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Abstract: Newcastle disease (ND) is one of the most challenging infectious diseases affecting poultry
production in Africa, causing major economic losses. To date, Newcastle disease virus isolates from
several African countries have been grouped into class II NDV genotypes I, IV, V, VI, VII, XI, XIII, XIV,
XVII, XVIII and XXI. Although ND is endemic in many African countries, information on circulating
genotypes is still scarce. In Tanzania, outbreaks with genotypes V and XIII have been reported.
In West and Central Africa, genotypes XIV, XVII, and XVIII are the most predominant. To investigate
other genotypes circulating in Tanzania and Ghana, we performed molecular genotyping on isolates
from Tanzania and Ghana using the MinION, a third-generation portable sequencing device from
Oxford Nanopore Technologies. Using the MinION, we successfully sequenced the NDV F gene
hypervariable region of 24 isolates from Tanzania and four samples from Ghana. In Tanzania,
genotypes V, VII and XIII were detected. All isolates from Ghana belonged to genotype XVIII.
The data obtained in this study reflect the genetic diversity of NDV in Africa and highlight the
importance of surveillance for monitoring the distribution of NDV genotypes and viral evolution.
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1. Introduction

Newcastle disease (ND) is a highly transmissible viral disease that affects many avian species,
including domestic poultry [1]. The causative agent, Newcastle disease virus (NDV), is a paramyxovirus
classified as avian orthoavulavirus 1, previously known as avian paramyxovirus 1 (APMV-1) [2]. NDV
is an enveloped, negative sense, single-stranded RNA virus [3]. The viral envelope is composed of
two glycoproteins—the hemagglutinin-neuraminidase (HN) and the fusion (F) proteins. In addition
to inducing hemagglutination of red blood cells, the HN protein is responsible for the virus binding
to host cell receptors, which is facilitated by its neuraminidase activity. In addition, the HN protein
activates the F protein, which in turn induces the fusion of the viral envelope to the cell membrane [3].
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Because of its high molecular variability and association with virulence, the F gene has been widely
used as a target for the genotypic classification of NDV [4,5]. Based on the complete sequence of the
F gene, NDV strains are divided into two major groups—class I and class II. Class I viruses belong
to a single genotype, whereas the more genetically diverse class II viruses are currently divided into
20 distinct genotypes separated by nucleotide distances above 10% [5]. Partial F gene sequences have
also been used successfully to genotype NDV isolates [6,7].

ND is caused by infection with virulent (v)NDV strains. Clinical signs can range from respiratory
distress to neurologic signs and severe systemic illness, and mortality can reach 100%. Depending
on the clinical signs observed in chickens after experimental inoculation, strains can be divided into
lentogenic, mesogenic or velogenic (listed in increasing order of virulence) [1]. NDV strains are
considered velogenic when they have an intracerebral pathogenicity index (ICPI) in day-old chicks of
0.7 or greater or contain a cleavage site with multiple basic amino acids at the C-terminus of the F2
protein and phenylalanine at the N-terminus of the F1 protein (residue 117) [1,8].

Outbreaks of vNDV occur worldwide and the disease is endemic in many countries in Asia,
the Middle East and Africa [1,9]. In Africa, local poultry production largely consists of free-range
indigenous chickens [10], many of which are multi-age flocks that have not been vaccinated against
NDV. These chickens may also originate from different geographic locations, and some are sold in live
bird markets, where the birds are housed in close proximity and with other avian species. These factors
facilitate the circulation and dissemination of various vNDV genotypes, which complicate disease
prevention and control measures in these countries [11–15]. To date, NDV isolates from several African
countries have been grouped into genotypes I, IV, V, VI, VII, XI, XIII, XIV, XVII, XVIII and XXI, according
to the recently updated NDV classification system [5]. In a 2012 study in Tanzania, NDV isolates
from chickens in live bird markets representing six different regions were classified as genotype V
and XIII [15]. In West and Central Africa, NDV samples belonging to genotypes XIV, XVII, and XVIII
were collected between 2006 and 2011 from poultry in live bird markets and backyard and commercial
farms [14].

NDV genomic surveillance is essential for providing insights on genetic variability in circulating
strains and for improving preparedness and response to disease outbreaks. In addition, up-to-date
genotype investigations are essential to determine geographic distributions of genotypes and maintain
and improve current molecular classification methods [5]. The evolution of sequencing technologies
has greatly upgraded genomics as a whole [16]. In molecular virology, third-generation sequencing
has revolutionized the ability to sequence complete viral genomes at depth rapidly and with high
accuracy [7,17,18]. Of the many high-throughput platforms available, the MinION (Oxford Nanopore
Technologies, Oxford, UK) is particularly valuable due to its low cost, easy set-up and portability,
which enables it to be deployed in remote locations where sequencing services are inaccessible.

Although ND is endemic in many African countries, information on circulating genotypes is
still scarce. In this study, a protocol using the MinION was developed to investigate NDV genotypes
circulating in indigenous chickens in Tanzania and Ghana.

2. Materials and Methods

2.1. Isolates from Tanzania and Samples from Ghana

The vNDV isolates from Tanzania and the NDV-positive swab samples from Ghana used in this
study are part of previous and independent projects and considered archived samples at the Sokoine
University of Agriculture and University of Ghana poultry medicine laboratories.

