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The PB1 gene from HIN2 avian influenza q

virus showed high compatibility and increased
mutation rate after reassorting with a human
H1N1 influenza virus
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Qiaoyang Teng', Zejun Li'" and Nancy Beerens®

Abstract

Background: Reassortment between human and avian influenza viruses (AlV) may result in novel viruses with new
characteristics that may threaten human health when causing the next flu pandemic. A particular risk may be posed
by avian influenza viruses of subtype HON2 that are currently massively circulating in domestic poultry in Asia and
have been shown to infect humans. In this study, we investigate the characteristics and compatibility of a human
HINT virus with avian HON2 derived genes.

Methods: The polymerase activity of the viral ribonucleoprotein (RNP) complex as combinations of polymerase-
related gene segments derived from different reassortment events was tested in luciferase reporter assays. Reassor-
tant viruses were generated by reverse genetics. Gene segments of the human WSN-H1N1 virus (A/WSN/1933) were
replaced by gene segments of the avian A2093-HIN2 virus (A/chicken/Jiangsu/A2093/2011), which were both the
Hemagglutinin (HA) and Neuraminidase (NA) gene segments in combination with one of the genes involved in the
RNP complex (either PB2, PB1, PA or NP). The growth kinetics and virulence of reassortant viruses were tested on cell
lines and mice. The reassortant viruses were then passaged for five generations in MDCK cells and mice lungs. The HA
gene of progeny viruses from different passaging paths was analyzed using Next-Generation Sequencing (NGS).

Results: We discovered that the avian PB1 gene of HON2 increased the polymerase activity of the RNP complex

in backbone of HIN1. Reassortant viruses were able to replicate in MDCK and DF1 cells and mice. Analysis of the
NGS data showed a higher substitution rate for the PB1-reassortant virus. In particular, for the PB1-reassortant virus,
increased virulence for mice was measured by increased body weight loss after infection in mice.

Conclusions: The higher polymerase activity and increased mutation frequency measured for the PB1-reassortant
virus suggests that the avian PB1 gene of HON2 may drive the evolution and adaptation of reassortant viruses to
the human host. This study provides novel insights in the characteristics of viruses that may arise by reassortment of
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human and avian influenza viruses. Surveillance for infections with HON2 viruses and the emergence of the reassor-
tant viruses in humans is important for pandemic preparedness.

Keywords: Reassortment, Human influenza, Avian influenza, HON2, Mutation rate, NGS

Background

Highly pathogenicity avian influenza viruses (HPAIVs),
specifically the H7 and H5 subtypes, are a continues
threat to the poultry industry, as these viruses can cause
up to 100% mortality in poultry. In contrast, low patho-
genicity avian influenza viruses (LPAIVs) typically cause
only mild or no clinical symptoms in poultry. Since the
first identification of HIN2 isolated from quail in 1988
[1], HON2 AIV have been isolated from poultry [2-5]
and wild birds [6, 7] across Europe, Asia and North
America. Since the 1990s, the wide-spread dissemina-
tion of HON2 AIV in poultry had led to human infec-
tions in China [8, 9], Bangladesh [10], Pakistan [11] and
Oman [12]. Three stable poultry lineages are recognized
with the representative viruses, A/quail/Hong Kong/
G1/1997 (G1), A/chicken/Beijing/1/94 (BJ94, also known
variously as the Y280 or G9 lineage) and A/chicken/Hong
Kong/Y439/1997 (Y439, also known as the Korean line-
age) [13]. In 1998, the first human infection with HON2
AIV was reported in Hong Kong [9], and in the same
year, five human patients were confirmed infected with
HO9N2 AIV in Southern China [14]. Since that, a total of
70 laboratory-confirmed human cases were reported in
southern China, other Asian countries and Africa based
on the records of WHO till December 2020 [8, 15-17].
The clinical human cases with HON2 AIV indicated
that certain strain, e.g. G1 and BJ94 (Y280 or G9) have
a preference for the human-like a-2,6-linked sialic acid
(SA) receptor due to some specific gene mutations in the
HA (Hemagglutinin) gene [8, 18, 19]. Further evolution
of the HON2 AIV may lead to adaptation of the virus to
humans; however, no human-to-human transmission has
been reported yet [20].

The co-circulation may enhance the evolution of
HON2 AIV with other LPAI or HPAI viruses in poultry
due to reassortment events in which gene segments are
exchanged between viruses. Evidence for this is provided
by phylogenetic analysis of the (A/Quail/Hong Kong/
G1/97) G1-like HON2 AIV [21]. Reassortment events, in
particular for the PB2 (Polymerase basic protein 2), HA,
NP (Nucleoprotein), and NA (Neuraminidase) genes,
resulted in rapid evolution of the AIV, either assist the
transmission from the wild bird viruses to the poultry
or to humans, or influence its pathogenicity [22-26].
As HIN2 AIVs were shown to have the potential to
infect humans, reassortment with seasonal human influ-
enza viruses may also occur during co-infections. The

