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Hemagglutinin destabilization in H3N2 vaccine
reference viruses skews antigenicity and prevents
airborne transmission in ferrets
Meng Hu1, Christina Kackos1,2, Balaji Banoth1, Chet Raj Ojha1, Jeremy C. Jones1, Shaohua Lei3,4,
Lei Li5, Lisa Kercher1, Richard J. Webby1,6*, Charles J. Russell1,6*

During influenza virus entry, the hemagglutinin (HA) protein binds receptors and causes membrane fusion after
endosomal acid activation. To improve vaccine efficiency and pandemic risk assessment for currently-dominant
H3N2 influenza viruses, we investigated HA stability of 6 vaccine reference viruses and 42 circulating viruses.
Recent vaccine reference viruses had destabilized HA proteins due to egg-adaptive mutation HA1-L194P. Virus
growth in cell culture was independent of HA stability. In ferrets, the vaccine reference viruses and circulating
viruses required a relatively stable HA (activation and inactivation pH < 5.5) for airborne transmissibility. The
recent vaccine reference viruses with destabilized HA proteins had reduced infectivity, had no airborne trans-
missibility unless reversion to HA1-P194L occurred, and had skewed antigenicity away from the studied viruses
and circulating H3N2 viruses. Other vaccine reference viruses with stabilized HAs retained infectivity, transmis-
sibility, and antigenicity. Therefore, HA stabilization should be prioritized over destabilization in vaccine refer-
ence virus selection to reduce mismatches between vaccine and circulating viruses.
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INTRODUCTION
Influenza A viruses (IAVs) cause pandemics and annual epidemics
(1). Diverse IAVs circulate in wild aquatic birds and occasionally
infect domestic poultry and swine (2, 3). Since the 1968 Hong
Kong pandemic, H3N2 viruses cause seasonal outbreaks in
humans. Influenza circulation was suppressed during the onset of
the coronavirus disease 2019 (COVID-19) pandemic (4).
However, the detection of influenza viruses has been increasing
since November 2021 and appears to have increased to pre–CO-
VID-19 pandemic levels in several countries and regions (5, 6).
The H3N2 subtype is the current dominant strain in humans (5,
6), and it consists of seven clades (clades 1 to 7) and multiple sub-
clades (7). Clade 2a and clade 3a are the predominant clades circu-
lating in humans (7). In North American swine, H3N2 IAVs
emerged in the late 1990s and quickly evolved into clusters I, II,
III, and IV (8). Swine H3N2 IAVs have also been detected in
humans (9–11). Thus, currently-circulating and -emerging H3N2
pose a threat to public health.

It is challenging to identify animal-origin IAVs that pose the
greatest risk of causing a human pandemic. Efficient airborne trans-
missibility is an essential characteristic of pandemic viruses (12, 13).
The IAV hemagglutinin (HA) surface glycoprotein plays key roles in
the virus replication cycle and transmission. The HAs of human

IAVs bind with higher affinity to host cell α2,6-linked receptors,
while those of avian IAVs prefer α2,3-linked (1). After virion endo-
cytosis, the HA protein undergoes acid-dependent, irreversible con-
formational changes that promote the fusion between viral and
cellular membranes (2, 3, 14). The threshold of acidic pH required
to activate the HA protein has been defined as HA activation pH (2,
15, 16). Multiple assays can be used to measure the HA activation
pH value. These include various cell-to-cell fusion assays (e.g., syn-
cytia formation, dye transfer, or reporter gene expression), trypsin
susceptibility, and binding to conformation-specific monoclonal
antibodies using flow cytometry [reviewed in (2)]. Numerous
human H1N1 pandemic isolates and H3N2 isolates have been dem-
onstrated to have HA activation pH values ≤ 5.6 (17–19). Swine
gamma H1N1 viruses had HA activation pH values ranging from
5.5 to 5.9 (17), and swine H3N2 isolates (of unknown phylogenetic
information) had pH values from 5.3 to 5.8 (18, 20). Acid-triggered
HA confirmational changes outside of a target cell leads to virion
inactivation. The pH at which virions lose infectivity outside of
cells is defined as virus inactivation pH (2, 21). Virus inactivation
pH is measured by aliquoting virus samples, exposing the aliquots
to buffers of a range of pH, neutralizing the samples, and measuring
the remaining virus infectivity [reviewed in (2)]. Seven human
H3N2 isolates before 2013 had acid inactivation pH ≤ 5.4, while 2
swine H3N2 isolates had pH values of 5.7 to 5.9 (22, 23). Overall,
infectious virions need HA to be activated to undergo replication
and transcription intracellularly while resisting activation to
protect from losing infectivity extracellularly (24–27). The pH
values of HA activation and virus inactivation may not be always
equal, and limited studies have been performed to compare these
two values. Five human H3N2 and four swine H1N1 gamma
viruses had similar pH values between HA activation and virus in-
activation (21), whereas several other swine H3N2 and H1N1 iso-
lates had varied values between these two (18). It is necessary to
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investigate the relationship between HA activation and virus inacti-
vation pH on a larger scale.

Ferrets are the primary animal model for investigating IAV
transmission (28, 29). H1N1 and H5N1 viruses contain structural
group 1 HA proteins (30, 31). For these subtypes, a stable HA
protein (activation pH < 5.6) is necessary for airborne transmissi-
bility in ferrets (17, 20, 21, 32–35). H3N2 viruses have structural
group 2 HA proteins (30, 36). Limited information is known
about the impact of HA stability on group 2 virus transmissibility
in ferrets. Airborne transmission in ferrets was reduced for a cell-
adapted H3N2 virus with modified HA and NA (23). It is unclear
whether this isolate can be a representative for circulating seasonal
H3N2 viruses. Four swine H3N2v isolates with activation pH ≤ 5.6
had varied airborne transmission (19). It is unknown whether
human H3N2 viruses require a pH threshold of HA stability for air-
borne transmissibility. Such knowledge is necessary to inform pan-
demic risk assessment algorithms.

