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Highly pathogenic avian influenza (HPAI) viruses have caused severe respiratory disease 
and death in poultry and human beings. Although most of the avian influenza viruses 
(AIVs) are of low pathogenicity and cause mild infections in birds, some subtypes including 
hemagglutinin H5 and H7 subtype cause HPAI. Therefore, sensitive and accurate subtyping 
of AIV is important to prepare and prevent for the spread of HPAI. Next-generation se-
quencing (NGS) can analyze the full-length sequence information of entire AIV genome at 
once, so this technology is becoming a more common in detecting AIVs and predicting 
subtypes. However, an analysis pipeline of NGS-based AIV sequencing data, including AIV 
subtyping, has not yet been established. Here, in order to support the pre-processing of 
NGS data and its interpretation, we developed a user-friendly tool, named prediction of 
avian influenza virus subtype (PAIVS). PAIVS has multiple functions that support the 
pre-processing of NGS data, reference-guided AIV subtyping, de novo assembly, variant 
calling and identifying the closest full-length sequences by BLAST, and provide the graphi-
cal summary to the end users. 
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Introduction 

The avian influenza virus (AIV) genome comprises eight segments (polymerase basic 2, 
polymerase basic 1, polymerase acidic, hemagglutinin [HA], nucleoprotein, neuramini-
dase [NA], matrix, nonstructural) that encoded up to 11 proteins [1]. Based on the viral 
surface glycoproteins HA and NA, AIVs are divided into various subtypes. To date, there 
are 18 different HA subtypes and 11 different NA subtypes (H1 through H18 and N1 
through N11, respectively) [2], which potentially form 144 HA and NA combinations 
by genetic reassortment. Although most of them are of low pathogenicity and cause mild 
infections in birds, some AIV combinations including HA H5 and H7 cause highly 
pathogenic avian influenza (HPAI), which is characterized by high morbidity and mor-
tality [3,4]. Indeed, large HPAI outbreaks in domestic poultry occurred during 2014–
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2018 in South Korea. The outbreaks of the 2016–2017 and 2017–
2018 winter seasons, caused by novel reassortant clade 2.3.4.4 
H5N6 viruses, resulted in loss of one billion birds in 440 farms in 
South Korea (https://www.kahis.go.kr/). Therefore, accurate and 
rapid subtyping of AIV is important to prepare and prevent for the 
spread of HPAI.  

There are several methods to detect the AIVs such as rapid influ-
enza diagnostic test (RIDT), nucleic acid-based tests (NATs), and 
next-generation sequencing (NGS) [5]. RIDTs, the most widely 
used method, can detect AIVs rapidly but do not provide informa-
tion on AIV subtype or specific virus strain information. NATs, 
which include reverse transcriptase-PCR and loop-mediated iso-
thermal amplification-based assay, detect virus-specific DNA or 
RNA sequences. Although most NATs are more sensitive and spe-
cific than RIDTs, they are laborious and time-consuming tests to 
get subtype information. In contrast to these methods, NGS can 
analyze the full-length sequence information of all eight AIV seg-
ments at once, so it can identify subtypes sensitively and accurately. 
Furthermore, since single nucleotide variants and evolutionary 
analyses are possible with the complete genome sequencing data, 
there are many advantages to identify the origin and pathogenicity 
of AIVs. However, an analysis pipeline of NGS-based AIV sequenc-
ing data, including AIV subtyping, has not yet been established. 

In this study, we developed a user-friendly tool, named predic-
tion of avian influenza virus subtype (PAIVS), to support the 
pre-processing of NGS data and its interpretation. PAIVS analyzes 
the NGS data for pre-processing, reference-guided AIV subtyping, 
de novo assembly and variant calling and provides graphical sum-
mary for subtype identification. In addition, PAIVS supports the 
BLAST (Basic Local Alignment Search Tool) function to identify 
the closest full-length sequences that can be used as genetic re-
sources for downstream analysis, such as phylogenetic analysis. 

