomic Features of Protein-Coding Regions of Isolates.
In multiple sequence alignment, the NP protein of the study
isolates showed the highest similarity to NDV strain A48/
Kenya and Mt/Tanzania. The amino acid sequence of the
three isolates had three conserved domains on the NP
protein: region 1 spanning between aa 171 and 181 with the
motif: "' QVWVTVAKAMT'®'; region 2 spanning between
aa 267 and277 with the motif: *’ FELTLKYGINT*’; and the
third conserved region between aa 322 and 336 with the
motif: **FAPAEYAQLYSFAMG™. The latter region found
in the NP ORF (Open reading frame) of all paramyxoviruses
of the genera Avulavirus is a 15 amino acid region and was
similarly conserved in all genotype representative strains of
NDV used in this study. These regions are important for the
formation of the NP-P complexes and regulation of viral
replication [37-39].

The phosphoprotein (P) gene had the most variable
sequence high variability between the three isolates and
other NDV strains but had a conserved site region at nu-
cleotide positions 394-401 (5'-AAAAAGGG-3') corre-
sponding to RNA editing site in the P gene [40]. At this site,
insertion of one G gives rise to the V protein, while the
addition of two Gs gives rise to W protein. The V protein
sequence of the study isolates aligned with that of reference
genotypes of NDV. The length of the V protein is 239 aa for

the NDV strains (Figure 3). The V protein forms into unique
folds through seven cysteine amino acids at the carboxyl- (C-)
terminus. For the three isolates, the cysteines are at positions
196, 200, 212, 214, 217, 221, and 224. The V protein of the
study isolates was 96.5% similar to that of Tanzanian isolate:
Mbeya/MTI15/2012 (MK583011) and 90.8% similar to strain
Largo/71.

The matrix protein of the three isolates had conserved
sites  among  them:  *°QYRIQRLDSWIDSKE™,
I'YKVNFVSLTVVPRKD'®, ?’EVDPRSPLVKSLSRS*?,
*YKKGKKVTFDKLERKIRR*®,  and ~ **’KIEKRHTIA-
KYNPFK>%, which were similar in other NDV strains ex-
cept for a few substitutions. These sites correspond to
immunodominant epitopes of the matrix protein [41]. For
the M protein to be localized in the nucleus, it utilizes
nuclear localization signals (NLS). For the study isolates, the
NLS was ***DKKGKKVTFDKLERKIRR*®.

In the fusion protein sequence of the three isolates, the 5
potential asparagine (N) linked glycosylation sites, 85, 191,
366, 447, and 471, as well as cysteine residue positions,
76,199, 338, 347, 362, 370, 394, 399, 401, and 424 and in-
dividual residues, D72, E74, A75, K78, A79, and L343, were
highly conserved in the study isolates. Besides, the study
strains and other genotypes shared similar neutralizing
antibody epitope amino acid residues of the fusion gene at
positions 151 to 171, "' ILRLKESIAATNEAVHEVTDG'”".
The conserved sites have been reported as important
functional sites of the F gene [42, 43]. The key function of the
F protein is to initiate the fusion of viral surface to the host
cell membrane. The amino acid motif at the F gene cleavage
site is a major determinant of virulence. For the study
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China/chicken/W4/2005 (HM063423) 10
China/pigeon/]$/07/22/Pi/2007 (F]766526) 64
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Namibia/dove/4533/2017 (MF681711)
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China/SDSG01/2011 (JN400896)