Vaccination is themost effective way to protect against infectious
diseases. Vaccine effectiveness against recent H3N2 IAVs has typi-
cally been low (<33%) (37), in part, due to mismatches between
vaccine and circulating strains. These are caused by antigenic
changes in circulating H3N2 and, to a lesser extent, the egg-cultur-
ing systems used for vaccine production (37, 38). H3N2 evolution
leads to the emergence of antigenically novel viruses approximately
every 2 to 5 years (39). Understanding the determinants of H3N2
transmissibility could potentially inform models aiming at predict-
ing forward evolution. Vaccine growth in eggs often introduces egg-
adapted HAvariations. Human- and egg-adapted H3N2 IAVs pref-
erentially bind α2,6-linked and α2,3-linked receptors, respectively
(40). Therefore, egg-adaptation variations to switch receptor-
binding specificity have been reported, including HA1-H156Q
(41), HA1-T160K (42), HA1-G186V (43), and HA1-L194P (44,
45). However, it remains unclear whether these adaptive mutations
may emerge in the circulating viruses and alter virus characteristics
(i.e., HA stability, replication, and antigenicity).

Here, we conducted a comprehensive investigation on H3N2 in-
fluenza vaccine reference viruses and circulating viruses to address
the contributions of HA stability to vaccine reference virus selection
and pandemic risk assessment. We identified mismatched HA
stability between the recent vaccine reference viruses and human
circulating viruses. We demonstrated that virus growth in the cell
cultures used in commercial vaccine production was independent
of HA stability, whereas virus initial growth in ferrets was associated
with HA stability. Furthermore, we revealed that the recent vaccine
reference viruses having destabilized HA proteins due to the egg-
adaptive mutation HA1-L194P had skewed antigenicity away
from the airborne transmitted viruses in ferrets and circulating
viruses. Other vaccine reference viruses that acquired egg-culturing
adaptation HA1-G186V retained a stable HA protein and had no
changes in virus replication, antigenicity, and transmission. Thus,
we concluded (i) future selection of H3N2 vaccine reference
viruses should prioritize stabilized HA proteins over destabilized
ones, and (ii) H3N2 viruses with stabilized HAs have greater pan-
demic potential.

RESULTS
Recent H3N2 vaccine reference viruses have destabilized
HA proteins
Phylogenetic analyses on the HA genes of 22 human and 26 swine
H3N2 IAVs (2012–2019) showed that the 22 human IAVs were dis-
tributed in clades 3C.2a, 3C.3a, and 3C (fig. S1). Eight human-like
swine IAVs were also in clade 3C, and the remaining 18 swine iso-
lates belonged to swine cluster IV. The isolates were widely distrib-
uted within these clades and taken as genetically diverse and
representative. The H3N2 human isolates had seasonal non-HA
segments, while those from swine were from the triple-reassortant
internal gene constellation and/or pdm09 lineages (Table 1). All iso-
lates had human-adaptive receptor-binding HA1 residues D190,
I226, P227, and S228, except cluster IV swine, which contained
HA1 human-adaptive (D190 and S228) and avian-like (V226 and
S227) receptor-binding residues (Table 1). The human isolates
had more potential glycosylation sites and human-adaptive poly-
merase substitutions when compared to the swine isolates (Table 1).

The human isolates had HA activation and virus inactivation pH
values ranging from 5.1 to 5.7 and from 5.3 to 5.8, respectively
(Fig. 1, A and B). Six wild-type human isolates were World
Health Organization (WHO)–recommended H3N2 vaccine refer-
ence viruses from 2013 to 2019 (table S1). Three egg-based
vaccine reference viruses [i.e., A/Singapore/Infimh-16-0019/2016
(A/SG/Infimh), A/Switzerland/8060/2017 (A/CH/8060), and A/
Hong Kong/4801/2014 (A/HK/4801)] had egg-adaptive mutations
HA1-T160K andHA1-L194P (table S1). These three viruses had the
least stable HA proteins (pH 5.5 to 5.8) of the human viruses (Fig. 1,
C to E). Three other egg-based vaccine reference viruses [i.e., A/
South Australia/55/2014 (A/SA/55), A/Texas/50/2012 (A/TX/50),
and A/Switzerland/9715293/2013 (A/CH/9715293)] had alternate
egg-adaptive mutation HA1-G186V (table S1), and these viruses
had more stable HA proteins (pH 5.3 to 5.5) (Fig. 1, F to H). Of
note, the other egg-based wild-type vaccine reference viruses or re-
assortant vaccine seed viruses of A/SG/Infimh, A/CH/8060, and A/
HK/4801 also had HA1-T160K and HA1-L194P egg-adaptive mu-
tations, and those of A/TX/50 and A/CH/9715293 hadHA1-G186V
(table S1) (45, 46). Cell-based A/TX/50 and A/HK/5738 did not
have egg-adaptive mutations and had relatively stable HA proteins
(pH 5.2 to 5.5) (Table 2). Overall, egg-adaptive mutation HA1-
G186V had minimal effect on HA stability, whereas HA1-L194P
and/or HA1-T160K may be associated with HA destabilization.

Human-like swine viruses had relatively stable HA proteins with
HA activation and virus inactivation pH values ranging from 5.2 to
5.4 and from 5.3 to 5.5, respectively (Fig. 1 and table S2). In contrast,
cluster IV swine viruses had HA activation and virus inactivation
pH ranging from 5.3 to 5.9 and from 5.4 to 5.9, respectively,
which were significantly higher than the human and human-like
swine viruses (Fig. 1 and table S2).

Human isolates had lower growth in vitro
We measured virus growth in African green monkey kidney (Vero)
and Madin-Darby canine kidney (MDCK) cells, which are used for
influenza vaccine production (47). The human viruses had lower
total amount of infectious viruses [assessed by area under the
growth curves (AUC) or virus titers] than the swine viruses in
both cell types (Fig. 2, A to C, and fig. S2). Average peak titers of
the human viruses reached approximately 108 median tissue

Hu et al., Sci. Adv. 9, eadf5182 (2023) 29 March 2023 2 of 16

SC I ENCE ADVANCES | R E S EARCH ART I C L E



culture infectious dose (TCID50)/ml with a range of 104 to 109
TCID50/ml in Vero and 107 to 109 TCID50/ml in MDCK cells
(Fig. 2D). The six vaccine reference viruses grew to peak titers
greater than 6.6 × 106 TCID50/ml in both Vero and MDCK cells
(Fig. 2D and Table 2).

