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Abstract
Virulent Newcastle disease viruses (NDV) have been present in Mexico since 1946, and recently, multiple outbreaks have 
been reported in the country. Here, we characterized eleven NDV isolated from apparently healthy wild birds and backyard 
chickens in three different locations of Jalisco, Mexico in 2017. Total RNA from NDV was reverse-transcribed, and 1285 
nucleotides, which includes 3/4 of the fusion gene, was amplified and sequenced using a long-read MinION sequencing 
method. The sequences were 99.99–100% identical to the corresponding region obtained using the Illumina MiSeq. Phyloge-
netic analysis using MinION sequences demonstrated that nine virulent NDV from wild birds belonged to sub-genotypes Vc 
and VIn, and two backyard chicken isolates were of sub-genotype Vc. The sub-genotype Vc viruses had nucleotide sequence 
identity that ranged from 97.7 to 98% to a virus of the same sub-genotype isolated from a chicken in Mexico in 2010. Three 
viruses from pigeons had 96.3–98.7% nucleotide identity to sub-genotype VIn pigeon viruses, commonly referred to as pigeon 
paramyxovirus, isolated in the USA during 2000–2016. This study demonstrates that viruses of sub-genotype Vc are still 
present in Mexico, and the detection of this sub-genotype in both chickens and wild birds suggests that transmission among 
these species may represent a biosecurity risk. This is the first detection and complete genome sequencing of genotype VI 
NDV from Mexico. In addition, the utilization of an optimized long-read sequencing method for rapid virulence and genotype 
identification using the Oxford nanopore MinION system is demonstrated.
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Introduction

Avian avulaviruses 1 (AAvV-1) are enveloped viruses 
belonging to the Paramyxoviridae family, genus Avulavi-
rus [1], and its isolates are commonly known as Newcastle 
disease viruses (NDV, used hereafter). The viruses have 

a negative-sense RNA genome, that varies in size from 
15,186 to 15,198 nucleotides (nt) and encodes six genes in 
the following order: 3ʹ -nucleoprotein (NP)-phosphoprotein 
(P)-matrix (M)-fusion (F)-hemagglutinin-neuraminidase 
(HN)-polymerase (L)-5ʹ [2]. Newcastle disease viruses have 
variable pathogenicity and have been shown to infect at least 
250 bird species across the world [3]. NDV is distributed 
worldwide, and virulent strains often cause severe disease 
in poultry or wild birds [3].

The NDV isolates are genetically classified into two 
major groups (class I and class II) based on phylogenetic 
analysis [4]. Class II NDV isolates have higher genetic diver-
sity and are divided into at least 18 genotypes (named I to 
XVIII) that generally have greater than 10% sequence dif-
ferences between genotypes, and some genotypes are fur-
ther sub-divided into sub-genotypes [5–7]. Virulent NDV 
strains have been detected in all class II genotypes, except 
genotype X [8]. Class I NDV isolates are primarily found in 
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wild birds, although poultry detections are not uncommon. 
There is only one class I virus that has been reported to be 
virulent for poultry [8].

Virulent NDV are endemic in many countries, and can 
cause a serious economic drag on poultry production, and 
when spread to NDV-free countries, can cause costly out-
breaks. Such outbreaks result in significant economic losses 
due to imposed trade embargoes on live birds and poultry 
products and for the actions directly related to the outbreak 
such as, eradication, monitoring of the virus, and indem-
nities for certain countries [9]. In 2017, 58 countries on 
all continents, except Oceania and Antarctica, reported an 
occurrence of NDV to the World Organisation for Animal 
Health (OIE). Over 2400 outbreaks were reported to OIE 
in 2017, with reports mainly from Asia and in Africa [10].