Overview Pipeline 

PAIVS is an automated pipeline that analyzes AIV NGS data and 
consists of five steps; pre-processing, reference-guided alignment 
or de novo assembly, subtyping, variant calling, and identifying 
the closest sequences. We implemented PAIVS using python and 
its workflow is illustrated in Fig. 1. First, PAIVS takes FASTQ files 
from paired-end viral genome sequencing data as input. In the 
pre-processing step, PAIVS trims the sequence reads to remove 
the sequences with adaptor or low base quality. Trimed reads are 
then aligned to the host reference genome, such as avian or hu-
man, to remove the sequences from the host. In the next step, un-
mapped reads are aligned to the AIV reference genome and subse-
quently identify subtypes and variants based on the sequence 

composition and coverage. Users can also select de novo assembly 
option to get the closest full-length sequences and use them for 
downstream analysis. All results for each step is stored in its own 
directiry. 

Data Pre-processing 

In the pre-processing step, TRIMMOMATIC [6] tool trims the se-
quence reads to remove the sequences with adaptor or low base 
quality. Host reads subtraction by read mapping is performed by 
using the HISAT2 [7] or BWA [8] aligner against host organism 
genome. SAMtools software package [9] ‘view’ option is used for 
extracting unmapped read. Unmapped viral reads are then mapped 
to the AIV reference genome using the HISAT2 or BWA aligner. 
When we compared the mapping rate, memory usage, and run 
time between two aligners, BWA mem algorithm showed resonable 
run time and mapping rate to the reference AIV genome (Supple-
mentary Table 1). HISAT2 was faster and used fewer resources 
than BWA, but more than 90% of sequencing reads were not 
mapped to the AIV genome. Therefore, we recommend to use 
BWA aligner unless user has ultra high depth sequencing data 
( > 10,000 × ). 

Prediction of AIV Subtype 

In order to predict the AIV subtypes, PAIVS calculates the seg-
ment mean coverages as a coverage value for each 18 different HA 
and 11 different NA segments by using SAMtools. Coverage val-
ue means the sum of the coverages is then normalized by dividing 
by the total length of segment. 

Segment Mean Coverages =

where Dp is depth of each genomic position, p is segment length, 
k = 1,…, p is each genomic position.  

The coverage values are displayd on the linux terminal console 
and saved a comma separate text file (Fig. 2A). In addition, cover-
age depth for each HA and NA segments is saved as a image file in 
png format (Fig. 2B and 2C). 

Variants Calling and De Novo Assembly 

SAMtools and BCFtools [10] are implemented in PAIVS to detect 
the single nucleotide variant, which are known to be faster and use 
less memory than other variant calling methods such as Varscan2 
[11] and HaplotypeCaller [12]. The result is saved as a text file in 
variant call format, an example is shown in Fig. 2. Regarding de 
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novo assembly, Iterative Virus Assembler (IVA) designed to as-
semble virus genomes [13] is implemented in PAIVS. When the 
viral FASTA file is generated as an output of the IVA, the closest 
full-length sequences are then identified by BLAST [14] (Fig. 2E). 
Both variants and BLAST results can be used as genetic resources 
for further downstream analysis, such as phylogenetic analysis and 
clade classification. 

Conclusion 

In this paper, we introduce the PAIVS which is a user-friendly 
tool with multiple functions that support the pre-processing of 
NGS data, reference-guided AIV subtyping, de novo assembly, 
variant calling, and identifying the closest full-length sequences 

by BLAST and provide the graphical summary to the end users. 
In addition, PAIVS can be applied to other vial genomes for viral 
genome detection. By replacing the reference genome in the con-
figuration file, users can easily perform read mapping, variant 
calling, de novo assembly, and identifying the closest full-length 
sequences with BLAST. However, the viral subtyping and graphi-
cal summary functions of PAIVS were specifically designed for 
AIVs, so there is a limit to applying these functions to other viral 
genome. Considering that NGS technology is becoming a more 
common for detecting AIVs and predicting subtypes, PAIVS can 
be helpful for beginners who are not familiar with NGS-based 
AIV data processing. PAVIS is freely available at http://ircgp.
com/paivs. 

