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Abstract

Geese, both wild and domestic, are generally considered part of the natural reservoir for influenza A viruses. The highly pathogenic H5
Goose/Guangdong avian influenza virus lineage that is still causing outbreaks worldwide was first detected in domestic geese in 1996.
However, while wild geese might have a somewhat restricted role in the influenza ecosystem, the role of domestic geese is little studied.
Here, 109 H6 viruses isolated from domestic geese during 2001-2018 in southern China had their phylogeny, evolutionary dynamics, and
molecular signatures characterized to examine the role of domestic geese. Our findings demonstrated that all geese H6 viruses were
derived from H6 viruses established in ducks and that they subsequently formed three distinct hemagglutinin lineages. Rapid evolution
of the hemagglutinin genes was not detected after the duck-to-goose transmissions of H6 viruses that then circulated in geese. Despite
long-term persistence in geese, H6 viruses were rarely observed to transmit back to ducks or terrestrial poultry and never exchanged
genes with viruses from other subtypes. Most geese H6 viruses maintained the primary molecular signatures of their duck precursors.
This study raises the possibility that, rather than being part of the natural reservoir, domestic geese might be more like an aberrant
host species for influenza A viruses, and perhaps a “dead-end” host.

Keywords: domestic goose; H6 influenza virus; establishment; evolutionary dynamic.

1. Introduction with severe consequences, primarily for infected terrestrial poul-
try (Swayne and Suarez 2000, Banks et al. 2001, Qi et al. 2018).
Although domestic waterfowl are also regarded as a major part of
the natural avian influenza virus (AIV) reservoir, viruses in these
hosts can evolve significantly differently from those in their wild

counterparts (Huang et al. 2012, Yoon et al. 2014).

Aquatic birds of the orders Anseriformes (ducks, geese, and swans)
and Charadriiformes (shorebirds and gulls) are generally regarded
as the natural reservoir of influenza A viruses (Webster et al. 1992).
Wild waterfowl host a high diversity of lowly pathogenic avian
influenza viruses (LPAIVs) in generally asymptomatic infections,

with limited viral evolution at the amino acid level, and these
fowl are the fundamental source of influenza A viruses infect-
ing domestic poultry and mammals (Webster et al. 1992). Of the
LPAIV subtypes, H5 and H7 may sporadically evolve into highly
pathogenic avian influenza viruses (HPAIV) by acquiring multi-
ple basic amino acids at the cleavage site of the HA protein,

Two major types of domestic waterfowl (ducks and geese)
are raised in China, with >70% of the ducks and 93% of the
geese farmed in the world currently held there (https://www.
fao.org/faostat/en/#data/QCL). The increasing population size and
density of poultry farmed in China have impacted the evolu-
tion of influenza viruses. The ongoing evolution of HS5 and H6
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viruses in domestic waterfowl has given rise to distinct virus lin-
eages, as commonly seen in viruses of terrestrial poultry (C. L.
Guo et al. 2000, Guan et al. 2002, Cheung et al. 2007, Huang
et al. 2010).

Domestic ducks also act as an intermediate host transmitting
AlVs to terrestrial poultry (Bahl et al. 2009, Huang et al. 2010,
2012). Interactions between influenza A viruses of wild birds and
domestic ducks in China over the last two decades have led to
extensive reassortment events between enzootic poultry virus lin-
eages and those from wild birds. This has then contributed to
the generation of multiple zoonotic influenza viruses (e.g. H3N8,
H7N9, and H10N8) (Lam et al. 2013, Ma et al. 2015, Chen et al.
2023).

Wild and domestic geese are currently considered as part of the
natural reservoir of AlVs, although migratory geese might have
a more limited role in disseminating AIVs (Jonassen and Han-
deland 2007, Hoye et al. 2010, Kleijn et al. 2010, Samuel et al.
2015, Yin et al. 2017). Since the detection of the persistent and
highly pathogenic Goose/Guangdong (GS/GD) H5Nx lineage, which
remains enzootic in domestic geese (Xu et al. 1999), the role of
these birds in the genesis of this lineage remains unclear. Domes-
tic geese, even at increased population densities, mostly graze
in grassland and sometimes congregate to roost on water bodies
(Green and Elmberg 2014), so they could share AIVs with water-
birds and terrestrial poultry. How AIVs evolve in domestic geese
and whether these birds might have a similar role to domestic
ducks, or act more like a restricted, aberrant, or terrestrial poultry
host in the AIV ecosystem has not been systematically explored.

H6 subtype viruses provide an opportunity to explore this as
they are widely distributed in wild birds, domestic ducks, geese,
and terrestrial poultry (Webby et al. 2003, Huang et al. 2010, Hu
et al. 2020). Routine surveillance studies showed that domestic
ducks were the predominant host for H6 subtype viruses (Li et al.
2019, Xu et al. 2023). Since 2000, two lineages (group [ and group
IT) of H6 viruses became established in domestic ducks in China
(Huang et al. 2010, 2012), with group II subsequently becoming
predominant (Huang et al. 2012). After 2011, the rate of virus iso-
lation gradually increased in domestic geese, surpassing that in
domestic ducks on some occasions (Luo et al. 2017, Peng et al.
2018). However, the ecological role played by domestic geese in
the distribution of H6 viruses is not known.

