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Abstract

Highly virulent Newcastle disease virus (NDV) causes Newcastle disease (ND), which is a threat to poultry production
worldwide. Effective disease management requires approaches to accurately determine sources of infection, which involves
tracking of closely related viruses. Next-generation sequencing (NGS) has emerged as a research tool for thorough genetic
characterization of infectious organisms. Previously formalin-fixed paraffin-embedded (FFPE) tissues have been used to
conduct retrospective epidemiological studies of related but genetically distinct viruses. However, this study extends the
applicability of NGS for complete genome analysis of viruses from FFPE tissues to track the evolution of closely related
viruses. Total RNA was obtained from FFPE spleens, lungs, brains, and small intestines of chickens in 11 poultry flocks
during disease outbreaks in Pakistan. The RNA was randomly sequenced on an Illumina MiSeq instrument and the raw
data were analyzed using a custom data analysis pipeline that includes de novo assembly. Genomes of virulent NDV were
detected in 10/11 birds: eight nearly complete (>95% coverage of concatenated coding sequence) and two partial genomes.
Phylogeny of the NDV complete genome coding sequences was compared to current methods of analysis based on the full
and partial fusion genes and determined that the approach provided a better phylogenetic resolution. Two distinct lineages
of sub-genotype VIIi NDV were identified to be simultaneously circulating in Pakistani poultry. Non-targeted NGS of total
RNA from FFPE tissues coupled with de novo assembly provided a reliable, safe, and affordable method to conduct epide-
miological and evolutionary studies to facilitate management of ND in Pakistan.
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Introduction

Newcastle disease (ND) is a significant worldwide disease
of poultry caused by virulent strains of Avian avulavirus
1 (AAvV-1), commonly known as Newcastle disease virus

Edited by William Dundon.

Electronic supplementary material The online version of this (NDV) [1-3]. Endemicity of this virus in multiple coun-

article (https://doi.org/10.1007/s11262-019-01669-9) contains tries is a major challenge to global poultry production and

supplementary material, which is available to authorized users.

P4 James B. Stanton 2 Department of Pathology, College of Veterinary Medicine,
jbs@uga.edu University of Georgia, Athens, GA, USA

P4 Claudio L. Afonso 3 Department of Biotechnology, Virtual University of Pakistan,
claudio.afonso@ars.usda.gov Lahore, Pakistan

Quality Operations Laboratory (QOL), University

Southeast Poultry Research Laboratory, Exotic of Veterinary and Animal Sciences, Lahore, Pakistan

and Emerging Avian Viral Diseases Research Unit, United
States National Poultry Research Center, Agricultural
Research Service, United States Department of Agriculture,
Athens, GA, USA

Published online: 14 May 2019 @ Springer


http://orcid.org/0000-0002-4565-0125
http://crossmark.crossref.org/dialog/?doi=10.1007/s11262-019-01669-9&domain=pdf
https://doi.org/10.1007/s11262-019-01669-9

Virus Genes

at least four panzootics have been recognized since it was
first identified in the 1920s [4-6]. Reliable and affordable
epidemiologic tools that can use tissues transported in a safe
and convenient manner across international boundaries are
needed to improve the management of ND and other infec-
tious diseases.

Newcastle disease virus is a negative-sense, single-
stranded, non-segmented, enveloped RNA virus of the Par-
amyxoviridae family [1]. The genome of NDV is approxi-
mately 15 kb and encodes six structural gene products:
nucleocapsid protein (NP), phosphoprotein (P), matrix pro-
tein (M), fusion protein (F), hemagglutinin-neuraminidase
(HN), and RNA-dependent-RNA polymerase (L) [7]. The
amino acid sequence of the F protein cleavage site is a major
molecular determinant of pathogenicity and virulence of
NDV. Virulent NDVs have multiple (3 or more) basic amino
acids (!'?’R/K-R-Q-R/K-R | F!!7) at the F protein cleavage site
and phenylalanine at position 117 [8]. Sequencing of the F
gene and other gene segments has been used to predict viral
virulence and to study epidemiology and evolution; however,
this and other targeted methods have limitations in compari-
son to random complete genome sequencing.

Genotypic characterization of NDV is commonly done
by sequencing the complete F gene [9], whereas complete
genome characterization may allow more reliable evolution-
ary and epidemiological studies. The commonly used Sanger
sequencing with overlapping primers for complete genome
sequencing has significant limitations such as high cost,
reduced output, long turnaround time, and is dependent on
pre-existing knowledge of the genetic makeup of the viruses
[10-12] making this an impractical method for full-genome
sequencing.