exchange of gene segments between different viral strains
can cause sudden changes in pathogenicity, virulence or
transmission ability [27-29]. This can give rise to novel
influenza viruses that are adapted to the human host.
Experimental studies using a ferret model showed that
reassortant viruses harboring HIN2 AIV surface genes
and seasonal human H3N2 influenza virus internal genes
(genes, PB2, PB1, PA, NP, M, NS, express proteins not at
the surface of the virus) are efficiently transmitted after
adaptation by serial passaging [30]. In addition, human
infections were reported with other zoonotic subtypes of
avian influenza, such as H5Nx, H7N9, and H10N8 [31].
Genetic analysis of these zoonotic viruses revealed that
they arose by re-assortment events with HON2 AlVs, in
which they obtained internal genes of HON2 AlVs [32,
33]. Several mutations were identified in internal genes of
avian HON2 strains that enhance transmission from poul-
try to mammals or increase virulence of the viruses [34,
35], such as the mutation 627E/701D in the PB2 gene.
Beside re-assortment events, the high mutation rate
of influenza viruses also contributes to their fast evolu-
tion. Replication of the RNA genome is mediated by
the virus encoded RNA polymerase, which is highly
error prone. This results in virus population, or quasi-
species, with high genetic diversity. This diversity allows
a viral population to rapidly adapt to dynamic environ-
ments, thereby allowing escape from the host immune
response or vaccination. Particular genetic substitu-
tions in the two surface proteins, HA and NA, can lead
to changes in the antigenicity of the virus [36]. The viral
RNA polymerase complex is composed of the PB2, PB1
(Polymerase basic protein 1) and PA (Polymerase acidic
protein) [37], packaged by the NP protein [38] to gener-
ate the viral ribonucleoprotein complexes (RNPs). The
RNPs provide the minimal set of proteins required for
transcription and replication of viral RNAs [39, 40]. The
polymerase proteins were previously reported to affect
replication and virulence of influenza viruses [41]. The
PB2 protein was found to influence virulence [42, 43] as
well as host-preference [44, 45]. A study on single gene
reassortment identified a critical role for PB1 (in addition
to HA and NA) gene in the high virulence of the 1918
pandemic influenza virus (HIN1 virus) [46]. It was also
suggested that the PA gene of (pandemic) H1IN1/2009
origin might be contribute to an increased pathogenicity
in the reassortants with avian HIN2 strain [26]. Reassort-
ment events between human and avian influenza viruses
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in combination with rapid evolution and adaptation due
to error-prone replication may lead to a novel pandemic.
In this study, we investigate the replication capacity of
the human WSN-H1NT1 virus in combination with avian
polymerase genes derived from the A2093-HIN2 virus.
We show that the PB1 gene of the HON2 AIV is able to
increase polymerase activity and error-rate of the reas-
sortant human viruses. The avian PB1 gene thus may
thereby drive the evolution of novel human reassortant
viruses. As the HON2 AIV is currently still circulating
intensively in poultry populations in Asia, and human
HON2 infections have been observed, the emergence of
novel reassortant viruses in humans must be carefully
monitored for pandemic preparedness.

Methods

Viruses and reverse genetic platform

A laboratory mouse-adapted human IAV strain, A/
WSN/1933 (HIN1, GenBank: LC333185.1) and
an avian-adapted IAV strain, A/chicken/Jiangsu/
A2093/2011, (HIN2, GenBank: KP865958.1) were used
in this research. The reverse genetic systems for WSN (A/
WSN/1933) and A2093 (A/chicken/Jiangsu/A2093/2011)
[47] have been constructed using the pBD bidirectional
expression vector. The viruses were generated by reverse
genetics as previously reported [48, 49]. The reverse
genetics system was used to generate stable-replicating
reassortant viruses containing segments of A2093-H9N2
in the WSN-HINT1 virus background. One of the internal
genes of WSN/HIN1 (PB2, PB1, PA or NP) and the sur-
face genes (both HA and NA) were replaced by that of
the avian A2093-HI9N2 virus to obtain PB2-reassortant,
PB1-reassortant, PA-reassortant and NP-reassortant. The
wild type (wt) A2093-HON2 and WSN-HIN1 were also
rescued in this system for control.

Cell lines and animals

Madin-Darby Canine Kidney (MDCK) cells and avian
DE-1 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM, high glucose Gibco ") containing 5%
fetal bovine serum (FBS, Gibco ") and 1% penicillin—
streptomycin. The 293T cells were cultured with DMEM
containing 10% FBS and 2 mM L-glutamine (Gibco ). All
cell lines were incubated at 37 °C in humidified incubator
with 5% CO,,.

Specific-pathogen-free (SPF) 4- to 6-week-old female
BALB/c mice were purchased from Vital River Laborato-
ries, Beijing, China. They were housed in isolators with
air re-circulation system. The room housing isolators was
controlled by the central air conditioning to 23-25 C
with 40-60% humidity. Mice were housed under optimal
light conditions and feed and water were provided ad libi-
tum. Sawdust and corn cob beddings were provided in
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the isolators. Bedding materials, food and water were
refreshed every week. Virus infection experiments were
carried out in high containment facilities, each isola-
tor had a separate air-circulation purification system.
The mice were euthanized at the end of the experiment.
Manure was removed at the end of the experiment.

Activity of the reassortant polymerase in vitro

A minigenome assay was performed to compare the
activities of viral RNP complexes with one of the pol-
ymerase-related gene from avian influenza HO9N2
(A2093) following the manufacturer’s instructions of
Dual-Luciferase Reporter 1000 Assay Systems (Promega
Corporation, Wisconsin, USA). Briefly, we constructed
8 eukaryotic expression plasmids with genes from virus
strains A2093-H9N2 and WSN-HIN1, in the back-
bone of the pPCAGGS expression construct: A2093-PB2,
A2093-PB1, A2093-PA, and A2093-NP and WSN-PB2,
WSN-PB1, WSN-PA, and WSN-NP.

Then 1x10° 293T cells were cultured in 12-well
plates together with the four protein expression plas-
mids (pCAGGS PB2, pCAGGS PB1, pCAGGS PA, and
PCAGGS NP [0.5 g of each]) for each of the 8 RNP com-
binations of A2093-H9N2 and WSN-HINI1 virus pro-
teins. The open reading frame (ORF) of Firefly Luciferase
was inserted in the packaging signals of NA gene (N’ 183
base pairs (bp) and C’ 157 bp) of the PR8 strain (A/Puerto
Rico/8/1934), was placed under control of the pPol I
promoter, and was inserted into a multiple cloning site
(MCS) of pUC18 plasmid (Takara Bio, Dalian, China). At
48 h post transfection, the Relative light units (RLU) of
Firefly Luciferase were measured on a GloMax 96 micro-
plate luminometer (Promega) according to the manu-
facturer’s instructions. As an internal control for the
dual-luciferase assay, Renilla (20 ng each, Promega) was
used. The results were presented as the mean and stand-
ard deviation of three independent parallel experiments.