In this study, our data accumulated from 2001 to 2018 show
that viruses of the H6 subtype were frequently detected in domes-
tic geese in southern China. To define the role of domestic
geese, we conducted a comprehensive phylogenetic analysis of
the genomic evolution of these geese H6 viruses, and evaluated
the evolutionary rate of, and the selection pressure acting on,
the HA gene to interpret their viral evolutionary dynamics, gene
reassortment patterns and molecular signatures.

2. Materials and methods

2.1 Surveillance and virus isolates

The record of influenza surveillance in domestic geese in southern
China from 2001 to 2018 is summarized in Table 1. Surveillance
was conducted in relatively stable, actively trading, live poul-
try markets (LPMs) on market geese in Guangdong and Guangxi
provinces. Samples were collected every 2 weeks, to avoid the
possibility of resampling a goose and, while the numbers of
geese at market varied due to farming and commercial consid-
erations, efforts were made to sample at least 20% of available
birds. Oropharyngeal and cloacal swabs were taken if accessible,

otherwise isolated fecal droppings were collected in goose stalls
where no other poultry were sold. Samples were immediately pre-
served in viral transport medium supplemented with antibiotics
and placed in 4°C cool boxes before sending to the laboratory. They
were then inoculated into 9- to 10-day-old embryonated eggs and
incubated for 48-72h at 37°C for virus isolation. Hemagglutinin-
positive allantoic fluids were subtyped by hemagglutinin inhibi-
tion (HI) assays using a panel of World Health Organization (WHO)
reference antisera. All operations followed WHO guidelines on
Animal Influenza Diagnosis and Surveillance.

2.2 Species-origin identification

The species of origin for fecal samples was identified
by the method used in previous publications (P. P. Cheung et al.
2009). Host genomic DNA was extracted using a QlAamp Fast DNA
Stool Mini Kit (QIAGEN). The avian mitochondrial cytochrome oxi-
dase I gene was amplified by nested PCR using two sets of primers.
Bird universal primers were Ext-F(5'-TGTAAAAAGGWCTACAGC
CTAACGC-3') and Ext-R (5-GTRGCNGAYGTRAARTATGCTCG-3").
Internal primers were Int-F(5'-AACAAACCACAAAGATATCGG-3’)
and Int-R (5'-TGGGARATAATTCCRAAGCCTGG-3"). Amplified PCR
products were subjected to Sanger sequencing on an ABI3730
genetic analyzer (Applied Biosystems), according to the manu-
facturer’s default protocols. DNA sequences were assembled and
compiled using Lasergene version 8.0 (DNASTAR). Their compiled
sequences were searched against the NCBI GenBank reference
database (Clark et al. 2016) using blastn to collect nearest neigh-
bors based on high coverage and closely related hits in reference
databases.

2.3 Full-genome sequencing

Approximately 20% of the goose H6 HI positive isolates were
proportionately randomly selected for full-genome sequencing,
taking account of the province, sampling date, and isolation rate
to achieve as representative as possible a set of sequences across
the surveillance period. For fecal droppings, only samples con-
firmed as from a goose by identifying the species of origin were
subjected to sequencing. Viral RNA was extracted using QlAamp
Viral RNA Mini Kits (QIAGEN) and treated with DNase (QIAGEN)
to remove DNA from embryonated eggs. Complementary DNA
was synthesized using PrimeScript II 1st Strand cDNA Synthesis
Kits (TaKaRa Bio) with uni12 primers and other influenza-specific
primers described previously (Hoffmann et al. 2001). DNA libraries
were constructed using the TruePrep DNA Library Prep Kit V2 for
Ilumina (Vazyme), and were subjected to standard sequencing
protocols using MiSeq Reagent Kits v2 (Illumina) on the MiSeq
desktop sequencer (Illumina) according to the manufacturer’s
instructions. Low-quality and short raw reads generated from the
standard sequencing process were removed using PRINSEQ. From
these preprocessed reads, 3000 reads were randomly selected and
assembled into contigs with overlapping regions of 40 nucleotides
and >90% identity using the GS De Novo Assembler (version
2.6, Roche). These temporary contigs were searched against the
influenza A virus sequences available from GenBank using blastn.
The most similar sequences were used as the templates to assem-
ble the rest of the preprocessed reads using MIRA. Samples con-
taining more than one copy of a gene with <97% sequence identity
were considered as mixed infections and were removed prior
to phylogenetic analyses. The full genomes of 109 unmixed H6
goose viruses obtained in this study have been submitted to
GenBank.
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Table 1. Isolation of H6 influenza viruses in domestic geese in southern China from 2001 to 2018.
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No. of samples® H6P (%) |Seq” Nyd
Year GD GX Total GD GX Total (GD, GX)
2001 363 / 363 18 (4.96) 3 / 18 (4.96) |3 N2 (3,0)
2002 467 / 467 29 (6.21) |3 / 29 (6.21) |3 N2 (3,0)
2003 / / / / / /
2004 113 481 594 0 0 0
2005 5374 938 6312 3(0.06) |2 0 3(0.05) |2 N2 (2,0)
2006 6435 909 7344 5(0.08) |2 200.22) 1 7(0.10) |3 N2 (0, 1), N6 (2, 0)
2007 / 727 727 / 9(1.24) |2 9 (1.24) |2 N6 (0, 1), N8 (0, 1)
2008 52 576 628 1(1.92) |1 17(2.95) |3 18 (2.87) |4 N2 (1, 1), N6 (0, 2)
2009 418 709 1127 3(0.72) |2 8(1.13) |2 11(0.98) |4 N2 (2, 1), N6 (0, 1)
2010 2286 457 2743 151 (6.61) |8 13 (2.84) |1 164 (5.98) |9 N2 (6, 0), N6 (2, 1)
2011 1240 560 1800 2(0.16) 1 26 (4.64) |4 28 (156) |5 N2(1, 1), N6 (0, 3)
2012 1270 491 1761 32 (2.52) |12 21(4.28) |6 53 (3.01) |18 N2 (12,4), N6 (0, 2)
2013 1202 s61 1763 41 (3.41) |10 35(6.24) |4 76 (4.31) |14 N2 (10, 0), N6 (0, 4)
2014 1252 765 2017 40 (3.19) |5 21 (2.75) |4 61(3.02) |9 N2 (5, 1), N6 (0, 3)
2015 1200 1183 2383 0 86 (7.27) |8 86 (3.61) |3 N6 (0, 8)
2016 1050 992 2042 0 47 (4.74) 3 47 (2.30) 3 N2 (0, 1), N6 (0,
2017 1206 1215 2421 45(373) 16 147 (12.1) |12 192 (7.93) |18 N2 (3,9), N6 (3,
2018 1200 1201 2401 0 91 (7.58) |4 91 (3.79) |4 N2 (0, 4)
Total 25,128 11,765 36,893 370 (1.47) |55 523 (4.45) |54 893 (2.42) |109 N2 (48, 23), N6 (7, 30), N8 (0, 1)