Shipping and testing samples with live NDV is prob-
lematic because virulent NDV is classified as a select
agent in many countries and working with live select agent
demands extensive safety precautions (BSL-3 laborato-
ries), expensive transportation, and special permissions.
In contrast, formalin fixation inactivates infectious agents;
thus, formalin-fixed paraffin-embedded (FFPE) tissues can
be easily, safely, and affordably transported across bounda-
ries and processed in a biosafety level 1 laboratory [13].
Additionally, formalin fixation is the gold standard for
pathologic preservation and FFPE tissues allow for a full
pathologic analysis of the tissue, which will provide a bet-
ter list of differential diagnoses. As such, FFPE tissues are
universally collected clinical samples for routine histopa-
thology [14]. Flinders Technology Associates filter papers
(FTA® cards) have been used for hazard-free handling of
sample and detection of NDV by RT-PCR [15], and while
these show promise for full-genomic characterization of
infecting viruses (https://www.ncbi.nlm.nih.gov/pubme
d/28684566), FTA cards are limited to genetic analysis
only, which prevents broader testing that is often required
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in a diagnostic setting when samples are collected prior to
a definitive diagnosis. Immunohistochemistry (IHC), tar-
geting nucleocapsid protein of NDV as an antigen within
FFPE tissues samples, has been used in experimental stud-
ies to demonstrate tissue tropism of NDV [16]; however, it
does not provide as complete, sensitive, or specific charac-
terization of the NDV as nucleic acid-based methods [13].

The advancement of massively parallel sequencing
(next-generation sequencing; NGS) has significantly
improved the ability to sequence full-length genomes using
a non-targeted approach [17]. The use of random primers
in a non-targeted sequencing approach is ideal for RNA
viruses, which rapidly mutate resulting in the problems
listed above for PCR and Sanger sequencing. Furthermore,
recent studies have shown that the cost of NDV complete
genome sequencing by NGS can be reduced approximately
tenfold by multiplexing samples in a single sequencing
run [10]. Previously, NDV detection and genome charac-
terization by NGS have been done on egg-passaged live
viruses [10]. There are limited reports on the application
of NGS with FFPE samples for infectious disease stud-
ies [18-21]. Recently, a retrospective study describing the
molecular evolution of pigeon-adapted NDV in the U.S.
using archived FFPE tissue samples from wild pigeons was
reported [22]. This approach, however, has not been tested
to identify minor evolutionary changes or to trace the epi-
demiology of closely related isolates, as is often the case
in endemic countries involved in intensive production of
poultry. For example, recently reports showed that virulent
NDVs have been circulating in Iran, a neighboring country
of Pakistan, for the last 21 years. A novel virulent strain
of NDV has been recently reported and epidemiological
information indicates its relatedness to the NDV circula-
tion in China which is also a neighboring country of Paki-
stan [6, 23, 24]. Due to the endemicity of NDV in Pakistan
and the presence of constantly evolving genotypes VIli in
neighboring countries of Pakistan, clinical samples from
Pakistan were chosen to test the ability of this method to
identify minor evolutionary changes.

The aim of the current study was to sequence and char-
acterize the genomes of NDV directly from clinical FFPE
tissue samples by using NGS and to use the obtained
data to track the epidemiology of closely related isolates.
This method did not include any procedure to target NDV
specifically (e.g., sequence-based capture) or to enrich
for viral nucleotides generally (e.g., depletion of host
ribosomal RNA). This study demonstrates the ability of
NGS, assisted by a customized bioinformatics pipeline,
to assemble nearly complete NDV genomes from FFPE
tissues and that those genomes are suitable for improved
phylogenetic differentiation between closely related NDV
isolates.
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Materials and methods
Sample collection and processing

Thirty-six FFPE field tissue samples (spleen, lung, brain,
and small intestine) collected in 2015 from 11 chickens dur-
ing disease outbreaks in 11 poultry flocks in five different
regions of the Pakistani Punjab province were used in this
study (Table 1). Collected tissues were fixed for 24 to 48 h
in neutral-buffered 10% formalin within 4 h of collection.
Fixed tissues were embedded in low-melt paraffin following
routine procedures [25]. These paraffin blocks were stored at
room temperature and subsequently shipped without refrig-
eration to the Southeast Poultry Research Laboratory of the
USDA, Athens, Georgia, USA, for NDV characterization.

Immunohistochemistry assay

Immunohistochemistry was performed to detect NDV
nucleocapsid protein in tissue samples (spleen, lung, brain,
and small intestine). Briefly, sections of 3 um thickness
were cut and immunostained with monoclonal antibodies
directed against NDV nucleocapsid protein using alkaline
phosphatase method as described previously [26]. Immu-
nostained sections were microscopically evaluated and the
samples were scored as negative or positive.