NDV was first described in Mexico in 1946 [11]. The ear-
liest Mexican virus to be sequenced was isolated in 1947 and 
was characterized as a member of genotype XVI (chicken/
Mexico/Queretaro/452/1947), which seems to be the precur-
sor of the viruses circulating in the Dominican Republic in 
2008 [12]. In the early 1970’s, a new group, sub-genotype 
Vb, was identified that was affecting the Mexican poultry 
industry, and the index strain is commonly referred to as the 
Chimalhuacan strain [13]. Related sub-genotype Vb NDV 
have caused many outbreaks in countries in the Americas in 
the 1970’s [13–15]. Viruses of this sub-genotype also caused 
the outbreaks in California during 2002–2003 [16, 17]. Vac-
cination programs were implemented in the affected areas to 
help reduce the clinical disease. A related but distinct group 
of viruses, sub-genotype Vc was first detected in Mexico in 
2004 and has continued to circulate in poultry from 2004 to 
2011 with minor genetic changes [11, 17–19]. These sub-
genotype Vc viruses, which have only been found in Mexico, 
were previously identified in free-living wild birds and in 
captive wild birds, in addition to chickens [11, 17]. Mexico 
was declared as an NDV-free country in 2016 [20], since 
virulent NDV had not been reported during 2014 and 2015. 
Nevertheless, three outbreaks were reported to OIE from the 
state of Jalisco in March of 2016 [10].

Most of the detections of virulent NDV in wild birds are 
likely a spillover from poultry into the free-ranging hosts 
[21, 22]. However, Columbiformes are recognized as the 
major natural reservoirs of genotype VI NDV, also referred 
to as pigeon paramyxoviruses 1 (PPMV-1). The genotype 
VI viruses can cause severe disease, including neurologi-
cal signs in Columbiform birds [3]. Virulent NDV in feral 
pigeons was first detected in the Middle East in 1978 [23], 
and since then, genotype VI NDV has been reported in many 
countries worldwide with multiple sub-genotypes identified 
in pigeons or doves [24–26]. The sub-genotype VIh NDV 
has previously been detected in South America causing out-
breaks in pigeons, and the sub-genotypes VIa and VIn have 
been reported in wild pigeons in the US [24, 27–29]. These 

viruses do not always cause disease in chickens [30–32]. 
However, sporadic outbreaks in poultry, caused by NDV 
viruses from genotype VI, were reported in European coun-
tries, US, and Africa [33–36] but never in Latin America.

The present study aimed to improve the knowledge about 
the recurrence and circulation of NDV in Mexico, specifi-
cally by characterizing viruses isolated in Jalisco, Mexico, 
from samples collected from chickens and wild birds dur-
ing 2017. Utilizing both MinION and Illumina sequencing 
technologies, we have rapidly identified the sub-genotypes 
of these new isolates, and provided the first report and com-
plete genome sequence of genotype VI NDV isolated in 
Mexico. Furthermore, complete genome analyses show that 
viruses of sub-genotype Vc continue to circulate and evolve 
in Mexico despite the ongoing vaccination campaigns.

Materials and methods

Viruses

Nine isolates from the Southeast Poultry Research Labora-
tory (SEPRL) repository (Table 1), representing eight differ-
ent genotypes from class II, were propagated in 9–11-day-
old specific-pathogen-free (SPF) embryonated chicken 
eggs (ECE), and the allantoic fluid was harvested for use 
in MinION optimization in this study. Eleven isolates from 
the Instituto Politecnico Nacional in Mexico were also used 
in this study. The isolates were obtained from apparently 
healthy wild birds and two from backyard chickens captured 
near three different chicken farms (A, B, and C) during three 
periods of 2017 (July, August, and October) in Jalisco, Mex-
ico (Table 2).

RNA purification and RRT‑PCR

Total RNA from the nine SEPRL repository NDV was 
extracted using Trizol LS reagent (Thermo Fisher Scientific, 
USA) following manufacturer’s instructions. For the isolates 
from Mexico, total RNA was extracted from allantoic flu-
ids using the QIAamp viral RNA kit (QIAGEN, Mexico.) 
and sent to SEPRL. Primers and probes targeting the matrix 
(M) gene were used for nucleic acid amplification and virus 
detection by RRT-PCR as described previously [37].