#Samples were collected in two provinces/regions, GD (Guangdong) and GX (Guangxi).

PThe isolation rate of H6 virus is shown in parentheses.

“Only the numbers of full-length unmixed H6 sequences determined in this study are shown. Initially, 20% of the H6 isolates were randomly selected for

sequencing.
4The NA subtype of the H6 sequences is shown.
Slash, no sampling.

2.4 Sequence preparation and alignment

Full-genome sequences of the 109 pure goose H6 viruses were
combined with 839 full- and 1463 partial-genome sequences of
H6 avian influenza A viruses, along with 7980 avian influenza
viruses of other subtypes with full-genome sequences retrieved
from GISAID (http://www.gisaid.org) in December 2022 for phylo-
genetic analyses. A total of 770 viruses (e.g. H5, H6, H7, H9, and
H10) of avian origin found in mammals were also included for phy-
logenetic analyses. Only complete gene segments were selected
from GISAID. Sequences with ambiguous bases (>0.5%) or of short
length (<95% full-length) were removed from the datasets. Multi-
ple sequence alignments were performed for each gene segment
(H6 HA, N2, and N6 NA, PB2, PB1, PA, NP, M and NS) using MAFFT
v7.273 with manual adjustment in BioEdit (Katoh and Standley
2013).

2.5 Phylogenetic reconstruction

To preliminarily assess the phylogenetic placement of the domes-
tic geese AIV isolates, an initial global panoramic maximum like-
lihood (ML) phylogeny for each gene segment was inferred using
the fast ML method, Jukes-Cantor + CAT model, and standard SH
support values in FastTree v2.1.11 (Price et al. 2010). All the goose
H6 isolates obtained from this study clustered with the major
Eurasian avian lineage, therefore viruses from the major Amer-
ican lineage were down-sampled and were set as the outgroup
in the refined phylogenetic analyses. The datasets were reduced
by retaining virus sequences phylogenetically related to the goose
H6 isolates, together with selected virus sequences as represen-
tatives of each more distant monophyletic clade (e.g. H5 and H9
lineage). ML phylogenies of the gene segments of these viruses
were inferred using the GTR-I-I'4 substitution model implemented
in IQ-TREE v1.6.12 (Nguyen et al. 2015), with 1000 bootstrap repli-
cates. Acknowledgment of the sources of the GISAID sequences
used in this refined phylogenetic study is given in Supplementary
dataset S1. The relative phylogenetic positions of the established

duck and goose viruses in the phylogenies of the HA and other
genes were traced by lines using the ggtree package (version 3.4.4)
(Guangchuang et al. 2017) in R. To avoid misunderstanding of reas-
sortment patterns, caused by uneven locations of viruses in the
phylogeny, the branch lengths of ML trees are not displayed in
Fig. 2 and Supplementary Fig. S4.