Twenty-nine vNDV strains from Tanzania were isolated in 9- to 11-day-old SPF embryonated eggs as
previously described [19]. The isolates originated from sick chickens diagnosed between 2011 and 2017.
Of the 29 isolates, the partial F gene was successfully amplified in 25 samples, and 24 samples were selected
for sequencing. In Ghana, RT-PCR amplification was attempted from oropharyngeal/cloacal swabs,
without previous isolation in eggs, from 27 clinically ill chickens in 2018. Of these, the partial F gene
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was successfully amplified from four swabs by RT-PCR and subsequent sequencing. The 29 isolates
from Tanzania and the 27 samples from Ghana had previously tested positive for NDV by a screening
RT-qPCR assay [20]. The sample collection locations are presented in Figure 1.
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Figure 1. Sample sites for (A) Tanzania (Morogoro, Mtwara and Mwanza) and (B) Ghana (Pokoasi and Wa).

2.2. Partial F Gene Amplification

RNA extraction from allantoic fluid or oropharyngeal/cloacal swabs was performed using the
MagMAX Viral/Pathogen Nucleic Acid Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA)
following the manufacturer’s instructions. A conventional RT-PCR assay was performed using the
QIAgen OneStep RT-PCR Kit (QIAgen, Valencia, CA, USA). Primers 4331F and 5090R were used to
amplify a 788-bp fragment that includes the 3′ end of the M gene (173 bp) and the 5′ end of the F gene,
which comprises the F gene hypervariable region (615 bp) [6,7]. The amplicons were separated by
electrophoresis in a 2% agarose gel, stained with GelGreen (Phenix Research, Candler, NC, USA) and
visualized under ultraviolet light.
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2.3. Library Preparation and Sequencing

RT-PCR products were purified using the Agencourt AMPure XP beads (Beckman Coulter,
Indianapolis IN). The amplicons were barcoded using the Native Barcoding Expansion Kit (Oxford
Nanopore Technologies, Oxford, UK). Samples were pooled and the DNA library preparation
was performed using the Ligation Sequencing Kit (Oxford Nanopore Technologies, Oxford, UK).
A maximum of 12 samples were barcoded and pooled per library prep. Sequencing was performed
on a MinION (Oxford Nanopore Technologies) and ran for at least 12 h; two runs were performed
in Tanzania (12 barcoded samples each) and one in Ghana (four barcoded samples). Reads were
demultiplexed using the Nanopore EPI2ME Agent (Oxford Nanopore Technologies). The sequencing
data for each sample were assembled using the NDV LaSota strain as a reference (accession number
AF077761). For accuracy verification, a second round of reference-based assembly was performed using
the consensus sequences obtained with the assembly using LaSota as a reference strain. Sequences
were analyzed with the Geneious Prime 2020.1.1 software (https://www.geneious.com).

2.4. Phylogenetic Analysis

The 28 vNDV sequences from Tanzania and Ghana were compared with other NDV sequences
deposited in GenBank using the Basic Local Alignment Search Tool (BLAST) and also with isolates
of known genotypes [5]. Multiple sequence alignments of the NDV partial F gene were produced in
Geneious Prime 2020.1.1 using the MAFFT plugin [21]. The maximum-likelihood method was used
to construct phylogenetic trees based on the GTRGAMMAI model with 1000 bootstrap replicates in
Geneious Prime using the RaxML plugin [22]. The accession numbers for the Tanzania and Ghana
sequences are MT335727 to MT335754. In the initial analysis, the sequences were compared with
sequences from 125 other isolates representing all class II ND genotypes [5], totaling 153 sequences
(Figure 2). For each genotype detected (V, VII, XIII and XVIII), individual phylogenetic trees were
constructed using the most similar sequences detected in BLAST and other relevant isolates detected
in Africa (Figures 3–6).

3. Results

3.1. Geographic Distribution of the Sequences

The Tanzania isolates were obtained from chickens presenting with clinical signs of ND in
Morogoro (22/24, 91.67%), Mwanza (1/24, 4.27%) and Mtwara (1/24, 4.27%) (Figure 1). From the
22 Morogoro isolates, 18 (81.82%) were obtained from indigenous non-commercial poultry isolated
between 2014 and 2016. Two isolates (9.09%) were from breeder flocks in which the disease slowly
spread and eventually led to 100% mortality in 2011 and 2014. Two isolates (9.09%) originated
from commercial layer flocks that became infected despite being vaccinated against NDV in 2017.
The isolates from Mwanza and Mtwara (one from each location) originated from commercial layer
hens that were submitted to a veterinary diagnostic laboratory in 2012.

The Ghana sequences originated from oropharyngeal/cloacal swabs collected from clinically ill birds
in 2018. One chicken (25%) originated from Pokuasi and three chickens were from Wa (75%) (Figure 1).