MinION assay optimization and sequencing 
of Mexican isolates

In order to obtain rapid identification and genotyping of 
field samples, we optimized a previously described assay 
for MinION sequencing [38] with the design of new prim-
ers binding to highly conserved regions. These NDV-spe-
cific primers (5′TAG AAA AAA CAC GGG TAG AAG AGT 
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CTG and 5′TGC GAT ATG ATA CCBGGA GGG T) were 
designed using the complete genomes of 50 NDV isolates 
selected from each genotype and most sub-genotypes. 
The newly designed primers flanked a larger region of 
1285 nt that includes 75% of the coding sequence of the 
fusion gene (it spans 1229 nt from the start of the coding 
sequence) and includes the fusion cleavage site.

To test the efficacy of the new primers, nine isolates 
representing class II genotypes I, II, IV, Va, VIk, VIId, 
VIIi, IX, and XVII (Table 1) were amplified as previously 
described [38] with slight modifications. Amplicon syn-
thesis included using the OneStep RT-PCR kit (Qiagen, 
USA) and the new NDV-specific primers, tailed with the 
following universal adapter sequences (5′TTT CTG TTG 
GTG CTG ATA TTGC and 5′ACT TGC CTG TCG CTC TAT 
CTTC). The cycling conditions were as follows: 1 cycle 
of 50 °C for 30 min (min) and 95 °C for 3 min; 40 cycles 

of 94 °C for 15 s (sec), 58 °C for 30 s, and 68 °C for 90 s. 
The reaction amplified a 1285 bp product.

Following Oxford Nanopore’s recommendations, Min-
ION DNA libraries were created by pooling the bar-coded 
amplicons of the nine repository viruses, and the librar-
ies were sequenced until approximately 60,000 reads 
that passed the quality filter (Q > 7) were collected. Data 
analysis of the Nanopore sequencing data was completed 
by using a previously described bioinformatics work-
flow for de novo assembly [38]. Next, the final consen-
sus sequences of all sequenced isolates were BLAST 
(NCBI) searched in order to identify closely related, 
published sequences. To obtain the most accurate con-
sensus sequence for each virus, the respective top BLAST 
sequence was downloaded and used for reference-based 
mapping of the MinION raw sequencing data.

Table 1  Nine class II NDV isolates from the SEPRL repository used for optimization of the MinION protocol. All viruses were identified by 
both MinION and MiSeq

SEPRL ID GenBank number Genotype Isolate NDV reads Mean depth % Pairwise nucleotide identity 
between MinION and MiSeq 
sequences

10 MH392213 I Queensland V4 1401 730 100
LS  MH392212 II USA/LaSota/1946 667 429 100
899 MH392215 IV chicken/Nigeria/Kano/

VRD09/025/1973
1443 741 100

250 MH392216 Va cormorant/USA/MN/92-40140/1992 1166 775 99.92
1011  KX236101 VIk pigeon/Pakistan/Lahore/25A/2015 531 399 100
996 KX496962 VIIi pigeon/Pakistan/Lahore/20A/2015 1431 794 100
494 MK124761 VIId goose/ChinaZJ/1/2000 1529 926 100
641 JQ697741 IX China/03-45-641/2003 920 538 100
867 KY171995 XVII chicken/Nigeria/VRD124/2006 1318 857 100

Table 2  Background data and 
RRT-PCR results of 11 Mexican 
NDV isolates

All samples were tested by MinION, and the six samples were tested by MiSeq are represented by asterisk

SEPRL ID GenBank number Sample Name Bird Specie Near farms 
(Jalisco, 
MX)

Collection date RRT-PCR 
(Ct value)

