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Abstract: Newcastle disease virus (NDV) causes morbidities and mortalities in wild and domestic
birds globally. For humans, exposure to infected birds can cause conjunctivitis and influenza-like
symptoms. NDV infections in mammals are rarely reported. In this study, using next-generation
sequencing, an NDV was identified and isolated from Vero cells inoculated with the nasal swab
of an aborted dromedary fetus in Dubai, during the time when an NDV outbreak occurred in a
pigeon farm located in close proximity to the dairy camel farm where the mother of the aborted
dromedary fetus resided, and there were a lot of pigeons in the camel farm. Genome analysis revealed
that the structurally and functionally important features of other NDVs were also present in this
dromedary NDV genome. Phylogenetic analysis based on the nucleotide sequences of fusion protein
(F), hemagglutinin-neuraminidase protein (HN) and complete polyprotein showed that the virus
belonged to sub-genotype VIg of class Il NDV and is most closely related to pigeon NDVs in Egypt
in the same year. The present study is the first that demonstrated isolation of NDV in dromedaries.
Further study is warranted to investigate the relationship between NDV infection and abortion.
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1. Introduction

Newcastle disease virus (NDV), synonymous with Avian avulavirus 1, is a negative-sense
single-stranded RNA virus that belongs to the genus Avulavirus of the Paramyxoviridae family. It is
an avian virus causing high morbidities and mortalities in most species of wild and domestic birds
globally and is associated with major economic loss in poultry farms worldwide [1]. Transmission
of the virus occurs through exposure to the fecal materials and other excretions of infected birds or
contaminated food, water and equipment [1-4]. In birds, NDV mainly causes diseases in the respiratory,
neurological, and gastrointestinal systems. Occasionally, NDV has also caused infections in mammals,
such as cattle, sheep, and mink [5-7]. In 1952, NDV was isolated from the lung of a six-month-old calf
with pneumonia in the United States [7]. In 2012, it was isolated from the blood of two apparently
healthy sheep in India [6]. In 2017, it was isolated from an outbreak of hemorrhagic encephalitis and
pneumonia in domestic mink from mainland China [5]. For humans, exposure to infected birds can
cause mild self-limiting conjunctivitis and influenza-like symptoms.
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The NDV genome comprises a single-stranded negative sense RNA that encodes for a nucleocapsid
protein (N), a phosphoprotein (P), a matrix protein (M), a fusion protein (F), a hemagglutinin-
neuraminidase protein (HN), and a large polymerase protein (L), from the 3’ terminus to the 5" terminus.
Based on the complete coding sequence of the F protein [8-11], NDV strains are classified into class I
and class II, with class I NDVs being more diverse, and are further classified into genotypes I to XVIIL
In terms of pathogenicity, NDVs can be categorized into velogenic (virulent), mesogenic (intermediate),
or lentogenic (non-virulent), which have been linked to their virulence in chickens or the presence of
conserved amino acids in the F and HN proteins which are known to be involved in pathogenesis
of NDV infection, such as virus attachment, host-cell membrane fusion, virus dissemination, and F
protein activation [12].

Although NDV is known to infect some mammalian species, it has never been isolated or
amplified from camels. However, a previous study reported that a pigeon NDV isolate was able to
agglutinate camel red blood cells, achieving haemagglutination titer comparable to the level obtained
with chicken red blood cells [13]. This suggested that haemagglutination protein binding receptor was
also present on the membrane of camel red blood cells, implicating that camel may be susceptible
to NDV infection [13]. In this article, we report the first isolation of NDV from the aborted fetus of
a dromedary in the United Arab Emirates during the process of Middle East Respiratory Syndrome
coronavirus (MERS-CoV) screening, and results of its comparative genome and phylogenetic analysis.

2. Materials and Methods

2.1. Sample Collection and Viral Culture

Clinical sample of an aborted dromedary fetus was obtained during necropsy at the Central
Veterinary Research Laboratory in Dubai, the United Arab Emirates, using the standard procedures.
Nasal swab was initially inoculated onto Vero cells for MERS-CoV screening but the RT-PCR result
was negative [14]. Viral transport medium, which contained Modified Hank’s Balanced Salt Solution
supplemented with 5% of bovine serum albumin, 20% of glucose, amphotericin B (4 ug/mL), colistin
(7.5 pg/mL), and vancomycin (100 pg/mL), was used to dilute the clinical sample 10-fold and filtered.
Two hundred microliters of the filtrate was mixed with 200 pL. of minimum essential medium (Gibco,
Thermo Fisher Scientific, Waltham, MA, USA), and the mixture was further inoculated into 24-well
tissue culture plate with Vero cells to allow adsorption for 1 h. The excess inoculum was discarded,
phosphate-buffered saline was used to wash the wells twice, and the medium was replaced with
1 mL of minimum essential medium (Gibco, USA). Culture was incubated at 37 °C with 5% CO, and
inspected daily for cytopathic effects (CPE) by inverted microscopy.

Two hundred microliters of the cell culture supernatant sample were collected and inoculated
into 24-well tissue culture plate with chicken embryo fibroblasts. Culture was incubated at 37 °C with
5% CO; and examined daily for the appearance of CPE.

2.2. Hemagglutination (HA) Test

To test for the presence of haemagglutinin, 25 uL of PBS was mixed with 25 uL of the cell culture
isolate and the mixture was added to the well of a V-shaped microtitre plate according to procedures
described in the OIE Terrestrial Manual 2018 [15]. Next, 25 pL of 1% suspension of chicken red blood
cells was added followed by incubation at room temperature for 30 min. The cell culture isolate was
tested in triplicate together with controls. Clumping of the red blood cells (i.e., agglutinated cells settled
as a diffuse film) is considered as positive for the presence of haemagglutinin. HA titer of the virus is
defined as the maximum dilution showing visible agglutination and expressed as haemagglutinating
units (HAU)/mL.

2.3. Preparation of Sample for Illumina Sequencing

The QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany) was used to extract viral RNA
from the culture supernatants of infected Vero cells. Reverse transcription and PCR were performed
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using SuperScript Il reverse transcriptase (Invitrogen, Carlsbad, CA, USA) using primer contained
a 20-base arbitrary sequence at the 5" end followed by a randomized octamer (8 N) at the 3’ end
as described previously [16]. A single round priming and extension was performed using Klenow
fragment polymerase (New England Biolabs, Ipswich, MA, USA). PCR amplification were performed
in an automated thermal cycler (Applied Biosystems, Foster City, CA, USA) with primer consisting of
only the 20-based arbitrary sequence of the random primer with 20 cycles of 94 °C for 15 s, 60 °C for
30 s and 68 °C for 1 min and a final extension of 68 °C for 7 min. Standard precautions were taken to
avoid PCR contamination and no amplified PCR product was observed in negative control. The PCR
product was purified following the manufacturer’s protocol using the MinElute PCR Purification Kit
(Qiagen, Germany) with slight modification. The purified DNA was eluted in 15 pL of EB buffer and
used as the template for library construction.

2.4. Library Construction for lllumina Sequencing

The DNA library was prepared using Nextera XT DNA sample preparation Kit (Illumina, San Diego,
CA, USA) according to the manufacturer’s protocol and using strategies as described previously [16].
First, 1 ng of DNA was incubated with the Nextera XT transposome at 55 °C for 5 min. The transposome
fragmented the input DNA and added adapter sequence to the ends to allow PCR amplification in
downstream procedures. Next, the library with tagmented DNA was amplified for 12 cycles of 95 °C
for 10's, 55 °C for 30 s and 72 °C for 30 s and a final extension of 72 °C for 5 min. Amplified DNA
library was purified using AMPure XP beads (1.8X) (Beckman Coulter, Brea, CA, USA) to remove short
fragments from the population. The 2100 Bioanalyzer instrument (Agilent Technologies, Santa Clara,
CA, USA) and KAPA library quantification kit (Kapa Biosystems, Wilmington, MA, USA) were used to
analyze and quantify the library, respectively. The verified library was sequenced on Illumina HiSeq
1500 (151 bp paired-end with Rapid Run Mode). Image analysis and base calling were performed
using SCS2.8/RTA1.8 (Illumina, USA) and FASTQ file generation and the removal of failed reads were
generated using CASAVA ver.1.8.2 (Illumina, USA).