Replication of HIN1/H9N2 reassortant viruses in MDCK
cells and mice

The growth kinetics of the rescued viruses were esti-
mated by infection of mammalian MDCK cells, and avian
DF1 cells at 0.001 multiplicity of infection (MOI). The
70%-80% monolayer cells were prepared in three T25
flasks 12 h before infection. One flask of cells was used
for counting the number of cells. The other two are for
parallel control. A total of 1 ml virus solution was incu-
bated on the cells for 1 h at 37 °C, 5% CO, incubator. After
removing the virus solution, 5 ml fresh SEM (Serum-Free
Cell Culture, Gibco) was added. Cell supernatant samples
(300 pl in volume) were collected at 12, 24, 36, 48, 60 and
72 h post infection to determine the virus titer.
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The replication of the reassortant viruses in mice were
estimated. For each infection group, three 4-week-old
female BALB/c mice were infected intranasally with
10° PFU virus stocks in 50 ul PBS (Phosphate-buffered
saline). These mice were sacrificed for the tracheal and
lung tissues at 4 d.p.i. Clear supernatants of homogenates
were used to evaluate the viral titer. Viral titers of these
samples were determined in plaque-forming units per
milliliter (PFU/ml) by plaque assays on MDCK cells as
previously described [50]. Here we applied immunohisto-
chemical staining method with influenza A virus nucleo-
protein monoclonal antibody (clone FluA-NP 2C9) to
count the plaques. Three independent experiments were
carried out. Mean with standard error (SD) were used for
data analysis.

Based on the replication ability and viral titer of parent
virus strains, virulence of the virus were further evalu-
ated by observing the body weight loss of infected mice.
For each infection group, five 4-week-old female BALB/c
mice were infected intranasally with 50 ul 10° PFU virus
stocks in PBS (Phosphate-buffered saline). As control,
five 4-week-old female BALB/c mice were inoculated
with same amount of PBS. Five mice were numbered, the
body weight and healthy condition were observed and
record every 24 h for 14 days post infection (d.p.i). The
percentage of the body weight change after infection was
calculated comparing to the original body weight meas-
ured before infection (0 d.p.i). Average percentage body
weight loss of five mice of every group were calculated.
Multiple t-test with a=0.05 were performed for signifi-
cant differences.

Serial passaging of HIN1/H9N2 reassortant viruses in cells
and mice

Reassortant viruses, wt WSN-HIN1 and A2093-HI9N2
viruses were passaged in MDCK cells at a MOI of
0.001. In detail, three T25-flasks of 80% monolayer cells
were seeded 12 h before the infection. Parent virus was
inoculated with cells at a MOI of 0.001 for one hour at
37 °C, 5% CO,. Cells were washed three times with SFM
(Thermo Fisher Scientific) and then maintained with
SFM for at least 24 h at 37 °C, 5% CO,. The HA titer of
supernatant and cell conditions were checked every 6 h
till the HA titer was greater than 16 HA Units and more
than 70% cell lysis was observed. The progeny viruses
were incubated for a new generation host-circle with the
same amount of MDCK cells right after collected from
the previous generation.

In vivo, reassortant WSN-H1N1/A2093-HI9N2 viruses
and the corresponding wt WSN-HIN1 and A2093-
HON?2) were passaged in 4-week-old BALB/c mice. Three
mice were intranasally inoculated with 10° PFU par-
ent virus stocks and sacrificed for the tracheal and lung
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tissues at 4 d.p.i. The homogenates of the two tissues
from 3 mice were mixed separately, and subsequently
used for infection (intranasally) of two groups of mice.
One group as for serial passaging in mouse lung (3 mice),
and the other group for the serial passaging in mouse tra-
chea (3 mice). During the serial passaging, the age and
health condition of the mice were maintained the same
as possible.

The above serial passaging procedures were repeated
five times for five generations, and two independent par-
allel passaging experiments were performed.

Sample preparation for NGS

The reassortant WSN-HIN1/A2093-HIN2 viruses and
the wt strains obtained after serially passaging in MDCK
cells and mice (lung and turbinate, specifically) were pre-
pared for Next Generation Sequencing (NGS). The initial
virus stock and the last generation (P5) were selected for
NGS sequencing. The details of sequenced viruses are
listed in Additional file 2: Table S1. All samples were ana-
lyzed in duplicate, starting from two independent RNA
isolations.

Viral RNA (VRNA) was extracted from 140 pl super-
natants from cell passaging or tissues’ homogenates by
using QIAGEN Viral RNA Isolation Kit following the
manufacturer’s instructions. The isolated RNAs were
all eluted into 30 ul diethylpyrocarbonate-treated water.
Two-step RT-PCR was employed to amplify each viral
gene segment. The first-strand cDNA was transcripted
by using Transcriptor High Fidelity cDNA Synthesis
Kit (ROCHE) with universal primer (5'-AGCAAAAGC
AGG-3') for influenza A virus in a final volume of 20
ul as manufacturer’s protocol. The HA gene was ampli-
fied using primer-pairs to obtain amplicons of approxi-
mately 500bp per PCR run. Accordingly, there were
four fragments of HA gene, two fragments of M and NS
genes respectively. Six-nucleotide indexes were added
to the forward primers for PCR to allow bar-coding of
the samples (Additional file 2: Table S1). All the prim-
ers for PCR ware listed in Additional file 2: Table S2. In
detail, the PCR amplification was carried out with Phanta
Max Super-Fidelity DNA Polymerase (Vazyme Biotech
Co.,Ltd) in a 50 yl system, using 2 pul cDNA template. The
amplification program consisted of a 3-min period at 95
°C and was followed by 35 cycles with the following con-
ditions: 95 °C for 30 seconds, 55 °C for 30 s, and 72 °C for
40 seconds, and ended with one cycle at 72 “C for 5 min.
The amplicons were purified in 1% agarose gel electro-
phoresis and then purified using a DNA Gel Extraction
Kit (Axygen, Hangzhou, China). The concentration and
quality were estimated by using NanoDrop 2000C. The
concentration ranges of the PCR products were 15-150
ng/ul, and the 260/280 absorption was between 1.6 and
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2.0. All bar-coded PCR products of the same gene frag-
ment were mixed in equal quantities (30 ng) to construct
one DNA library for NGS analysis. The DNA libraries
were generated using VAHTS Universal DNA Library
Prep Kit for Illumina.

