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Abstract

Highly pathogenic avian influenza (HPAI) A(H5) viruses belonging to clade 2.3.4.4c of the A/goose/Guangdong/1/96-like
(Gs/GD) lineage caused severe global outbreaks in domestic birds from 2014 to 2015, that also represented the first incur-
sions of Gs/GD viruses into Taiwan and the USA. However, few studies have investigated the circulation of clade 2.3.4.4c
viruses after 2015. Here, we describe Gs/GD clade 2.3.4.4c and Mexican-like H5N2 viruses that were isolated in Taiwan
during active surveillance conducted in chicken farms from February to March 2019. Phylogenetic analysis demonstrated
two distinct genome constellations of the clade 2.3.4.4c H5 viruses, with the internal genes of one of the new genotypes
closely related to a virus isolated from a pintail (Anas acuta) in Taiwan, providing the first direct evidence that migratory
birds play a role in importing viruses into Taiwan. Our study also confirmed the co-circulation of Gs/GD clade 2.3.4.4c and
Mexican-like H5 lineage viruses in Taiwan, presenting a rare case where Gs/GD viruses developed sustained transmission
alongside another enzootic H5 lineage, raising the possibility that homosubtypic immunity may mask virus transmission,
potentially frustrating detection, and the implementation of appropriate control measures. To eradicate H5 viruses from
poultry in Taiwan, further studies on the effect of co-circulation in poultry of low pathogenic avian influenza and HPAI
viruses are needed. Furthermore, only with continued surveillance efforts globally can we fully discern dispersal patterns
and risk factors of virus transmission both to and within Taiwan.
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1. Introduction

Highly pathogenic avian influenza virus (HPAI) continues to be
a public health concern due to its zoonotic potential. A/goose/
Guangdong/1/1996-like (Gs/GD) H5N1 viruses first emerged to
cause six fatalities in Hong Kong in 1997 (Chan 2002). Since
2003, this virus lineage has been disseminated to countries in
Southeast Asia, Middle East, and Europe (Sonnberg, Webby, and
Webster 2013). Amplified in poultry populations, primarily
chicken and duck, these viruses have occasionally spilled over
to wild birds, resulting in long-distance virus transmission
(Chen et al. 2006).

The hemagglutinin (HA) genes of Gs/GD H5 viruses have
evolved into more than forty distinct clades (Smith et al. 2015),
within which a myriad of internal gene constellations have
been generated by undergoing reassortment with low patho-
genic avian influenza (LPAI) viruses. Since 2008, clade 2.3.4.4 H5
viruses have acquired different neuraminidase (NA) genes from
LPAI viruses leading to the emergence of subtypes other than
H5N1 including H5N2, H5N6, and H5N8 (Saito et al. 2015; Smith
et al. 2015). Clade 2.3.4.4c H5N8 viruses, one of the sub-lineages
of clade 2.3.4.4 (WHO 2020), caused severe outbreaks in Korean
poultry farms in early 2014 (Lee et al. 2014b; Saito et al. 2015).
Before the end of 2014, viruses from the same lineage had
spread to Japan, Europe, and unprecedentedly, to Canada, and
the USA (Bouwstra et al. 2015; Ip et al. 2015; Kanehira et al.
2015). In North America, these H5 viruses that were likely dis-
persed between continents by migratory birds, soon reassorted
with enzootic LPAI viruses and caused outbreaks in poultry
farms (Ip et al. 2015; Saito et al. 2015).

Taiwan reported its first outbreak of clade 2.3.4.4c H5N8 vi-
ruses in January 2015 (Lee et al. 2016). By the end of 2015, HPAI
viruses were found in 944 farms with 4.15 million birds culled in
response to the epidemics (BAPHIQ 2019). As in North America,
this is the first time that Gs/GD-like H5 viruses have caused sus-
tained transmission in Taiwan (Huang et al. 2016)
(Supplementary Fig. S1). Multiple subtypes, including H5N2,
H5N3, and H5N8 viruses, were generated through reassortment
(Supplementary Table S1), among which at least five genetic
constellations were identified (Huang et al. 2016). Viruses be-
longing to a Mexican-like H5N2 lineage, which has been circu-
lating in Taiwan since 2003 (Lee et al. 2014a; Li et al. 2017), were
also isolated during the 2015 epidemics (Huang et al. 2016).
Interestingly, some of these Mexican-like viruses isolated dur-
ing 2008–14 had more than two basic amino acids at the HA
cleavage site, a well-studied virulence marker of avian influ-
enza, and were characterized as potential HPAI (Soda et al. 2011;
Lee et al. 2014a; Li et al. 2017). All viruses isolated in 2015, how-
ever, had only two basic amino acids and are characterized as
LPAI (Li et al. 2017).