2.5. Analysis of Sequence Reads and Genome Assembly

[llumina sequence raw reads were trimmed using Trimmomatic-0.36 with parameters of leading
3, trailing 3, sliding window 4:15, minimum length 36 bp [17]. Trimmed paired-end reads that were
aligned to bacterial genomes, host genomes, and rRNA sequences from the SILVA rRNA database
were removed using the DeconSeq 0.4.3 software [18]. CD-HIT v4.6.4 was used to cluster the filtered
reads that are similar [19]. BLASTx with an E-value cutoff of 10> were used to align the clustered
reads towards non-redundant (nr) viral protein sequences from NCBI database [20]. The remaining
reads were compared to nr protein sequence database using BLASTx with the same E-value cutoff.
The final BLAST output was analyzed by matching each sequence to its best hit. The taxonomical
content of the dataset was generated and visualized by MEtaGenome ANalyzer (MEGAN) version
6.6.7 where phylogenetic tree computed was assigned to each sequence according to its taxonomical
identity in NCBI database [21].

Since reads related to NDV were found abundantly in the phylogenetic tree by MEGAN analysis,
corresponding sequenced reads of 453,417 were extracted, yielding an average NDV genome coverage
of >4000%. The extracted paired-end reads were de novo assembled into contigs using accurate mode
with MIRA version 4.9.6 [22]. The assembled contigs were subject to additional genome analysis by
comparing with their corresponding closest relatives.

2.6. Comparative Genome Analysis and Phylogenetic Analysis

The ORF Finder [23] was used to predict the putative open reading frames (ORFs) and the
deduced amino acid sequences. The nucleotide sequences of the genomes and the deduced amino acid
sequences of the ORFs were compared to those of other known viruses using MUSCLE by multiple
sequence alignment [24]. Phylogenetic analysis based on nucleotide sequence was performed using
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MEGA-X[25], with bootstrap values calculated from 500 trees. Phylogenetic trees were constructed using
maximum-likelihood according to the best-fit model (Kimura-2 + G + I) determined by MEGA-X [25].
All genotypes of NDVs were included in the phylogenetic analysis.

2.7. Genome Sequencing of Newcastle Disease Virus (NDV) Isolated from Dromedary Camel (DcNDV)

Genome of DcNDV was amplified and sequenced using previously published strategies [26].
Original culture isolate was used to extract the viral RNA using QIAamp Viral RNA mini kit (Qiagen,
Hilden, Germany). The SuperScript III kit (Invitrogen, Carlsbad, CA, USA) was used for reverse
transcription. PCR primers were designed based on the genome sequences assembled using HiSeq
data (Table S1). Sequences were assembled and edited manually using BioEdit 7.2.6.1 [27] to produce
the final sequences of the viral genomes.

3. Results

3.1. Necropsy

Necropsy of the fresh female 75-cm long fetus with greyish edematous placenta revealed swollen
body lymph nodes, excessive bloody fluid in thoracic and abdominal cavities, non-ventilated lung,
and brownish fluid in the gastrointestinal tract. Histopathology showed marked edema of the organs
and diffuse mineralization of the placenta with no inflammation. Moreover, no microorganism or viral
inclusions were observed.

3.2. Virus Culture and Haemagglutination (HA) Test

At the first passage, the Vero cells inoculated with the nasal swab sample showed CPE on day 3
with cell rounding, progressive degeneration, and detachment (Figure 1a). Further passage of the
virus in chicken embryo fibroblasts also showed CPE with cell rounding and detachment (Figure 1b).
The corresponding mock-infected controls were shown in Figure 1c,d. The virus was able to agglutinate
1% of chicken red blood cells and the HA titer was 640 HAU/mL.

(b) e ()

Figure 1. Cytopathic effects of dromedary camel Newcastle disease virus (DcNDV) culture isolate
from the aborted fetus of a dromedary on (a) Vero cells; (b) chicken embryo fibroblasts, showing cell
rounding, degeneration and detachment. (c¢) Uninfected control of Vero cells; (d) Uninfected control of
chicken embryo fibroblasts. Magnification: 100x.
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3.3. Deep Sequence Analysis

The unknown culture isolate from the nasal swab of the diseased camel fetus was deep sequenced
using the HiSeq 1500 instrument, generating 28,366,102 pair-end 151-bp reads. Ribosomal RNA
sequences, bacterial and host genomes were filtered from the trimmed paired-end reads, resulting in
17,483,318 clean reads which were used for downstream BLASTx analysis. Among these clean reads,
454,406 reads matched to viruses. The largest portion of these viral sequences (1 = 453,656, 99.8%) were
assigned to the family Paramyxoviridae, with the majority of reads (n = 453,417, 99.0%) matched to NDVs.

3.4. Genome Analysis

The DcNDV genome was assembled from the metagenomics data and most of the genome sequence
was further confirmed by RT-PCR and DNA sequencing, except the 5’- and 3’- untranslated regions. The
DcNDV genome was identical to the genome sequence assembled from metagenomics data. The size
of the polyprotein gene of DcNDV was 13,746 bases and the G + C content was 46%. The genome
organization was consistent with other NDVs, with the characteristic gene order 3’-N-P-M-F-HN-L-5’.

Detail annotation of the complete coding region of the F (3996-5657 nt, 1662 bp, 554 aa) and HN
(5864-7579 nt, 1713 bp, 571 aa) genes of the DcNDV revealed structurally and functionally important
residues and motifs which are commonly observed in other NDVs (Tables 1-3, Figures S1 and S2).
These conserved residues and motifs in the F protein included the fusion peptide (117-142 aa), heptad
repeat region-a (143-185 aa), heptad repeat region-b (268-299 aa), heptad repeat region-c (471-500 aa),
major transmembrane domain (501-521 aa), five predicted N-glycosylation sites at NRT®, I9TNNT'%,
366NTS308, 47NISHY, and 7INNS*” and 13 cysteine residues at positions 25, 27, 76, 199, 338, 347, 362,
370, 394, 399, 401, 424, and 523 (Table 1, Figure S1) [28,29]. In addition, the F protein also contained the
cleavage site motif 2KRQKRF, which is typical of velogenic NDV strains (Table 1, Figure S1) [28,29].
As for the HN protein, the DcNDV contained transmembrane domain at position 2545, stalk and head
domains at position 54-123 and 124-571, six predicted N-glycosylation sites at!'?NNS!?!, 34INNT343,
ABNKT#, BINHT#3, S8NIS>0, and 8NKT>, thirteen cysteine residues at positions 123, 172, 187,
196, 238, 247, 251, 344, 455, 461, 465, 531, and 542 and heptad repeat region at position 74-88 and 96-110
(Tables 2 and 3, Figure S2) [28,30]. Moreover, the HN protein contained the conserved amino acid
residues at neutralizing epitopes, including site 23 (193-211 aa) and site 1 and site 14 (345-355 aa),
site 12 (494 aa), site 2 and site 12 (513-521 aa), and site 2 (569 aa). These features and its protein size
(i.e., 571 aa) are also typical of velogenic NDV strains (Tables 2 and 3, Figure S2) [30]. Overall, the
DcNDV possessed important residues and motifs that are more closely related to those of NDV strains
of genotype VI (Tables 1-3).
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Table 1. Comparison of amino acids in functional domains of the fusion (F) protein of dromedary camel Newcastle disease virus (DcNDV) with corresponding

sequences of representative NDV strains from Class II genotype.