2.6 Bayesian phylogeny and molecular clock
inference

For the H6 HA gene, the time-scaled maximum clade credibil-
ity (MCC) phylogeny and substitution rates were estimated using
the Markov Chain Monte Carlo (MCMC) method implemented in
BEAST v1.10.4 (Suchard et al. 2018). The GTR model with gamma
site heterogeneity with invariant sites and three portions of posi-
tion 1, 2, 3 was adopted as the substitution model. The clock
model and tree prior were defined by the Bayes Factor method and
Bayesian model selection through marginal likelihood estimation
by path-sampling and stepping-stone sampling. Four clock mod-
els of a relaxed molecular clock with (i) uncorrelated lognormal
distribution and Bayesian SkyGrid coalescent model, (ii) uncorre-
lated lognormal distribution and GMRF Bayesian Skyride model,
(iii) uncorrelated exponential distribution and Bayesian SkyGrid
coalescent model, and (iv) uncorrelated exponential distribution
and GMRF Bayesian Skyride model, were tested. Multiple indepen-
dent MCMC runs of 4 x 108 steps with sampling at every 10,000
steps were performed on the H6 HA gene. Convergence of MCMC
parameters was evaluated in Tracer v1.7.1 (http://tree.bio.ed.ac.
uk/software/tracer/), with effective sample sizes all larger than
200. MCC trees were generated using Tree Annotator v1.10.4, with
10% of MCMC runs removed as burn-in. Evolutionary rates for
individual branches (particularly for those leading to host species
transfers) were referred to as episodic rates. Visualization was
achieved with Figtree v1.4.4 and annotated by the ggtree package
(version 3.4.4) (Guangchuang et al. 2017) in R.
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2.7 Estimation of selection pressure

To detect the adaptive molecular evolution, selection pressure
(w=dN/dS) acting on particular branches were inferred using
CodeML as implemented in PAML (version 4.9) (Yang 2007,
Alvarez-Carretero et al. 2023) and by FitMG94 as implemented in
HyPhy (version 2.5.62) (Pond et al. 2007). A branch model with two-
ratios was used to test if w varies across the specific branches of
the H6 HA gene tree and w ratios with confidence intervals were
inferred separately across branches of the H6 HA gene tree and
specific clades. These clades were (i) Wild bird-like, (ii) DK-Group
I, (iif) DK-Group 11, (iv) GS-1, (v) GS-2, and (vi) GS-3 and the specific
individual branches ancestral to the DK and GS clades were also
examined.

2.8 Ancestral state reconstruction and
substitution analysis

Substitutions that occurred along the branches were inferred from
the ancestral nucleotide sequences reconstructed by HyPhy 2.5.42
at both ends of the branches in the MCC tree, using the Gen-
eral Reversible Model (GRM), with Global variation and a Gamma
Distribution. Sites of sequences at nodes flanking the branches
showing interspecies transmission were assessed for episodic pos-
itive selection by the mixed effects model of evolution (MEME)
(Murrell et al. 2012) with P < .05. Sites under pervasive positive
selection were assessed by Single-Likelihood Ancestor Counting
(SLAC) (Kosakovsky Pond and Frost 2005) and Fixed Effects Likeli-
hood (FEL) (Kosakovsky Pond and Frost 2005), using P < .05 and Fast
Unconstrained Bayesian AppRoximation (FUBAR) (Murrell et al.
2013) with posterior probability >.9 in the Datamonkey Adaptive
Evolution Server (https://datamonkey.org).

3. Results

3.1 H6 viruses were detected persistently in
domestic geese

From 2001 to 2018, a total of 36,893 samples were collected from
apparently healthy domestic geese at markets (Table 1). From
2001 onwards, H6 viruses were regularly isolated at rates up to
7.93% (Table 1). A total of 893 goose H6 viruses were isolated,
giving an overall isolation rate of 2.42% (Table 1). In our earlier
surveillance program, from 2000 to 2007, H6 viruses were identi-
fied year-round in domestic ducks, with NA subtypes of N1, N2, N5,
N6, N8, and N9 (Huanget al. 2010, 2012). In geese, almost all the H6
viruses had an N2 or N6 NA, with the N8 NA gene rarely observed
(Table 1). Although H6N2 viruses were generally replaced by H6N6
after 2005 in the duck population (Huang et al. 2012), both NA
subtypes co-circulated in domestic geese during the surveillance
period (Table 1).

3.2 Group I and II H6 viruses co-circulated and
became established in domestic geese

To trace the origin and evolution of the H6 viruses in domestic
geese, their whole-genome sequences were obtained and phyloge-
netically analyzed, together with influenza sequences available in
GISAID. After pruning of the dataset (see “Materials and Methods”
section), 159 H6 avian influenza A viruses were retained for the H6
HA analysis and 99 avian influenza A viruses of other subtypes,
including those of avian origin found in mammals, were also
included in the internal gene datasets. In the HA phylogeny, all
goose H6 isolates were derived from the group I or group Il lineages
established in ducks (Huanget al. 2010) (Fig. 1, Supplementary Fig.
S1). No Hé viruses from geese clustered with viruses from the nat-
ural reservoir or gene pool (Webster et al. 1992) maintained by the

diverse populations of wild aquatic birds or with those from terres-
trial poultry. Of the 109 full-length goose H6 viruses, 48.6% (n=53)
of the H6 HA genes were introduced from group I duck viruses, and
51.4% (n=56) from group II. Although spillovers of duck H6 viruses
to geese were occasionally observed during 2001-2018, only three
introductions from duck viruses were successfully established in
geese. These were named as clades GS-1, GS-2, and GS-3 (Fig. 1a,
Supplementary Fig. S1).

Clade GS-1 (n=46) contained only H6N2 subtype viruses, with
an N2 NA gene also introduced from group [ viruses (Fig. 1b). These
viruses circulated in Guangdong and Guangxi provinces during
2008-2018, even though their source group I viruses could not be
detected in the duck population from 2005 (Huang et al. 2012).
Within these 11 years (2008-2018) of circulation, transmission of
He6 viruses to ducks or chickens was rarely observed in this clade
(Figs. 1 and 2, Supplementary Figs. S1 and S2).