RNA extraction

For each sample, six 10-pm-thick tissue sections were cut
and collected in one 1.5-ml centrifuge tube and immediately
deparaffinized by CitriSolv’™ (VWR International, USA).
Before and after collecting tissue sections from each sam-
ple, the microtome blade was decontaminated with RNase
Away (Sigma, USA) to avoid cross-contamination between
samples. Total RNA was extracted using the RNeasy FFPE

Kit (Qiagen, USA) as per manufacturer’s instructions and
quantified using the Qubit® RNA HS Assay Kit on a Qubit®
fluorometer 3.0 (ThermoFisher Scientific, USA). The purity
of RNA (a ratio of absorption at 260 nm and 280 nm wave-
length, A,¢n50) Was measured on a NanoDrop Spectropho-
tometer 2000/2000c (ThermoFisher Scientific, USA). Frag-
ment size of RNA was determined using the RNA 6000 Pico
kit on an Agilent Bioanalyzer® instrument (Agilent Tech-
nologies, USA) as per manufacturer’s instructions.

NGS library preparation

DNA Libraries for NGS sequencing were prepared using
the KAPA Stranded RNA-Seq Library Preparation Kit for
Illumina platforms (Kapa Biosystems, USA) following
manufacturer’s instructions. Briefly, the protocol involved
synthesis of first strand and second strand of DNA from
total extracted RNA by using random primers, marking and
A-tailing of cDNA fragments, and ligation of unique adapt-
ers allowing indexing of each sample for multiplexing pur-
poses. Finally, bead-purified adapter-ligated libraries were
amplified with PCR (12 cycles) using library amplification
master mix provided with the kit. The Qubit® fluorometer
3.0 was used to quantify dsDNA concentration in libraries
using the dsSDNA High Sensitivity Assay kits (ThermoFisher
Scientific, USA). The average DNA fragment size in each
library was determined using the High Sensitivity DNA kit
in the Agilent Bioanalyzer®. To facilitate uniform clustering
during sequencing process in the MiSeq flow cell, libraries
with an average DNA fragment size of 240 to 300 bp and
a concentration greater than 3 ng/pl were used. The pre-
pared libraries were diluted to 4 nM. Five microliters of
each library were pooled and denatured with NaOH (0.2 N
final concentration). After 5 min of incubation at room tem-
perature, the pool was further diluted to 20 pM concentra-
tion with chilled HT1 hybridization buffer (Illumina, USA).
Using the same buffer, the final concentration of the library

Table 1 Background

. . Sample ID Collected organs No. of Breed of chicken Location
1pf0rmat10n of 36 field FFPE samples
tissue samples collected from
diff.erentlregions of PakisFan 1162 Spleen, lung, small intestine 3 Broiler chicken Kassur
ggrll; g disease outbreaks in 1163 Spleen, lung, brain 3 Broiler chicken Lahore
1164 Spleen, lung, brain, small intestine 4 Desi chicken Lahore
1165 Spleen, lung, brain 3 Broiler chicken Kassur
1166 Spleen, lung, brain 3 Broiler chicken Kamoki
1168 Spleen, lung, brain, small intestine 4 Broiler chicken Sheikhupura
1170 Spleen, lung, brain, small intestine 4 Broiler chicken Lahore
1171 Spleen, lung, brain 3 Broiler chicken Sheikhupura
1172 Spleen, lung, brain 3 Broiler chicken Lahore
1173 Lung, brain, small intestine 3 Desi chicken Gujranwala
1174 Lung, brain, small intestine 3 Broiler chicken Gujranwala
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pool was diluted to 10 pM. A control library (3% PhiX174,
Illumina, USA) was added and the pool was chilled on ice.
The paired-end sequencing was conducted on an Illumina
MiSeq instrument using a 300 cycle (2 x 150) MiSeq Rea-
gent Kit v2 (Illumina, USA). After automated cluster gen-
eration in MiSeq, the sequencing reads were demultiplexed
based on their unique adapter.

Genome assembly

Pre-assembly processing from read quality assessment to
digital normalization was conducted as previously described
[10] using Fast QC [27], Cutadapt v1.6 (TruSeq LT index
sequences were used as reference file the study herein)
[28], BWA-MEM v0.2.1 [29], Filter sequencing by map-
ping v0.0.4 tool (https://github.com/peterjc/pico_galax
y/tree/master/tools/seq_filter_by_mapping), an in-house
tool for forward and reverse read re-synchronization (https
://github.com/jvolkening/b2b-utils), PEAR v0.9.6.0 [30],
and Khmer package v1.1-1 [31]. De novo assembly of the
filtered, trimmed, and synchronized reads was performed
with MIRA assembler v3.4.1 [32]; however, to account for
the relatively low number of NDV reads, as compared to
egg-grown NDV samples from the previous study [10], the
following parameters for de novo assembly were changed:
minimum number of reads required to build a contiguous
sequence =5, minimum overlap =10, contig length cut
off =60 bp, default values were used for the rest of the set-
tings. The assembled contigs were aligned to the NCBI nt
database (accessed on 15 September 2017), using BLASTn
(cut off E value =0.001) and the best hit was further used as
the reference genome. As previously described [10], the final
consensus sequence was obtained by processing the trimmed
and un-normalized reads (after read re-synchronization)
through BWA-MEM [29] (using the BLASTn-defined
genome as the reference) and an in-house tool for parsing
(https://github.com/jvolkening/b2b-utils). In addition, when
a bird had multiple tissues with NDV, the raw sequence data
from those differing tissue samples were merged and re-ana-
lyzed again using the same bioinformatics workflow to see
if there is any difference in depth and percentage of genome
coverage on a per-tissue basis versus a per-bird basis. Tis-
sues were considered NDV positive by NGS if at least one
contig hit to NDV (see BLASTn step above).