3.2. Newcastle Disease Virus Pilot Tree

The MinION third generation sequencing strategy allowed the amplification of the F gene
hypervariable region of all 28 isolates and samples, yielding at least 2000 reads per sample. Using a
smaller dataset of class II sequences retrieved from GenBank, a pilot tree was constructed for rapid
preliminary identification of genotypes as previously described [5]. Based on the pilot tree, 14/28
isolates (50%) belonged to genotype XIII, 9/28 sequences (32.14%) to genotype V, 4/28 (14.29%) to
genotype XVIII and 1/28 (3.57%) to genotype VII (Figure 2). Based on the OIE definition for vNDV
molecular pathotyping [8], all 28 sequences from this study presented at least three basic amino acids

https://www.geneious.com
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at the C-terminus of the F2 protein from residues 112-116 and a phenylalanine at residue 117; therefore,
they are all considered virulent strains (Table S1).
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Figure 2. Phylogenetic analysis of Newcastle disease virus class II isolates using a 615-bp fragment of
the fusion gene with the maximum likelihood method 1000 bootstrap replicates. Of the 153 sequences
used, 28 were collected from diseased chickens from Tanzania and Ghana (bolded and colored) and
125 represent all class II genotypes as described by Dimitrov et al. [5]. The Roman numerals on the right
represent the genotypes the isolates belong to. The colors represent the geographic location of the isolates
(orange = Mtwara, red = Morogoro, yellow = Mwanza, light blue = Pokoasi and dark blue = Wa).



Viruses 2020, 12, 916 6 of 14

Viruses 2020, 12, x FOR PEER REVIEW 6 of 15 

 

 

Figure 3. Phylogenetic analysis of Newcastle disease virus genotype V isolates using a 615-bp 

fragment of the fusion gene with the maximum likelihood method with 1000 bootstrap replicates. Of 

the 67 sequences used, 9 were collected from diseased chickens from Morogoro, Tanzania (bolded 

and colored), 53 represent genotype V and XIX isolates [5] and 5 are outliers (2 from genotype IV and 

3 from genotype XI). The Roman numerals on the right represent the subgenotypes the isolates belong 

to. The previous terminology [4] is listed below the current nomenclature in parenthesis for reference. 

Figure 3. Phylogenetic analysis of Newcastle disease virus genotype V isolates using a 615-bp fragment
of the fusion gene with the maximum likelihood method with 1000 bootstrap replicates. Of the
67 sequences used, 9 were collected from diseased chickens from Morogoro, Tanzania (bolded and
colored), 53 represent genotype V and XIX isolates [5] and 5 are outliers (2 from genotype IV and 3 from
genotype XI). The Roman numerals on the right represent the subgenotypes the isolates belong to.
The previous terminology [4] is listed below the current nomenclature in parenthesis for reference.
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Figure 4. Phylogenetic analysis of Newcastle disease virus genotype VII isolates using a 615-bp
fragment of the fusion gene with the maximum likelihood method with 1000 bootstrap replicates.
Of the 72 sequences used, one was collected from diseased chickens from Mwanza, Tanzania (bolded
and colored), 66 represent other genotype VII isolates [5], and 5 are outliers (2 from genotype IV and
3 from genotype XI). The Roman numerals on the right represent the subgenotypes the isolates belong
to. The previous terminology [4] is listed below the current nomenclature in parenthesis for reference.
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Figure 5. Phylogenetic analysis of Newcastle disease virus genotype XIII isolates using a 615-bp
fragment of the fusion gene with the maximum likelihood method with 1000 bootstrap replicates.
Of the 60 sequences used, 13 were collected from diseased chickens from Morogoro and one from
Mtwara, Tanzania (bolded and colored), 41 represent other genotype XIII isolates [5], and 5 are outliers
(2 from genotype IV and 3 from genotype XI). The roman numerals on the right represent the genotypes
the isolates belong to. The previous terminology [4] is listed below the current nomenclature in
parenthesis for reference. The colors represent the geographic location of the isolates (orange = Mtwara,
red = Morogoro).



Viruses 2020, 12, 916 9 of 14

Viruses 2020, 12, x FOR PEER REVIEW 9 of 15 

 

 

Figure 6. Phylogenetic analysis of Newcastle disease virus genotype XVIII isolates using a 615-bp 

fragment of the fusion gene with the maximum likelihood method with 1000 bootstrap replicates. Of 

the 26 sequences used, 3 were collected from diseased chickens from Wa and one from Pokoasi, Ghana 

(bolded and colored), 17 represent other genotype XVIII isolates [5], and 5 are outliers (2 from 

genotype IV and 3 from genotype XI). The Roman numerals on the right represent the genotypes the 

isolates belong to. The previous terminology [4] is listed below the current nomenclature in 

parenthesis for reference. The colors represent the geographic location of the isolates (light blue = 

Pokoasi and dark blue = Wa). 