Relationships between HA stability, virus stability, and
replication in vitro
We investigated the relationships between HA stability, virus stabil-
ity, and in vitro replication. Virus inactivation pH correlated poorly
with HA activation pH for the 22 humanH3N2 viruses compared to
the 18 cluster IV swine viruses (Fig. 3A). This suggested that HA
activation may be an important, albeit nonexclusive, correlation
of H3N2 virus resistance to inactivation by mild acid. In MDCK
and Vero cells, virus yields at earlier time points increased as the
HA activation pH or inactivation pH values increased from 5.2 to
5.9 (Fig. 3, B to E). However, virus titers at all time points and either
HA activation pH or virus inactivation pH were poorly correlated
[coefficient of determination (R2) < 0.24 in Vero and R2 < 0.35 in
MDCK] (Fig. 3, B to E). MDCK cells produced higher virus yields
than Vero cells at earlier time points (Fig. 3F).

Human H3N2 infection and transmission in ferrets
We infected ferrets with five human H3N2 isolates. Two viruses
(i.e., A/SG/Infimh and A/HK/4801) were egg-based WHO-recom-
mended vaccine reference viruses containing HA1-L194P that had
virus inactivation pH values of 5.8 and 5.7, respectively. Both cell-
based and egg-based (containing HA1-G186V) A/TX/50 had virus
inactivation pH values of 5.5. Cell-based A/HK/5738 (inactivation
pH of 5.4) and seasonal human A/MEM/2 (inactivation pH of 5.3)
had the most stable HAs.

On day 0, we intranasally inoculated naïve (donor) ferrets with
106 plaque-forming units (PFU) of viruses. On day 1, we introduced
naïve (contact) ferrets into the same cage and naïve (airborne)
ferrets into adjacent noncontact compartments separated by perfo-
rated dividers. We monitored ferret body weight and temperatures
daily, performed nasal washes every other day until day 14, and col-
lected blood on day 21.

In brief, all viruses transmitted by contact route at 100%. In the
egg-based A/SG/Infimh and A/HK/4801 groups that had HA1-
L194P, the reversion mutation HA1-P194L arose in donor,
contact, and the single airborne-transmitted ferret (Table 2). In
contrast, egg-based A/TX/50 containing HA1-G186V airborne
transmitted in two of the three ferrets without reversion. Cell-
based A/HK/5738 and A/MEM/2 had 100% airborne transmission
(three of three) (Table 2). Detailed results were as follows.

Egg-based A/SG/Infimh
A/SG/Infimh contained egg-adaptive mutations HA1-T160K,
HA1-L194P, and HA1-D225G (Fig. 4A and Table 2). After 1 day
in donors, A/SG/Infimh produced a nasal titer of 2.2 log10TCID50-
/ml in one animal and was not detected in the other two (Fig. 4B).
A/SG/Infimh grew to peak titers (5.78 ± 0.5 log10TCID50/ml) by day
3 in all three donors (Fig. 4B and Table 2). Transmission was first
detected in contact animals on days 4, 6, and 10 (Fig. 4B and
Table 2). Airborne transmission was first detected on day 12 in
ferret A2 (Fig. 4B and Table 2).

Next-generation sequencing on ferret nasal washes showed the
A/SG/Infimh inoculum had 100% egg-adaptive mutation HA1-

Table 1. Genetic analyses of human and swine IAVs.

Genetic characteristics
Human Human-

like swine
Cluster
IV swine

(n = 22) (n = 8) (n = 18)

Gene constellation

PB2 Seasonal TRIG/P* TRIG

PB1 Seasonal TRIG/P TRIG

PA Seasonal TRIG/P TRIG/P

HA Seasonal Human like Cluster IV

NP Seasonal TRIG/P TRIG/P

NA Seasonal 2002 N2 2002 N2

M Seasonal P P

NS Seasonal TRIG/P TRIG

HA receptor binding

Human-like

HA1-D190 D† D D

HA1-I226 I I –

HA1-P227 P P –
HA1-S228 S S S

Avian-like

HA1-V226 – – V

HA1-S227 – – S

No. of glycosylation sites
(mean ± SD)

10.2(±0.8) 6.9(±0.6) 8.0

PB2 human-adaptive substitutions

PB2-N9 N – –
PB2-T/L147 T T T

PB2-S199 S – –
PB2-G249 G G –
PB2-A271 A A A

PB2-D309 D D D

PB2-R526 R – –
PB2-I/V588 I (5/22)‡ – –
PB2-S590/R591 – SR§ SR

PB2-K627 K – –
PB2-A661 A (1/22) – –

PB2-T683 T T T

PB2-S684 S – –
PB2-R702 R – –
PA human-adaptive substitutions

PA-S/Y321 Y – –
PA-M336 – – M (1/18)

PA-R356 R – R (1/18)

PA-S409 S S (1/8) –
PA-I669 I (2/22) – –

*TRIG, Triple-reassortant internal gene constellation lineage; P,
pdm09. †Predominant amino acids for the indicated clades. ‡X/Y
refers to number of isolates having the indicated residue divided by the
total number of isolates in that clade. §SR, S590/R591.
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P194 (Fig. 4C). Reversion (HA1-P194L) was detected in two of the
three donor ferrets by day 5 (Fig. 4C and fig. S3). The HA1-P194L
reversion variant transmitted to one of the three contacts and one of
the three airborne ferrets (Fig. 4C and fig. S3). Airborne-transmit-
ted viruses had lower HA activation and virus inactivation pH (5.2
and 5.4, respectively) than inoculum (Fig. 4D). We plaque-purified
and verified A/SG/Infimh contained the HA1-P194L reversion but

no other mutations. HA1-P194L had HA activation and virus inac-
tivation pH values that were 0.4 pH units less than that of HA1-P194
(Fig. 4E). Both viruses bound preferentially to red blood cells
(RBCs) expressing α2,6-linked sialic acid, and HA1-P194 retained
binding to turkey RBCs expressing α2,3-linked sialic acid (table
S3). In summary, A/SG/Infimh did not transmit via the airborne

Fig. 1. HA activation pH and virus inactivation pH values for human and swine H3N2 IAVs. (A) HA activation pH values. Vero cells were infected with IAVs (human,
n = 22; human-like swine, n = 8; and cluster IV swine, n = 18) at a multiplicity of infection (MOI) of 3 plaque-forming units (PFU) per cell. Virus HA activation pH values were
measured by syncytia assay. Each symbol represents the mean highest pH of syncytia formation for an individual isolate. (B) Virus inactivation pH values. Virus aliquots
were treated with phosphate-buffered saline (PBS) buffers having the indicated pH. Residual infectivity was measured by TCID50 and analyzed using nonlinear regression.
(C to H) Representative syncytia and virus inactivation assays for the six vaccine reference viruses. Six vaccine reference viruses—A/SG/Infimh (season 2018–2019) (C), A/
CH/8060 (season 2018–2019) (D), A/HK/4801 (seasons 2016–2017 and 2017–2018) (E), A/SA/55 (season 2015–2016) (F), A/TX/50 (seasons 2013–2014 and 2014–2015) (G),
and A/CH/9715293 (season 2015–2016) (H)—were indicated by colored symbols shown in the legend. LogEC50 was reported as virus HA inactivation pH. All experiments
were independently performed at least twice (means ± SD). P values were determined according to Mann-Whitney U test.
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route until it acquired the HA-stabilizing reversion mutation
HA1-P194L.