Phylogenetic analyses

The final consensus sequences were aligned using ClustalW
[33] and the concatenated complete genome coding
sequences (CDS) were used for nucleotide (nt) distance
estimation to closely related NDV isolates obtained from
GenBank using MEGAG6 [34] and the Maximum Composite
Likelihood model [35]. Consensus sequences from six birds
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in this study (for which complete genome coding sequences
were obtained) and 32 sequences of sub-genotypes of
genotype VII obtained from GenBank were used for final
phylogenetic tree construction (See Table S1). Determina-
tion of the best-fit substitution model was performed using
MEGAG®, and the goodness-of-fit for each model was meas-
ured by corrected Akaike information criterion (AICc) and
Bayesian information criterion (BIC) [34]. The final tree was
constructed using the maximum-likelihood method based
on the General Time Reversible model as implemented in
MEGA®6, with 1000 bootstrap replicates [36]. Additionally,
two more datasets were parsed from the initial dataset—one
containing the complete fusion gene coding sequences and
one with the first 375 nucleotides of the fusion gene coding
sequences (denoted as “partial fusion gene sequence”), both
regions being commonly used in phylogenetic analyses and
epidemiological studies [9, 37]. Nucleotide distance estima-
tion was performed as described above and bootstrap max-
imum-likelihood phylogenetic trees based on the Tamura
3-parameter (Tamura 1992) were constructed using these
smaller datasets utilizing MEGAG®.

Accession numbers

The sequences obtained in the current study were submitted
to GenBank and are available under the accession numbers
from MG200021 to MG200026.

Statistical analyses

Statistical analyses were performed in JMP Pro Version 13.2.
A Chi-square test (a contingency Table 2 x4) was performed
to determine whether frequency of NDV identification by
NGS is significantly different between different tissue types.
In addition, a one-way-ANOVA by ranks Kruskal-Wallis H
test was performed to determine if mean percentage genome
coverage is significantly different between different types
of tissue.

Results
Immunohistochemistry

Thirty-six FFPE tissues (spleen, brain, lung, and small intes-
tine) were examined by IHC with a primary monoclonal
antibody to detect NDV nucleoprotein (Table 2, See Fig.
S1). At least one tissue per bird was positive by IHC. Of 36
tissue samples, 31 were IHC positive for NDV nucleocapsid
protein and 5 samples were IHC negative.


https://github.com/peterjc/pico_galaxy/tree/master/tools/seq_filter_by_mapping
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https://github.com/jvolkening/b2b-utils
https://github.com/jvolkening/b2b-utils
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Table2 Summary of sequencing and IHC data of 31 field FFPE tissue samples collected from different regions of Pakistan during disease out-

breaks in 2015
Samples IHC () Raw read pairs  Filtered De novo NDV detec- NDV reads NDV reads (% of Percent
SEPRLID  Tissue read pairs® tion by contig (pos/ raw read pairs) genome
neg) coverage
1162-L Lung + 386,682 31630 Pos 791 0.20 94.92
1162-SI S. Intestine  — 372,467 1349 Neg NA NA NA
1163-SP Spleen + 928 6 Incon.’ NA NA NA
1163-L Lung + 395,061 808 Neg NA NA NA
1163-B Brain + 385,336 939 Pos 577 0.15 91.75
1164-SP Spleen + 441,166 1194 Pos 346 0.08 77.71
1164-L* Lung + 351,767 6158 Pos 5383 1.53 99.72
1164-B¢ Brain + 366,257 394 Neg NA NA NA
1165-SP Spleen + 407,295 3253 Pos 884 0.22 93.26
1165-L¢ Lung + 399,209 1582 Neg NA NA NA
1165-B* Brain - 316,718 13426 Pos 6033 1.90 99.72
1166-SP Spleen + 4,797,051 47742 Pos 44525 0.93 99.84
1166-L* Lung + 1,616,222 14386 Pos 9358 0.58 99.81
1166-B Brain - 394,885 5023 Pos 203 0.05 53.67
1168-SP Spleen + 445,743 662 Pos 308 0.07 61.56
1168-L Lung + 398,836 1676 Pos 255 0.06 55.27
1168-B* Brain + 322,405 5281 Pos 3801 1.18 99.77
1168-SI S. Intestine  + 414,401 3595 Pos 3100 0.75 99.47
1170-SP Spleen + 592,168 1087 Pos 768 0.13 94.67
1170-L* Lung + 545,772 4250 Pos 2626 0.48 99.72
1170-B Brain + 411,037 5430 Pos 761 0.19 96.29
1170-SI S. Intestine  + 2,006,616 2589 Pos 197 0.01 51.17
1171-SP°¢ Spleen + 530,855 237 Neg NA NA NA
1171-L Lung + 389,248 1347 Pos 179 0.05 42.00
1172-SP°¢ Spleen + 315,083 380 Neg NA NA NA
1172-L¢ Lung + 455,865 1008 Neg NA NA NA
1172-B Brain - 442,780 1086 Neg NA NA NA
1173-L Lung + 273,342 2236 Pos 1057 0.39 98.06
1173-SI° S. Intestine  + 373,069 2256 Neg NA NA NA
1174-L* Lung - 255,408 4670 Pos 2533 0.99 99.80
1174-B Brain + 275,619 410 Neg NA NA NA