There is no evidence that clade 2.3.4.4c H5 viruses persist in
Korea, countries in Europe or North America after 2016
(Taubenberger and Morens 2017; WHO 2020). In contrast, during
2016–19, there were 401 farms and 3.67 million birds affected by
HPAI viruses in Taiwan, which was mainly the consequence of
the 2015 introduction (BAPHIQ 2019). In addition, H5N2 and
H5N8 HPAI viruses were continuously detected during 2015–18
based on the government-run surveillance (Supplementary
Table S1). However, during the same period there were few
studies focusing on clade 2.3.4.4c viruses circulating in Taiwan.
Although clades 2.3.4.4b and 2.3.4.4e H5N6 viruses were
detected and described in 2017 (Chen et al. 2018; Liu et al. 2018),
there is no evidence that these viruses developed sustained
transmission in poultry in Taiwan (WHO 2020) (Supplementary

Fig. S1 and Table S1). In this study, we aim to understand the
current situation of H5 epidemics in Taiwan. By analyzing
newly sequenced H5N2 viruses from chicken farms, we con-
firmed that both clade 2.3.4.4c and Mexican-like H5N2 contin-
ued to circulate in 2019. A virus isolated from a pintail (Anas
acuta) further demonstrated that migratory birds were able to
import genes from the wild bird influenza gene pool, potentially
contributing to the H5 reassortants described here.

2. Materials and methods
2.1 Sample collection

Due to the sustained circulation of H5 viruses since its introduc-
tion in 2015, active surveillance focusing on the poultry before
shipping to the slaughter house was conducted in Yunlin, one
of the major agricultural areas in Taiwan. At least twenty cloa-
cal or fresh dropping swabs were sampled from a total of forty-
six poultry farms during January and March 2019. There were
on average about 18,000 birds in each farm while the survey
was conducted. Two chicken farms with avian influenza virus
detected in this study were also diagnosed by the government-
run surveillance system, and the farms were then subjected to
regular control measures including culling all the birds (Lee
et al. 2016; Liu et al. 2018). Migratory waterfowls were trapped
using funnel trap (Whitworth et al. 2007) in Aogu Wetland
Forest Park, Chiayi County, Taiwan, a major wintering site for
migratory birds on the west coast. Waterfowls trapped in this
study were species migrating through the East Asian–
Australasian Flyway from Alaska or Siberia in the winter. Oral
and cloacal swabs were collected from trapped waterfowls. A to-
tal eighty-nine samples composed of nine species, including
pintail, Eurasian wigeon, and garganey, were collected from
November 2017 to February 2018. The procedures for wild wa-
terfowls trapping and sample collection were approved by
Institutional Animal Care and Use Committee of National
Pingtung University of Science and Technology (Approval num-
ber: NPUST-106-029).

2.2 Nucleic acid extraction, library preparation, and
MinION sequencing

RNA was extracted from the samples using Direct-zol RNA
Miniprep Plus (Zymo Research) with DNase I treatment accord-
ing to manufacturer instructions. Reverse transcription was
then conducted with SuperScript III enzyme (Invitrogen) and a
mixture of Uni12/Uni12.4 primers (Zhou et al. 2009). Before am-
plifying whole viral genomes, cDNA derived from chicken sam-
ples were screened for influenza A virus by conventional M
gene PCR using InfA Forward/Reverse primers (WHO 2018).
Samples from wild birds were screened for influenza A viruses
by loop-medicated isothermal amplification and further con-
firmed by conventional RT-PCR as previously described (Wang,
Huang, and Chen 2016).Whole viral genomes were subsequently
amplified using Phusion HF polymerase (New England Biolabs)
and a combination of Uni12/Uni12.4/Uni13 primers as described
(Zhou et al. 2009).