Analysis of NGS data

The libraries were sequenced using Illumina MiSeq at
2 x 150 bp (4.5 Gb for 10—15 M read pairs) configuration
(Ilumina, San Diego, CA, United States) at high coverage
(average > 10,000 per nucleotide position) by GENEWIZ
(Suzhou, China). Quality control-passed sequence reads
were mapped using the WSN and A2093 virus reference
sequences, and used to detect minority variants. The
primer sequences were removed from the reads, then
overlapping region of two PCR fragments was avoided
by mapping the reads till the median location. From the
mapped data, we obtained the reads counts (sequencing
depth) of each nucleotide type (A/T/C/G) at every loca-
tion of the whole length of HA gene, Nj; (i is the position
of the substitution on the gene; j refers to one nucleotide
type, A/T/C/G). Then the frequency of each nucleotide
type at the location can be approached as f;=N;/ C; (C;
is the sequencing depth at location i). Based on the ref-
erence sequence, total substitution frequency at every
location was available as f; = Z]?’ fij (Additional file 2:
Table S3). The sequencing errors, that occurred at every
location of the gene, are identically independent distrib-
uted with a binomial distribution. And the probability of
observing a substitution with the sequencing errors as
background nioce follows approximately a Poisson distri-
bution. To set up the threshold of the background noice
and the dicersity in parent virus population, webinned
the f; valuses of sequencing data from parent A2093
strain with a range of 0.001. There were 95% f; valuses
in bins before the bin of range 0.005—0.006. Therefore,
f, > 0.6% were filtered as minority single base substitu-
tions (SBS). Geometric mean of minority SBS indicating
the mutation rate of these “hot-spots” on HA gene. This
was calculated by the geometric mean Fg = (Zf ﬁ) " n
represented the nucleotide number of the locations with
fi > 0.6%. However, the general mutation rate over a cer-
tain domain of the HA gene (Fg per nt) was calculated
by the arithmetic mean F, per nt = % Zf\[ fi» N was the
nucleotide numbers of the sequence region of HA gene.
The genetic distance of nucleotide sequence between
two virus stock A and B was calculated with a population
wide measure d = % Z:’ (ﬂA —ﬁ3)2 [51], N was the
nucleotide numbers of the sequence region of HA gene.
In this research, we calculated the distance of reassortant
viruses (f;,) to that of parent A2093-HIN2 (f;;). Calcula-
tions were programmed in R Studio [52].
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For the calculation of transition/transversion and non-
synonymous mutations, we extended the threshold of
f, to > 1%, as detection limit for reliable recognition of
variants in the viral [53] and the background error from
PCR and sequencing. For transition/transversion defini-
tion, one SBS with f, > 0.01 observed at one location was
counted as one occurrence of transition (Ts) or transver-
sion (Tv) basing on the consensus sequence. Sum of all
the £, of transition or transversion over the whole genome
was the probability that transition and transversion
observed after selection, as Py, and Pr,. Simultaneously,
the total numbers of Ts and Tv were summed up, which
indicating the diversity of one viral population (one virus
stock).

Data in detail are displayed in Additional file 2:
Table S4. Two parallel independent NGS runs (runl,
run2) were performed to analyze the reproducibility of
the results. NGS data from these two runs of sequenc-
ing were compared. Multiple t-test Discovery was applied
using the Two-stage linear step-up procedure of Benja-
mini, Krieger and Yekutieli, with Q=1%. Each row was
analyzed individually, without assuming a consistent SD
by using GraphPad Prism.

Results

Polymerase activity of reassortant viruses in vitro

The polymerase activity of the avian A2093-HON2
influenza virus was compared to that of the human
WSN-HINI influenza virus using an in vitro Lucif-
erase reporter assay. In addition, reassortant HIN1 and
HON2 polymerases were tested in which either the PB2,
PB1, PA or NP genes were exchanged between the two
viruses. The activity of the recombined polymerases was
compared to that of the WSN-HIN1 and A2093-HON2
polymerases (Fig. 1). Compared to the WSN-HIN1
polymerase, the reassortant polymerase containing the
PB1 gene of the avian A2093-H9N2 virus significantly
increased the activity of polymerase complex in vitro
(mean diff. —7.245, 95% CI of diff. —12.76 to—1.734).
Replacement of the PB2 or PA genes dramatically
decreased the polymerase activity (mean diff. were 22.57
and 20.07 respectively), whereas replacement of NP did
not significantly affect the activity (mean diff. —0.09848,
95% CI of diff. —5.610 to 5.413).

Replication of the reassortant viruses in cells

Reassortant WSN-HIN1 viruses were generated, in
which both the HA and NA genes were replaced by
that of A2093-H9N2, in combination with one of the
polymerase-related genes PB2, PB1, PA or NP. The rep-
lication of these viruses was studied after infection of
mammalian MDCK cell and duck DF1 cells, as shown
in Fig. 2A. The viral titers of wild-type and reassortant
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Fig. 1 Viral RNPs functional assay of recombinant polymerase
complex. The polymerase activities of the human WSN-H1N1 RNP, the
recombinant RNPs containing PB2, PB1, PA or NP genes derived from
the avian A2093-HIN?2 strain, and the avian A2093-H9N2 RNP were
measured using the Dual-Luciferase Assay System. Firefly luciferase
activity was measured to determine polymerase activity, and Renilla
luciferase activity was used as an internal control for monitoring
transfection efficiency. The Y axis displayed the Fluc (firefly) /Rluc
(Renilla) ratios. Experiments were repeated three times, mean and SD
were applied. Multiple t-test with a=0.05. *significant difference
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viruses were evaluated using plaque assays and HA
titers were determined (Table 1). In MDCK cells, the
replication of the PB1-reassortant viruses was similar to
that of wt WSN-HINI1 virus. The peak viral titers were
obtained after 24 h, 2.83 x 10° (£ 1.17 x 10%) PFU/ml for
wt WSN-HIN1, and 5.69 x 10° (£1.10 x 10°) PFU/ml
for the PB1-reassortant virus. For the other reassortant
viruses, delayed replication kinetic peak and lower titers
were observed: 2.21 x 10* (+1.23 x 10*) PFU/ml for PB2-
reassortant to 1.28 x 10° (£1.25 x 10%) PFU/ml for PA-
reassortant. On DF1 cells titers of around 10>-10° PFU/
ml were obtained for the reassortant viruses, whereas a
peak titer of 2.09 (£1.2) x 10° PFU/ml was observed for
wt WSN-HI1NT virus at 24 hpi. On DF1 cells, lower peak
viral titers were observed compared to MDCK cells. Due
to inefficient replication on DF1 cells, MDCK cells were
selected for subsequent serial passaging experiments
with the reassortant viruses.