Cleavage Fusion Penti Heptad Repeats )
) Cleavage ptide R Transmembrane Domain
Strains/Genotypes Site Motif P Py p Cysteine Residues
112-117 117-142 143-185 268-299 471-500 501-521
DeNDV KRQKRF FIGATIGSVALGVATSAQITAAAAL  QANQNAANILRLKESIAATNEAVHEVTDGLSQLAVAVGKMQQF  LYDSQTQLLGIQVNLPSVGNLNNMR NNSISNALDRLAESNSKLDKVNVKLTSTSA 2727270 100 336 347, 362 rpyin rvisLIFGALSLIL
) ) \ CevALG i e . - . - - o 25,27,76,199,338,347, 362, I
Avian/Australia/I-2/2005/1 RKQGRL LIGAIIGGVALGVATAAQITAASAL QANQNAANILRLKESIAATNEAVHEVTDGLSQLAVAVGKMQQF LYDSQTQLLGIQVILPSVGNLNNMR NNSISNALDKLEESNSKLDKVNVKLASTSA 370,394,399, 401, 424, 523 LITYIVLTVISLICGILSLVL
Mink/China/Y19/2014/11 GRQGRL LIGAIIGGVALGVATAAQITAAAAL  QAKQNAANILRLKESIAATNEAVHEVTDGLSQLAVAVGKMQQF  LYDSQTQLLGIQVTLPSVGNLNNMR NNSTSNALNKLEESNSKLDKVNVKLTSTSA 2727 76 199 338 347, 3% - rry iy mmisLvRGILSLYL
Avian/China/Mukteswar/2007/111 RRQRRF FIGAIIGGVALGVATAAQITAASAL QANQNAANILRLKESIAATNEAVHEVTGGLSQLAVAVGKMQQF FYDSQTQLLGIQVTLPSVGNLNNMR NHSISNALDKLEESNSKLDKVNVRLTSTSA 2’357/[]273'9746';;j';’?f’:;:’;;’f, LITYIVLTVISLVLGMLSLVL
Chicken/UnitedKingdom/Herts/1933/1V RRQRRF FIGAIIGGVALGVATAAQITAASAL  QANQNAANILRLKESIAATNEAVHEVTDGLSQLAVAVGKMQQF  LYDSQTQILGIQVTLPSVGNLNNMR NNSISNALNKLEESNSKLDKVNVRLTSTSA 27277 (9% 33 347, 3% 4 rpyyivisLveGvLsLvL
Gamefowl/USA/CA/211472/2002/V RRQKRF FVGAIIGGVALGVATAAQITAAAAL QANQNAANILRLKESIAATNDAVHEVTNGLSQLAVAVGKMQQF LYDSQTQLLGIQINLPSVGSLNNMR NNSISSTLDKLAESNNKLNKVNVNLTSTSA 2357'[]27:;97:';::'i?f':;j';;;' LITYIVLAIVSLAFGVISLVL
Pigeon/Egypt/ElFayom/79/1112/2015/V1 KRQKRF FIGATIGSVALGVATSAQITAAAAL  QANQNAANILRLKESIAATNEAVHEVTDGLSQLAVAVGKMQQF  LYDSQTQLLGIQVNLPSVGNLNNMR NNSISNALDRLAESNSKLDKVNVKLTSTSA 727270 100 338 347, 362 1 11y v 1vISLVFGALSLIL
Mink/China/mNDV-01-HLJ/2014/VII RRQKRF FIGAIIGSVALGVATAAQITAAAAL QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF  LYDSQTQLLGIQVNLPSVGNLNNMR NNSISNALDKLAESNSKLEKVNVRLTSTSA 2357';73'97:' 319999 g jgf 432447 5326; LITYIVLTVISLVFGALSLGL
} - - TCSUAL G ) o ST : - e e - o 25,27,76,199,338, 347, 362, e
Chicken/China/QH1/1979/VIIT RRQKRF FIGAVIGSVALGVATAAQITAAAAL QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF LYDSQTQLLGIQVTLPSVGNLNNMR NNSISNALDKLSESNSKLDKVNVKLTSTSA 370,394,399, 401, 424, 523 LIIYIVLIVISLVSGVLSLVL
Chicken/China/F4SES/1946/1X RRQRRE FIGAVIGSVALGVATAAQITAASAL  QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF  LYDSQTQLLGIQVTLPSVGNLNNMR NNSISNALDKLEESNSKLDKVNVKLTGTSA 27276 190,338, 347, 3%y jrypyipiisiveaiisivi,
Mallard/USA/Ohio/04-411/2004/X EKQGRL LIGAIIGGVALGVATAAQITAASAL QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF LYDSQTQLLGIQVTLPSVGNLNNMR NNSISNALDKLEESNSKLDKVNVKLTSTSA 2,57/027,;97;)':;;'30’318'3;‘7'32632' LITYILTVVSLVCGILSLVL
Chicken/Madagascar/MG/725/2008/X1 RRRRRF FVGAIIGSVALGVATAAQITAAAAL  QAKQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF  LYDSQTQILGIQVTMPSVGSLNNMR NNSISKTLNKLEESNSKLDRVNVKLASTSA 2727 76/ 193 3098 347, 32 |y iy 1 rvvsLvEGVLSLVL
- - - - - —_— - - - o 25,27,76,199, 338, 347, 362, o
Peacock/Peru/2011/XI1 RRQKRF FIGAVIGSVALGVATAAQITAAAAL QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF LYDSQTQLLGIQVNLPSVGNLNNMR NNSISNALDKLAESNSKLDKINVRLTSTSA 370, 394, 399, 401, 424, 523 LITYIVLTAISLVFGTLSLVL
Chicken/Zambia/Chiwoko/2015/XIIT RRQKRF FIGAVIGSVALGVATAAQITAAAAL  QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF  LYDSQTQLLGIQVNLPSVGNLNNMR NNSISNALDKLAESNNKLDKVNVRLTSTSA 272776 199 338 347, 3% [y ivi TV TSLVGALSLAL
Duck/Nigeria/NG-695/KG.LOM.11-16/2009/XIV RRRKRF FVGAVIGSVALGVATAAQVTAAAAL  QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF  LYDPQTQLLGIQVNLPSVGNLNNMR NNSISNALDKLAESNNKLDKVNVRLTSASA 2357'0273'97:' 31:: 4 i?f 432447 532632 LITYIVLTGLSLMFGTLSLVL
. : 25,27, 76,199, 338, 347, 362,
Chicken/DominicanReplubic/JuanLopez/499-31/2008/XVI RRQKRF FVGAIIGGVALGVATAAQITAAAAL QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF LYDPQTQLLGIQVTLPSVGNLNNMR NNSISNALSKLAESNSKLSKVNVKLTSTSA 370, 394,399, 401, 424, 523 LITYIVLTVVSLAFGVISLVL
Chicken/Nigeria/NTE08-1363/2008/XVII RRQKRE FIGAVIGSVALGVATAAQITAAAAL  QANQNAANILRLKESIAATNEAVHEVIDGLSQLSVAVGKMQQF  LYDSQTQLLGIQVSLPSVGNLNNMR NNSISSALDKLAESNSKLDKVNVRLISTSA 727270 100 338 347, 362y iy rvvsLyEGTLSLVL
Chicken/IvoryCoast/CIV08-026/2007/XVIIT RRQKRF FVGAVIGSVALGVATAAQITAAAAL QANQNAANILRLKESIAATNEAVHEVTDGLSQLSVAVGKMQQF LYDSQTQLLGIQVSLPSVGNLNNMR NNSISNALDKLAESNSKLDKVNVRLTSTSA 25,27,76,199, 338, 347, 362, LITYIVLTVISLVFGTLSLIL

370, 394, 399, 401, 424, 523
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Table 2. Comparison of amino acids in functional domains of the hemagglutinin-neuraminidase (HN) protein of dromedary camel Newcastle disease virus (DcNDV)

with corresponding sequences of representative NDV strains from Class II genotype.