The GS-2 and GS-3 clades originated from duck group II viruses.
They cocirculated with the GS-1 clade for at least 8 years but had
different NA subtypes (Fig. 1a, Supplementary Fig. S1). Clade GS-2
included viruses with N2 and N6 subtypes, that both originated
from group Il viruses (Fig. 1b—c). GS-2 H6N?2 viruses were detected
in Guangdong during 2009-2014 (n=15), then the N6 NA gene
replaced the N2 after viruses disseminated to Guangxi. Viruses
from clade GS-3 were all HENG, but the N6 genes originated from
separate introductions from duck group II viruses (Fig. 1c). Clade
GS-3 circulated locally in Guangxi during 2007-2015, acquiring a
separate N6 gene. Over the period that the GS-2 and GS-3 clade
viruses circulated, no isolate from wild birds, ducks, or terrestrial
poultry phylogenetically clustered with them (Supplementary Fig.
S1).

Phylogenetic analyses of the N2 and N6 NA genes showed that
duck group I/II lineage viruses also reassorted with the N2 gene
of H3 and H4 subtype viruses and with the N6 gene of H5 viruses
(Fig. 1b—c). However, this did not occur with the goose Hé viruses.

The internal gene phylogenies of goose isolates also formed
separate monophyletic clades that originated from duck H6
viruses (Supplementary Fig. S2). After multiple interspecies trans-
missions from ducks, viruses of clades GS-1, GS-2, and GS-3 were
interspersed in the internal gene phylogenetic trees, indicating
continuous reassortment and evolution of the viruses in geese.
Almost all internal genes of the goose H6 lineages originated from
group I/1I duck H6 viruses. Only the PA gene of the GS-1 clade was
predominantly derived from natural reservoir viruses in a mono-
phyletic clade with 100% bootstrap support value (Supplementary
Fig. 52-C).

Goose Hé6 isolates were never found to have contributed genes
to viruses of other lineages, including the H5 and H9 subtypes,
which are both enzootic in China. Although a group of H5N6
viruses obtained N6 and PB2 genes from duck H6 viruses (Bi
et al. 2016), goose H6 isolates were not involved in the genesis of
those HS viruses for any of the eight gene segments (Fig. 1c and
Supplementary Fig. S2-A).

3.3 H6 cross-species transmission did not cause
rapid virus evolution

(1) Dating the most recent common ancestor of the goose H6
viruses

The timings of transmission events were evaluated by Bayesian
phylogenetic reconstruction, to give maximum clade credibility
trees (Supplementary Fig. S3). A relaxed molecular clock with
uncorrelated lognormal distribution and Bayesian SkyGrid coales-
cent model was used as this outperformed other models (Sup-
plementary Table S1). The times to the most recent common
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Figure 1. Maximum likelihood phylogenies of the surface protein genes. (a) H6, n=268; (b) N2, n=178; (c) N6, n=120. Numbers above branches indicate
bootstrap support values. Viruses isolated from minor poultry were clustered into the clade of terrestrial poultry. All H6 viruses detected in domestic
ducks, geese, and chickens in China are colored according to the legend in (a). NA genes of GS H6 lineages introduced from duck group I or II viruses
are highlighted in yellow or green boxes. Branch scale represents 0.01 substitutions per site.

ancestor (TMRCA) of the HA genes of the clades GS-1, GS-2, and
GS-3 that were separately established in geese were estimated as
May 2007 (95% HPD, June 2006-March 2008), April 2008 (95% HPD,
October 2007-April 2009), and September 2007 (95% HPD, June
2007-October 2007), respectively, which were later than those of
the TMRCAs of duck H6 Group I and II viruses (Table 2, Supple-
mentary Fig. S3). The dating of clade GS-1 suggested a 9-year gap
(possible range 7-12years) from the TMRCA of the most closely
related duck group I H6 viruses (Supplementary Fig. S3). The
direct precursors of clade GS-1 in ducks might not have been
detected even though surveillance was conducted continuously
in this period (Huang et al. 2010, 2012).

(2) A low evolutionary rate and strong purifying selection
were detected in the goose H6 HA gene

H6 HA gene sequences from viruses of the natural reservoir, group
I and group II lineages, including those from parallel surveil-
lance since 2000 in domestic ducks that were close relatives of
the goose H6 lineages (Supplementary Fig. S3), were used to
estimate the evolutionary dynamics involving the duck-to-goose
transmissions.

The MCMC analysis showed that the mean nucleotide substi-
tution rate of wild bird-like H6 HA genes of 3.16 x 10~ (95% HPD:
2.36x 1073 - 4.01 x 107%) rose to 3.76 (Group I, 95% HPD: 2.64 x 10~3
- 4.89%x107%) and 5.70x1073 (Group II, 95% HPD: 4.98x1073

- 6.43x107%) (nucleotide substitutions/site/year) after they
became established in ducks (Table 2).