Replication and virulence of reassortant viruses in mice

Virus replication for the reassortant viruses was stud-
ied by infection of mice. At four days post infection,
virus titers in the mouse lung and nasal turbinate were
measured (Fig. 2B). The human-originated WSN-HI1IN1

MDCK
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Fig. 2 Replication of reassortant viruses in cell lines (A) and in mouse (B). A Virus replication of human wt WSN1-H1N1, avian wt 2093-H9N2 and
reassortant viruses containing the avian PB2, PB1, PA or NP segments. Virus replication was measured by determining plaque forming units at
several hours post infection of MDCK and DF1 cells. B Virus replication of human wt WSN1-H1N1, avian wt 2093-HIN2 and reassortant viruses
containing the avian PB2, PB1, PA or NP segments. Virus replication in mouse turbinal tissue and lung was measured at. 4 days post infection using
plaque assays. Plaque assays were repeated three times, the mean and sd of the PFU in logarithm of 10 was applied. Multiple t test with a=0.05.
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Table 1 The viral titers of viruses before and after 5-generation’s serial passaging

Rescued viruses Parent Virus HA Parent Virus (generation 0)  5th Generation from MDCK cell ~ 5th Generation from
titer (log2) (log10 ©P'¢/m])? line (log10 copies/ml) Mouse lung (log10 copies/
ml)
A2093HANAPB2/WSN 10 8.05+0.02 216+£0.17 256+0.82
A2093HANAPB1/WSN 6 7.094£0.04 7.59£0.01 6.594+048
A2093HANAPA/WSN 10 833+0.06 5.48+0.00 731+£0.28
A2093HANANP/WSN 9 8.06£0.20 2.33+£0.05 6.73+£0.27
A2093 11 7.76+0.02 6.60£0.00 6.16£0.03
WSN 7 7.87+£0.04 6.74+0.00 7.86+0.30

@ Q-PCR were repeated twice, mean and sd were calculated to estimate the viral particles. It was suggested that copy number of viral particles were 20-60 times of

one infectious virus[54]

virus replicated more efficiently in mice than the avian
A2093-HIN?2 virus, likely due to its adaptation to repli-
cation in mammals. The replication of the reassortant
viruses containing either the A2093-H9N2 PB2 or NP
genes was reduced compared to wt WSN-HI1IN1 virus.
However, virus replication of the WSN-HIN1 was not
significantly affected by replacement with the avian PB1
and PA genes. That is, these two reassortant viruses were
able to replicate in both turbinate and lung up to 10*
PFU/ml. The A2093-HON2 showed a slight preference for
replication in the lung compared to turbinate. The reas-
sortant viruses were able to replicate to titers of 10* PFU/
ml (without significant differences between the viruses),
except for PB2-reassortant virus for which significantly
lower titers were obtained. These results show that lowest

levels of replication were observed for the PB2-reassor-
tant virus in both cell lines and mice, whereas the other
reassortant viruses replicate to similar levels.

To study the virulence of the reassortant viruses, we
inoculated 8 mice with the reassortant viruses that were
found to efficiently replicate in mice (PB1, PA and NP-
reassortant viruses). Subsequently, the body-weight loss
of five mice was measured during 14 days after infection
as a marker for virulence. This showed that the PB1-
reassortant virus caused significant body-weight drop
(Fig. 3) in infected mice, similar to the wt WSN-H1H1
virus at the 5th, 6th and 7th d.p.i. After inoculation with
the PBl-reassortant virus, significant body-weight loss
was observed with decreasing trend on 5th, 6th and slight
increasing trend on 7th and 8th d.p.i. The increasing

1.5
- PB1-reassortant
=&~ PA-reassortant
¥~ NP-reassortant
-0~ A2093
o
o 1.0 4 @ wsN*
£ O eBS
o
-
<
2
[
H
>
3 05
2 .5
0.0

T T T T T T T T
0 1 2 3 4 5 6 7

Days post-infection (d.p.i)
Fig. 3 Virulence of reassortant viruses in mice. Virulence of the PB1-, PA- and NP-reassortant viruses was measured by infection of five mice, after
which body-weight loss was measured for 14 days after infection. For reference, the human wt WSN-H1N1 and avian wt A2093-HIN2 viruses are
shown. The body weight changes is plotted, and significant differences (Multiple t test with a=0.05) are marked (*). The body weight changes are
expressed as the mean with SD in each group (n=5). *One mouse died on day 8, 9and 11 d.p.i
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trend of WSN-HINT1 strain was observed after 10 d.p.i.
No weight loss was observed for the NP-reassortant and
PA-reassortant viruses, however the PA-reassortant virus
was detected at low level in lung and turbinate at 4 d.p.i
(Fig. 2B). In conclusion, the PBl-reassortant virus was
able to replicate in mice and resulted in significant body
weight loss.

Serial passaging of reassortant viruses

To study the replication and evolution of the viruses dur-
ing prolonged passaging, the reassortant viruses and wt
A2093-HIN2 virus were passaged in both MDCK cells
and in mice. As a result of low replication for the PB2-
reassortant virus in both cell lines and mice, we were
unable to obtain the progeny viruses of this reassortant
strain. However, five generations of progeny viruses of
the PB1, PA and NP-reassortant viruses and wt A2093-
HIN2, WSN-HIN1 virus were collected from serial pas-
saging on MDCK cells.