We collected sera from A/SG/Infimh-infected ferrets and segre-
gated serum samples into three groups based on the next-generation
sequencing results of nasal washes: (i) sera from ferrets infected with
HA1-P194, (ii) sera from ferrets infected with reversion variant
HA1-L194 after transmission, and (iii) sera from ferrets with a
mixed infection of HA1-P194 and HA1-L194 (Fig. 4F and fig.
S3). As expected, infection with virus containing egg-adaptive var-
iation HA1-P194 elicited significantly lower HA inhibition (HAI)
responses toward HA1-L194 virus, infection with HA1-L194 elicit-
ed greater HA1 responses toward HA1-L194 virus, and sera from
dual-infected ferrets was equally reactive to both viruses (Fig. 4F).
Overall, in the context of A/SG/Infimh, the egg-adaptive HA1-
L194P variation destabilized the HA protein, prevented airborne
transmission in ferrets until the stabilizing reversion mutation
HA1-P194L occurred, and reduced reactivity to antibodies generat-

ed after infection with viruses with HA1-L194, a residue observed in
the airborne transmitted virus and circulating human
H3N2 viruses.

Egg-based A/HK/4801 and cell-based A/HK/5738
A/HK/4801 contained egg-adaptive mutations HA1-P194, HA1-
K160, and HA1-G255 (Fig. 5A and Table 2). The virus retained
these mutations after passage in MDCK cells (fig. S4). We used
viruses with or without a final cell passage in MDCK cells in
ferret transmission experiments (trial 1 and trial 2, respectively).
Both trials showed 100% contact and 0% airborne transmission
(Fig. 5B and Table 2). Next-generation sequencing showed that
six of the seven donors (three of three in trial 1 and three of four
in trial 2) and seven of the seven contacts had the reversion muta-
tion HA1-P194L, albeit never exceeding 60% (Fig. 5C and fig. S4).

A/HK/5738 differed from A/HK/4801 by 12 amino acids, 4 of
which were in HA1 (table S4). A/HK/5738 contained stabilizing

Fig. 2. Virus replication in Vero andMDCK cells (A to B) Area under the growth curves (AUC) of virus multistep replication in Vero and MDCK cells (MOI of 0.01 PFU per
cell). Cell culture supernatants in Vero cells were collected at 16, 24, 48, and 60 hours postinfection (hpi), and those in MDCK cells were collected at 16, 24, and 36 hpi. The
samples were titrated by TCID50. AUC of the total amount of infectious viruses for an individual virus was calculated. (C) Virus titers of one-step growth in MDCK cells (MOI
of 2 PFU per cell). Cell culture supernatants were collected at 6 hpi. (D to E) Peak virus titers in Vero and MDCK cells. Six vaccine reference viruses—A/SG/Infimh, A/CH/
8060, A/HK/4801, A/SA/55, A/TX/50, and A/CH/9715293—were indicated by colored symbols shown in the legend. All experiments were independently performed at
least twice (means ± SD). P values were determined according to Mann-Whitney U test.
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Fig. 3. Relationships between HA activation pH, virus inactivation pH, and virus growth in Vero and MDCK cells. (A) Virus inactivation pH as a function of HA
activation pH. (B) Virus growth in Vero cells as a function of HA activation pH. (C) Virus growth in Vero cells as a function of virus inactivation pH. (D) Virus growth in MDCK
cells as a function of HA activation pH. The MOI was 0.01 PFU per cell for the left three panels and 2 PFU per cell for the right panel. (E) Virus growth in MDCK cells as a
function of virus inactivation pH. (F) Virus growth (three left panels) and peak titers (right panel) in MDCK cells versus Vero cells. Six vaccine reference viruses—A/SG/
Infimh, A/CH/8060, A/HK/4801, A/SA/55, A/TX/50, and A/CH/9715293—were indicated by colored symbols shown in the legend. Titers at indicated time points are the
average titer of an individual isolate (log10TCID50/ml). A linear regression model using Python seaborn regplot package was applied for the scatter plots. The regression
lines and R2 values are shown.
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residue HA1-L194 and had HA activation pH of 5.2 (fig. S5, A and
B). Despite A/HK/5738 and A/HK/4801 having similar peak titers
in MDCK and Vero cells (Table 2), A/HK/5738 replicated to higher
titers in donors on day 1 (Fig. 5D and Table 2). A/HK/5738 donor
and contact peak titers were also higher than A/HK/4801 (Table 2).
A/HK/5738 had 100% airborne transmissibility (three of three),
while A/HK/4801 had 0% (Fig. 5, B and D, and Table 2). A/HK/
5738 retained 100% HA1-L194 in all ferrets (Fig. 5E and fig.
S5C). Airborne-transmitted A/HK/5738 isolated from nasal
washes had HA activation pH of 5.3 (Fig. 5F). Infection with A/
HK/5738 (HA1-L194–containing) resulted in significantly higher
HAI titers to their matching antigen than against A/HK/4801
(HA1-P194–containing) (Fig. 5G). Overall, A/HK/5738 containing

HA1-L194 had a relatively stable HA, was 100% airborne transmis-
sible in ferrets, and yielded ferret sera more reactive against virus
containing HA1-L194 than virus containing HA1-P194.