  

Figure 6. Phylogenetic analysis of Newcastle disease virus genotype XVIII isolates using a 615-bp
fragment of the fusion gene with the maximum likelihood method with 1000 bootstrap replicates.
Of the 26 sequences used, 3 were collected from diseased chickens from Wa and one from Pokoasi,
Ghana (bolded and colored), 17 represent other genotype XVIII isolates [5], and 5 are outliers (2 from
genotype IV and 3 from genotype XI). The Roman numerals on the right represent the genotypes the
isolates belong to. The previous terminology [4] is listed below the current nomenclature in parenthesis
for reference. The colors represent the geographic location of the isolates (light blue = Pokoasi and
dark blue = Wa).
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3.3. Genotype V Isolates

All NDV genotype V isolates were derived from chickens located in Morogoro, Tanzania. Phylogenetic
analysis revealed that all nine isolates belong to subgenotype V [5], formerly denominated subgenotype
Vd [4] (Figure 3). The Morogoro genotype V isolates shared 85.48 to 100% nucleotide identities.
Of these, two (MT335727 and MT335733) were isolated from chickens that originated from the same
breeder farm in 2011 and 2014 and were only 93.65% identical. Four genotype V isolates (MT335735,
-36, -38 and -40) originated from chickens experimentally exposed to vNDV and were 100% identical.
Altogether, the genotype V isolates from Morogoro were closely related to sequences from Mbeya
(Tanzania, MK583011) [23], Kenya (JQ217418 to JQ217420) and Uganda (HG937571 to HG937573 and
HG937580) [12]. The identities of these genotype V isolates are displayed in Table S2.

3.4. Genotype VII Isolate

The single NDV genotype VII isolate was detected in Mwanza, Tanzania, and currently belongs to
subgenotype VII.2, previously classified as genotype VIIh (Figure 4) [4,5]. The highest homology of
this isolate is to a strain from Mozambique isolated in 2011 (KX231366) [24], sharing 97.87% nucleotide
identity. It shares lower identities with sequences from South Africa and Mozambique [24,25],
with nucleotide identities ranging from 95.21 to 97.7%. The subgenotype VII.2 identities of the isolates
displayed in Figure 4 are in Table S2.

3.5. Genotype XIII Isolates

Of the 14 genotype XIII isolates detected in Tanzania, 13 were from Morogoro and one was from
Mtwara. All of the isolates clustered together with strains that belonged to the subgenotype XIII.1.1,
which were previously denominated XIIIa (Figure 5) [4,5]. Among the 14 isolates, the nucleotide
identities varied between 92.49 and 100%, with an average of 98.35% identity. The sequences most
similar to the genotype XIII isolates originated from Tanzania (JN942043, JN942044 and MK633935),
to which the nucleotide identity averaged 97.37%. Other African subgenotype XIII.1.1 sequences from
South Africa (JN942034), Burundi (FJ772491 and FJ772494) and Zambia (MF409241) shared 85.21 to
93.69% homologies with the genotype XIII isolates from this study. The subgenotype XIII.1.1 identities
of the isolates displayed in Figure 5 are in Table S2.

3.6. Genotype XVIII Isolates

All genotype XVIII isolates were derived from Ghana, with three detected in Wa and one
originating from Pokoasi. The four isolates belong to subgenotype XVIII.2, formerly known as XVIIIb
(Figure 6) [4,5]. The nucleotide identities between the four isolates ranged from 97.72 to 99.82%.
The genotype XVIII sequences were most similar to an isolate from Mali (JX518886), to which they
shared between 95.23 to 96.61% nucleotide identity. The subgenotype XVIII.2 identities of the isolates
displayed in Figure 6 are in Table S2.

4. Discussion

In Africa, ND continues to be a major limitation of poultry production, both in commercial and
village poultry production systems, which are important sources of income and food security for
many communities [10]. Surveillance efforts to detect circulating NDV genotypes are critical for
studying the molecular evolution and spread of NDV in the world. Particularly in Africa, where ND is
endemic, understanding NDV diversity and distribution is valuable in recognizing disease patterns,
investigating relationships between isolates in different geographical locations to evaluate spread
and predicting outbreaks, and for informing on targeted biosecurity measures, including vaccine
development and vaccination strategies. In this study, the MinION (Oxford Nanopore Technologies,
Oxford, UK), a portable sequencing device, was used for onsite sequencing. In addition to providing
real-time sequencing with high output data in a matter of hours, the MinION allowed us to perform
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sequencing in Tanzania and Ghana in laboratories with minimal infrastructure and limited resources,
demonstrating its utility in remote locations. Due to restricted access to equipment to assess RNA
quality and quantification, sequencing was performed from RT-PCR amplicons focusing on a partial
fragment of the F gene as opposed to the full F gene amplification. Although the F gene fragment used
in the study contains the F gene hypervariable region, the full-length F gene is preferred for molecular
characterization [5].

Of the 28 sequences obtained in this study, 24 originated from Tanzania and 4 from Ghana.
In Tanzania, the partial F gene amplification by RT-PCR was successful in 25 of the 29 isolates (86.21%),
while only 4 of the 27 swab samples from Ghana (4.81%) were successfully amplified. In Tanzania,
the RT-PCR was performed from NDV strains passaged in SPF eggs, which likely amplified the viral
load per µL of allantoic fluid at every passage. In Ghana, the RT-PCR was performed directly from
oropharyngeal/cloacal swab samples, which might have reflected a lower viral load and the presence
of impurities and PCR inhibitors that might have led to a negative result by conventional RT-PCR.
Although RNA samples were stored at −80 ◦C until processing, it is possible that RNA degradation
occurred over time, due to unreliable power supply at times.