These reassortant viruses and the A2093-H9N2 virus
were also successfully passaged for five generations in
mice. Viruses harvested from individual mouse lung or
turbinate were pooled and inoculated into the next group
of mice. We were able to continue passaging for five gen-
erations in mice lung, however, for turbinate only one
generation was successful.
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The viral titers of parent virus before inoculation and
the 5th generation of progeny viruses is listed in Table 1.
For the following analysis, the PB2-reassortant strain was
not included due to unsuccessful serial passaging. There
was no significant difference in the titers obtained for
the other viruses, suggesting a similar population size for
subsequent analysis of viral sequences.

General mutation frequency and hot-spots on HA gene

We analyzed the mutation rate of the reassortant viruses
during serial passaging in both MDCK cells and mouse
lung. The virus population was analyzed by Illumina
sequencing, the reads were mapped onto the HA ORF
region of the reference sequence. Comparing the muta-
tion rates (F,, mutation/site/infection cycle) calculated
from the HA1 and HA2 region (Table 2), after five pas-
sages in mouse lungs, showed that the net mutation rates
(after selection) of the PB1- and PA-reassortant viruses
were almost 2—-3 times higher than that of A2093-HIN2
and WSN-HINT1 strains. The genetic distance in the HA
sequences of the viruses after 5 passages in MDCK cells
and mouse lung was calculated (shown in Fig. 4A). This
analysis showed that for the PB1- and PA-reassortant
viruses, the genetic distance in the HA sequences signifi-
cantly increased compared to that of the wt A2093-HON2
virus after passaging in mouse lung. No significant differ-
ence was observed for the NP-reassortant after passaging

Table 2 The geometric mean of substitution frequency and general mutation rate of viruses from 5th generation

Virus strain Origination Fy Fg,md Fy Fy/nt Fy Fy/nt
of the 5th a b c
generation HA" (RUN1, RUN2) HAT (RUNT, RUN2) HA2 (RUNT,RUN2)

A2093 MDCK 1.13E—02,0 3.69E—-05,0 9.38E—-03,0 4.94E—05,0 1.75E—02,0 291E—-05,0
WSN 1.84E-02, 4.77E=05, 2.10E-02, 3.49E-05, 1.67E-02, 9.56E—-05,

1.32E-02 1.37E-04 1.63E—-02 5.82E—05 1.53E-02 247E-04
A2093HANAPB1/ 2.35E-02, 1.71E—-04, 3.27E-02, 4.16E—-04, 1.58E—-02,0 2.63E-05,0
WSN 3.55E-02 1.16E—-04 3.55E-02 3.14E—-04
A2093HANAPA/ 1.20E—02,0 3.85E-05,0 1.03E-02,0 531E-05,0 1.75E—02,0 291E-05,0
WSN
A2093HANANP/ 1.25E—02, na 4.82E—-05, na 9.99E—03, na 521E-05,na 1.57E—02,0 261E-05,0
WSN
A2093 MOUSE LUNG 143E-02, 2.62E—-04, 1.89E—-02, 6.00E—04, 893E—03, 9.18E-05,

2.24E-02 2.34E-04 3.72E-02 5.32E-04 1.22E—-02 6.19E—05
WSN 1.38E-02, 2.90E—04, 1.64E-02, 5.75E-04, 1.17E=02, 1.45E-04,

1.63E-02 2.62E-04 2.34E-02 4.94E-04 1.31E-02 1.65E-04
A2093HANAPB1/ 1.82E-02, 5.03E—-04, 1.77E-02, 9.49E—-04, 2.06E-02, 391E-04,
WSN 2.49E-02 4.98E—04 3.44E-02 9.04E—-04 2.12E-02 3.99E-04
A2093HANAPA/ 3.96E—-02, 6.17E—04, 491E-02, 1.34E-03, 4.66E—02, 3.06E—04,
WSN 291E-02 6.13E—04 243E-02 1.38E—-03 3.93E-02 2.80E—-04
A2093HANANP/ 1.30E-02, 1.60E—04, 1.35E-02, 3.36E—04, 8.27E-03, 4.15E-05,
WSN 1.34E—-02 1.61E-04 1.35E-02 3.07E-04 9.55E-03 5.10E-05

The cutoff value for the mutation rate calculation was fi>0.006 which was generated based on the NGS data from parent virus as backgroud control. The value 0
indicated no locations has the fi>0.006; the na. indicated no NGS data available. *the H9 HA1&2 of A2093 is 55-1680 of ORF region, the H1 HA1&2 of WSN is 52-1695;
®The hot-spot region are 350-950 for both; “HA2 for WSN strain is 1030-1630, for A 2093 strain is 1015-1615. 9Fg/nt, mutation/site/infection cycle



Cui et al. Virology Journal (2022) 19:20

Page 9 of 15

PB1-

0.025
A MDCK-RUN1

MDCK-RUN2
Mouse Lung-RUN1
Mouse Lung-RUN2

0.02
0.015
0.01
0.005 & :

WSN 0

NP-

Counts

20 = PB1-reassortant
PA-reassortant
NP-reassortant
A2093

wsn

(B 1 g |

15 =
(14/18)

(11/14) (1010)

10
(9/13)

) (616)
(5/9)

(1/1) /.