Cell-based A/TX/50 versus egg-based A/TX/50
Egg-based vaccine reference viruses A/SA/55, ACH/9715293, and
A/TX/50 contained egg-adaptive mutation HA1-G186V rather
than HA1-L194P (Table 2). They also had relatively stable HAs
(pH 5.3 to 5.5) (Table 2). Cell- and egg-based A/TX/50 had
similar HA stability and specificity for binding α2,6-linked sialic
acid receptors (Fig. 6A and table S3). Cell- and egg-based A/TX/
50 also had similar replication and transmission in ferrets
(Fig. 6B). Ferret nasal wash samples showed no significant variants

Fig. 4. Replication and transmission of egg-based vaccine reference virus A/SG/Infimh containing egg-adaptive mutation HA1-L194P in ferrets. Three donor
ferrets were intranasally infected on day 0 with egg-based A/SG/Infimh. After 1 day, three naïve contact ferrets were co-caged with the donor ferrets, and three naïve
airborne ferrets were introduced into adjacent cages. Ferret nasal washes were collected every other day until day 14. (A) HA amino acid variations between the A/SG/
Infimh isolates cultured in eggs and in MDCK or MDCK-SIAT1 (MDCK/SIAT) cells. N/A, not applicable. (B) Nasal virus titers of egg-based A/SG/Infimh in donor, contact, and
airborne ferrets. (C) Proportions of HA1-P194 and HA1-L194 as determined by next-generation sequencing. All reads with a frequency higher than 0% are reported. (D) HA
activation pH and virus inactivation pH values (means ± SD) of airborne-transmitted virus samples collected from ferret A2. (E) HA activation and virus inactivation pH
(means ± SD) of A/SG/Infimh carrying HA1-P194 or HA1-L194. A/SG/Infimh carrying HA1-L194 was plaque-purified from airborne transmitted viruses and tested along
with the inoculum containing HA1-P194. (F) Cross-reactive HA inhibition (HAI) responses. Infected/exposed ferret sera were grouped according to the variants detected,
HA1-P194 and HA1-L194, and amixture of HA1-P194 and HA1-L194 (HA1-P/L194). HAI assay was performed using viruses A/SG/Infimh carrying HA1-P194 and HA1-L914.
The experiments were independently performed at least twice (means ± SD). P values were determined according to Welch’s t test.
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in HA (Fig. 6C and fig. S6), and both viruses retained stable HAs
after airborne transmission (Fig. 6D). No antigenic differences
were detected between A/TX/50 cultured in eggs and cells
(Fig. 6E). Overall, egg-adaptive variation HA1-G186V, which
impedes the emergence of HA1-L194P in egg culture (45) and in
ferrets as shown in this study, did not alter HA stability, receptor
binding specificity, airborne transmissibility in ferrets, or antigenic-
ity in ferrets.

A/MEM/2
Cell-based A/MEM/2 was a non–vaccine reference virus with HA
activation and virus inactivation pH values of 5.3 (Fig. 7A). Inocu-
lated A/MEM/2 virus contained 7.9% HA1-T160 and 92.1% HA1-
K160 (fig. S7). HA1-K160 modifies the HA1-N158 glycosylation
site and is present in recent human H3N2 vaccine reference
viruses including A/SG/Infimh, A/CH/8060, and A/HK/4801. A/
MEM/2 grew to relatively high titers in ferrets and 100% transmit-
ted by contact and airborne (Fig. 7B and Table 2). Only HA1-K160,
the major variant, transmitted (Fig. 7C and fig. S7), and all air-
borne-transmitted viruses retained stable HAs (Fig. 7D). Thus,
the HA1-K160 glycosylation-deletion variation supported efficient
replication and transmission in ferrets and was unlikely responsible
for loss-of-function airborne transmission of A/SG/Infimh and A/
HK/4801.

Relationships between HA stability, virus stability, and
replication in ferrets
In ferrets, egg-based vaccine reference viruses containing HA1-
L194P (i.e., A/SG/Infimh and A/HK/4801) had lower initial titers
in donors than A/TX/50, A/HK/5738, and A/MEM/2 (Fig. 8A).
HA stabilization, represented by decreasing HA activation or
virus inactivation pH, correlated with increased initial nasal titers
(R2 = 0.77) but not virus shed from the ferrets (quantified using
AUC) (R2 ≤ 0.07) (Fig. 8, A and B).

DISCUSSION
H3N2 IAVs cause severe epidemics (7). Seasonal H3N2 influenza
vaccines have low effectiveness (<33%), in part, due to antigenic
mismatches between vaccine and circulating viruses, which are ex-
acerbated by egg-adaptive mutations arising during manufacturing
(37, 38, 44, 45, 48, 49). Here, we showed that recent vaccine refer-
ence viruses had unstable HA proteins compared to those from cir-
culating human H3N2 viruses, and we mapped this to destabilizing
egg-adaptive mutation HA1-L194P. These recent vaccine reference
viruses with unstable HA proteins had reduced virus replication,
impaired airborne transmission unless the stabilizing HA1-P194L
reversion mutation occurred, and skewed antigenicity in ferrets.
In contrast, vaccine reference viruses with egg-adaptive mutations
that did not destabilize HA (i.e., HA1-V186) retained infectivity,
transmissibility, and antigenicity in ferrets. Moreover, HA1-V186
impeded the emergence of destabilizing HA1-L194P in egg
culture (45) and in ferrets in this study, suggesting that it should
be prioritized over HA1-L194P during H3N2 vaccine strain selec-
tion. In addition, HA stabilization was shown to be required for
H3N2 airborne transmission in ferrets and should be considered
explicitly in formal assessments of pandemic risk.

Most seasonal influenza vaccines are manufactured in embryo-
nated chicken eggs (47), and many contemporary human H3N2

IAVs rapidly acquire adaptive mutations when passaged in eggs
(40). Egg-adaptive H3N2 HA mutations often alter receptor
binding and, consequently, alter antigenicity due to the presence
of antigenic sites at the periphery of the receptor-binding pocket
(43, 50–52). HA1 residues 194 and 186 are located at the rim of
the receptor-binding pocket (45) and in H3 epitope B (39). HA1-
L194P and -G186V increase H3N2 growth in eggs by increasing
binding to α2,3-linked receptors or disrupting avidity toward
long-chain α2,6-linked receptors (43, 50–53). In 2018 to 2019
H3N2 vaccine reference virus A/SG/Infimh, the present study
showed that, in addition to increasing binding to RBCs expressing
α2,3-linked sialic acid receptors, the HA1-L194P variation also de-
stabilizes the HAs. HA destabilization of pH1N1 has been shown to
reduce live attenuated influenza vaccine (LAIV) stability and de-
crease infectivity in ferrets (54). FluMist is manufactured in embry-
onated chicken eggs (55). The present and previous results suggest
that LAIV production in cell culture instead of eggs might increase
vaccine stability and in vivo infectivity and immunogenicity, albeit
at greater manufacturing cost, by avoiding egg-adaptive mutations
like HA1-L194P that alter HA receptor binding and HA stability. It
is unknown whether HA destabilization due to the presence of egg-
adaptivemutations would decrease antibody responses of intramus-
cularly injected inactivated vaccines, but this could be tested.