1410 Ave1-01 Sparrow A 08/11/2017  12.41
1264* MK046916 Ave2-01 Dove A 08/11/2017  14.56
1265* MK046917 Ave3-01 Pigeon A 08/11/2017  13.29
1266* MK046918 Ave4-01 Pigeon B 08/11/2017  14.58
1267* MK046919 Ave5-01 Pigeon B 08/11/2017  14.08
1268 Ave6-01 Pigeon B 08/11/2017  14.24
1411 Ave7-01 Chicken B 08/11/2017  24.74
1270* MK046921 LV-7213 Pigeon C 07/04/2017  15.33
1412 LV-1517 Pigeon C 07/04/2017  25.99
1279 VX17144-2 Pigeon B 10/10/2017 14.25
1280* MK046920 LVVX17186-1 Chicken C 10/10/2017 14.51
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Due to the successful sequencing of the repository iso-
lates using the newly designed primers, the aforementioned 
protocol was then applied to sequence the 11 isolates from 
Mexico as described above. Sequencing of the pooled bar-
coded libraries and data analysis of the Mexico viruses 
resulted in 400,000 raw reads that passed the quality fil-
ter (Q > 7) and were used in subsequent data analyses as 
described above.

MiSeq sequencing

Total RNAs from six isolates from Mexico (Table 3) and one 
isolate from the SEPRL repository (SEPRL ID: 494) were 
quantified by Qubit fluorimetry (Thermo Fisher Scientific, 
USA). RNA was reverse-transcribed and DNA libraries for 
next-generation sequencing were prepared as described pre-
viously [24]. Paired-end sequencing (2 × 250 base pairs) of 
the generated libraries was performed on an Illumina MiSeq 
instrument using the 500 cycle MiSeq Reagent Kit version 
2 (Illumina, USA). Raw sequence data were analyzed and 
assembled using MIRA version 3.4.1 within a customized 
workflow on the Galaxy platform as described previously 
[39].

Comparison between MinION and MiSeq consensus 
sequences

To evaluate the accuracy of the results obtained with the 
newly designed primers, the pairwise nucleotide iden-
tity between the consensus sequences of the nine reposi-
tory viruses obtained by MinION were also compared to 
the MiSeq sequences of these viruses already available in 
GenBank, except for NDV SEPRL ID: 494 isolate, which 
was sequenced by MiSeq in this study. Similarly, a pairwise 
identity analysis was done using the consensus sequences of 
six Mexican viruses sequenced by both MinION and MiSeq. 
The pairwise distances were estimated using the Maximum 
Likelihood model [40] as implemented in MEGA7 [41] from 
an alignment containing a total of 1229 positions.

Phylogenetic analysis of the newly characterized 
Mexican viruses

Phylogenetic analyses were performed utilizing the fusion 
gene coding sequences and complete genome concatenated 
coding sequences of NDV obtained by MinION and MiSeq 
using MEGA7 [41]. Complete fusion gene coding sequences 
and complete genomes closely related to the viruses stud-
ied here were downloaded from GenBank, resulting in two 
datasets (n = 85 and n = 51, respectively). The Maximum 
Likelihood method based on the General Time Reversible 
(GTR) model with a discrete gamma distribution (5 catego-
ries [+ G]) was utilized for both trees [42]. There were a 

total of 1229 and 13,746 nucleotide positions, respectively, 
in the final analyses. Evolutionary distances were estimated 
between the nucleotide sequences obtained from Mexican 
viruses and the most closely related sequences available in 
GenBank applying the Maximum Composite Likelihood 
model [40] with 1000 bootstrap replicates using MEGA7 
[41]. For all analyses, complete deletion was used as the 
missing data treatment. The current NDV classification cri-
teria for genotype and sub-genotype identification were fol-
lowed in this study [5].

GenBank numbers

The obtained complete genome sequences of NDV were 
submitted to GenBank and are available under the acces-
sion numbers MK046916 to MK046921, and MK124761.

Results

RRT‑PCR

All of the isolates obtained from Mexico were NDV posi-
tive by the RRT-PCR targeting the M gene (Table 2). The Ct 
values were low and ranged from 12.41 to 25.99.