: *‘ = T T

MDCK MOUSE LUNG

©on)

Fig. 4 Genetic variation in the HA sequence after passaging of reassortant viruses. A Genetic distance of HA sequences. The genetic distance

of the HA sequences of the PB1-, PA- and NP-reassortant viruses after five passages in MDCK cells (triangles) and mouse lung (circles) is plotted
relative to the wt A2093-HIN2 virus. The genetic distance of the WSN-H1N1 after five passages is plotted relative to the wt WSN-H1N1 virus. Two
independent experiments were performed in cells and mice, that were analyzed by NGS and are plotted separately, as RUNT and RUN2. Further
details on the NGS results are shown in Additional file 2: Table S5. ** significant difference in the genetic distance compared to the WSN-H1N1 strain.
B Non-synonymous numbers over open read frame (ORF) of HA nucleotide sequence. The number of substitutions (SBS) is plotted for the PB1, PA
and NP reassortant viruses, and the wt A2093-H9N2 and WSN-H1N1 viruses, after passaging in MDCK cells and mice lung. Numbers in the bracket
indicated non-synonymous numbers with F;>0.01, and the total SBS number separating by /"

in mouse lung. For none of the viruses a significant dif-
ference in the genetic distance was observed after pas-
saging in MDCK cells. The genetic distances of the HA
sequences observed during passaging of the PB1- and
PA-reassortant viruses in mouse lung were also larger
than measured during passaging of the WSN-HIN1
virus (Fig. 4A, details in Additional file 2: Table S5). Dif-
ferences were observed in the substitution frequency
measured for different domains in the HA gene (Table 2).
The region from 350 to 950 on HA nucleotide sequence
(marked as HA1P in Table 2) includes the 130 helix, RBS
and 220 loop domains of HA head. The mutation fre-
quency in this functional HA1 domain was compared
to that of the complete HA gene, and that of the HA2
domain (region 1015-1615 for A2093-H9N2, region
1030-1630 for WSN-HIN1). The general mutation
rates (F,,, mutation/site/infection cycle) over the HA1
domain was 2.1 times (Std. Error=9.425E-02) higher
than that over the whole HA domain (in linear regres-
sion with Fyy, (HA1?) =2.13 F,;,, (whole HA), R*=0.967,
p-value =3.938e-14). The plot of the dataset containing
Fg/ne of different HA domains were visualized in R, and
exported on Additional file 1: Fig. S1. The general muta-
tion rates over the HA2 domain displayed no linear rela-
tionship with that over the whole HA regions (Table 2),
and the general mutation rates of the HA2 domain were
lower than the HA1 domain for all the progeny viruses.
These results suggest that the HA1 region, for with higher

substitution frequency was measured, reflects a mutation
“hot-spot” on the HA gene. This is likely due to increased
selective pressure on this functional HA domain.

Mutation preference of reassortant viruses
We analyzed the substitutions observed in the HA ORF
in further detail with a threshold of f,>0.01 for signifi-
cant SBS after selection. The total number of SBS which
reflects the diversity of the gene was calculated, as well
as the number of transitions and transversion, and the
number of synonymous and non-synonymous muta-
tions (Table 3). Few significant SBS were observed in the
HA gene after serial passaging in MDCK cells. The total
number of SBS detected in the HA ORF was highest for
the PB1-reassortant virus after passaging in mice lung.
Therefore, the gene diversity of the HA gene of PB1-
reassortant virus was higher than estimates for the other
reassortant viruses after five passages in mouse lungs.
Substitution frequency (f;) for A (Adenine) towards G
(Guanine) was higher than that for other types of sub-
stitutions on viruses passaged in both MDCK cells and
mouse lung. Only for the PB1-reassortant virus, the esti-
mated possibility of transversions (Pr,) was higher than
that of transitions (Table 3). There was a positive correla-
tion between a higher transition/transversion ratio and a
higher non-synonymous mutations ratio for all reassor-
tant viruses. Most of the significant SBS we observed in
mouse lung passages were non-synonymous mutations
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(Fig. 4B). The probability of SBS resulting in a non-syn-
onymous mutation in HA was significantly higher for the
PA- and PBl-reassortant viruses after five passages in
mouse lung,

Discussions
Influenza viruses are characterized by rapid mutation
caused by error-prone viral RNA-polymerase enzyme
on the negative-RNA genome during the replication.
In addition, the segmented genome of influenza viruses
allows these viruses to obtain novel genetic information
by reassortment with other influenza strains. Error-prone
RNA polymerase activity may be beneficial for the virus
by providing diverse gene mutations that may allow rapid
adaptation to a new host. Reassortment may also enable
the virus to acquire features from other influenza viruses
within short infection circles, thereby possibly rapidly
adapted to new host population and becomes endemic
or pandemic. Many influenza pandemics in history were
caused by reassortant viruses originating from mam-
malian-adapted viruses that obtained genes from avian
influenza viruses. For instance, the HIN1 virus causing
the 1918 pandemic was a reassortant virus, containing
HA from H1 subtype human-adapted strain and NA and
other gene segments from avian influenza viruses [55].
Also the viruses causing the 1957 pandemic [56] and the
2009 pandemic [57, 58] were reassortant viruses.
Considering the pandemic threat of avian influenza
viruses, it is important to provide more insight in the
characteristics of human influenzas viruses after reas-
sortment with avian influenza viruses. To approach this,
we simulated the reassortment of human HIN1 virus
(inner genes) and avian H9N2 virus (both HA and NA
genes, and one of the polymerase genes). The genotype
of the HIN2 strain (A2093) used in this research was
B69 with its HA gene clustered in Ck/BJ/1/94-like line-
age [59]. Besides, it has been reported with higher avid-
ity for a 2,6- sialic acid. This virus strain showed ability
to replicate in mammalian cells and in mice. [60]. The
surface genes were derived from the avian HON2 virus,
and the reassortant viruses thus were able to replicate
but not adapted to the mammalian receptor as well as the
wild-type human HIN1 strain. The reassortant viruses
in this research were used as a model to study the early
stage of evolution of avian-human reassortant influenza
viruses. We showed that the RNP complex with the PB1
gene from A2093-HIN2 in the background of the WSN-
HI1NT1 virus significantly promoted the activity of RNPs
complex in a Dual-Luciferase Assay System. In MDCK
cells, the PBl-reassortant virus was found to replicate
with similar efficiency as wt WSN-HINI virus. In DF1
cells, the replication of the PB1-reassortant was reduced
compared to wt WSN-HINI virus. The other reassortant
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viruses replicated less efficiently in both MDCK and DF1
cells compared to wt WSN-HINT1 virus. The reassortant
viruses were able to replicate efficiently in the mouse
turbinate and lung, to similar levels as wt WSN-HIN1
virus. Except for the PB2-reassortant virus that showed
significantly reduced replication in the mouse lung. The
body weight of the mice was measured as an indication
for virulence (replication ability) of the viruses. Most
interestingly, we observed increased virulence (repli-
cation ability) in mice for the PBl-reassortant virus.
Due to the low pathogenicity of the virus, no mortality
other than decrease in body weight were observed in the
infected mice. A previous study detected a high polymer-
ase activity of the combination of mammalian PB2 gene
and avian PB1 gene in human cells [61]. The involvement
of avian PB1 gene in mammalian-adapted virus might
obtain a higher virulence in new host by generating adap-
tive mutations under a new selection pressure. To obtain
more information on the replication and evolution of the
WSN-HINI virus containing inner gene segments of the
avian HIN2 virus, we performed serial passaging of the
reassortant viruses in MDCK cells and in mice.