Fig. 1. Workflow of prediction of avian influenza virus subtype (PAIVS). PAIVS is an automated pipeline that analyzes avian influenza virus 
(AIV) next-generation sequencing (NGS) data and consists of five steps; pre-processing, reference-guided alignment or de novo assembly, 
subtyping, variant calling, and identifying the closest sequences. First, PAIVS takes FASTQ files from paired-end viral genome sequencing 
data as input. In the pre-processing step, PAIVS trims the sequence reads to remove the sequences with adaptor or low base quality. 
Trimed reads are then aligned to the host reference genome, such as avian or human, to remove the sequences from the host. In the next 
step, unmapped reads are aligned to the AIV reference genome and subsequently identify subtypes and variants based on the sequence 
composition and coverage. Users can also select de novo assembly option to get the closest full-length sequences and use them for 
downstream analysis. IVA, Iterative Virus Assembler.
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Fig. 2. Examples of prediction of avian influenza virus subtype (PAIVS) output. To evaluate the PAIVS, we analyzed a H5N6 avian influenza 
virus (AIV) confirmed by PCR and Sanger sequencing test. For the reference-guided read mapping, AIV genome sequences were obtained 
from Influenza Virus Resource Database (https://www.ncbi.nlm.nih.gov/genomes/FLU) and customized to analyze 16 different hemagglutinin 
(HA) and 9 different neuraminidase (NA) segments (H1 through H16 and N1 through N9). (A) PAIVS generates the coverage value for each 
HA and NA segments and presents the predicted subtype. As expected, analyzed sample was predicted as H5N6 subtype. (B, C) PAIVS also 
generates image files for coverage depth of HA (B) and NA (C) segments. Coverage depth of H5 and N6 segments was much higher than 
other segments. (D) Detected single nucleotide variants are reported as a variant call format. (E) The sequences closest to the analyzed 
segment are reported with BLAST score and E-value.

A

D E

B C

https://doi.org/10.5808/GI.2020.18.1.e54 / 5

Park et al. • Prediction of Avian Influenza Virus Subtype

http://orcid.org/0000-0001-5766-3540
http://orcid.org/0000-0001-9207-7053
http://orcid.org/0000-0002-7200-8330
http://orcid.org/0000-0002-6759-9324
http://orcid.org/0000-0002-6943-5948
http://orcid.org/0000-0003-1128-892X


Acknowledgments 

This work was supported by Korea Institute of Planning and Eval-
uation for Technology in Food, Agriculture, Forestry and Fisheries 
(IPET) through Animal Disease Management Technology Devel-
opment Program, funded by Ministry of Agriculture, Food and 
Rural Affairs (MAFRA) (318046-2). 

Supplementary Materials 

Supplementary data including one table can be found with this ar-
ticle online at https://doi.org/10.5808/GI.2020.18.1.e4.  
 

References 

1. Capua I, Alexander DJ. Avian influenza and human health. Acta 
Trop 2002;83:1-6. 

2. Tong S, Zhu X, Li Y, Shi M, Zhang J, Bourgeois M, et al. New 
world bats harbor diverse influenza A viruses. PLoS Pathog 
2013;9:e1003657. 

3. Claes F, Morzaria SP, Donis RO. Emergence and dissemination 
of clade 2.3.4.4 H5Nx influenza viruses: how is the Asian HPAI 
H5 lineage maintained. Curr Opin Virol 2016;16:158-163. 