PCR products containing whole genomes were purified using
KAPA Pure Beads (Roche), and amplicons from different sam-
ples was quantified with Qubit dsDNA Assay Kit (Life
Technologies) on a Qubit fluorometer prior to library prepara-
tion. At least 100 ng DNA was taken from each sample for end-
repairing with KAPA Hyper Prep Kit (KAPA), and then barcoded
using Native Barcoding Kit (EXP-NBD104, Oxford Nanopore
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Technologies). Products were further purified as above before
pooling equal amounts of each barcoded amplicon. The final se-
quencing library was constructed from the pooled product using
Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore
Technologies). Libraries prepared above consisting of four to six
samples were loaded onto a R9.4.1 flow cell (FLO-MIN106,
Oxford Nanopore Technologies) on a MinION sequencing device
after the priming process. Data were collected after 24–48 h.

2.3 Bioinformatics workflow

Base calling from fast5 files was performed using Guppy v3.15
(Oxford Nanopore Technologies) filtering out reads with a
qscore lower than seven. Resulting fastq files were demulti-
plexed using Porechop v0.24 (https://github.com/rrwick/
Porechop), in which only reads containing matched barcodes at
both ends were assigned to the new fastq files. Before mapping
reads to reference sequences, de novo assembly was conducted
using Canu v1.8 (https://github.com/marbl/canu). The generated
contigs were used to perform blastn with BLASTþ v2.9 (https://
blast.ncbi.nlm.nih.gov) against a local influenza database
downloaded from NCBI. Top hits, that is a collections of most
similar segments in particular strains, were then scrutinized
and selected to prepare a reference genome for each sample.
Demultiplexed fastq files were subsequently mapped to respec-
tive reference genomes by Minimap2 v2.16 (https://github.com/
lh3/minimap2).

Consensus sequences were constructed based on previous
approaches (Quick et al. 2017; Kafetzopoulou et al. 2019). In
brief, Nanopolish v0.11 was employed to detect single nucleo-
tide variants in the aligned reads facilitated by their signal-level
data (fast5) (https://github.com/jts/nanopolish). Only variants
with a quality score >200 and a minimum support fraction >0.6
were accepted. Details of the bioinformatic scripts can be avail-
able at https://github.com/yaotli/minion-influenza. We vali-
dated our sequencing pipeline as described in the
Supplementary Data. Sequences produced in this study are
available from NCBI GenBank database (accession numbers:
MN988762-MN988825).

2.4 Phylogenetic analyses

Sequences of avian influenza A viruses were downloaded from
the NCBI Influenza Virus Resource (https://www.ncbi.nlm.nih.
gov/genomes/FLU/) and GISAID (https://www.gisaid.org).
Sequences shorter than 0.95� the lengths of coding region or
sequences containing more than 1 per cent ambiguous nucleoti-
des were discarded. Curated sequences were then aligned using
MAFFT v7.407 and trimmed to coding regions. Before selecting
representative strains, all available sequences of eight segments
were separately pooled with sequences generated in our study,
and the alignments were subject to maximum likelihood (ML)
tree inference using IQ-TREE v1.6.12 (Nguyen et al. 2015) with a
general time reversible (GTR) substitution model plus a
Gamma-distributed rate. Previous Taiwanese isolates, samples
collected in this study and their closely related strains were fur-
ther selected to generate ML trees inferred by RAxML v8.2.12
(Stamatakis 2014), with a GTR plus gamma substitution model
and 1,000 bootstrap iterations. Accession numbers of the
sequences analyzed in this study have been provided in
Supplementary Table S2.