Phylogenetic analysis showed that NDV isolates detected in Tanzania belonged to class II genotypes
V, VII and XIII, and isolates from Ghana belonged to genotype XVIII (Figure 2). All nine genotype V
isolates clustered together and with other sequences that were previously denominated subgenotype
Vd [4] (Figure 3). However, according to the most recent NDV phylogenetic classification using the
full-length F gene, these sequences lack branch support and are no longer classified into a separate
subgenotype [5]. Genotype V isolates have been previously reported in Tanzania [11,15,23], but most
of the Tanzanian sequences deposited in GenBank were significantly shorter than the sequences from
this study and therefore were not used. The single strain from Tanzania used in this study is from
Mbeya [23], which is approximately 630 km southwest of Morogoro, near the northeast region of
Zambia. Sequences from Uganda and Kenya, countries bordering Northern Tanzania, also clustered
with the isolates from Morogoro. Similar genotype V strains seem to have been circulating within these
three East African countries and it has been suggested that uncontrolled cross-border trading of live
birds might be responsible for these endemic strains [12,15].

In this study, a single isolate from Tanzania was classified as genotype VII (Figures 2 and 4). To the
authors’ knowledge, genotype VII has not yet been reported in Tanzania. This NDV strain was isolated
from a commercial laying flock located in the Mwanza lake region, in Northern Tanzania. Genotype
VII strains are the most diverse among class II genotypes and have been responsible for widespread
outbreaks in Asia, Africa and Europe [26]. Initially, genotype VII sequences were classified into eight
subgenotypes (VIIa to -h) [4]. However, with the most recent classification, only three subgenotypes
were identified based on nucleotide distances, branch support and number of independent isolates
considering the complete F gene [5]. The genotype VII sequence from this study clustered with
isolates from subgenotype VII.2, more specifically with the previously known subgenotype VIIh
isolates from Mozambique, Zimbabwe, Zambia, South Africa and Asia (Malaysia, China, Indonesia
and Vietnam) (Figure 4). The most closely related isolates originated from Mozambique, in which
an average of 97.55% nucleotide identity was observed, although nucleotide homology was above
95% with all subgenotype VIIh sequences used in this study (Supplemental Table S2). The distances
between the genotype VII sequence detected in this study and other genotype VII from other African
countries are likely due to missing data and lack of surveillance between isolation years and between
outbreaks. Notably, all subgenotype VIIh isolates from Africa were derived from neighboring countries
(South Africa, Zimbabwe, Mozambique, Zambia and Tanzania, Figure 1), which might explain the
spread of genotype VIIh isolates within the southeastern region of Africa. The first detection of a
genotype VII isolate in Tanzania corroborates the need for continued molecular surveillance of NDV
to monitor the evolution and distribution of endemic strains in the continent. Further molecular
characterization of this isolate is ultimately necessary for a more in-depth analysis of phylogenetic
relationships using full F gene sequences.
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The majority of the sequences from this study belong to genotype XIII. In total, 14 genotype XIII
isolates were obtained from Tanzania. The nucleotide homologies among the isolates from this study
were between 92.49 and 100%, most likely representing different variants of the same strain. With the
exception of one strain from Mtwara, all genotype XIII sequences from this study originated from
Morogoro, which could justify the genetic homogeneity observed within these isolates. Conversely,
a recent study characterizing NDV strains from live bird markets in Tanzania detected nucleotide
variability of up to 6% within genotype XIII sequences from Mbeya, Iringa, Arusha and Tanga [15].
This variability is likely due to obtaining the NDV samples in different geographic locations and the
origin of the isolates (i.e., from live bird markets). According to the current characterization method,
these sequences, as well as the previously mentioned genotype XIII sequences from Tanzania [15],
belong to subgenotype XIII1.1 [5]. This subgenotype also includes isolates from Zambia, Burundi
and South Africa (Figure 5). The highest nucleotide identity to the sequences presented here occurs
with Tanzanian strains JN942043 and JN942044; unfortunately, metadata for these sequences are not
available. MK633935, which was isolated from Iringa, presented an average identity of 97.61% to
the genotype XIII isolates detected in this study. Remarkably, another subgenotype XIII1.1 isolate
from Iringa (MK633934) shared relatively low nucleotide identity to the sequences presented here
(87.25–93.51%), suggesting that there might be genotype XIII viruses independently evolving in the
live bird markets in Iringa [15].

The sequences obtained from Ghana (n = 4) belonged to genotype XVIII, of which three were
from Wa and one was from Pokoasi (Figures 2 and 6). Genotype XVIII is composed of strains that
circulate in West Africa and have been detected in Mauritania, Mali, Côte d’Ivoire, Togo, Benin and
Nigeria [14]. The sequences obtained from Ghana belong to subgenotype XVIII.2 [5], previously
denominated XVIIIb [14]. Despite the geographic distance between Wa and Pokoasi (approximately
675 km), the sequences share 97.72 to 99.82% nucleotide homology between each other and are likely
variants from the same strain. The sequences from this study branch together and diverge from other
subgenotype XVIIIb isolates by approximately 5% nucleotide differences (3.40–7.01%), which might
indicate that strains from Ghana are independently evolving from other subgenotype XVIIIb isolates
from West Africa. However, molecular characterization using the full-length F gene is required to
further assess these relationships.