MinION assay optimization and MinION sequencing 
of Mexican isolates

The nine isolates from class II genotypes I, II, IV, Va, VIk, 
VIId, VIIi, IX, and XVII were sequenced successfully, with 
number of reads varying from 531 to 1529 and mean depths 
ranging from 399 to 926. The final consensus sequences 
allowed the correct determination of the respective sub/
genotype of each isolate. Furthermore, pairwise nucleotide 
identities between the MinION sequences and sequences of 
these same viruses obtained in Miseq were 100% (except the 
sequence of cormorant/USA/MN/92-40140/1992, where a 
single nucleotide substitution resulted in 99.92% identity) 
(Table 1).

Eleven Mexican NDV isolates were successfully 
sequenced in the Nanopore MinION device using this new 
primer set. This amplicon sequencing technique produced 
raw reads varying from 2072 to 39,709 reads per sample, 
with an average read length of 1277 nucleotides and an over-
all high mean depth of ×6902 (Table 3). Artifact deletions 
of one base (after homopolymeric sequences) were observed 
in the MinION sequences of the LV-7213, LV1517, and 
VX17144-2 viruses (deletion of C at position 282 or dele-
tion of G at positions 123 and 768) and these were manually 
corrected.

The cleavage site of all of the sequences that were clas-
sified into sub-genotype Vc had three arginines between 
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residues 113 and 116 in the C-terminus of the F2 protein 
and a phenylalanine at residue 117 in the N-terminus of the 
F1 protein (113RQRR↓F117); whereas, the cleavage site of 
the sequences from sub-genotype VIn had four basic amino 
acids (two arginines and two lysines) between residues 113 
and 116 in the C-terminus of the F2 protein and a pheny-
lalanine at residue 117 in the N-terminus of the F1 protein 
(113RKKR↓F117). Such cleavage sites are specific for virulent 
viruses based on criteria utilized by OIE to assess virulence 
of NDV isolates [43].

MiSeq sequencing

One virus from chickens and five viruses from wild birds 
were selected for complete genome random MiSeq sequenc-
ing. These six isolates were chosen to represent all species, 
locations, and time periods (Table 3). Of all isolates, the 
results of the Ave2 had the lowest mean depth of ×15 with a 
coverage of 88.5%. The other five consensus sequences had 
a coverage of 99.9% with the number of sequencing reads to 
produce them ranged from 17,579 to 836,012 with a mean 
depth varying from ×192 to ×9428.

Comparison between MinION and MiSeq sequences

Pairwise nucleotide distances between the MinION and 
MiSeq sequences of the Mexican isolates were 99.99% for 
all sequences when comparing the 1229 nucleotide region of 
the fusion gene (Table 3). The cleavage sites of all sequences 
obtained by MinION were identical to those obtained by 
MiSeq sequencing.

Phylogenetic analysis

The performed phylogenetic analyses of the 11 isolates from 
Mexico using the sequences obtained from MinION allowed 
the identification of NDV from two sub-genotypes (Fig. 1, 
Table 3). Eight isolates from both wild birds and backyard 
chickens were classified as members of sub-genotype Vc 
(Fig. 1). Not only did all sub-genotype Vc viruses cluster 
together, but they also clustered with viruses from Mexico 
isolated from 2008 to 2010. The sequences of one chicken 
virus (Ave07) and the six sub-genotype Vc viruses isolated 
from wild birds in August 2017 from farm A and B were 
identical, except one synonymous nucleotide substitution 
(T1218C) of the fusion coding sequence in isolates Ave3 
and Ave5 (Supplementary Table 1). These seven isolates 
had 99.7–99.8% nucleotide identity to the chicken virus 
LVVX17186-1 isolated near farm C in October 2017. 
The seven isolates from wild birds and a chicken had 
97.5–98.5% nucleotide identity to viruses detected in Mex-
ico during 2008-2010 (Table 3), while the chicken isolate 

LVVX17186-1 had 97.2 and 98.2% nucleotide identity to 
the same sequences from Mexico.