In this study, the “mutation rate” was calculated during
serial passaging of the reassortant viruses. The mutation
rate is therefore a combination of initial errors made dur-
ing RNA replication, combined with the effects of host
selection [62]. Mutations in HA may lead to changes of
antibody or receptor binding, and may be preferentially
selected [63, 64]. For all reassortant viruses in this study,
we observed a higher mutation rate (mutation/site/infec-
tion cycle) in mouse lungs compared to MDCK cells.
This difference was likely caused by the increased selec-
tion pressure mediated by the mouse immune system.
However, the absolute mutation rate measured for the
viruses may differ dependent on the host species. The
mutation rate measured on HA gene was more than two-
fold increased for the PA-reassortant virus compared to
wt WSN-HIN1 and A2093-H9N?2 viruses, and more than
1.5 times for the PB1-reassortant virus. Previous studies
suggested the mutation rate of influenza A viruses ranged
from 7.1 x 107 to 4.5 x 10~° substitutions per nucleo-
tide per cell infection cycle (s/n/c) of the whole genome
[65, 66]. In this study, we measured mutation rates of
5.0x107* and 6.2 x 10~* mutation/site/infection cycle
on HA gene for the PB1 and PA-reassortant virus, which
is higher than previously reported. We showed that poly-
merase activity was increased for the PBl-reassortant
virus, which may have resulted in an increased error-rate
during RNA replication. However, decreased polymerase
activity was measured for the PA-reassortant. The higher
mutation rate observed therefore may also result from
the strong selection pressure on the reassortant viruses
due to their novel genetic composition. We analyzed the
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HA sequence in this study, and higher selection pressure
may be expected for virus surface protein [67]. Further-
more, the mutation rate may not only depend on the
gene segment analyzed, but also on the virus subtype
as was reported previously [67, 68]. Finally, differences
in the analysis methods may have contributed to varia-
tion in the error-rates reported [69, 70]. The number/
ratio of non-synonymous mutations is indicator for the
selection pressure on the virus [71]. With similar high
SBS numbers, the PB1-reassortant virus showed the low-
est precentages of non-synonymous changes, whereas
in PA-reassortant virus only non-synonymous changes
were found. This high percentage of non-synonymous
mutations in PA-reassortant virus was also reflected in a
high relative genetic distance, suggesting there is a strong
positive selection on the PA-reassortant virus. The serial
passaging experiments, in which five host-infection cir-
cles were observed, showed that the substitution rates of
both the PA and PB1-reassortant viruses were increased
compared to the other reassortant viruses. This sug-
gests that reassortant virusses obtaining the PB1 gene
from avian HON2 are more likely to rapidly adapt to new
hosts. This in accordance with a previous study which
showed that virus replication was more efficient when
PB1 was derived from an avian virus, regardless of the
origin of the other proteins [72]. Furthermore, we identi-
fied a mutation hot-spot in the HA-gene, that is located
near the antigenic and receptor binding sites [73-75]. We
measured a significantly increased substitution frequency
for the 350-950 domain of HA1 compared to the com-
plete ORF region. Our results are consistent with previ-
ous studies which showed that the head domain of HA
evolves faster than the stalk domain [76]. This domain
included the 130 helix and 220 loop structure of HA head
which are exposed to the surface and therefore can be
easily captured by host immune system [77]. Together
with the receptor-binding function, the highly mutable
HA1 domain might compromise viral replicative fitness,
which means the globular head of HA are highly tolerant
of mutations [78]. We further indicated that the mutation
patterns could be highly influenced by the reassortant
viral vRARp complex, especially in reassortment between
human and avian viruses. However, further research will
be required to provide more insight in the intracellular
mechanism at molecular level.

Reassortment events between human and avian influ-
enza viruses in combination with rapid evolution and
adaptation due to error-prone replication may lead to a
novel human pandemic. The HON2 virus is currently the
most frequently detected subtype (particularly in live
bird markets) and has become endemic in poultry across
Asia since 1990s [79]. Several studies provided evidence
of interspecies transmission of HON2 virus from poultry
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to mammals, such as swine [80, 81]. Swine may represent
“mixing vessel” for influenza viruses as they are suscep-
tible for infected with swine, human and avian influenza
viruses [82]. An experimental study showed the replica-
tion of HON?2 virus (A/guinea fowl/Hong Kong/WF10/99,
A/guinea fowl/Hong Kong/NT184/03) in mice without
adaptation [83], likely because of its properties of internal
genes related to polymerase function. As human infec-
tions with avian HIN2 viruses have been reported [8, 14],
there is a high probability of reassortment with human
influenza viruses.

Conclusions

In this study, we showed that reassortment between a
human HIN1 virus and the avian HIN2 virus might
potentially result in a novel virus that can readily adapt
to humans: the reassortant virus with the avian PB1 gene
showed increased polymerase activity, better replication
in mouse lung and high mutation rate at HA gene, in
particular in the HA1 domain related to receptor bind-
ing and immunogenicity. Therefore, human infections
with avian HIN?2 viruses and the possible emergence of
reassortant influenza viruses carrying avian HON2 poly-
merase genes must be carefully monitored for pandemic
preparedness.
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