5. Conclusions

The 24 NDV isolates from Tanzania were classified as genotypes V (n = 8), VII, (n = 1) and XIII
(n = 15), while the isolates from Ghana were classified as genotype XVIII (n = 4). Altogether, the data
provide an insight on the circulating NDV genotypes in Tanzania and Ghana and bring awareness to
the emergence of genotype VII isolates in Tanzania. Four different genotypes were identified, which
reflects the extensive diversity of NDV isolates and variants in the African continent. Integrating
pathogen genomics in the surveillance of NDV provides valuable information on virus evolution and
the geographical spread of NDV genotypes, highlighting the role of local and international animal
trade and movement in the dissemination of ND.

Supplementary Materials: The following are available online at http://www.mdpi.com/1999-4915/12/9/916/s1.
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using the MAFFT alignment method.

Author Contributions: Conceptualization: R.A.G., H.Z. and T.K. Methodology: A.P.d.S., E.J.A. and R.A.G. Sample
collection: G.H.C., A.P.M. and B.B.K. Laboratory experiments, sample preparation and sequencing: A.P.d.S.,
E.J.A., G.H.C. and A.B. Data analysis: A.P.d.S., E.J.A. and R.A.G. Manuscript writing: A.P.d.S. Manuscript
editing: A.P.d.S., E.J.A., R.A.G., H.Z. and T.K. Project administration: H.Z., T.K., R.A.G. Funding acquisition: H.Z.
All authors have read and agreed to the published version of the manuscript.

http://www.mdpi.com/1999-4915/12/9/916/s1


Viruses 2020, 12, 916 13 of 14

Funding: This study was funded by the US Agency for International Development Feed the Future Innovation Lab
for Genomics to Improve Poultry AID-OAA-A-13-00080. This study is made possible by the generous support of
the American people through USAID. The contents are the responsibility of the Feed the Future Innovation Lab for
Genomics to Improve Poultry and do not necessarily reflect the views of USAID or the United States Government.

Acknowledgments: The authors would like to show their appreciation and respect to colleagues John Genda,
James Mushi and Peter Msoffe at the Sokoine University of Agriculture in Tanzania, and William Nti, Diana
Fiadzomor and Brenda Bossman-Adotev at the University of Ghana for their help and for sharing their facilities
and the virus isolates/specimens originating from other research projects for use in this study.

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

References

1. Suarez, D.L. Newcastle Disease, other Avian Paramyxoviruses, and Avian Metapneumovirus Infections.
In Diseases of Poultry, 14th ed.; Swayne, D.E., Ed.; Wiley-Blackwell: Hoboken, NJ, USA, 2020; pp. 111–166.

2. ICTV. International Committee on Taxonomy of Viruses. Available online: https://talk.ictvonline.org/ictv-
reports/ictv_online_report/negative-sense-rna-viruses/mononegavirales/w/paramyxoviridae (accessed on
4 May 2020).

3. Acheson, N.H.; Kolakofsky, D.; Richardson, C. Paramyxoviruses and Rhabdoviruses. In Fundamentals of
Molecular Virology; Acheson, N.H., Ed.; Wiley: Hoboken, NJ, USA, 2011; pp. 173–187.

4. Diel, D.G.; da Silva, L.H.; Liu, H.; Wang, Z.; Miller, P.J.; Afonso, C.L. Genetic diversity of avian paramyxovirus
type 1: Proposal for a unified nomenclature and classification system of Newcastle disease virus genotypes.
Infect. Genet. Evol. 2012, 12, 1770–1779. [CrossRef] [PubMed]

5. Dimitrov, K.M.; Abolnik, C.; Afonso, C.L.; Albina, E.; Bahl, J.; Berg, M.; Briand, F.X.; Brown, I.H.; Choi, K.S.;
Chvala, I.; et al. Updated unified phylogenetic classification system and revised nomenclature for Newcastle
disease virus. Infect. Genet. Evol. 2019, 74, 103917. [CrossRef] [PubMed]

6. Miller, P.J.; Dimitrov, K.M.; Williams-Coplin, D.; Peterson, M.P.; Pantin-Jackwood, M.J.; Swayne, D.E.;
Suarez, D.L.; Afonso, C.L. International Biological Engagement Programs Facilitate Newcastle Disease
Epidemiological Studies. Front. Public Health 2015, 3, 235. [CrossRef] [PubMed]

7. Butt, S.L.; Taylor, T.L.; Volkening, J.D.; Dimitrov, K.M.; Williams-Coplin, D.; Lahmers, K.K.; Miller, P.J.;
Rana, A.M.; Suarez, D.L.; Afonso, C.L.; et al. Rapid virulence prediction and identification of Newcastle
disease virus genotypes using third-generation sequencing. Virol. J. 2018, 15, 179. [CrossRef] [PubMed]

8. OIE. Newcastle Disease (Infection with Newcastle Disease Virus). In Manual of Diagnostic Tests and Vaccines
for Terrestrial Animals: Mammals, Birds and Bees; OIE, Ed.; Office International des Epizooties: Paris, France,
2019; pp. 964–983.

9. WAHIS. World Animal Health Information Database. Terrestrial: Newcastle Disease, Jan–Jun 2019. Available
online: https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/

newlang/en?disease_type_hidden=&disease_id_hidden=&selected_disease_name_hidden=&disease_type=

0&disease_id_terrestrial=16&species_t=0&disease_id_aquatic=-999&species_a=0&sta_method=semesterly&
selected_start_year=2019&selected_report_period=1&selected_start_month=1&date_submit=OK (accessed on
4 June 2020).