Three pigeon isolates (LV-7213, LV1517, and VX17144-
2) were classified as sub-genotype VIn members. Isolates 
LV-7213 and VX17144-2 were almost identical with 99.8% 
nucleotide identity. These two isolates had 98.2–98.7% 
nucleotide identity, respectively, to viruses isolated from 
pigeon and dove in Texas and Nevada from 2000 to 2005 
(Supplementary Table 1), and 97.2–97.9% identity when 
compared to more recent viruses detected in the USA in 
2014–2016. Isolate LV-1517 was more distant to the other 
two studied viruses with 96.5 and 96.3% nucleotide identi-
ties when compared to LV-7213 and VX17144-2, respec-
tively. LV-1517 showed 97.5 and 96.6% nucleotide identity 
to viruses isolated from pigeons in Nevada from 2003 and 
in Minnesota from 2007, respectively.

Phylogenetic analysis using NDV complete genome 
sequences confirmed that one chicken and four wild bird 
isolates are members of sub-genotype Vc and one pigeon 
isolate (LV-7213) belongs to sub-genotype VIn (Supplemen-
tary Fig. 1).

Discussion

NDV has been present in Mexico as early as 1946 [11] and 
since then, over 510 outbreaks were reported to OIE, caus-
ing economic losses to the poultry industry of the country 
[10, 17–19, 44]. Viruses of sub-genotypes Vb and Vc were 
identified and characterized in some of these outbreaks [19, 
44]. Our study shows that viruses of sub-genotype Vc are 
still present in Mexican chickens. Additionally, the pres-
ence of sub-genotype Vc viruses, commonly isolated from 
chickens, in wild birds suggests spillover between poultry 
and wild bird populations. The continuous presence of sub-
genotype Vc viruses in domestic and wild birds over the 
years indicates that this NDV sub-genotype, which has only 
been reported in Mexico, may be endemic in this country.

The reported spillover of NDV from domestic to wild 
birds most often involves vaccine viruses, and the spillover 
of virulent viruses is not well documented [8, 11]. Because 
pigeons, doves, and sparrows are peridomestic birds, these 
birds could act as a biological vector of spread of NDV 
between poultry farms and other wild bird species. Indeed, 
virulent NDV genotypes have been detected in free-living 
wild birds [8]. However, the impact of these viruses on wild 
bird populations, including on endangered species, needs to 
be further elucidated. This underlines the continuous need to 
characterize isolates from free-living wild birds and increase 
the knowledge of NDV ecology in wild bird species.

Our study reports the first occurrence of genotype VI in 
Mexico and surprisingly in apparently healthy pigeons. The 
Mexican viruses of sub-genotype VIn are closely related to 
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Fig. 1  Phylogenetic analysis 
of the fusion protein gene 
sequences obtained with Min-
ION. The evolutionary history 
was inferred by using the Maxi-
mum Likelihood method based 
on the General Time Reversible 
model. The tree with the highest 
log likelihood (− 10575.43) is 
shown. The percentage of trees 
in which the associated taxa 
clustered together is shown 
next to the branches. Initial 
tree(s) for the heuristic search 
were obtained automatically by 
applying Neighbor-Joining and 
BioNJ algorithms to a matrix 
of pairwise distances, estimated 
using the Maximum Composite 
Likelihood (MCL) approach, 
and then selecting the topology 
with a superior log likelihood 
value. A discrete Gamma 
distribution was used to model 
evolutionary rate differences 
among sites [five categories 
(+G, parameter = 0.4498)]. 
The tree is drawn to scale, 
with branch lengths measured 
in the number of substitutions 
per site. The analysis involved 
85 nucleotide sequences. 
Codon positions included were 
1st + 2nd + 3rd + Noncoding. All 
positions containing gaps and 
missing data were eliminated. 
There were a total of 1229 posi-
tions in the final dataset. Evolu-
tionary analyses were conducted 
in MEGA7. The sequences 
from Mexico from 2017 are 
highlighted in red and blue and 
are classified into sub-genotypes 
VIn and Vc, respectively
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viruses identified in three states of the USA [24]. From 2003 
to 2010, the sub-genotypes VIa and VIn caused mortality 
in pigeons in the USA [24]. The present work also dem-
onstrates the epidemiological connection between US and 
Mexican pigeon-adapted NDV. However, pigeons are non-
migratory birds, and the epidemiological connection and 
introduction of the viruses to one or the other place remains 
unclear. Interestingly, genotype VI viruses from other sub-
genotypes that are closely related to each other have been 
detected in distant regions, such as Western Europe, Asia, 
and North Africa [45]. It has been speculated that the spread 
of viruses of this genotype could be caused by movement of 
birds during pigeon competitions and exhibitions or trade 
[46]. The illegal movement of these birds is also a viable 
possibility. Although genotype VI is endemic in many coun-
tries, this genotype is rarely reported from poultry farms 
[25, 35, 47, 48].