MDCK and Vero cells are also used to manufacture influenza
vaccines (47). In the present study, H3N2 virus yields in Vero and
MDCK cells did not vary as a function of HA stability, although
virus replication at initial stages in ferrets did. MDCK cells appear
highly attractive for influenza vaccine virus production, as H3N2
growth in MDCK cells is (i) independent of HA stability, (ii)
higher than in Vero cells for a subset of isolates, and (iii) more ge-
netically stable when compared with virus growth in eggs.

Human-adapted IAVs have HA stability values that range from
pH 5.0 to 5.5 (16), leading to the hypothesis that a stabilized HA
protein is required for human pandemic potential (2). HA stabiliza-
tion promotes airborne transmission by preventing virion inactiva-
tion outside of the host and modulating antiviral responses
intracellularly (24, 26, 27). Here, 3 of the 22 human seasonal
H3N2 viruses had virus inactivation pH values above 5.6, which
was unexpected. However, all three viruses with high inactivation
pH (i.e., A/SG/Infimh, A/CH/8060, and A/HK/4801) were egg-
adapted vaccine reference viruses containing the destabilizing
HA1-L194P mutation, and these viruses were incapable of airborne
transmission in ferrets without reversion to HA1-P194L and HA
stabilization. For pH1N1, a stabilized HA protein (activation pH
of 5.5 or less) was associated with adaptation to humans and was
shown to be required for airborne transmission from ferret to
ferret and swine to ferret (20, 35). An HA activation pH of 5.5 or
less was also shown to be necessary for airborne transmission of
H5N1 between ferrets (32–34). With respect to swine viruses,
gamma clade H1N1 viruses with relatively unstable HA proteins
(activation pH > 5.6) were outcompeted by minority populations
(<17%) containing stabilized HA within 3 days of growth in
ferrets, and only viruses with a relatively stable HA protein (pH
5.6 or lower) airborne transmitted (17, 21). Now, HA stability is
not considered explicitly in formal risk assessment tools of pandem-
ic potential by emerging IAVs (i.e., IRAT and TIPRA). As described
above, evidence supporting inclusion of HA stability in pandemic
risk assessment tools includes the following: (i) human-adapted
IAVs contain relatively stable HA proteins; and (ii) a stabilized
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Fig. 5. Replication and transmission of egg-based vaccine reference virus A/HK/4801 containing HA1-L194P, and cell-based vaccine-like virus A/HK/5738 con-
tainingHA1-L194 in ferrets. The experiment was performed as in Fig. 4 with either three or four ferrets per group. (A) HAvariations between A/HK/4801 isolates cultured
in eggs and in MDCK cells. (B) Nasal virus titers of egg-based A/HK/4801 in donor, contact, and airborne ferrets. (C) Proportions of HA1-P194 and HA1-L194 in the
inoculum, donor, contact, and airborne ferrets for A/HK/4801. Trial 1 and trial 2 ferret experiments were performed using A/HK/4801 with passage histories of E5/E2/
E2/E1/C1 and E5/E2/E2/E1, respectively. Trial 1 used three donor, contact, and airborne ferrets each. Trial 2 used four donor, contact, and airborne ferrets each. (D) Nasal
virus titers of A/HK/4801-like virus, cell-based A/HK/5738 in donor, contact, and airborne ferrets. (E) Proportions of HA1-L194 and HA1-P194 for A/HK/5738. (F) HA ac-
tivation pH and virus inactivation pH values (means ± SD) of airborne-transmitted viruses for A/HK/5738. (G) Cross-reactive HAI responses. Sera from ferrets infected or
exposed to A/HK/5738 (carrying HA1-L194) and A/HK/4801 carrying HA1-P194 (L194 < 16%) were tested using viruses A/HK/5738 and A/HK/4801. The experiments were
independently performed twice (means ± SD). P values were determined according to Welch’s t test.
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Fig. 6. Replication and transmission of vaccine reference virus A/TX/50 with and without the egg-adaptive mutation HA1-G186V in ferrets. Trial 1 and trial 2
ferret experiments were performed using A/TX/50 cultured in MDCK/SIAT cells and in eggs, respectively. Trial 1 had three donor, contact, and airborne ferrets per group,
while trial 2 had four donor, contact, and airborne ferrets per group. Both trials were performed as described in Fig. 4. (A) Genotype and phenotype variations between A/
TX/50 isolates cultured in eggs and in MDCK/SIAT cells. (B) Nasal virus titers of A/TX/50 in donor, contact, and airborne ferrets. (C) Proportions of amino acids at HA1-186,
HA1-219, and HA1-194. (D) HA activation pH and virus inactivation pH values (means ± SD) of airborne-transmitted viruses. (E) Cross-reactive HAI responses. Sera from
infected ferrets (trial 1, n = 8; and trial 2 n = 6 with the absence of the donor sera) were tested by using A/TX/50 isolates cultured in cells (HA1-G186/S219) and in eggs
(HA1-V186/F219). The experiments were independently performed twice (means ± SD).
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HA protein has been shown to be required for ferret airborne trans-
mission of human pH1N1, swine H1N1, H5N1, and, now, human
H3N2 viruses.

Swine may serve as an intermediate host within which avian-like
IAVs can acquire mutations that switch receptor-binding specificity
to the human-preferred form (α2,6-linked) and stabilize the HA
protein (20). Several clades of swine IAVs recently diverged from
human seasonal viruses have relatively stable HA proteins. These
include swine H1N1 pandemic lineage (17) and swine H3N2
human-like (reported here) that have ranges of HA activation pH
from 5.1 to 5.5 and from 5.2 to 5.4, respectively. Other clades of

swine IAVs have, on average, less stable HA proteins including clas-
sical swine H1N1 (5.5 to 5.8), Eurasian avian-like H1N1 (5.8 to 6.0),
North American triple-reassortant H1N1 (5.4 to 5.8), gamma
H1N1 (5.5 to 5.9), and cluster IV H3N2 (5.3 to 5.9), as reported
in previous (17, 20, 35) or the present work. Clades with stabilized
HA proteins may present a higher risk for the emergence of pan-
demic influenza if most humans do not have preexisting immunity.
Of note, pH1N1 isolates collected at the start of the 2009 pandemic
had HA activation pH values of approximately 5.5 to 5.6 (35), while
isolates from 2010 to present have lower HA activation pH values
(17, 35, 54). This does not rule out the possibility that an influenza

Fig. 7. Replication and transmission of human seasonal H3N2 virus A/MEM/2 with a mixed population of HA1-160 K/T in ferrets. The experiment was performed
as in Fig. 4. (A) HA activation pH and virus inactivation pH values. (B) Nasal virus titers in donor, contact, and airborne ferrets. (C) Proportions of HA1-K160 and HA1-T160.
(D) HA activation pH and virus inactivation pH values (means ± SD) of airborne-transmitted viruses.