Introductions of H6 viruses from ducks to geese did not
increase the nucleotide substitution rate (Table 2, mean rate). An
increase in evolutionary rate could be observed on the branches
leading to the most recent common ancestor of each goose clade,
but the nucleotide substitution rates became lower for clades
GS-2 and GS-3 as these H6 viruses persisted in geese (Table 2,
Episodic rate, Mean rate). For GS-1 viruses, the evolutionary rate
of 4.0x 1073 (95% HPD: 3.25x10~% — 4.78 x 1073) nucleotide substi-
tutions/site/year was similar to that of the duck Group I viruses.
GS-2 and GS-3 viruses had somewhat lower rates (4.69 x 1073, 95%
HPD: 3.76x1073-5.76 x 10~* and 5.17 x 1073, 95% HPD: 3.73x 107*-
6.72x 107 nucleotide substitutions/site/year, respectively) than
the Group II duck viruses.

To detect variation in selection pressure following viral trans-
mission, different w (dN/dS) ratios were measured for specific
branches or lineages in the HA gene phylogeny. Overall, H6 viruses
were under purifying selection in ducks and geese (Table 2, Sup-
plementary Table S2, w), like viruses circulating in natural reser-
voir hosts (Gorman et al. 1992, Suarez 2000, Spackman et al. 2005).
However, the introduction of viruses from the natural reservoir to
ducks did increase the dN/dS value for Group-II (Table 2-wcyage,
Wwild bird-like = 0-09, Wpk_group 11 = 0-19). When the duck-to-goose virus
transmissions occurred, rises in dN/dS ratios from 0.09 to 0.2 for
GS-1 and 0.19 to 0.41/0.97 for GS-2/3 were found in the early
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I DK-H6
[ GS-He6
B H5/H9

HA - PB2

Figure 2. Reassortment patterns of H6 viruses established in ducks and geese. Tanglegrams were built based on ML phylogenies represented without
branch-length data. The ML HA tree is on the left and the mirrored tree of the PB2 gene is on the right. Evolutionary positions of the duck H6 and goose
viruses are linked by lines in the paired phylogenies. PB2 genes from HS and H9 viruses established in terrestrial poultry are indicated by a purple
background. Viruses from the natural reservoir were not colored. The exchange between H5 and H6 viruses is highlighted by an arrow. Abbreviations:

DK, duck; GS, goose.

Table 2. Evolutionary rates and selection pressures of the HA gene.

Substitution rate (95% HPD)

TMRCA? (1072 subs/site/year) dN/dS (w)
Clade (95% HPD)® Episodic® Mean? Whranch® Welade!
Wild bird-like / / 3.16 (2.36, 4.01) / 0.10 (0.06, 0.14)
DK-Group I Jun. 1995 / 3.76 / 0.09

(Dec. 1992-Jan. 1997) (2.64, 4.89) (0.06,0.12)
GS-1 May 2007 4.50 4.00 0.20 0.19

(Jun. 2006-Mar. 2008) (3.20,6.00) (3.25,4.78) (0.13, 0.30) (0.14, 0.24)
DK-Group II Mar. 2000 / 5.70 / 0.19

(Nov. 1998-Mar. 2001) (4.98, 6.43) (0.16,0.23)
GS-2 Apr. 2008 5.60 4.69 0.41 0.11

(Oct. 2007-Apr. 2009) (3.00,8.80) (3.76,5.76) (0.21,0.70) (0.05,0.17)
GS-3 Sep. 2007 7.50 5.17 0.97 0.16

(Jun. 2007-Oct. 2007) (2.60,13.70) (3.73,6.72) (0.35,2.09) (0.06, 0.26)

3TMRCA, time of the most recent common ancestor of the listed clades.
95% HPD, 95% highest posterior density interval.
©eNucleotide substitution rates and selection pressures of branch leading to the interspecies clades.

(Also indicated by an arrow in Supplementary Figure S3).

4fMean nucleotide substitution rate and selection pressure of the specific clade.

Slash, not analyzed.
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Table 3. Positively selected sites detected in H6 clades.

Sites detected by selection methods®

Clade FEL SLAC FUBAR Positively selected sites®
DK-Group I None None 128,173,214,493 0
GS-1 None None 142,155,158,193 0
DK-Group II 75,157,160, 169,186,372 157,160, 186,372 157,160,169,186, 199,367,372,487 5
GS-2 226 None 92,137,226,280 1
GS-3 None None 172 0

#Amino acid sites with statistically significant selection values (P <.05 for FEL, SLAC, and posterior probability >.9 for FUBAR) are shown in H3 numbering.
PNumber of positively selected sites confirmed by more than one method. These sites are highlighted in bold.

stage (Table 2, wyana), DUt these ratios dropped to values simi-
lar to those in the duck lineages after persistence of the viruses in
geese for the Group-II derived viruses (Table 2-wgjage, Was.1 =0.19,
wegp =0.11, wgg.3 =0.16).

(3) More positively selected sites accumulated in duck
viruses before the cross-species transmission of H6 viruses
to geese

To identify mutations that might relate to host switching, ances-
tral sequences at internal nodes of the H6 HA phylogeny were
inferred. More nonsynonymous mutations were identified on the
branches leading to the DK-Group I and II lineages than on the
branches leading to the GS-clades (Supplementary Table S3). Most
of the mutations that appeared in the domestic duck lineages
did not change during the duck-to-goose transmission (Supple-
mentary Table S3). Under the MEME method, two amino acid
sites during the formation of the duck lineages were found to
be under positive selection, and one site was positively selected
in the duck-to-goose (GS-2) host change branch (Supplementary
Table S3).