10. Kitalyi, A.J. Village Chicken Production Systems in Rural Africa: Household Food Security and Gender Issues; FAO:
Rome, Italy, 1998.

11. Yongolo, M.G.; Christensen, H.; Handberg, K.; Minga, U.; Olsen, J.E. On the origin and diversity of Newcastle
disease virus in Tanzania. Onderstepoort J. Vet. Res. 2011, 78, 312. [CrossRef] [PubMed]

12. Byarugaba, D.K.; Mugimba, K.K.; Omony, J.B.; Okitwi, M.; Wanyana, A.; Otim, M.O.; Kirunda, H.;
Nakavuma, J.L.; Teillaud, A.; Paul, M.C.; et al. High pathogenicity and low genetic evolution of avian
paramyxovirus type I (Newcastle disease virus) isolated from live bird markets in Uganda. Virol. J. 2014,
11, 173. [CrossRef] [PubMed]

13. Samuel, A.; Nayak, B.; Paldurai, A.; Xiao, S.; Aplogan, G.L.; Awoume, K.A.; Webby, R.J.; Ducatez, M.F.;
Collins, P.L.; Samal, S.K. Phylogenetic and pathotypic characterization of newcastle disease viruses circulating
in west Africa and efficacy of a current vaccine. J. Clin. Microbiol. 2013, 51, 771–781. [CrossRef] [PubMed]

14. Snoeck, C.J.; Owoade, A.A.; Couacy-Hymann, E.; Alkali, B.R.; Okwen, M.P.; Adeyanju, A.T.; Komoyo, G.F.;
Nakoune, E.; Le Faou, A.; Muller, C.P. High genetic diversity of Newcastle disease virus in poultry in West

https://talk.ictvonline.org/ictv-reports/ictv_online_report/negative-sense-rna-viruses/mononegavirales/w/paramyxoviridae
https://talk.ictvonline.org/ictv-reports/ictv_online_report/negative-sense-rna-viruses/mononegavirales/w/paramyxoviridae
http://dx.doi.org/10.1016/j.meegid.2012.07.012
http://www.ncbi.nlm.nih.gov/pubmed/22892200
http://dx.doi.org/10.1016/j.meegid.2019.103917
http://www.ncbi.nlm.nih.gov/pubmed/31200111
http://dx.doi.org/10.3389/fpubh.2015.00235
http://www.ncbi.nlm.nih.gov/pubmed/26539424
http://dx.doi.org/10.1186/s12985-018-1077-5
http://www.ncbi.nlm.nih.gov/pubmed/30466441
https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease_type_hidden=&disease_id_hidden=&selected_disease_name_hidden=&disease_type=0&disease_id_terrestrial=16&species_t=0&disease_id_aquatic=-999&species_a=0&sta_method=semesterly&selected_start_year=2019&selected_report_period=1&selected_start_month=1&date_submit=OK
https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease_type_hidden=&disease_id_hidden=&selected_disease_name_hidden=&disease_type=0&disease_id_terrestrial=16&species_t=0&disease_id_aquatic=-999&species_a=0&sta_method=semesterly&selected_start_year=2019&selected_report_period=1&selected_start_month=1&date_submit=OK
https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease_type_hidden=&disease_id_hidden=&selected_disease_name_hidden=&disease_type=0&disease_id_terrestrial=16&species_t=0&disease_id_aquatic=-999&species_a=0&sta_method=semesterly&selected_start_year=2019&selected_report_period=1&selected_start_month=1&date_submit=OK
https://www.oie.int/wahis_2/public/wahid.php/Diseaseinformation/Diseasedistributionmap/index/newlang/en?disease_type_hidden=&disease_id_hidden=&selected_disease_name_hidden=&disease_type=0&disease_id_terrestrial=16&species_t=0&disease_id_aquatic=-999&species_a=0&sta_method=semesterly&selected_start_year=2019&selected_report_period=1&selected_start_month=1&date_submit=OK
http://dx.doi.org/10.4102/ojvr.v78i1.312
http://www.ncbi.nlm.nih.gov/pubmed/23327213
http://dx.doi.org/10.1186/1743-422X-11-173
http://www.ncbi.nlm.nih.gov/pubmed/25273689
http://dx.doi.org/10.1128/JCM.02750-12
http://www.ncbi.nlm.nih.gov/pubmed/23254128


Viruses 2020, 12, 916 14 of 14

and Central Africa: Cocirculation of genotype XIV and newly defined genotypes XVII and XVIII. J. Clin.
Microbiol. 2013, 51, 2250–2260. [CrossRef] [PubMed]

15. Msoffe, P.L.M.; Chiwanga, G.H.; Cardona, C.J.; Miller, P.J.; Suarez, D.L. Isolation and Characterization of
Newcastle Disease Virus from Live Bird Markets in Tanzania. Avian Dis. 2019, 63, 634–640. [CrossRef]
[PubMed]

16. Heather, J.M.; Chain, B. The sequence of sequencers: The history of sequencing DNA. Genomics 2016, 107, 1–8.
[CrossRef] [PubMed]