Strains/Genotypes Transmembrane Domain HRa Heptad Repeats p— Receptor Recognition Glljgi;l;l;:gon Cysteine Residues
Sites
- o T iemesem

DcNDV FRIAVLFLVVMTLAISAAVL LGSNQDVVDRIYKQV LLNTESVIMNAITSL R LD KEYYERRYE i;’/ :;‘(1);’/ ;gz’ 12?32131,731’5‘15?iéfié?gﬁg;lf1,
Avian/Australia/I-2/2005/1 FRIAILFLTVVTLAVSAAAL LGSNQDVVDRIYKQV LLNTESTIMNAITSL R LD KEYYERRYE 113’8:;%’3;33’ 12?;;1}1,731’5‘15?3,61‘,9?1’6??3?225251,
Mink/China/Y19/2014/11 FRIAILLLTIVTLAISVISL LGSNQDVVDRIYKQV LLSTETTIMNAITSL R LD KEYYERRYE 113’8:;%’3;33’ 172, ﬁg’/ }é?’/ igg’/ ég’/ éié’ 344,
Avian/China/Mukteswar/2007/I1T FRIAALLLMVITLAVSAVAL LGSNQDVVDRIYKQV LLNTESIIMNAITSL R LD KEYYERRYE ig” gé;” gz’ 12321}1,731’515?iéll?ié?gﬁg;l?1/
Chicken/UnitedKingdom/Herts/1933/IV FRIAILLLIVITLAISAAAL LSSNQDVVDRIYKQV LLNTESVIMNAITSL RILDKEYYERRYE ig” gé;” ggZ’ 123;;1}1,71’515?2’611?2’6?5;’3%;1251’
Gamefowl/USA/CA/211472/2002/V FRVAVLSLIVMTLAISVAAL LNSNQDVVDRVYKQV LLNTESIIMNAITSL R I,D,KEYYERRYE 113’8?%';;33’ 12?4}1,731’515?i/()ll?i/éé?gﬁz,l;l?1l
Pigeon/Egypt/ElFayom/79/1112/2015/V1 FRITVLLLVVMTLAISAAVL LGSNQDVVDRIYKQ LLNTESIIMNAITSL R I,D,KEYYERRYE ig’, gé;’, ggz’ 12321}1,731/515?i&?g&?gﬁgﬁ?1l
Mink/China/mNDV-01-HLJ/2014/VII FRIAVLLLMVMTLAISAAAL LSSSQDVIDRIYKQV LLNTKSIIMNAITSL R I,D,KEYYERRYE ig’, gé;’, g‘;’ 12;153515?i/ﬁll?il(w?gﬁﬁlzés1l
Chicken/China/QH1/1979/VIII FRIAVLFLIVTTLAISAAAL LSSNQDVVDRIYKQV LLNTESIIMNAITSL RID,KEYYERRYE }Lgl, géé’, g‘;’ 12?;;1}1,731/515?i/ell?ile?gﬁil;és1l
Chicken/China/F48E8/1946/IX FRTAVILLIVVTFSISAAAL LGSNQDVVDRIYKQV LLNTESIIMSAITSL RID,KEYYERRYE ig’, 24518’, gz’ ]2?;;1}1’7115]5?i’;ﬁi’é‘?gﬁ?é"és]’
Mallard/USA/Ohio/04-411/2004/X FRIAILLLTVVTLAISAAAL LGSNQDVVDRIYKQV LLNTESTIMNAITSL RILD,KEYYERRYE lli’gilé’?é%’ 12?“);1}1,71515?iléll?iléééiﬁglélf1’
Chicken/Madagascar/MG/725/2008/XI FRIAILLLITITLALSTAAL LSSNRDVMDRVYKQV LLSTESVIMNAITSL RILD,KEYYERRYE ig’, ?éé’, gz’ 122,;1}1,71515?i;sll?ié?g’sil;és1’
Peacock/Peru/2011/XII FRVSVLLLMVMTLAISAVAL LSSSQDVIDRIYKQV LLNTESIIMNAITSL RILDKEYYERRYE 113’82%5?333’ 12?»;1}1,7115‘15?i’éll?i’(é?gﬁ?gés1,
Chicken/Zambia/Chiwoko/2015/XIII FRTAVLLLIVMTLAISIAAL LSSSQDVVDRIYKQV LLNTESVIMNAITSL R LD,KEYYERRYE 113;3?%’3233, 12?;21};,73{5??;%11?ils?%iléf1’
Duck/Nigeria/NG-695/KG.LOM.11-16/2009/XIV FRIAVLLLMVMTLAISAAAL LGSSQDVIDRIYKQV LLNTESIIMNAITSL R, LD, K EYYERRYE ig’, ?é}gi g‘;’ 12ghiﬁg?ig?iéﬁﬁ%h&1,
Chicken/DominicanReplubic/JuanLopez/499-31/2008/XVI FRITVLLFILMTLAISVATL LGSNQDVVDRIYKQV LLNTESIIMNALTSL R ILD,KEYYERRYE ig’, ?..—)?)33’, g;’ 12?,;1}1,731,5?ié?ig?gﬁ?glés1,
Chicken/Nigeria/NIE08-1365/2008/X VII FRVAVLLLIAVTLAVSAAAL LSSSQDVIDRIYKQV LLNTESILMNAITSL R, LD, K EYYERRYE }é? f—:ééi g;’ 122,;1}1,71;5?Zé?ié?gﬁ?glés1,
Chicken/IvoryCoast/CIV08-026/2007/XVIII FRIAVLFLMTMTEVISAAAL LSSSQDVIDRIYKQV LLNTESIIMNAITSL R LD KEYYERRYE 119,341, 433, 123, 172, 186, 196, 238, 247, 251,

481, 508, 538

344, 455, 461, 465, 531, 542
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Table 3. Comparison of amino acids residues of the neutralizing epitopes and C-terminal domain of the hemagglutinin-neuraminidase (HN) protein of dromedary

camel Newcastle disease virus (DcNDV) with corresponding sequences of representative NDV strains from Class II genotype.

Strains/Genotypes Neutralizing Epitopes C-terminal Domains
193-211 345-355 494 513-521 569
DcNDV LSGCRDHSHSHQYLALGV PDEQSYQIRMA D RVTRVSSGS D
Avian/Australia/I-2/2005/1 LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RITRVSSGS D
Mink/China/Y19/2014/11 LSGCRDHSHSHQYLALGV PDEQDYQIRMA G RITRVSSSS D
Avian/China/Mukteswar/2007/I11 LSGCRDHTHSHQYLALGV PDEQDYQIRMA D RITRVSSSS G
Chicken/UnitedKingdom/Herts/1933/IV LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RITRVSSRS D
Gamefowl/USA/CA/211472/2002/V LSGCRDHSHSHQYLALGV PDEQDYQVRMA N RITRVSSTS D
Pigeon/Egypt/ElFayom/79/1112/2015/VI LSGCRDHSHSHQYLALGV PDEQSYQIRMA D RVTRVSSGS D
Mink/China/mNDV-01-HLJ/2014/VIL LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RVTRVSSSS D
Chicken/China/QH1/1979/VIII LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RMTRVSSSS D
Chicken/China/F48E8/1946/IX LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RITRVSSSS D
Mallard/USA/Ohio/04-411/2004/X LSGCRDHSHSYQYLALGV PDEQDYQIRMA D RITRVSSSS D
Chicken/Madagascar/MG/725/2008/X1 LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RITRVSSSS G
Peacock/Peru/2011/X1I LSGCRDHSHSHQYLALGV PDEQDYQIRMA G RVTRVSSSS D
Chicken/Zambia/Chiwoko/2015/XIII LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RVTRVSSSS A
Duck/Nigeria/NG-695/KG.LOM.11-16/2009/XIV LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RVTRVSSSS D
Chicken/DominicanReplubic/JuanLopez/499-31/2008/XVI LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RITRVSSSS D
Chicken/Nigeria/NIE08-1365/2008/XVII LSGCRDHSHSHQYLALGV PDEQDHQIRMA D HVTRVSSSS D
Chicken/IvoryCoast/CIV08-026/2007/XVIII LSGCRDHSHSHQYLALGV PDEQDYQIRMA D RVTRVSSSS D
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3.5. Phylogenetic Analysis