532) Ukraine/chicken/Kharkiv/66/960/2007(KU295453)
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Q.\m a/chicl E0811/2016 (I 1
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o9 { Mexico/chicken/NDV-P05/2005 (HMll77zu) | gg thnn/chnuken/QH4/198> (FJ751919)
55l Mexico/chicken/Chimalhuacan/1973 (KJ5 Ho China/chicken/HR09/1998 (MF285077) [ 1/
100 China/chicken/QH1/1979 (FJ751918) China/chicken/QH1/1979 (F]751918)
China/chicken/HR09/1998 (MF285077) | /110 Malaysia/ AF2240-1/2010 (JX012096) . ~ .
China/chicken/QH4/1985 (FJ751919) 78 100, E001/2015 (MN685354)
1] M;\Iays\a/AIZZAO 1/2010 (JX012096) - #K L E0811/2016 (.
JuanLopez)/c] 31/2008 (]X119193) | XVI  Kenya/chic F0698/201 va
_Madagascar/ch\cken/MGBBS/ZUU? (]X518875) g ‘Tanzania/chicken/Mbeya/MT15/2012 (MK583011)
by Madagascar/Duck/MGF166/2010 (/X518880) 100} Kenya/chicken/Kiambu/A89/2010 (JQ217418)
Madagascar/chicken/MGF120T/2010 (JX518879) 100! Kenya/chicken/Kiambu/A48 (lQ}l7419)
100| | Madagascar/chicken/MGE015C/2011 (JX518877) 33 US(PL)/anhinga/44083/1993 (AYS62986)
Madagascar/chicken/MGF003C/2010 (JX518876) | 100} US.A. JrAnhinga (EF065682) . }
Madagascar/chicken/MGS1130T/2011 (JX518883) USil‘vﬂ\ﬁr/’cor:;mam/931—40140/1992 (GQ288387) 010 (MKET3141) Va y
Madagascar/chicken/MGF082T/2010 (JX518878) -creste A0 1 73141 4
gd g Madagascar/chickenMGF192C/2010 (]X518881) 100! US(CA‘)/Cnxmcram/DB/OAZSS/IGG/ ((_:sts_ssl
96|! Madagascar/chicken/MGS1595/2011 (JX518884) 7| 100y US.(CA)/gamefowl/211472/2002 (AY562987)
L Madagascar/chicken/MGMNJ/2009 (JX518882) Bell7r/ch-cken/422_+3/2008 (KF767466)
Netherlands/Herts/1933 (AY741404) | IV |— Brazil/chicken/S]M/1975 (K]123642
China/ltalien/1944 (EU293914) 96} U.S./mixed La 1971(AY§62990) Vb
China/ZJ/1/86/Ch/1986 (FJ436303) U.S.Alchicken/Ca/2098/1971 (JQ247691)
China/Duck/GD09-2/2009 (HQ317394) 99| Mexico/chicken/Chimalhuacan/1973 (K]577136)
54 China/EJ/1/85/Ch/1985 (FJ436304) x 10 tMexlcn/(h\(ken/(ll/2()10 (JX974435)
100| China/chicken/F48ES/XXXX (FJ436302) E; Mcxlco/‘.hxckcn/l\D\/ P05/2005 (HM117720)
China/J$/1/97/Ch/1997 (F436305) chicken//499-31/2008 (X119193) | XVI
China/chicken/F48E9/1946 (MG456905) ﬂLChmalltallcn/WoN (EU293914) v
China/goose/]$/9/05/Go/2005 (FJ430160) Neth(‘e;lam;;/J l/lle/r’:i:?hﬁ i:}’zsg%:)d)
swar/XXX. “hinal 5/Ch/1985
e e ot (1 1 China/Duck/GD09-2/2009 (HQ317394)
100} Chinal/chicken/Mukteswar/2010 (JE950509) 2 1
China/J$/7/05/Ch/2005 (FJ430159) 100 China/J$/1/97/Ch/1997 (FJ436305) IX
Nigeria/spur-winged gocsc/\llhDB 0273/2008 (HG326608) Ezma;/ﬂ/‘ 486/32/;9;?;243\?1‘?5)5905
100} g V] 0124/2008 (HG326606) ) 53] hmc icken/! ¢ )
84| dg 32/2008 (HG326607) 5 China/F48E8/XXXX (F/436302)