During outbreaks, it is important to identify the viral 
pathogens, and to sequence their partial or complete 
genomes to quickly characterize them [49]. Currently, 
this is achieved through a combination of methods that 
are sometimes laborious and often require several days to 
conduct. The MinION sequencing provides the ability to 
not only quickly identify the virus causing an outbreak but 
also to obtain genetic information that allows the patho- and 
genotyping of the virus [38]. Here, a previously described 
MinION protocol was further optimized with the design of 
new primers that amplify 1229 nucleotides of the fusion 
gene coding sequence. The accuracy of the results obtained 
using the newly designed primers was demonstrated by the 
99.92–100% nucleotide identity between the sequences 
obtained by MinION and MiSeq. These new primers 
amplify a larger part of the fusion gene coding sequence, 
allowing the utilization of more genetic information in the 
phylogenetic inferences. This protocol was used to success-
fully sequence 11 viruses isolated in Mexico and to iden-
tify the sub-genotype to which these viruses belong to. The 
results also allowed the inference of the amino acid motif 
of the fusion protein cleavage site and the virulence of the 
sequenced viruses.

We used both MinION and MiSeq sequencing platforms 
when studying these viruses isolated from Mexico. The con-
sistency of the topologies of the phylogenetic trees and the 
identity of the consensus sequences obtained through both 
methods demonstrate the reliability of this MinION proto-
col. This is in agreement with a previous report utilizing 
the Oxford Nanopore technology to study NDV [38] that 
also demonstrates high accuracy of the sequences obtained 
by MinION. As seen from this study, the larger consensus 
sequences obtained from MinION were almost identical to 
those from MiSeq. The low initial investment and the dem-
onstrated high accuracy of the MinION device make this a 
sequencing tool that can be utilized by most labs and across 

different platforms. The MinION approach has some flaws; 
for example, there are insertions and deletions in the raw 
reads after homopolymeric sequences that may also be pre-
sent in the final consensus and the error rate at read level is 
still high. However, as we demonstrate here and it has also 
been shown in previous reports [38, 50], this can be over-
come as deep sequencing data produce consensus sequences 
comparable to those obtained by Illumina instruments.

In summary, our study reports the first detection and com-
plete genome of genotype VI NDV in Mexico, and an epi-
demiological connection between US and Mexican pigeon-
adapted NDV. It also reported that viruses of sub-genotype 
Vc continue to circulate and evolve locally in Mexico, and 
their detection in both chickens and wild birds suggest a 
spillover from poultry. Our data suggest that the described 
MinION protocol with the newly designed primers could 
be used for robust and rapid genotype identification of the 
NDV as the sequences obtained here provide phylogenetic 
inferences consistent with those obtained using complete 
genome MiSeq data.
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