To determine the phylogenetic relationship between the DcNDV and other NDV strains reported,
phylogenetic trees based on the nucleotide sequences of F, HN, and complete polyprotein of DcNDV
and those of other NDVs were constructed (Figure 2a—c). Phylogenetic analysis of the complete F
gene sequences revealed that the DcNDV was most closely related to members of class II genotype VI
NDVs (Figure 2a). Within genotype VI, it was most closely related to members of sub-genotype g,
sharing the highest nucleotide identity (95%) to strain Pigeon/Egypt/ElFayom/79/1112/2015 (GenBank
accession number KY042133). Consistently, phylogenetic analyses based on the HN and the complete
polyprotein sequence displayed similar topologies (Figure 2a—c). The pairwise nucleotide identities of
all the coding genes of DcNDV and representative strains from Class II genotype VI were shown in
Table 4. Sequence analysis based on the complete polyprotein sequences showed that DcNDV shared
the highest nucleotide identities, ranging from 96.8 to 97.8%, to the NDVs found in the pigeons from
Egypt (Genbank accession numbers KY042129, KY042131, and KY042133), Russia (Genbank accession
number JF827026) and Ukraine (Genbank accession numbers KY042128 and KY042127). There were
only 18 and 22 amino acid differences between the F and HN proteins of DcNDV and those of the three
closest pigeon NDV strains from Egypt, respectively (Figures S1 and S2). Detailed examination of the
amino acid alignments revealed that the amino acid changes in the regions containing structurally and
functionally important residues and motifs were all conservative substitutions (Figures S1 and 52).

@ A Camel/Dubai/DcNDV/2015
KY042133/Pigeon/Egypt/EIFayom/79/1112/2015
100 | [ KY042131/Pigeon/EgyptiQenals6/1107/2015
33 L KY042129/Pigeon/Eqypt/Giza/11/1088/2015 Vig
100 JF827026/Pigeon/Russia/Vladimir/687/2005
25 KY042128/Pigeon/Ukraine/Doneck/3/968/2007
4L KY042127/Pigeon/Ukraine/Kharkiv/23-01/967/2013
o2 | — KX236101/Pigeon/Pakistan/Lahore/256A/2015 : Vim
KJ808820/Pigeon/China/SD/2012 1 Vie
KC013031/Pigeon/USA/0101/2001 i Vit
[— FJ410145/Pigeon/New York/1984 | VIb
W%B 100 1 KT163262/Pigeon/China/SH/0167/2013 | Vla
%[ L Ux901122/Pigeon/Belgium/11-07574/2011 | VIk
~|_E KX247376/Pigeon/China/SX-01/Ch/2015 Vij a
# L )x518532/Pigeon/Kenyal2012 1 vin 2
— HQ&839733/Chicken/Sweden/1995 1 Vie E
[ KT889365/Mink/China/mNDV-01-HLJ/2014 | v
KR732614/Peacock/Peru/2011 | Xxu
MF409241/Chicken/Zambia/Chiwoko/2015 | X
KT948996/Duck/Nigeria/NG-695/KG.LOM.11-16/2009 1 XI1v
5 HF969188/Chicken/Nigeria/NIE08-1365/2008 XVIl
HF969179/Chicken/ivory Coast/CIV08-026/2007 : XVII
FJ751918/Chicken/China/QH1/1979 Vil
AY562987/Gamefowl/USA/CA/211472/2002 1 v
EF201805/Avian/China/Mukteswar/2007 i 11
FJ436302/Chicken/China/F48E8/1946 IX
AY935499/Avian/Australia/l-2/2005 I
KU094677/Mink/China/Y 19/2014 : 11
GQ288377/Mallard/USA/Ohio/04-411/2004 1 X
AY741404/Chicken/United Kingdom/Herts/1933 v
7 HQ266602/CHicken/Madagascar/MG/725/2008 1 x1
JX119193/Chicken/DominicanRepublic/JuanLopez/498-31/2008 1 xvi
FJ794269/Duck/China/NDV08-004/2008 . [Ee]
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(@)
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Figure 2. Phylogenetic analyses of the complete nucleotide sequences of (a) fusion protein (F) gene;
(b) hemagglutinin-neuraminidase (HN) gene; (c) concatenated genes of dromedary camel Newcastle
disease virus (DcNDV) discovered in the present study. A total of 1662, 1716, 13,745 nucleotide positions
of F gene, HN gene, and concatenated genes were included in the analyses respectively. Bootstrap

values below 70% are not shown. The scale bar indicates the number of nucleotide substitutions per
site. The DcNDV detected in this study is marked with a solid black triangular (A). All the accession

numbers are given as cited in GenBank.
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Table 4. Comparison of nucleotide sequences of dromedary camel Newcastle disease virus (DcNDV) with corresponding sequences of representative NDV strains

from Class II genotype VI.
Reference Strains Accession Genotype Nucleotide Differences (%) with DcENDV
Number N P M F HN L Concatenated Genes
Pigeon/China/SH/0167/2013 KT163262 Via 90.7 86.5 90.3 90.4 88.1 91.4 90.3
Pigeon/USA/Maryland/1984 FJj410147 VIb 92,9 89.2 92.5 92.2 91.1 93.3 924
Crested ibis/China/Shaanxi10/2010 KC853020 Vic 90.5 87.7 90.0 91.0 89.0 90.9 90.3
Pigeon/China/SD/2012 KJ808820 Vie 90.6 89.3 91.2 91.0 90.2 92.2 91.3
Pigeon/USA/PA/0712/2007 KC013040 VIf 90.7 87.7 90.2 91.6 89.3 914 90.7
Pigeon/Egypt/El_Fayom/79/1112/2015 KY042133 Vig 96.4 95.9 97.5 97.0 96.7 97.1 96.9
Pigeon/Egypt/Qena/56/1107/2015 KY042131 Vig 96.5 95.3 97.0 97.1 96.4 97.2 96.8
Pigeon/Egypt/Giza/11/1088/2015 KY042129 Vig 97.0 94.7 96.9 97.1 96.3 97.2 96.8
Pigeon/Russia/Vladimir/687/2005 JF827026 Vig 97.3 96.5 97.4 96.9 96.8 98.8 97.8
Pigeon/Ukraine/Doneck/3/968/2007 KY042128 Vig 97.0 95.9 96.9 96.8 96.2 97.6 97.1
Pigeon/Ukraine/Kharkiv/23-01/967/2013 KY042127 Vig 96.7 95.4 96.5 96.5 96.0 97.3 96.8
Pigeon/Kenya/2012 JX518532 VIh 86.7 86.3 90.1 90.6 88.8 91.4 89.9
Pigeon/China/SX-01/Ch/2015 KX247376 Vjj 91.2 87.7 91.0 90.3 88.1 91.0 90.3

Pigeon/Belgium/11-07574/2011 JX901122 VIk 90.6 86.7 90.6 90.4 88.1 914 90.3
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3.6. Nucleotide Sequence GenBank Accession Number

The nucleotide sequence of the genome of the DcNDV in this study has been lodged within the
GenBank sequence database under accession no. MK673997. Raw data of Illumina HiSeq have been
submitted to Sequence Read Archive (SRA) under accession no. SRR8569164.