u Nigeria/strainspur-winged goose/NIEOS.0121/2008 (HG326605)
7 100 China/Rallus aquaticus/R8/2005 (HM063424) PSRy I
Mad MGA057C/2009 (JX518873; 100} China/ 5 5 (FJ43
99 M:d:(f:f::://Mc, A284C/2009 ((]IXSI xw)) I China/goose/JS/9/05/Go/2005 (F]430160)
Sweden/black-headed gull/BHG/1994 (GQ918280) 100, m Swedfl’;l/f‘l(am\;:éjqgull/l?ggélgi: ;)Gszxm
N. Ireland/chicken/Ulster/1967 (AY562991) 51 Py XK (1
Hungary/PHY-LMV42/XXXX (DQ097394) 99} 100} China/Rallus aquaticus/R8/2005 (HM063424) L
Australia/I-2/2005 (AY935499) N. ]:E;:f;ﬁ:;ik;z/olé?t&é 1 ;3634(91;;{562991)
C: /chicken/CAE11-855/2011 (HF969159 - S
& ;3”{;;‘(’3‘[‘-];/;&?;d/04 411/2004 (Cl()288377) ) 100 Austmlm/erpr()gtmmr/Z()()S (AY935500)
lgﬂz US(MD)/mallard/03-632/2003 (GQ288379) 11[?[? ';j‘;:ﬁg))/;:;lllﬁrr?j//%i 22123223243 (2322;277;)
US(MN)/mallard/MN00-39/2000 (GQ288392) X 0] 00 e e e s
100f LUS(OH)/mallard/86-233/1986 (GQ288380) 100 Ub(Ull)/ma;ln:d/Eé e st x
US(OH)/Northern Pintail/87-486/1987 (GQ288378
100 U(ﬁ(TX))//r:(:tlI:rdndulcrL/a(;l 130/2001 Gtzzcx}xssu) ) US(TX)/mottled duck/01-130/2001 (GQ288391)
79 China/chicken/NDV01/XXXX (FJ386392) US(OH)/northern pintail/87-486/1987 (GQ288378)
82 Egyptichicken/1/2005 (F1939313) 0 UIr;d;a;g;i:%{l;&‘;A(lu_acn;;l;z?l)/TamxlNadu/1987 (HM357251)
US.(TX)/chicken/GB/1948 (GU978777) e Yy
o, Netherlands/LaSota/XXXX (AF077761) India/chicken/ndv61/B1/XXXX (KM056357)
001} india/chicken/NDV-4/Namakkal/ TamilNadu/ (HM357251) U.S.A/BI/XXXX (AF309418) it
India/chicken/ndv61/B1/XXXX (KM056357) u 94, (l:JhS- /X}:/dl:ld;;?[/)?/ﬁn/ll/i“lﬁ (Gl(jpgé?;;q)u
. ina/chicken/ XXXX
e CAR LA 0l Egypt/chicken/1/2005 (Fj939313)
Cameroon/chicken/CAE11-868/2011 (HF969160) 2 e o393 | Class 1
88| Cameroon/chicken/CAE08-061/2009 (HF969123) ungary/DE- /: (DQ097393) | Class
641 Cameroon/chicken/CAE08-078/2009 (HF969124)
—_—
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FIGURE 4: Phylogenetic analysis of NDV complete genome nucleotide sequences. The evolutionary history was inferred by using the
Maximum Likelihood method. The percentage of trees in which the associated taxa clustered together based on 1000 replicates is shown next
to the branches. (a) The tree was constructed based on 306 nucleotide sequences of the fusion gene with a total of 1662 positions in the final
dataset. Highlighted are sequences of isolates from Kenya that were collected in the study. The tree was constructed based on the GTR model
with a discrete gamma distribution used to model evolutionary rate differences among sites (2 categories (+G), parameter =0.33) [35]. (b) A
phylogenetic tree constructed using 122 nucleotide sequences including most known African isolates. The tree is based on the General Time