Fig. 8. Relationships between HA activation pH, virus inactivation pH, and virus growth in ferrets. (A) Virus initial titers in ferrets as a function of HA acid stability.
Initial nasal titers in donor ferrets versus HA activation pH (first panel) and virus inactivation pH (second panel). (B) AUC of virus growth in ferrets as a function of HA acid
stability. AUC of virus growth in donors versus HA activation pH (first panel) and virus inactivation pH (second panel). The scatter plots were summarized in table S5. The
regression lines and R2 values are shown.
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virus with a relatively high HA activation pH may acquire one or
more HA-stabilizing mutations, enabling efficient human-to-
human spread. Such an evolutionary pathway has been observed ex-
perimentally in the selection of airborne-transmissible variants in
ferrets (17, 21, 32, 33, 35).

With the resumption of epidemic influenza since November
2021 (5, 6), there is an urgent need for improvement of influenza
vaccine efficiency. This work showed that the presence of reversion
mutation HA1-P194L stabilizes the HA protein in ferrets and skews
antigenicity of vaccine reference viruses away from circulating
viruses. Future studies are needed to examine the potential of
other HA-stabilizing mutations to enhance influenza vaccine stabil-
ity and antigenicity. In addition, a relatively stable HA protein was
necessary for airborne transmission of human H3N2 viruses in
ferrets, just as has been observed for human H1N1 (20, 35), swine
H1N1 (17, 21), and avian H5N1 viruses (32, 33). This further sup-
ports the hypothesis that a stable HA protein is a trait that enhances
the pandemic potential of emerging influenza viruses. Along with
population immunity, pandemic preparedness for emerging IAVs
will need to consider multiple viral properties including HA-NA
balance, polymerase activity, and other unknown viral traits. It
will also be important to understand whether a deficiency in one
human-adaptive trait may be overcome by an enhancement
of another.

MATERIALS AND METHODS
Cells
MDCK cells and Vero cells were maintained in minimum essential
medium (MEM; Thermo Fisher Scientific) and Dulbecco’s modi-
fied Eagle’s medium (DMEM; Life Technologies), respectively. All
culturing media were supplemented with 10% HyClone standard
fetal bovine serum (FBS; Life Technologies) and 1% penicillin/
streptomycin (Thermo Fisher Scientific). All cells were grown at
37°C with 5% CO2 (56, 57).

Virus preparation
Forty-eight human and swine H3N2 IAVs (2012–2019) were re-
trieved from St. Jude Children’s Research Hospital, Center of Excel-
lence for Influenza Research and Response, or provided by the
WHO’s Global Influenza Surveillance and Response System. Of
note, the six vaccine reference viruses were nonreassortant H3N2
wild-type viruses provided by Centers for Disease Control and Pre-
vention (Atlanta, GA, USA),WHO Influenza Centre, MRCNation-
al Institute for Medical Research (London, UK), and Francis Crick
Institute (London, UK). They contain all eight gene segments of
H3N2 and not the six internal PR8 segments of influenza vaccine
viruses. Detailed virus passage history information is listed in
table S2. These viruses were then propagated in MDCK cells
(unless otherwise stated) with tosylsulfonyl phenylalanyl chloro-
methyl ketone (TPCK)–treated trypsin (1 μg/ml), as described pre-
viously (56, 57).

Phylogenic analysis of virus HA segments
Phylogenic analyses of virus HA segments were generated using a
previously reported workflow (17). Briefly, whole genomes of
viruses used in this study (2012–2019) were obtained by next-gen-
eration sequencing. Full-length HA nucleotide sequences of repre-
sentative human and swine IAVs (2012–2019) were retrieved from

Global Initiative on Sharing All Influenza Data (www.gisaid.org).
In-house HA sequences were aligned with representative human
and swine representative sequences using MAFFT v7.490. Phylo-
genic analyses of virus HA segments were conducted using FastTree
2.1 with a generalized time-reversible model and a single rate ap-
proximation for each site (the CAT approximation). The generated
tree was annotated by an R package, ggtree, for better visualization.

Virus growth in MDCK and Vero cells
Virus multistep growth was assessed by infecting MDCK or Vero
cells in six-well plates at a multiplicity of infection (MOI) of 0.01
PFU per cell. The inocula were removed after 1 hour of incubation
at 37°C. The infected cells werewashed twice by phosphate-buffered
saline (PBS) (pH ~7.4) and were cultured using 3 ml of MEM
culture medium supplemented with TPCK-treated trypsin (1 μg/
ml). Infected cells were then maintained at 37°C. At indicated
hours postinfection (hpi), 300 μl of cell culture supernatant was col-
lected and titrated by TCID50 on MDCK cells (17, 21). For one-step
virus growth, viruses were inoculated into MDCK cells in 24-well
plates at an MOI of 2 PFU per cell. The infected culture supernatant
was harvested at 6 hpi and titrated by TCID50 (21, 27).

HA activation pH assay
HA activation pH was measured by syncytia assay. Briefly, viruses
were inoculated into Vero cells in 24-well plates at anMOI of 3 PFU
per cell. After 1 hour of incubation, the inocula were removed and
replaced with 1 ml of MEM culture medium. At 16 hpi, the infected
cells were treated with 0.3 ml of DMEM supplemented with TPCK-
treated trypsin (5 μg/ml) for 15 min. After that, the infected cells
were washed by PBS twice and maintained with pH-adjusted PBS
buffers ranging from 4.8 to 6.2 for 15 min. The pH-adjusted PBS
solutions were aspirated, and Vero cells were incubated in DMEM
supplemented with 5% FBS for 3 hours at 37°C. The cells were then
fixed and stained using a Hema 3 Fixative and Solutions (Thermo
Fisher Scientific). Syncytia were recorded using a light microscope
(17, 21). HA activation pH values were reported as the highest
treated pH at which the cells contained more than two syncytia
with at least five nuclei (17, 21).