A Bayesian phylogenetic framework was implemented to ex-
plore additional evolutionary and epidemiological information
with HA sequences of clade 2.3.4.4c and Mexican-like lineage

viruses. TempEst v1.5.3 was used to examine temporal signals
in each dataset (Rambaut et al. 2016), taking an ML tree recon-
structed by RAxML and times of virus isolation as input. Time-
scaled phylogeny was then inferred using BEAST v.1.10.4
(Suchard et al. 2018). We employed a GTR plus gamma substitu-
tion model, and an uncorrelated lognormal relaxed molecular
clock (Drummond et al. 2006) with a Skygrid demographic prior
for each dataset (Gill et al. 2013). Ancestral geographical loca-
tions were inferred along the phylogeny by implementing a
discrete-state continuous time Markov chain model in BEAST
for clade 2.3.4.4c dataset. We employed an asymmetric substitu-
tion model with Bayesian stochastic search variable selection
for transition parameters (Lemey et al. 2009). Markov Chain
Monte Carlo (MCMC) analysis was run for 120 million steps and
sampled every 10,000 steps. For each dataset, two parallel runs
were conducted and combined with a burnin of 20 million per
chain using LogCombiner (Suchard et al. 2018). Parameters
logged during the MCMC runs were inspected by Tracer v1.7.1
(Rambaut et al. 2018). Summarized maximum clade credibility
(MCC) trees were inferred using TreeAnnotator (Suchard et al.
2018) and subsequently visualized with R package ggtree (Yu
et al. 2018).

3. Results
3.1 Detection of avian influenza in chicken farms and
wild birds

We detected avian influenza viruses in two separate chicken
farms, denoted Farm D and Farm A, in Yunlin, Taiwan in
February and March 2019, respectively, during our active sur-
veillance. Five samples tested from Farm A comprised five or
six pooled fecal swabs, whereas thirty-two fecal swabs in Farm
D were tested individually. Among all the samples, four sam-
ples from Farm A (80%) to five samples from Farm D (16%) tested
positive for influenza A virus. In addition, we detected influenza
in sixteen oropharyngeal or cloacal swabs samples from sixty
pintails captured in Aogu Wetlands during the 2017 winter.
Whole genomes were generated from six chicken samples to
two wild bird samples. Preliminary phylogenetic analysis indi-
cated that viruses from chicken farms were all H5N2 viruses;
five of them were clade 2.3.4.4c viruses and one belonged to the
Mexican-like H5 lineage (Supplementary Fig. S1). The wild bird
genomes were found to be from H6N1 and H1N3 influenza A
viruses.

3.2 Introduction of clade 2.3.4.4c to Taiwan

Phylogenetic analysis of the HA gene suggests that clade
2.3.4.4c viruses entered Korea before 2014, followed by a second
wave of dispersal leading to virus circulation in North America,
Europe, and Taiwan (Fig. 1A and Supplementary Fig. S2).
Estimates of times of the most recent common ancestor
(tMRCA) indicate the virus was introduced into Korea in late
October 2013, about 1 year before they reached other areas
(Table 1). The tMRCA of clade 2.3.4.4c viruses isolated in Taiwan
(October 2014) is close to tMRCA of the viruses in North America
(September 2014) and Europe (September 2014) with overlapping
statistical uncertainty (Table 1 and Fig. 1C). The upper bound of
the tMRCA 95 per cent highest posterior density (95% HPD) of vi-
ruses in Taiwan is in November 2014, at least 1 month before
the first outbreak was reported (Lee et al. 2016). These results il-
lustrate a nearly synchronized invasion of clade 2.3.4.4c virus
into different geographical areas in late 2014.
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3.3 New H5N2 reassortants

Both the HA and NA genes of the clade 2.3.4.4c H5N2 viruses iso-
lated in 2019 were most closely related to an H5N2 virus (A/
chicken/Taiwan/u7/2016) identified in 2016 (Fig. 2A and
Supplementary Fig. S2). Basic amino acids at the HA cleavage
site of 2019 viruses (PLRERRRKR/GLF) were also identical to pre-
vious clade 2.3.4.4c viruses from Taiwan (Lee et al. 2016).
However, by analyzing phylogenetic relationships of all eight
genes, we found two novel genotypes each represented by vi-
ruses in one farm. We thus assigned Genotypes 7 and 8 to these
new isolates (Fig. 1B), following a previous classification (Huang
et al. 2016). For Genotype 7, their NP and NS genes were similar
to the Gs/GD H5N2 virus found in 2016, which belong to
Genotype 2 (Figs 1B and 2B and Supplementary Fig. S3). The PB2,
PB1, and PA genes of Genotype 7 did not cluster with other clade
2.3.4.4 viruses identified in Taiwan (Supplementary Fig. S3).
Among them, the PB2 and PA originated from the Eurasian gene
pool, whereas the PB1 originated from the North America gene