4. Pantin-Jackwood MJ, Costa-Hurtado M, Shepherd E, DeJesus E, 
Smith D, Spackman E, et al. Pathogenicity and transmission of 
H5 and H7 highly pathogenic Avian influenza viruses in mallards. 
J Virol 2016;90:9967-9982. 

5. Vemula SV, Zhao J, Liu J, Wang X, Biswas S, Hewlett I. Current 
approaches for diagnosis of influenza virus infections in humans. 

Viruses 2016;8:96. 
6. Bolger AM, Lohse M, Usadel B. Trimmomatic: a flexible trimmer 

for Illumina sequence data. Bioinformatics 2014;30:2114-2120. 
7. Kim D, Langmead B, Salzberg S. HISAT2: graph-based align-

ment of next-generation sequencing reads to a population of ge-
nomes. Baltimore, MD: Johns Hopkins University, Center for 
Computational Biology, 2017. Accessed 2019 Dec 10. Available 
from: https://ccb.jhu.edu/software/hisat2/manual.shtml. 

8. Li H, Durbin R. Fast and accurate short read alignment with Bur-
rows-Wheeler transform. Bioinformatics 2009;25:1754-1760. 

9. Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et 
al. The Sequence Alignment/Map format and SAMtools. Bioin-
formatics 2009;25:2078-2079. 

10. Danecek P, McCarthy SA. BCFtools/csq: haplotype-aware vari-
ant consequences. Bioinformatics 2017;33:2037-2039. 

11. Koboldt DC, Zhang Q, Larson DE, Shen D, McLellan MD, Lin L, 
et al. VarScan 2: somatic mutation and copy number alteration 
discovery in cancer by exome sequencing. Genome Res 2012; 
22:568-576. 

12. McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, 
Kernytsky A, et al. The Genome Analysis Toolkit: a MapReduce 
framework for analyzing next-generation DNA sequencing data. 
Genome Res 2010;20:1297-1303. 

13. Hunt M, Gall A, Ong SH, Brener J, Ferns B, Goulder P, et al. IVA: 
accurate de novo assembly of RNA virus genomes. Bioinformat-
ics 2015;31:2374-2376. 

14. Camacho C, Coulouris G, Avagyan V, Ma N, Papadopoulos J, 
Bealer K, et al. BLAST+: architecture and applications. BMC 
Bioinformatics 2009;10:421. 

Genomics & Informatics 2020;18(1):e5

5 / 5https://doi.org/10.5808/GI.2020.18.1.e5

https://doi.org/10.1016/S0001-706X(02)00050-5
https://doi.org/10.1016/S0001-706X(02)00050-5
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1371/journal.ppat.1003657
https://doi.org/10.1016/j.coviro.2016.02.005
https://doi.org/10.1016/j.coviro.2016.02.005
https://doi.org/10.1016/j.coviro.2016.02.005
https://doi.org/10.1128/JVI.01165-16
https://doi.org/10.1128/JVI.01165-16
https://doi.org/10.1128/JVI.01165-16
https://doi.org/10.1128/JVI.01165-16
https://doi.org/10.3390/v8040096
https://doi.org/10.3390/v8040096
https://doi.org/10.3390/v8040096
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btu170
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btx100
https://doi.org/10.1093/bioinformatics/btx100
https://doi.org/10.1101/gr.129684.111
https://doi.org/10.1101/gr.129684.111
https://doi.org/10.1101/gr.129684.111
https://doi.org/10.1101/gr.129684.111
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1101/gr.107524.110
https://doi.org/10.1093/bioinformatics/btv120
https://doi.org/10.1093/bioinformatics/btv120
https://doi.org/10.1093/bioinformatics/btv120
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1186/1471-2105-10-421

	Introduction
	Overview Pipeline 
	Data Pre-processing 
	Prediction of AIV Subtype 
	Variants Calling and De Novo Assembly 
	Conclusion
	ORCID
	Authors’ Contribution 
	Conflicts of Interest 
	Acknowledgments
	Supplementary Materials 
	References