Virus inactivation pH assay
Viruses were mixed with pH-adjusted PBS buffers in a ratio of 1:100
in 96-well plates and incubated at 37°C for 1 hour. After that, the
remaining infectivity was measured by TCID50 on MDCK cells (35,
58). Virus titers were analyzed by using GraphPad Prism software
(version 7). Nonlinear regression (curve fit) with an equation of log
(agonist) versus response-variable slope (four parameters) was
applied, and best-fit value logEC50 was reported as virus HA inac-
tivation pH (21).

Ferret transmission experiment
Sixty-nine Fitch ferrets (male, 5 to 6 months old) were purchased
fromTriple F Farms (Sayre, PA) and verified to be serologically neg-
ative for now circulating influenza viruses and severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) by performing HAI
assay and enzyme-linked immunosorbent assay, respectively.
Ferret transmission studies were performed as described previously
(17, 21). On day 0, randomly allocated naïve ferrets (three or four in
each cubicle as indicated in the study) were intranasally inoculated
with 106 PFU of viruses in 500 μl and were caged separately. These
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ferrets were donor ferrets. On day 1, naïve ferrets (three or four
each) were cohoused with the donor ferrets and designated as
contact ferrets. At the same time, three or four naïve ferrets were
introduced in adjacent cages and taken as airborne ferrets.
Aerosol exposure was only permitted among ferrets within each
cubicle. Until day 14, ferret body weight and temperature were
monitored daily, and ferret nasal washes were collected every
other day. On day 21, all ferrets were euthanized to collect the
whole blood. Ferret sera were extracted and subjected to HAI
assay. During the experiments, cubicle temperature and humidity
were controlled to 22°C and 40 to 60%, respectively. Animal
studies were performed in compliance with the St. Jude Children’s
Research Hospital Animal Care and Use Committee guidelines.

Virus genome sequencing analysis
Virus whole-genome sequences were determined by the next-gen-
eration sequencing (17, 21). Briefly, viral RNAs were extracted from
cell-free culturing supernatants or ferret nasal washes using the
QIAamp Viral RNA Kits (QIAGEN). Subsequently, viral comple-
mentary DNAs were obtained by reverse transcription polymerase
chain reaction (PCR) using the SuperScript IV First-Strand Synthe-
sis System (Thermo Fisher Scientific). Next, PCR amplicons were
generated using the Phusion High-Fidelity PCR Master Mix with
HF Buffer (New England Biolabs). The resulting DNA libraries
were purified by the QIAquick Gel Extraction Kit (QIAGEN) and
were submitted to St. Jude Harwell Center for whole-genome se-
quencing. After retrieving raw sequencing data, CLC Genomics
Workbench (version 22.0) was used to perform data analyses.
Variant parameters were set as >10 reads and >5% minimum fre-
quency unless otherwise stated. The frequencies of a single-nucleo-
tide variant (SNV) were calculated by the percent of read counts of a
nucleotide variant to the whole nucleotide read counts at a specific
position. The frequencies of SNVs were visualized by heat maps and
parts of whole, which were generated by using GraphPad Prism
software (version 7).

HAI assay
Ferret sera were obtained from ferret whole blood and treated with
receptor-destroying enzymes (Denka Seiken Co. Ltd.) according to
the provided protocol. Subsequently, the samples were diluted and
added into 96-well plates (25 μl per well), which contained standard
antigens 25 μl per well (HA titer 8). After mixing and maintaining
in room temperature for 45 min, 0.5% turkey RBCs were added into
the 96-well plates (50 μl per well). The plates were incubated at room
temperature for 30 min. The highest dilutions that completely in-
hibited hemagglutination were reported as HAI titers (17, 20).

Hemagglutination assay with regular or modified RBCs
Modified turkey RBCs expressing either α2,6-linked sialic acids
(α2,6-turkey RBCs) or α2,3-linked SA (α2,3-turkey RBCs) were pre-
pared with modifications as described previously (59). Briefly, α2,6-
turkey RBCs were generated by incubating 500 μl of 20% turkey
RBCs in PBS with 400 U of α2,3 Neuraminidase S, 10× GlycoBuffer,
and 100× purified bovine serum albumin (New England Biolabs) at
37°C for 3 hours. To generate α2,3-turkey RBCs, various sialic acids
on cell surfaces were removed by incubating 62.5 μl of 20% turkey
RBCs with 50 mM Vibrio cholerae neuraminidase (sialidase)
(Roche) at 37°C for 1.5 hours. Subsequently, resialylation was per-
formed by incubating the resulting turkey RBCs in 75 μl with 0.5

mU of α2,3-sialyltransferase from Pasteurella multocida (Sigma-
Aldrich) and 1.5 mM cytidine 5′-monophosphate (CMP)–sialic
acid (Sigma-Aldrich) at 37°C for 2.5 hours. After that, HA assays
were performed by using 50 μl of twofold diluted tested viruses
mixed with 50 μl of regular turkey RBCs (0.5%), regular guinea
pig RBCs (0.6%), modified α2,6-turkey RBCs (0.5%), and modified
α2,3-turkey RBCs. After 45 min, HA titers were reported as the
highest dilutions that presented RBC agglutination. A/TN/1-560/
2009 (H1N1) and recombinant A/PR/08/1934 with the HA of A/
mallard/Alberta/383/2009 (H5N1) virus were used as control
viruses with specific binding toward α2,6-linked sialic acids and
α2,3-linked sialic acids, respectively (17, 35).

Analysis of HA activation pH, virus inactivation pH, and
virus replication
Area under the growth curves (AUC) was calculated by using
GraphPad Prism software (version 7). HA activation pH, virus in-
activation pH, virus titers (log10), and AUC (log10) were fitted in a
linear regression model using Python seaborn regplot package
(0.12.0). The 99% confidence interval (unless otherwise stated)
for the regression estimate was shown using translucent bands.
The R2 values were calculated.

Statistical analysis
All data analyses were performed using GraphPad Prism software
(version 7). Mann-Whitney U test, Welch’s t test, or two-way anal-
ysis of variance (ANOVA) followed by Tukey’s test was used to de-
termine statistical significances. P < 0.05 was considered significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
Tables S1 to S5

View/request a protocol for this paper from Bio-protocol.
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