pool. This PB1 gene is not closely related to PB1 carried by
known HPAI viruses isolated in North America. For Genotype 8,
all internal genes except MP were distinct to all known H5
viruses identified in Taiwan, and located within the Eurasian
gene pool (Fig. 2B and Supplementary Fig. S3). MP genes of
Genotypes 7 and 8 were similar to previous clade 2.3.4.4 viruses
in Taiwan that are derived from earlier isolates throughout mul-
tiple reassortment events, clustering within a monophyletic
group formed by Gs/GD H5 viruses.

The NP genes in Genotype 8 viruses were closely related to
that of the H1N3 virus (A/pintail/Taiwan/WB2478/2017) isolated
from a pintail in Taiwan sequenced as part of this study (Fig. 2B).
The NP gene A/pintail/Taiwan/WB2478/2017 is also the most simi-
lar sequence to Genotype 8 among all available NP sequences
(Supplementary Fig. S4). Other internal genes in A/pintail/Taiwan/
WB2478/2017 were most closely related to genes of viruses
identified in Japan (Supplementary Fig. S3). This finding provides
evidence that migratory birds have acted as vectors introducing
influenza virus gene segments into the local H5 genetic sink.
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3.4 Mexican-like H5N2 lineage

We also sequenced a Mexican-like H5N2 virus (A/chicken/
Taiwan/A1/2019) isolated in Farm A where Genotype 8 viruses
were also found. The HA phylogeny further indicates A/
chicken/Taiwan/A1/2019 was descended from a subclade of
Group B H5N2 viruses (described in Lee et al. 2014a) that pos-
sessed two basic amino acids at the HA cleavage site (as shown
by Ck/TW/CY/A2628/2012 in Fig. 3). In comparison, all of the vi-
ruses in Group A and some viruses in Group B during 2008–14
possessed three or more basic amino acid residues at the cleav-
age site. Furthermore, A/chicken/Taiwan/A1/2019 had a unique
glycine residue at position �3 (Fig. 3). We confirmed this residue
by another library containing at least 4,000� coverage at this co-
don (Supplementary Fig. S6).

The HA sequence of this new virus, plus other Taiwanese
Mexican-like H5N2 viruses isolated during 2003–15 displayed a

strong clock signal (Supplementary Fig. S5), and the regression
line of genetic distance to time of the Mexican-like H5N2 viruses
in Taiwan is also similar to that of viruses isolated in the
Americas from 1994 to 2009. Taken together, these results sug-
gest the enzootic circulation of Mexican-like H5N2 viruses in
Taiwan. Phylogenetic analyses show this H5N2 virus possessed
a classical Mexican-like H5N2 genotype as its HA and NA were
most similar to H5N2 viruses isolated from Taiwan in 2015,
whereas internal genes clustered with enzootic H6N1 viruses
(Figs 2 and 3 and Supplementary Fig. S3).

3.5 Diversity of the two H5N2 populations in Taiwan

Isolation of Gs/GD and Mexican-like H5 viruses indicated both
lineages were circulating in Taiwan at the time we sampled.
With limited genetic data from either lineage after 2015 (Figs 1

Table 1. tMRCA estimates of H5 clade 2.3.4.4c viruses in different geographical areas.

Area Median tMRCAa Lower 95% HPD Upper 95% HPD

North Asia 2013.82 (26 October 2013) 2013.68 (4 September 2013) 2013.92 (1 December 2013)
North America 2014.68 (7 September 2014) 2014.57 (29 July 2014) 2014.79 (15 October 2014)
Europe 2014.71 (17 September 2014) 2014.56 (24 July 2014) 2014.80 (19 October 2014)
Taiwan 2014.76 (3 October 2014) 2014.62 (15 August 2014) 2014.86 (10 November 2014)

atMRCA estimates were calculated using the H5-HA gene.