Amino acid sites that might show positive selection during
virus circulation in an established lineage or new host were exam-
ined by three methods. More positively selected sites were inferred
in the duck viruses than in the goose viruses (Table 3), with five
positively selected amino acid residues in one duck lineage and
one in one goose lineage.

3.4 Gene reassortment was limited in domestic
geese

To depict the reassortment pattern of established H6 viruses, tan-
glegrams, or linked pairs of phylogenies, were constructed by
mirroring the internal gene tree against the HA phylogeny. Lines
that link the same viruses in two phylogenies can visually indicate
whether viral reassortment between different clades of viruses
occurred.

The association of the HA gene from established duck H6
viruses with the internal gene phylogeny for PB2, represented by
the green lines in Fig. 2, showed that they frequently exchanged
genes with multiple subtypes of viruses from the natural reser-
voir. Reassortment of duck group I/II viruses with H5/H9 viruses
of lineages enzootic in terrestrial poultry was also detected in the
PB1, M and NS phylogenies (Supplementary Fig. S4, green lines).
A duck H6 virus contributed the PB2 gene to the genesis of highly
pathogenic H5NG6 viruses of clade 2.3.4.4b.

Goose H6 viruses showed a restricted reassortment pattern
(Fig. 2, Supplementary Fig. S4, orange lines), reassorting with other
goose viruses or, less commonly, the duck H6 viruses. They did
not reassort with natural reservoir viruses, except for rare cases
involving the PA and NP genes (Supplementary Fig. S4). Gene flow

between goose H6 and H5/H9 viruses in terrestrial poultry was not
detected during our surveillance period.

3.5 Molecular characteristics of goose H6 viruses

Sequence analysis showed that all goose H6 viruses were lowly
pathogenic viruses based on having a single basic amino acid
in the HA1/HA2 cleavage site (Fig. 3a). Most goose H6 viruses
contained Q226 (79/109) and G228 (107/109) (H3 numbering is
used throughout this study) at the receptor binding sites (RBD)
that normally indicates avian-type sialic acid-binding preference
(Spackman et al. 2005, Liu et al. 2009). Most GS-1 viruses harbored
the E190V (43/46) (H3 numbering) mutation, together with Q226
and G228, which indicate higher affinity for avian-type receptors
(Bi et al. 2020). The Q226L mutation was found in the HA genes of
GS-2 viruses (30/32). Whether this mutation would increase the
affinity of these viruses for the human-type receptor (a2-6-SA)
warrants further investigation.

In the NA stalk region, three deletion patterns (A66-75, A69-78,
and A63-81) were identified in the goose H6N2 viruses. These had
been detected in their duck precursor viruses since 2003 (Sup-
plementary Table S4, Fig. 3b) (Huang et al. 2012) and might be
associated with the optimization of gene compatibility (Banks
et al. 2001; Cheung et al. 2007). Mammalian adaptation markers
like E627K and D701N in the PB2 protein (Zhu et al. 2015) were not
detected in any of the goose H6 viruses surveyed in this study.

4, Discussion

As aquatic birds, geese are usually considered part of the nat-
ural reservoir of influenza A viruses. Our study systematically
investigated the genesis and evolutionary behavior of H6 viruses
circulating in domestic geese and raises the possibility that the
position of domestic geese in the influenza A ecosystem might be
more like that of an aberrant host.

In China, only limited subtypes (H1, H3, H4, H5, H6, H7, H9,
and H10) of influenza A viruses have been identified in domestic
geese. Our long-term accumulated surveillance data first demon-
strated that H6 viruses have been able to persist in this species
(Table 1). Phylogenetic analysis showed that only established duck
H6 viruses had been transmitted to domestic geese and that these
viruses subsequently became established in geese (Fig. 1). Natu-
ral reservoir origin Hé6 viruses, from diverse geographical origins
and many species of wild birds, have frequently been detected in
domestic ducks (Webster et al. 1992, Olsen et al. 2006), but no nat-
ural reservoir virus was found in a domestic goose (Fig. 1). Of the
H6 viruses that have circulated in domestic geese for a long time,
none are known to have transmitted back to domestic ducks. The
ability of domestic geese to transmit influenza viruses to other
species might be limited, as might also be the case with wild geese
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Figure 3. Molecular signatures. (a) The HA cleavage sites of the H6 HA genes. (b) Amino acid deletion patterns of the N2 NA gene in the stalk region.
Example sequences of duck and goose H6 viruses are displayed together. The numbers of geese H6 viruses isolated in this study that had these

deletion patterns are indicated in parenthesis.

(Jonassen and Handeland 2007, Hoye et al. 2010, Kleijn et al. 2010,
Samuel et al. 2015, Yin et al. 2017).

Domestic geese were found to harbor enzootic influenza virus
lineages with a stable gene constellation derived from lineages
observed in domestic duck H6 viruses (Fig. 1, Supplementary Fig.
S2) (Huang et al. 2010, 2012). This viral behavior has also been
observed for an H6 virus in minor terrestrial poultry (Cheunget al.
2007). Although the group I domestic duck lineage was replaced by
group II lineage viruses in domestic ducks in 2005 (Huang et al.
2012), viruses derived from both lineages have co-circulated in
domestic geese up to the end of our surveillance (Fig. 1).