Reversible (GTR) model with a discrete gamma distribution used to model evolutionary rate differences among sites (2 categories (+G)
parameter = 0.4054). Highlighted are sequences of Kenyan isolates collected in the study
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isolates, the cleavage site had the motif ''*R-R-Q-K-R-F'"”
corresponding to the cleavage site of velogenic viruses.

The HN protein plays a critical role in virus infectivity
by binding sialic acid-containing receptors. We analyzed
the HN protein of study isolates to identify the amino acid
residues essential for receptor recognition. Fourteen res-
idues essential for receptor recognition, R174, 1175, D198,
K236, E258, Y299, Y317, E401, R416, R498, R516, Y526,
and E547, in the HN protein of the study isolates were
similar to that of other NDV reference strains. To further
understand the structure of the HN protein of the study
isolates, the seven antigenic sites within the HN protein
involved in the formation of the three-dimensional HN
molecule were compared across the NDV reference strains
(Table 4).

Compared to the strains I-2, we observed substitutions at
different antigenic sites in the HN protein of the study isolates
including D569N at antigenic site 2, N263R at site 3, R321K
and K333R at site 4, and D494N at site 12. For the study
isolates, the sequence at the antigenic determinant linear
epitope of HN at position 345-353 had the motif
*PDEQDYQVR*? with an I/V substitution at aa 352.
However, there was a substitution E347K for one study
isolate, KE0698 (MN685356). Like other NDV strains, the HN
protein of study isolates had a conserved amino acid sequence
DVIDRVYKQVALESPLALLSTESIIMNAITSLSYQIN''®
within the dominant linear antigenic domain of the HN
gene which spans aa 53 to 192 [44]. This was similar in
NDV strains except three substitutions at residues V811,
N98S, and T102I observed in the study isolates. The sialic
acid binding site of the HN protein [45] of the study
isolates, like other NDV strains, was located at aa positions
234-239. For the study isolates, the binding site had the
motif >>*NRKSCS**®. Other amino acid residues that form
HN antigen epitopes were similar in the study isolates and
other NDV strains including K138, P244, F277, T380,
T409, and H482. These sites correspond to the neur-
aminidase active site that binds the fusion protein [46].

The RNA-dependent RNA polymerase (L) gene of the
study isolates and other NDV strains had a highly conserved
region between aa 740 and 753 ("**SHCRVACMVQGDNQ"*)
which corresponds to the putative active site of the L gene
essential to polymerase function [47]. Other conserved do-
mains of the L gene were observed between aa 503 and 607 and
418 between aa 634 and 854. The L gene protein was highly
conserved among the NDV structural 419 proteins in the study
isolates.

3.6. Phylogenetic Analysis. Eighteen genotypes (I-XVIII) of
NDV class II have been described [5, 17]. Phylogenetic
analysis was based on the complete genome sequences in-
cluding genome sequences of known strains isolated from
African countries including South Africa, West Africa, and
East Africa (Figure 4). The phylogenetic analysis of complete
genome sequences revealed that the study isolates were
clustered separately from the sequences from South Africa,
which were classified as genotypes VII and XII and those of
West Africa that were classified in genotypes XIV and XVIII.

However, the study isolates clustered together with others
from East Africa (Tanzanian and previous Kenyan strains) as
well as other strains from the United States of America
grouped in genotype V (Figure 4).

Within genotype V, the East African strains including
study strains formed a closer cluster that has been referred to
as new subgenotype Vd [5]. The genotype V of NDV is
separated into four subgenotypes (Va-d). With the earlier
classified subgenotypes, Va, Vb, and Vc hav been isolated
mainly from Europe, Central America, and South America
[9, 48, 49]. To confirm the results obtained by genome
analysis, we performed a phylogenetic analysis based on the
complete F gene coding sequence, which incorporated more
sequences representing the known subgenotypes of geno-
type V (Figure 4(a)).

4. Conclusion

Complete genome, protein level, and biological analysis of
three NDV isolates from backyard chicken in Kenya
demonstrated that the isolates have the biological and
pathological characteristics of virulent viruses. Further, the
study demonstrated that the isolates belong to genotype V
and subgenotype Vd. This is, therefore, the first genomic
and pathological characterization of NDV of subgenotype
Vd. Subgenotype Vd seems to be responsible for current
outbreaks in Kenya and parts of the East African region.
NDYV isolates, sequences, and findings obtained from the
study will, therefore, be valuable in analyzing the nature
and diversity of NDV in the East African region. The study
findings contribute to the currently available genome data
on NDV in Africa and worldwide. Through this work, we
also establish local and regional reference viruses for future
studies in the development of improved control and di-
agnostic strategies.
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Supplementary Materials

Table S1 describes the accession numbers, strain name, year,
and country of isolation of reference sequences used for
comparison with study sequences. The references are of
known genotypes of Newcastle disease virus and are
available in the GenBank including those isolated from
Africa. Figure S2 shows the whole phylogenetic tree rep-
resenting full coding sequences of the fusion gene of 306
strains of NDV available in the GenBank including se-
quences obtained from this study and all known isolates
from Africa. The fusion gene is useful in the characterization
of NDV. Therefore, this Maximum Likelihood tree is useful
for comparison with the complete genome phylogenetic tree
that is presented in Figure 4. The two trees are similar in their
characterization of study isolates. (Supplementary Materials)
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