4. Discussion

We report the first isolation of NDV in a dromedary. NDV is basically an avian virus which has
caused numerous outbreaks of devastating disease in poultries. In the present study, we isolated an
NDV from the nasal swab of an aborted dromedary fetus in Dubai using Vero cells, and the virus isolate
also produced the typical CPE caused by NDV on chicken embryo fibroblasts. During that period,
an NDV outbreak occurred in the pigeon farm located in close proximity to the dairy camel farm
where the mother of the aborted dromedary fetus resided and there were a lot of pigeons in the camel
farm. We speculate that the mother dromedary had probably acquired the NDV from the pigeons and
subsequently transmitted to the fetus. Whole genome sequencing and comparative genome analysis
revealed that the structurally and functionally important features in the F and HN proteins of the
NDV genome observed in previous studies were also present in the genome of this NDV in dromedary.
In particular, it also possessed genomic features similar to other velogenic NDVs, including cleavage
site motif "?’KRQKRF'! in the F protein, conserved amino acid residues at neutralizing epitopes on the
HN protein, and the size (i.e., 571 aa) of the HN protein (Tables 1-3, Figures S1 and S2) [30,31]. On the
other hand, we were aware of the limitation of the present study. Viral cultures on other samples of the
fetus or the mother were not performed because it was initially intended for MERS-CoV isolation. It is
noteworthy that a virus that could be successfully cultured and isolated from Vero cells was subjected
to investigation by next-generation sequencing. This suggested that any potential pathogens that were
not able to propagate in the Vero cells may have been missed. Nevertheless, although the possibility of
NDV infection being responsible for abortion is unknown, the successful isolation of NDV from the
aborted dromedary fetus and the absence of positive bacterial and fungal cultures in the placental
samples warrant further investigations on the causal relationship between NDV infection and abortion.

The present dromedary NDV was probably resulted from spillover from NDVs in birds of the
Middle East. NDVs of class II genotype VI were first isolated from pigeons in the Middle East in the
1960s and spread rapidly throughout Northern Africa to Europe and other parts of the world [11,32].
So far, NDVs of genotype VI have been identified in at least 20 countries of three different continents,
including Africa, Europe, and Asia [10,32]. In addition to their widespread distribution, genotype VI
NDVs is also highly diverse genetically, dividing into sub-genotypes Vla to Vim [8-11,32]. In 2015,
NDVs of sub-genotype VIg were detected in apparently healthy pigeons kept in captivity in Egypt [32].
Phylogenetic analysis showed that the NDV isolated from the aborted dromedary fetus in the present
study belongs to sub-genotype VIg and is most closely related to the NDVs found in these healthy
pigeons from Egypt in the same year (Figure 2. In fact, whole genome comparative analysis revealed
that there is only 2.5-5.3% difference in the nucleotide sequence between the dromedary NDV from
Dubai and the pigeon NDVs from Egypt, substantiating the theory that the virus probably had
transmitted directly from pigeons to dromedary. Notably, they also shared almost the same conserved
residues and domains responsible for virulence in the F and HN proteins, suggesting that the present
dromedary NDV may also be velogenic, similar to other velogenic NDVs of genotype VI (Figures S1
and 52) [12,33]. Moreover, the present findings are in line with a spillover event recently reported in
Nigeria, in which a high degree of sequence similarity between NDVs from domestic and wild birds
was observed [34]. The study also discovered some bird species that had not previously been known
to be infected by NDVs [34]. Although it is known that pigeons are not migratory, the mechanism
of spread of genotype VI NDVs at long distances (i.e., from Egypt to Dubai) in the present study
remains to be determined. A possible explanation for the spread of genotype VI NDVs may be due
to the international trade of racing pigeons [33]. Further studies to determine the genotype of NDVs
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circulating in pigeons in Dubai or other parts of the Middle East and to screen for additional NDVs in
camels are warranted to understand the present spillover event and the evolution of NDVs.

The use of next generation sequencing technologies has led to the discovery of many novel
viruses as well as identification of known viruses that were previously not reported in dromedaries.
The MERS epidemic and discovery of dromedaries as the reservoir of MERS-CoV and our discovery
and isolation of a novel dromedary camel CoV UAE-HKU23 have boosted interest in search of
more novel viruses in dromedaries [35-37]. In metagenomics studies and subsequent whole genome
sequencing, we discovered two novel genotypes of hepatitis E virus (HEV), a novel genus of enterovirus,
a novel astrovirus, two novel bocaparvoviruses, and novel picobirnaviruses and circoviruses in
dromedaries [26,38-45]. In addition to these metagenomics studies, we have also used next generation
sequencing technologies in a previous study and the present study to rapidly identify and sequence the
genomes of a West Nile virus and an NDV, respectively [46]. These are the first studies that demonstrate
isolation of West Nile virus and NDV in dromedaries. All these studies have remarkably widened
the spectrum of viruses found in dromedaries as well as the potential source of infections due the
corresponding viruses.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/11/9/810/s1,
Table S1: Primers used for genome sequencing of DcNDYV, Figure S1, Alignment of deduced amino acid sequence
of complete F gene of DcNDYV, Figure S2, Alignment of deduced amino acid sequence of complete HN gene
of DcNDV.

Author Contributions: J.L.L.T., UW.,, SKPL., PC.Y.W. conceived and designed the experiments; ].L.L.T., HH.L,,
J.E,SKE., KYY, K-H.C. performed the laboratory work; J.L.L.T., HH.L., PC.Y.W. performed data analyses;
J.K. performed histopathological analyses; U.W. provided samples; ].L.L.T., UW., SK.P.L., PC.Y.W. contributed
reagents/materials/analysis tools; J.L.L.T. and P.C.Y.W. wrote the manuscript. All authors read and approved
the manuscript.

Funding: The research was funded by Collaborative Innovation Center for Diagnosis and Treatment of Infectious
Diseases, the Ministry of Education of China.

Acknowledgments: We thank the members of the Centre for Genomic Sciences, The University of Hong Kong,
for their technical support. This work is partly supported by the Collaborative Innovation Center for Diagnosis
and Treatment of Infectious Diseases, the Ministry of Education of China.

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

References

1. Rahman, A.; Habib, M.; Shabbir, M.Z. Adaptation of Newcastle Disease Virus (NDV) in Feral Birds and their
Potential Role in Interspecies Transmission. Open Virol. J. 2018, 12, 52-68. [CrossRef] [PubMed]

2. Elmberg, J.; Berg, C.; Lerner, H.; Waldenstrom, J.; Hessel, R. Potential disease transmission from wild
geese and swans to livestock, poultry and humans: A review of the scientific literature from a One Health
perspective. Infect. Ecol. Epidemiol. 2017, 7, 1300450. [CrossRef] [PubMed]

3. Alexander, D.]. Newcastle disease in the European Union 2000 to 2009. Avian Pathol. 2011, 40, 547-558.
[CrossRef] [PubMed]

4. Alexander, D.J.; Parsons, G.; Marshall, R. Infection of fowls with Newcastle disease virus by food contaminated
with pigeon faeces. Vet. Rec. 1984, 115, 601-602. [CrossRef] [PubMed]

5. Zhao, P; Sun, L,; Sun, X,; Li, S.; Zhang, W.; Pulscher, L.A.; Xing, M. Newcastle disease virus from domestic
mink, China, 2014. Vet. Microbiol. 2017, 198, 104-107. [CrossRef] [PubMed]

6.  Sharma, B.; Pokhriyal, M.; Rai, G.K.; Saxena, M.; Ratta, B.; Chaurasia, M.; Mondal, B. Isolation of Newcastle
disease virus from a non-avian host (sheep) and its implications. Arch. Virol. 2012, 157, 1565-1567. [CrossRef]
[PubMed]

7. Yates, V].; Fry, D.E,; Henderson, B.W,, Jr. Isolation of Newcastle Disease virus from a calf. ]. Am. Vet.
Med. Assoc. 1952, 120, 149-150. [PubMed]