Even when the goose H6 viruses became established in domes-
tic geese, transmission to terrestrial poultry (chickens) was rarely
observed (Fig. 1 and Supplementary Fig. S1). As H6N? viruses from
the GS-1 and GS-2 clades do have molecular determinants related
to adaption to terrestrial poultry in their surface genes (Cheung
et al. 2007, Wang et al. 2015), it is possible that some other factor
might restrict the ability of domestic geese to transmit viruses to
terrestrial poultry.

Generally, when viruses were introduced to and became estab-
lished in a poultry host, rapid evolution with an accelerated
substitution rate and elevated nonsynonymous to synonymous
mutation ratio would be observed (Gorman et al. 1992, Widjaja
et al. 2004, Chen and Holmes 2006, Wille and Holmes 2020). This
appeared to be the case with the persistence of the H6 HA in
domestic ducks (Table 2) with host immunoselection or adap-
tation to the new host possibly driving this higher evolutionary
rate. However, transmission and establishment of duck-origin H6
viruses in domestic geese did not show an apparent increase in
evolutionary rate (Table 2). Although a rapid accumulation of
nonsynonymous mutations was observed in the early phase of
interspecies transmission (Table 2, wyana,), Most of these muta-
tions were removed during subsequent circulation (Table 2, wg,4e)-
Possibly they were deleterious mutations for the persistence of H6
viruses in the domestic goose host.

More amino acid sites were positively selected during the cir-
culation of H6 viruses in ducks than in geese (Table 3). Circulation
of H6 viruses in ducks might have facilitated or “pre-adapted” the
virus for transmission and persistence in geese. Our findings could

indicate that domestic geese might restrict the evolutionary rate
of AlVs, unlike terrestrial poultry (Banks et al. 2001, Shiet al. 2017).

Gene reassortment appeared to be restricted in these domestic
goose lineages, which is inconsistent with domestic geese being
part of the natural reservoir for influenza A viruses where fre-
quent gene exchange occurs among viruses of different hosts and
subtypes. Gene interactions between the established Hé6 lineage
viruses and natural reservoir or enzootic H5/H9 subtype viruses
occurred frequently in ducks (Fig. 2, green lines). In geese, this
was seldom seen with viruses from wild waterfowl, and reassort-
ment with enzootic HSNx and HIN2 viruses was not detected in
our long-term surveillance (Fig. 2, Supplementary Fig. S4). Domes-
tic geese and ducks are the two major hosts of H5Nx and H6Nx
viruses in China (Guan et al. 2002, Huang et al. 2010) and reassort-
ments between H5 and H6 subtype viruses were often observed
in domestic ducks, leading to the genesis of the highly pathogenic
HSNG6 virus (Bi et al. 2016), but this was not seen in domestic goose
viruses.

Our study raises the question of whether the GS/GD lineage of
viruses, first observed in geese, was indeed generated within geese.
Geese acquired only limited types of duck H6 viruses and failed
to transmit those viruses to terrestrial poultry in our long-term
surveillance. It might be that the domestic goose is effectively a
“dead-end” host for influenza A viruses, at least the H6 subtype.
We suggest that domestic geese were likely not involved in the
genesis of any highly pathogenic H5Nx viruses.

Our extensive long-term surveillance and evolutionary analy-
ses of H6 viruses in southern China indicate that domestic geese
received only established duck viruses and maintained the diver-
sity and molecular markers from those viruses. However, domestic
geese did not serve as an intermediate host to link viruses from
waterfowl to land-based poultry. Domestic geese did not facili-
tate rapid evolution of influenza viruses and showed restricted
gene reassortment with other viruses. It is possible that other
reassortant virus forms occurred and were not detected during
the surveillance, despite our surveillance being systematic and
covering a period of 18years and that the many other groups
also conducting surveillance of AIVs have not reported these
forms.
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From our findings, it is possible that domestic geese may be
an aberrant and “dead-end” host for influenza A viruses, rather
than a natural reservoir host. This suggested that the restriction
of the role of domestic geese in the influenza ecosystem is more
extensive than the apparently restricted dissemination of AIVs by
migratory wild geese (Jonassen and Handeland 2007, Hoye et al.
2010, Kleijn et al. 2010, Samuel et al. 2015, Yin et al. 2017). How-
ever, potential quarantining effects within the agricultural system
need to be more closely evaluated. To confirm whether domestic
geese do indeed have a limited role in the influenza ecosystem
requires more investigation of other influenza virus subtypes and
this should be addressed.

5. Conclusions

Our 18-year surveillance in southern China demonstrated that H6
subtype influenza A viruses were frequently detected in domes-
tic geese. In tracing their origin, and phylogenetic relationships,
and examining their evolutionary behavior in domestic geese, we
found that domestic geese received a limited range of duck viruses
and did not transmit viruses from natural reservoir hosts to ter-
restrial poultry or generate variants by gene exchange between
viruses seen in other species in the influenza ecosystem. These
findings raise the possibility that the role of domestic geese in
the influenza ecosystem might be more like an aberrant and
“dead-end” host. As domestic geese appear to have a limited role
in the influenza A ecosystem when compared to other poultry,
the option of reducing viral surveillance in this host could be
considered.
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