NA not applicable

*Genome sequences were used to build phylogenetic tree

#The number of paired reads after filtering out host (Gallus gallus 5.0) and internal control (PhiX) reads

Suboptimal read generation was observed from #1163-spleen and this result was determined to be “inconclusive”

‘IHC-positive cells ranged from 10 to 200 per studied tissue section

RNA isolation and evaluation

Total RNA from thirty-six tissue samples was extracted
with RNA concentrations of 15.8—84 ng/ul. The 260/280
ratios were 1.9-2.03, and the RNA integrity number
(RIN) values were 1.7-6.5 (see Table S2 for details).

Next-generation sequencing and genome assembly
Raw read analysis

Five of the prepared thirty-six libraries did not meet the cri-
teria (see materials and methods) set for library quality and
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were not submitted for sequencing. Suboptimal read genera-
tion was observed for sample 1163-spleen. Only 928 total )
reads (0.005% of the raw reads) were assigned to this sample 5 Eg TS oo g g
and its reads were not included in downstream data analysis. 888|922 gg9zg
Multiplexed NGS of the remaining 30 tissue samples gener-
ated a total of 19,078,363 raw reads (255,408 to 4,797,051 2 o
per sample). A total of 166,084 reads (237 to 47,742 per & u‘g clawaacsomoma
sample) remained after filtering out the host genome and g %:’ ) f, § E, :{, f a E % § E
PhiX control reads (Table 2). NDV reads were a small frac- OE2 | = = = — — - - -
tion of the total reads obtained (0.01-1.9% per positive sam- % —
ple). Approximately 91-99% of the total raw reads mapped 3 8
to the chicken genome. However, the chicken reads were géﬂ > @ % C o ®
filtered out for the purposes of this study. The reads that 2 qnwaS &5 § g
mapped to bacterial genome were also filtered out. These — 2 e g ? § § § 8= §
values are not presented in the results. 2 Tcgoo T e
NDV contigs: per tissue " -
53
Results were initially analyzed on a per-tissue basis. By —q‘éz ol IS 804 § zé "2 a
employing de novo assembly coupled with reference- 258 we s T = d
based consensus re-calling, NDV contigs (NDV positive) @
were obtained from 64.5% (20/31) of the sequenced tissue =
samples (55.6% [20/36] of the total extracted), with NGS- _% 0 00 % %o o % % o 0o o e
positive samples having 179-44,525 NDV reads per posi- 8 c% g § ,% § § § § § % é
tive sample. In 14 of the tissue samples, the NDV genome % ggs8ggegsegs P é
coverage was greater than 90% (91.75-99.84%) (Table 2). 2 E § § § § § gu § § § g 3 P
Although NDV was identified by NGS in more lung tis- 3 . < E
sues (72.7%) compared to other tissues (spleen=62.5%, E z ) %
brain=62.5%, and small intestines = 50%), these differences g % g é
were not statistically significant (5> Chi-square test=0.721; E E TREIIBREIZE § z
p=0.8684, a=0.05). In terms of genome recovery among Z. é § § § § § % § § § § El .j;“
different tissues types (Table 2), mean percentage genome % z gogaeoaoaoaaalgy g o
coverage was not significantly different among different tis- = £ SSSdSd8asaaa ;S :2 3
sue types (Kruskal-Wallis statistic=0.9916, p=0.8033, % = g % g
a=0.05). Additionally, no nucleotide differences were iden- B iéo = o g £
tified between sequences obtained from different tissues of E E %ﬁé SRR RS B % E, %
a same bird (data not shown). E S = fg’
NDV contigs: per bird 5|8 §0§° e e e w6 o @ %, é Z
gl azmagIcosadl g - £
. . . . & = s g
Since identical consensus sequences were identified among _‘L;’ % E b= §
different tissues, the raw reads from different tissues of the S |'g e -ﬁ =
same bird were merged so that the data could be analyzed on = % é = %
per-bird basis. NDV contigs were assembled from these data E -g 232882385923 “g % ﬁ
in 91% of the birds (10 out of 11 birds) with 191-54,086 % | 5 eRSFIoS225lE B
NDYV reads per bird. When the raw sequence data obtained g = ¥ my 2oy ae- g % 2
from different tissues of the same bird were merged, in 9 §0 % g = E g
out of the 11 birds, the genome coverage was greater than '*i g 2L RLLL SN % é % g
90% (91.87 to 99.83%). The mean depth of each assembled é S é § ;: g g g E é § ; =§ 3 oy 5
genome per bird ranged from 4 to 513 in the 9 out of 10 E 5 CeCZZRonovvlg g é g
NGS-positive birds that had >90% genome coverage. In one : B E 'c% E P
bird (#1171) that was NGS positive, the genome coverage @ & N tnmewo <] o 2 g E
. s O o VvVovvovoR~NN~EaQ <& B
was 45.02% with a max depth of 7 x (See Table 3). K S-S CoC-CZcCcozZCZColEaRZ