8.  He, Y,; Taylor, T.L.; Dimitrov, K.M.; Butt, S.L.; Stanton, J.B.; Goraichuk, I.V.; Afonso, C.L. Whole-genome
sequencing of genotype VI Newcastle disease viruses from formalin-fixed paraffin-embedded tissues from
wild pigeons reveals continuous evolution and previously unrecognized genetic diversity in the U.S. Virol. |.
2018, 15. [CrossRef]


http://www.mdpi.com/1999-4915/11/9/810/s1
http://dx.doi.org/10.2174/1874357901812010052
http://www.ncbi.nlm.nih.gov/pubmed/30288195
http://dx.doi.org/10.1080/20008686.2017.1300450
http://www.ncbi.nlm.nih.gov/pubmed/28567210
http://dx.doi.org/10.1080/03079457.2011.618823
http://www.ncbi.nlm.nih.gov/pubmed/22107088
http://dx.doi.org/10.1136/vr.115.23.601
http://www.ncbi.nlm.nih.gov/pubmed/6523693
http://dx.doi.org/10.1016/j.vetmic.2016.12.003
http://www.ncbi.nlm.nih.gov/pubmed/28061999
http://dx.doi.org/10.1007/s00705-012-1317-8
http://www.ncbi.nlm.nih.gov/pubmed/22543636
http://www.ncbi.nlm.nih.gov/pubmed/14907543
http://dx.doi.org/10.1186/s12985-017-0914-2

Viruses 2019, 11, 810 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

Bello, M.B.; Yusoff, KM.; Ideris, A.; Hair-Bejo, M.; Peeters, B.P.H.; Jibril, A.H.; Omar, A.R. Genotype Diversity
of Newcastle Disease Virus in Nigeria: Disease Control Challenges and Future Outlook. Adv. Virol. 2018,
2018, 1-17. [CrossRef]

Mayahi, V.; Esmaelizad, M. Molecular evolution and epidemiological links study of Newcastle disease virus
isolates from 1995 to 2016 in Iran. Arch. Virol. 2017, 162, 3727-3743. [CrossRef]

Dimitrov, K.M.; Ramey, A.M.; Qiu, X.; Bahl, J.; Afonso, C.L. Temporal, geographic, and host distribution of
avian paramyxovirus 1 (Newcastle disease virus). Infect. Genet. Evol. 2016, 39, 22-34. [CrossRef] [PubMed]
Sun, C.; Wen, H.; Chen, Y.; Chu, E; Lin, B.; Ren, G.; Song, Y.; Wang, Z.; Lin, B. Roles of the highly conserved
amino acids in the globular head and stalk region of the Newcastle disease virus HN protein in the membrane
fusion process. Biosci. Trends 2015, 9, 56-64. [CrossRef] [PubMed]

Abu Elzein, E.; Hassanein, M.; Al Afaleq, A. High level agglutination of camel (Camelus dromedarius)
erythrocytes by avian paramyxovirus serotype 1. Avian Pathol. 1993, 22, 189-192. [CrossRef] [PubMed]
Wernery, U.; Corman, V.; Wong, E.; Tsang, A.; Muth, D.; Lau, S.; Khazanehdari, K.; Zirkel, F.; Ali, M.; Nagy, P;
et al. Acute Middle East Respiratory Syndrome Coronavirus Infection in Livestock Dromedaries, Dubai,
2014. Emerg. Infect. Dis. 2015, 21, 1019-1022. [CrossRef] [PubMed]

OIE—World Organisation for Animal Health. (2019). Retrieved 16 August 2019. Available online: https:
//web.oie.int/boutique/index.php?page=ficprod&id_produit=1554&lang=en (accessed on 16 August 2019).
Guan, T.P; Teng, J.L.L.; Yeong, K.Y.; You, Z.Q.; Liu, H.; Wong, S.S.Y.; Woo, P.C.Y. Metagenomic analysis
of Sichuan takin fecal sample viromes reveals novel enterovirus and astrovirus. Virology 2018, 521, 77-91.
[CrossRef] [PubMed]

Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114-2120. [CrossRef] [PubMed]

Schmieder, R.; Edwards, R. Quality control and preprocessing of metagenomic datasets. Bioinformatics 2011,
27,863-864. [CrossRef]

Fu, L,; Niu, B.; Zhu, Z.; Wu, S.; Li, W. CD-HIT: Accelerated for clustering the next-generation sequencing
data. Bioinformatics 2012, 28, 3150-3152. [CrossRef]

Manual, B. BLAST®Command Line Applications User Manual. Available online: https://www.ncbi.nlm.nih.
gov/books/NBK279690/ (accessed on 1 February 2019).

Huson, D.H.; Beier, S.; Flade, I.; Gorska, A.; El-Hadidi, M.; Mitra, S.; Tappu, R. MEGAN Community Edition
- Interactive Exploration and Analysis of Large-Scale Microbiome Sequencing Data. PLoS Comput. Biol. 2016,
12. [CrossRef]

Chevreux, B.; Wetter, T.; Suhai, S. Genome Sequence Assembly Using Trace Signals and Additional Sequence
Information. Computer Science and Biology: Proceedings of the German Conference on Bioinformatics 1999,
Hannover, Germany. Comput. Sci. Biol. 1999, 45-56. [CrossRef]

OREF Finder (Open Reading Frame). Available online: https://www.ncbi.nlm.nih.gov/orffinder/ (accessed on
2 February 2019).

Edgar, R.C. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res.
2004, 32, 1792-1797. [CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef] [PubMed]

Joseph, S.; Xie, J.; Wernery, U.; Jose, S.; Fan, R.Y.Y.; Woo, P.C.Y.; Yuen, K.-Y. A novel astrovirus from
dromedaries in the Middle East. J. Gen. Virol. 2015, 96, 2697-2707. [CrossRef]

Hall, T. BioEdit: An important software for molecular biology. Gerf Bull. Biosci. 2011, 2, 60-61.

Qiu, X,; Meng, C.; Zhan, Y,; Yu, S.; Li, S;; Ren, T.; Ding, C. Phylogenetic, antigenic and biological
characterization of pigeon paramyxovirus type 1 circulating in China. Virol. . 2017, 14. [CrossRef]

Akhtar, S.; Muneer, M.A.; Muhammad, K.; Tipu, M.Y.; Rabbani, M.; ul-Rahman, A.; Shabbir, M.Z. Genetic
characterization and phylogeny of pigeon paramyxovirus isolate (PPMV-1) from Pakistan. SpringerPlus 2016,
5. [CrossRef]

Jin, J.; Zhao, J.; Ren, Y.; Zhong, Q.; Zhang, G. Contribution of HN protein length diversity to Newcastle
disease virus virulence, replication and biological activities. Sci. Rep. 2016, 6. [CrossRef]

Rohaim, M.; El Naggar, R.; Helal, A.; Hussein, H.; LeBlanc, N. Genetic Characterization of Pigeon
Paramyxovirus Type 1 in Egypt. Br. |. Virol. 2016, 3, 27-32. [CrossRef]


http://dx.doi.org/10.1155/2018/6097291
http://dx.doi.org/10.1007/s00705-017-3536-5
http://dx.doi.org/10.1016/j.meegid.2016.01.008
http://www.ncbi.nlm.nih.gov/pubmed/26792710
http://dx.doi.org/10.5582/bst.2014.01140
http://www.ncbi.nlm.nih.gov/pubmed/25787910
http://dx.doi.org/10.1080/03079459308418911
http://www.ncbi.nlm.nih.gov/pubmed/18671008
http://dx.doi.org/10.3201/eid2106.150038
http://www.ncbi.nlm.nih.gov/pubmed/25989145
https://web.oie.int/boutique/index.php?page=ficprod&id_produit=1554&lang=en
https://web.oie.int/boutique/index.php?page=ficprod&id_produit=1554&lang=en
http://dx.doi.org/10.1016/j.virol.2018.05.027
http://www.ncbi.nlm.nih.gov/pubmed/29886344
http://dx.doi.org/10.1093/bioinformatics/btu170
http://www.ncbi.nlm.nih.gov/pubmed/24695404
http://dx.doi.org/10.1093/bioinformatics/btr026
http://dx.doi.org/10.1093/bioinformatics/bts565
https://www.ncbi.nlm.nih.gov/books/NBK279690/
https://www.ncbi.nlm.nih.gov/books/NBK279690/
http://dx.doi.org/10.1371/journal.pcbi.1004957
http://dx.doi.org/10.1.1.23/7465
https://www.ncbi.nlm.nih.gov/orffinder/
http://dx.doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
http://dx.doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://dx.doi.org/10.1099/jgv.0.000233
http://dx.doi.org/10.1186/s12985-017-0857-7
http://dx.doi.org/10.1186/s40064-016-2939-1
http://dx.doi.org/10.1038/srep36890
http://dx.doi.org/10.17582/journal.bjv/2016.3.2.27.32