17. Wang, J.; Moore, N.E.; Deng, Y.M.; Eccles, D.A.; Hall, R.J. MinION nanopore sequencing of an influenza
genome. Front. Microbiol. 2015, 6, 766. [CrossRef] [PubMed]

18. Dimitrov, K.M.; Sharma, P.; Volkening, J.D.; Goraichuk, I.V.; Wajid, A.; Rehmani, S.F.; Basharat, A.; Shittu, I.;
Joannis, T.M.; Miller, P.J.; et al. A robust and cost-effective approach to sequence and analyze complete
genomes of small RNA viruses. Virol. J. 2017, 14, 72. [CrossRef] [PubMed]

19. Villegas, P. Titration of biological suspensions. In A Laboratory Manual for the Isolation, Identification and
Characterization of Avian Pathogens; Williams, S.M., Dufour-Zavala, L.D.E.S., Jackwood, M.W., Lee, M.D.,
Lupiani, B., Reed, W.M., Spackman, E., Woolcock, P.R., Eds.; American Association of Avian Pathologists
(AAAP): Jacksonville, FL, USA, 2016; pp. 355–360.

20. Wise, M.G.; Suarez, D.L.; Seal, B.S.; Pedersen, J.C.; Senne, D.A.; King, D.J.; Kapczynski, D.R.; Spackman, E.
Development of a real-time reverse-transcription PCR for detection of Newcastle disease virus RNA in
clinical samples. J. Clin. Microbiol. 2004, 42, 329–338. [CrossRef] [PubMed]

21. Katoh, K.; Standley, D.M. MAFFT multiple sequence alignment software version 7: Improvements in
performance and usability. Mol. Biol. Evol. 2013, 30, 772–780. [CrossRef] [PubMed]

22. Stamatakis, A. RAxML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics 2014, 30, 1312–1313. [CrossRef] [PubMed]

23. Goraichuk, I.V.; Msoffe, P.L.M.; Chiwanga, G.H.; Dimitrov, K.M.; Afonso, C.L.; Suarez, D.L. First Complete
Genome Sequence of a Subgenotype Vd Newcastle Disease Virus Isolate. Microbiol. Resour. Announc. 2019, 8,
e00436-19. [CrossRef] [PubMed]

24. Mapaco, L.P.; Monjane, I.V.; Nhamusso, A.E.; Viljoen, G.J.; Dundon, W.G.; Acha, S.J. Phylogenetic analysis of
Newcastle disease viruses isolated from commercial poultry in Mozambique (2011–2016). Virus Genes 2016,
52, 748–753. [CrossRef] [PubMed]

25. Abolnik, C.; Mubamba, C.; Wandrag, D.B.R.; Horner, R.; Gummow, B.; Dautu, G.; Bisschop, S.P.R. Tracing the
origins of genotype VIIh Newcastle disease in southern Africa. Transbound. Emerg. Dis. 2018, 65, e393–e403.
[CrossRef] [PubMed]

26. Miller, P.J.; Haddas, R.; Simanov, L.; Lublin, A.; Rehmani, S.F.; Wajid, A.; Bibi, T.; Khan, T.A.; Yaqub, T.;
Setiyaningsih, S.; et al. Identification of new sub-genotypes of virulent Newcastle disease virus with potential
panzootic features. Infect. Genet. Evol. 2015, 29, 216–229. [CrossRef] [PubMed]

© 2020 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/10.1128/JCM.00684-13
http://www.ncbi.nlm.nih.gov/pubmed/23658271
http://dx.doi.org/10.1637/aviandiseases-D-19-00089
http://www.ncbi.nlm.nih.gov/pubmed/31865678
http://dx.doi.org/10.1016/j.ygeno.2015.11.003
http://www.ncbi.nlm.nih.gov/pubmed/26554401
http://dx.doi.org/10.3389/fmicb.2015.00766
http://www.ncbi.nlm.nih.gov/pubmed/26347715
http://dx.doi.org/10.1186/s12985-017-0741-5
http://www.ncbi.nlm.nih.gov/pubmed/28388925
http://dx.doi.org/10.1128/JCM.42.1.329-338.2004
http://www.ncbi.nlm.nih.gov/pubmed/14715773
http://dx.doi.org/10.1093/molbev/mst010
http://www.ncbi.nlm.nih.gov/pubmed/23329690
http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
http://dx.doi.org/10.1128/MRA.00436-19
http://www.ncbi.nlm.nih.gov/pubmed/31270191
http://dx.doi.org/10.1007/s11262-016-1362-6
http://www.ncbi.nlm.nih.gov/pubmed/27277578
http://dx.doi.org/10.1111/tbed.12771
http://www.ncbi.nlm.nih.gov/pubmed/29178267
http://dx.doi.org/10.1016/j.meegid.2014.10.032
http://www.ncbi.nlm.nih.gov/pubmed/25445644
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Isolates from Tanzania and Samples from Ghana 
	Partial F Gene Amplification 
	Library Preparation and Sequencing 
	Phylogenetic Analysis 

	Results 
	Geographic Distribution of the Sequences 
	Newcastle Disease Virus Pilot Tree 
	Genotype V Isolates 
	Genotype VII Isolate 
	Genotype XIII Isolates 
	Genotype XVIII Isolates 

	Discussion 
	Conclusions 
	References