GWteal/Xianghai/430/2011 (H5N2)

Dk/Hunan/S11313/2012 (H4N2)

Dk/Fukui/181015/2016 (H6N2)

WSw/Hokkaido/W14/2017 (H5N2)

Dk/Toyama/161010/2016 (H6N2)

Mall/Korea/M219/2014 (H6N2)

Dk/Shimane/321004/2014 (H5N2)

Dk/TW/11254/2013 (H5N2)

Dk/TW/755/2013 (H5N2)

Dk/TW/DV1236/2009 (H5N2)

Dk/TW/DV518/2006 (H5N2)

Ck/Morales/28159/538/1995 (H5N2)

Ck/Hidalgo/28159/232/1994 (H5N2)

Mall/Minnesota/27/1998 (H2N2)

Ck/TW/u7/2016 (H5N2)

Gs/TW/01040/2015 (H5N2)

Dk/TW/01006/2015 (H5N2)

Ck/TY/a665/2015 (H5N2)

Ck/CH/a556/2015 (H5N2)

Ck/TW/A1997/2012 (H5N2)

Ck/TW/683/2012 (H5N2)

Ck/TW/A703-1/2008 (H5N2)

Ck/TW/0101/2012 (H5N2)

Ck/TW/1209/2003 (H5N2)

Ck/TW/A5/2019 (H5N2)

Ck/TW/A3/2019 (H5N2)

Ck/TW/A4/2019 (H5N2)

Ck/TW/D9/2019 (H5N2)

Ck/TW/D2/2019 (H5N2)

Pt/TW/WB2477/2017 (H6N2)

Ck/TW/A1/2019 (H5N2)

Dk/Shimane/321004/2014 (H5N2)
Dk/Aichi/231002/2016 (H6N5)
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and 3), it is difficult to assess viral population sizes directly.
Interestingly, the clade 2.3.4.4 HA phylogeny showed that vi-
ruses from Farm A to Farm D formed distinct monophyletic
groups (Fig. 1B). The tMRCA of viruses from the two farms was
estimated as late 2016 to mid-2017 (median, 2017.02; 95% HPD,
2016.62–2017.48), 2 years prior to detection, and suggesting the
presence of a much higher underlying HA diversity in poultry
(Fig. 1B).

Since the two viruses isolated during 2016 diverged roughly
at the time clade 2.3.4.4 viruses were introduced into Taiwan
(i.e. about 1.5–2 years before their isolation), from a population
genetics perspective (Ho and Shapiro 2011), similar coalescent
intervals imply population diversity in 2019 was no less than
the level of diversity in 2016 (Fig. 1B). Direct comparison be-
tween sequences shows HA genetic diversity in 2019 is more
than five times of viruses identified in the 1st year of introduc-
tion (Fig. 4). For the Mexican-like H5N2 lineage, their HA diversi-
ties reached a peak in 2013 and then declined to the similar
level as Gs/GD in 2015 (Fig. 4). This observation is in agreement
with the phylogenetic tree that no Group A virus was found af-
ter 2013.

4. Discussion

In this study, we analyzed newly isolated H5 viruses belonging
to two major lineages in Taiwan—clade 2.3.4.4c H5N2 viruses
from the HPAI Gs/GD lineage and a Mexican-like LPAI H5N2 vi-
rus in a farm where Gs/GD viruses were also identified. Our
results indicate that multiple clade 2.3.4.4c reassortant viruses

continued to circulate after the 2015 outbreaks. Consistent with
previous studies (Huang et al. 2016; Lee et al. 2016) our data
show that the gene segments incorporated during these reas-
sortment events were related to viruses identified in eastern
Asia, that is the Eurasian gene pool, within 5 years.