Viruses 2019, 11, 810 15 of 15

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Sabra, M.; Dimitrov, K.M.; Goraichuk, I.V.; Wajid, A.; Sharma, P.; Williams-Coplin, D.; Afonso, C.L.
Phylogenetic assessment reveals continuous evolution and circulation of pigeon-derived virulent avian
avulaviruses 1 in Eastern Europe, Asia, and Africa. BMC Vet. Res. 2017, 13. [CrossRef]

Aldous, E.; Fuller, C; Ridgeon, J.; Irvine, R.; Alexander, D.; Brown, I. The Evolution of Pigeon Paramyxovirus
Type 1 (PPMV-1) in Great Britain: A Molecular Epidemiological Study. Transbound. Emerg. Dis. 2012, 61,
134-139. [CrossRef]

Welch, C.N.; Shittu, I; Abolnik, C.; Solomon, P; Dimitrov, KM.; Taylor, T.L.; Williams-Coplin, D.;
Goraichuk, I.V.; Meseko, C.A.; Ibuy, ].O.; et al. Genomic comparison of Newcastle disease viruses isolated in
Nigeria between 2002 and 2015 reveals circulation of highly diverse genotypes and spillover into wild birds.
Arch. Virol. 2019, 164, 2031-2047. [CrossRef] [PubMed]

Wernery, U.; Lau, S.K.P; Woo, P.C.Y. Middle East respiratory syndrome (MERS) coronavirus and dromedaries.
Vet. J. 2017. [CrossRef] [PubMed]

Han, H.J.; Yu, H.; Yu, X.]J. Evidence for zoonotic origins of Middle East respiratory syndrome coronavirus.
J. Gen. Virol. 2016. [CrossRef] [PubMed]

Woo, PCY,; Lau, SK.P; Fan, RY.Y,; Lau, C.C.Y.;; Wong, E.YM.; Joseph, S.; Yuen, K.Y. Isolation and
characterization of dromedary camel coronavirus UAE-HKU23 from dromedaries of the middle east: Minimal
serological cross-reactivity between MERS coronavirus and dromedary camel coronavirus UAE-HKU23.
Int. J. Mol. Sci. 2016, 17, 691. [CrossRef] [PubMed]

Sridhar, S.; Teng, J.L.L.; Chiu, T.H.; Lau, S.K.P.; Woo, P.C.Y. Hepatitis E virus genotypes and evolution:
Emergence of camel hepatitis E variants. Int. . Mol. Sci. 2017, 18, 869. [CrossRef] [PubMed]

Lee, G.H.; Tan, B.H.; Teo, C.-Y,; Lim, S.G.; Dan, Y.Y.; Wee, A.; Teo, C.G. Chronic Infection with Camelid Hepatitis
e Virus in a Liver Transplant Recipient Who Regularly Consumes Camel Meat and Milk. Gastroenterology
2016, 150, 355-357.e3. [CrossRef] [PubMed]

Rasche, A.; Saqib, M; Liljander, A.M.; Bornstein, S.; Zohaib, A.; Renneker, S.; Corman, V.M. Hepatitis E virus
infection in dromedaries, North and East Africa, United Arab Emirates, and Pakistan, 1983-2015. Emerg.
Infect. Dis. 2016, 22, 1249-1252. [CrossRef] [PubMed]

Woo, P.C.Y,; Lau, SK.P; Teng, ].L.L.; Tsang, A.K.L.; Joseph, M.; Wong, E.Y.M.; Yuen, K.Y. New hepatitis E
virus genotype in camels, the Middle East. Emerg. Infect. Dis. 2014, 20, 1044-1048. [CrossRef]

Woo, P.C.Y,;; Lau, SKP; Li, T; Jose, S.; Yip, C.C.Y,; Huang, Y.; Yuen, K.Y. A novel dromedary camel enterovirus
in the family Picornaviridae from dromedaries in the Middle East. ]. Gen. Virol. 2015, 96, 1723-1731. [CrossRef]
Woo, P.C.Y; Lau, S.K.P; Tsoi, HW.,; Patteril, N.G.; Yeung, H.C.; Joseph, S.; Yuen, K.Y. Two novel dromedary
camel bocaparvoviruses from dromedaries in the middle east with unique genomic features. J. Gen. Virol.
2017, 98, 1349-1359. [CrossRef]

Woo, P.C.Y,; Lau, SK.P; Teng, ].L.L.; Tsang, A.K.L.; Joseph, M.; Wong, E.Y.M.; Yuen, K.Y. Metagenomic
analysis of viromes of dromedary camel fecal samples reveals large number and high diversity of circoviruses
and picobirnaviruses. Virology 2014, 471-473, 117-125. [CrossRef] [PubMed]

Woo, P.C.Y,; Lau, S.K.P; Teng, ].L.L.; Cao, K.-Y.; Wernery, U.; Schountz, T.; Yuen, K.-Y. New Hepatitis E Virus
Genotype in Bactrian Camels, Xinjiang, China, 2013. Emerg. Infect. Dis. 2016, 22, 2219-2221. [CrossRef]
[PubMed]

Joseph, S.; Wernery, U.; Teng, ].L.; Wernery, R.; Huang, Y.; Patteril, N.A.; Woo, P.C. First isolation of West Nile
virus from a dromedary camel. Emerg. Microbes Infect. 2016, 5. [CrossRef] [PubMed]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1186/s12917-017-1211-4
http://dx.doi.org/10.1111/tbed.12006
http://dx.doi.org/10.1007/s00705-019-04288-9
http://www.ncbi.nlm.nih.gov/pubmed/31123963
http://dx.doi.org/10.1016/j.tvjl.2016.12.020
http://www.ncbi.nlm.nih.gov/pubmed/28190501
http://dx.doi.org/10.1099/jgv.0.000342
http://www.ncbi.nlm.nih.gov/pubmed/26572912
http://dx.doi.org/10.3390/ijms17050691
http://www.ncbi.nlm.nih.gov/pubmed/27164099
http://dx.doi.org/10.3390/ijms18040869
http://www.ncbi.nlm.nih.gov/pubmed/28425927
http://dx.doi.org/10.1053/j.gastro.2015.10.048
http://www.ncbi.nlm.nih.gov/pubmed/26551551
http://dx.doi.org/10.3201/eid2207.160168
http://www.ncbi.nlm.nih.gov/pubmed/27315454
http://dx.doi.org/10.3201/eid2006.140140
http://dx.doi.org/10.1099/vir.0.000131
http://dx.doi.org/10.1099/jgv.0.000775
http://dx.doi.org/10.1016/j.virol.2014.09.020
http://www.ncbi.nlm.nih.gov/pubmed/25461537
http://dx.doi.org/10.3201/eid2212.160979
http://www.ncbi.nlm.nih.gov/pubmed/27869607
http://dx.doi.org/10.1038/emi.2016.53
http://www.ncbi.nlm.nih.gov/pubmed/27273223
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Collection and Viral Culture 
	Hemagglutination (HA) Test 
	Preparation of Sample for Illumina Sequencing 
	Library Construction for Illumina Sequencing 
	Analysis of Sequence Reads and Genome Assembly 
	Comparative Genome Analysis and Phylogenetic Analysis 
	Genome Sequencing of Newcastle Disease Virus (NDV) Isolated from Dromedary Camel (DcNDV) 

	Results 
	Necropsy 
	Virus Culture and Haemagglutination (HA) Test 
	Deep Sequence Analysis 
	Genome Analysis 
	Phylogenetic Analysis 
	Nucleotide Sequence GenBank Accession Number 

	Discussion 
	References