@ Springer



Virus Genes

Phylogenetic analyses
Complete coding sequences analysis

The complete coding sequences of all six genes were
obtained from six of the eleven birds and the complete
fusion gene coding sequence was obtained from eight of
the eleven birds. The deduced amino acid sequence of the
fusion cleavage site for all sequences was specific for viru-
lent viruses (;;3RRQKR|F,;, with the exception of sam-
ple #1168 that had ||;RRQRR|F,,,) (See Table S3). The
nucleotide distances between the studied sequences and
GenBank sequences were estimated. Most of the studied
sequences were very closely related to each other (99.7%
mean identity within them), except one (#1168) that was
1.5% distant. This first group of sequences was most
closely related (99.3-99.4%) to sequences from viruses
isolated from a variety of species (chickens, pigeons, and
peacock) from Pakistan in 2014 and 2015. The sequence
that was more genetically distant (#1168) was closely
related (99.2-99.4%) to sequences from viruses isolated

from varying species (chickens, parakeets, pigeon, duck)
in Pakistan in 2015 and 2016. Also, NDV isolates in this
study had nucleotide distance of 1.2% from previously
reported sub-genotypes VIIi and (See Table S4). To fur-
ther confirm the evolutionary relationship between the
NDV sequences studied here and sequences available
in GenBank, phylogenetic analysis using the complete
genome concatenated CDS was performed. In the cre-
ated phylogenetic tree, the isolates studied here expect-
edly grouped together within sub-genotype VIIi with the
viruses that showed highest nucleotide sequence identity
to them (Fig. 1a). Taken together, the results from the dis-
tance analysis and the phylogenetic tree demonstrated that
all sequences obtained from field FFPE tissue sample from
diseased chicken in Pakistan in 2015 belong to NDV class
II sub-genotype VIIi. In addition, two separate branches
of isolates were identified in the tree. To assess the genetic
diversity within sub-genotype VIIi, the nucleotide distance
between the sequences in these two branches was esti-
mated and they were found to be less closely related (1.2%
nucleotide distance).
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Fig. 1 Phylogenetic analyses based on the complete genome coding
sequences (a), complete F gene coding sequences (b), and partial F
gene coding sequences (c) of isolates representing class II sub-gen-
otype VIIi Newcastle disease virus. The evolutionary histories were
inferred by using the maximum-likelihood method based on Gen-
eral Time Reversible model with 1000 bootstrap replicates as imple-
mented in MEGA 6 [36, 38]. The analyses involved 38 nucleotide
sequences with a total of 13,746 (A), 1662 (B), or 375 (C) positions
in the final datasets. The sequences obtained in the current study
are presented in bold font. Evolutionary analysis was conducted

in MEGAG6. For all analyses, the codon positions included were
Ist+2nd +3rd +noncoding, and all positions containing gaps and
missing data were eliminated. The GenBank accession numbers are
followed by host name, country of isolation, strain designation, and
year of isolation. Isolates with bold font in red, brown, green, and
blue had 100% nucleotide identity between them based on F (Fig. 1b)
and partial F (Fig. 1c) gene trees, were readily differentiated in the
complete genome tree, and had nucleotide distances ranging from 0.1
to 0.34%. Isolates in bold black font are from current study
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Complete and partial fusion gene coding sequences
analysis