As Taiwan is an island, it is intuitive to speculate that migra-
tory birds play a role in bridging the gap between the Eurasian
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gene pool and local influenza virus transmission, but a direct
evidence has been lacking. Liu et al. (2018) reported a clade
2.3.4.4b H5N6 virus recovered from a dead spoonbill in Taiwan,
however, there was no evidence of genetic exchange between
this H5N6 virus (or a similar strain) and locally transmitted vi-
ruses in Taiwan (Supplementary Fig. S3). Here, we showed a
pintail captured in Taiwan carried a virus which potentially
contributed NP genes to the chicken infecting viruses, providing
a direct example of migratory birds transmitting influenza
genes into the Taiwan influenza gene pool. Migratory birds, in-
cluding pintails (A.acuta), fly from Northeast Asia to Taiwan to
overwinter each year (Cheng et al. 2010; Huang et al. 2016).
Taiwan is located at the middle of the East Asia and Australian
flyways (Cheng et al. 2010), and more intense surveillance in
Taiwan would be crucial to better understand the interaction
between these gene pools.

Identification of a Mexican-like H5N2 virus in this study
indicates that this lineage has been circulating in Taiwan since
it was first detected in 2003 (Lee et al. 2014a; Li et al. 2017). We
further found that this virus had a low pathogenic marker, with
two basic amino acids at the HA cleavage site. Although we
were unable to directly examine its pathogenicity in chickens,
closely related H5N2 viruses isolated in 2015 also with two basic
amino acids were all low pathogenic (Li et al. 2017). Li et al.
(2017) proposed that current control measures, which mandates
culling in farms diagnosed with viruses having HPAI but not
farms diagnosed with LPAI viruses, allowed Mexican-like H5N2
viruses to persist in poultry populations. Corroborating this hy-
pothesis, our results show that the 2019 H5N2 strain originated
from a subgroup that has maintained low pathogenic markers
since 2012. As far as we are aware, the acquisition and then loss
of basic amino acids, and the associated phenotype, in these vi-
ruses has not been previously recorded. Other hypotheses, for
example, competitive exclusion with Gs/GD-like viruses leading
to the replacement of HPAI Mexican-like H5N2 viruses cannot
be discounted.

Although co-circulation of Gs/GD and Mexican-like H5 vi-
ruses has been described in previous studies (Huang et al. 2016;
Li et al. 2017), the detailed distribution and dispersal of these
two lineages in Taiwan was unknown. We found evidence for
the first time that viruses of these two lineages could co-
circulate within a single farm. Although only a single Mexican-
like virus was detected, repeated sequencing ascertained that
the sequence was not a contaminant (Supplementary Data). Co-
circulation of these two lineages in poultry farms may further
complicate disease control efforts for two reasons. First, pre-
exposure to one of the virus strains may confer homosubtypic
immunity against other H5 stains, resulting in milder symp-
toms or lower mortality thereby masking virus transmission.
Second, even though sick birds are detected, the farm may be
exempted from further control measures if solely LPAI sequen-
ces are detected. Further studies on how pre-exposure to LPAI
Mexican-like viruses may mediate pathogenicity of Gs/GD HPAI
virus in poultry are needed.

The limited sampling conducted in this study, only two
farms in one county, determine that inferences on population
diversity are less likely reflect that of the total viral population
in Taiwan. Other analyses, including the timing introduction of
clade 2.3.4.4 viruses and their genome constellations are not af-
fected by sample size. Therefore, our data should be interpreted
as the ‘lower bound’ estimates of genetic diversity in the area.
In fact, a new subtype of clade 2.3.4.4c, H5N5, along with clade
H5N2 outbreaks were reported during the time of our investiga-
tion (OIE 2019). In this regard, we urge for comprehensive

surveillance of poultry farms in Taiwan to identify sources and
patterns of local transmission in the island to inform control
efforts and halt current enzootic transmission.

Advances in both sequencing and phylogenetic techniques
have been increased their utility as powerful tools in facilitating
infectious disease control (Quick et al. 2016). Our study provides
a pipeline for local governments in Taiwan to rapidly generate
sequences without virus culture and to implement real-time se-
quence analyses during an epidemic. However, only with suffi-

cient sequences collected consistently through time and across
a broad geographic area, could future studies discern dispersal
patterns and risk factors of virus transmission within Taiwan.

Data availability

Accession numbers of the sequences analyzed in this study
have been provided in the Supplementary Data. Sequences pro-
duced in this study are available from NCBI GenBank database.
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