The evolutionary history was also inferred by phyloge-
netic analysis using the smaller datasets (same taxa as in
the CDS analysis) comprising the complete F gene coding
sequences (Fig. 1b) and the partial F gene coding sequence
(Fig. 1c) and the results were compared to those of the
complete genome sequences (Fig. 1a). The overall phyloge-
netic topology based on partial or complete F gene coding
sequence analyses was consistent with phylogenetic group-
ing observed in analysis based on complete genome coding
sequences. However, when the complete genome CDS were
used for the analysis, higher bootstrap values were observed
as compared to those in the partial and complete F gene cod-
ing sequences. In addition, sequences that appeared identical
in the partial and complete fusion gene sequences analyses
(MG200022/chicken/Pakistan/Kassur/1165/966/2015 and
MG200026//chicken/Pakistan/Gujranwala/1174/978/2015
[bold and red], KX268688//parakeet/Pakistan/Rawalpindi/
SFR-RP15/2015 and KX791183/parakeet/Pakistan/R-Pindi/
SFR-16/2016 [bold font and blue], KX268689/parrot/
Pakistan/Lahore/SFR-129/2015 and KX268691/parakeet/
Pakistan/Lahore/SFR-148A/2015 [bold font and brown],
KU885948/peacock/Pakistan/MZS-UVAS/2014 and
KYO076037/chicken/Pakistan/Buner/KPK/5A/1004/2015
[bold font and green]) (Fig. 1b, C) and had 100% nucleotide
identity between them were readily differentiated in the com-
plete genome tree and had nucleotide distances ranging from
0.1 to 0.34%. To specify the genomic regions that readily
differentiated NDV isolates that were 100% identical in the
fusion protein gene-based phylogeny, a pairwise comparison
of nucleotide sequences of all six genes of these isolates
(MG200022 vs MG200026, KX268691 vs. KX268689 and
KY076037 vs. KU885948) was performed (See Table 4). It
was observed that in MG200022 vs MG200026 comparison,
phosphoprotein gene contributed highest variation (0.4%)
followed by Hemagglutinin (HN), polymerase (L), matrix
(M), and nucleoprotein (NP). The HN and L genes contrib-
uted most of the variation (0.5%) followed by P gene (0.3%)
when a comparison of KX268691 vs. KX268689 was made.

Discussion

The feasibility of using FFPE tissues to sequence NDV
complete genomes and to conduct evolutionary and epi-
demiological studies of closely related NDV-infected field
tissue samples has been shown. The phylogenetic analyses
confirmed that the detected viruses belonged to the virulent
sub-genotype VIIi. Furthermore, this study demonstrates
that the phylogenetic results from concatenated complete
coding sequences obtained from FFPE tissues provide better

@ Springer

Table 4 Evolutionary distance estimated using the complete coding
sequences of individual genes of NDV genomes

Gene ID MG200022 ver- KX268691 KY076037 ver-
sus MG200026 versus sus KU885948°¢
KX268689"
Fusion (F) 0.000 0.000 0.000
Partial fusion* 0.000 0.000 0.000
Hemagglutinin ~ 0.002 0.001 0.005
(HN)
Polymerase (L) 0.001 0.002 0.005
Matrix (M) 0.001 0.000 0.000
Nucleoprotein 0.001 0.000 0.000
(NP)
Phosphoprotein ~ 0.004 0.000 0.003

®)

*374-bp-long sequence of Fusion gene that is frequently used for
NDV classification and virulence prediction

*NDV isolates from current study (#1165 vs. 1174)
5¢NDV genotype VIIi sequences from GenBank

resolution compared to individual or partial genes and is suf-
ficient to demonstrate viral evolution that would otherwise
remain unnoticed because of the limited genomic fragments
analyzed. This is also the first use of NGS to characterize
NDV genomes from FFPE tissue samples collected during
recent disease outbreaks in commercial poultry. Addition-
ally, some variants of NDV, including pigeon paramyxovi-
ruses (PPMVs), are virulent without the polybasic amino
acids at the Fusion protein cleavage site, as some of the
PPMVs have shown increased virulence to chickens after
only a few passages and without any change in the F gene
coding region. In addition, replacing the F gene of the
avirulent pigeon-adapted NDV with virulent NDV failed
to produce virulent chimeric viruses. These observations
underscore the importance of other genes in determining
the virulence of NDV [39]. Therefore, these observations
highlight the need and utility of complete genome analysis
of field isolates.

As an example of the utility of this protocol, evolution-
ary and phylogenetic analyses were conducted. First, it was
confirmed that the detected viruses belonged to the virulent
sub-genotype VIIi, which is currently circulating in Pakistan
[40—42]. Furthermore, two lineages of sub-genotype VIIi
NDV were identified. The phylogenetic analysis showed
clear separation of sequences from Pakistan isolated between
2014 and 2016 into two independent branches based on the
complete coding sequences. While both groups of viruses
were simultaneously circulating in geographically close
areas, the genetic distance of 1.4% between them suggests
at least 15 years of independent evolution of these two
groups [43]. These findings demonstrate no direct, or very
distant, epidemiological link between the viruses in these
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two groups. For example, they may represent two separate
introductions events of NDV into Pakistan that evolved else-
where or that they evolved locally from a common, unidenti-
fied ancestor introduced earlier in the region. Wajid and co-
authors have recently reported the simultaneous circulation
of sub-genotype VIIi virulent NDV in various poultry and
non-poultry avian species in Pakistan based on complete
F gene analyses [42]. While no particular interdependence
among the hosts affected by ND was observed, the role of
non-poultry species in the epidemiology and endemicity of
NDV in Pakistan was confirmed.

The investigation of the epidemiologic link between
highly related NDV viruses is of vital importance espe-
cially in closely located geographical regions where ND has
acquired endemicity [6, 23, 24]. A phylogenetic analysis of
the complete F gene assisted with evolutionary distances
has been proposed previously for accurate classification
of NDV genotypes [9]. In this study, the general separa-
tion of the sequences into major branches was consistent
across the three different phylogenetic analyses. However,
a better resolution in terms of higher bootstrap values of
highly related NDV isolates were observed in the phyloge-
netic analysis based on complete genome coding sequences
of NDV. In addition, the complete genome CDS analysis
allowed the differentiation of viruses, which was otherwise
impossible using only the complete or partial fusion gene
sequences. These findings suggest the application of par-
affin-embedded tissues from outbreaks to track epidemio-
logically very closely related viruses. Although the utility of
NGS to sequence complete genomes of NDV from clinical
FFPE tissue samples was described here, the utility of this
method in diagnostic settings would require further testing
to more rigorously establish sensitivity, specificity, and limit
of detection, which is beyond the scope of the current study.

In the evaluation of per-tissue percentage genome assem-
bly of NDYV, all four tissue types showed different genome
assembly percentages. While the sample size for any given
tissue was relatively low, no statistically significant differ-
ence was identified in the frequency of positivity between
the tissue types. This is consistent with Barbezange and Jes-
tin, which reported that RT-PCR showed no differences in
the rate of NDV detection between lung, brain, trachea, and
spleen [44].

As described earlier, there was no difference between
consensus sequences from different tissues of the same host;
however, low sequencing depth and generation of short reads
are limitations that currently prevent this approach from
being used to study viral quasispecies diversity within clini-
cal FFPE tissue samples from the same host. As the focus of
this study was on consensus-level genome analysis, future
studies are required to determine if altered protocols (e.g.,
targeted sequencing, increased depth of sequencing) could
be used for the investigation of tissue effect on quasispecies

diversity or similar question involving small genetic differ-
ences between sequences.

In this study, without any enrichment procedure for
viral RNA, partial to complete AAvV-1 genomes coding
sequences were assembled from archived FFPE tissues
collected in 2015 from chickens during disease outbreaks.
Genome assembly was up to 100% of the protein coding
sequences and up to 99.81% of the complete genome of
AAvV-1. These data suggest the feasibility of using FFPE
tissue samples to sequence complete AAvV-1 genome for
epidemiological studies of closely related virus isolates.
Using FFPE tissues for direct sequencing of AAvV-1 is
advantageous due to the fact that they can easily be trans-
ported as pathogens are inactivated making them available to
transport across countries for research. As formalin fixation
of tissues affect nucleic quality, DV200 values (estimated
by Bioanalyzer) represent relative amounts of RNA frag-
ments > 200 bp and may be an adequate predictor of RNA
quality from FFPE tissue samples and may be evaluated in
the future studies involving FFPE tissue samples. FTA®
cards have also been used for hazard-free sample handling
and evaluated for successful NDV detection [15], provide
a method to inactive samples, and are aimed at preserving
nucleic acid integrity; however, the use of FTA cards by
practicing clinicians, especially for animal pathogens, is
currently limited. Formalin-fixed tissues remain a standard
sample as it allows for numerous diagnostic assays, which
is valuable especially when there is no clinical diagnosis.

Conclusion

In conclusion, using FFPE tissues for direct sequencing of
NDV genome is useful because FFPE tissues can be con-
veniently and affordably transported, due to pathogen inac-
tivation, and because FFPE tissues are the primary means
of preserving tissue for routine diagnostic and pathologic
testing and for historical archival. This study demonstrates
the capability of full-genome epidemiologic investigations in
FFPE samples. The use of random sequencing coupled with
the absence of any virus enrichment procedure makes this
technique likely to be applicable to sequence virus genomes
from clinical FFPE tissues in other viral infections. Addi-
tionally, the results demonstrate that sub-genotype VIIi
viruses are still circulating and evolving in Pakistan after
they were first identified in the country in 2011 and support
that active epidemiologic surveillance for NDV is needed.
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