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ABSTRACT
Eight-segmented, negative-sense, single-stranded genomic RNAs of influenza A virus are terminated with 5′ 
and 3′ untranslated regions (UTRs). All segments have highly conserved extremities of 13 and 12 nucleotides at 
the 5′ and 3′ UTRs, respectively, constructing the viral RNA (vRNA) promoter. Adjacent to the duplex stem of 3 
base pairs (bps) between the two conserved strands, additional 1–4 bps are existing in a segment-specific 
manner. We investigated the roles of the matrix (M) segment-specific base pair between the 14th nucleotide 
uridine (U14′) of the 5′ UTR and the 13th nucleotide adenosine (A13) of the 3′ UTR by preparing possible vRNA 
promoters, named vXY, as well as cRNA promoters, named cYX. We analysed their RNA-dependent RNA 
replication efficiency using the minigenome replicon system and an enzyme assay system in vitro with synthetic 
RNA promoters. Notably, in contrast to vAC(s) that is a synthetic vRNA promoter with A14′ and C13, base-pair 
disruption at the complementary RNA (cRNA) promoter in cAC(s), which has A13′ and C14, not only reduced 
viral RNA replication in cells but also impaired de novo initiation of unprimed vRNA synthesis. Reverse genetics 
experiments confirmatively exhibited that this breakage in the cRNA promoter affected the rescue of infectious 
virus. The present study suggests that the first segment-specific base pair plays an essential role in generating 
infectious viruses by regulating the promoter activity of cRNA rather than vRNA. It could provide insights into 
the role of the segment-specific nucleotides in viral genome replication for sustainable infection.
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Introduction

Influenza A virus belonging to the family Orthomyxoviridae is 
one of the human respiratory pathogens that causes seasonal or 
zoonotic epidemics and unpredictable global pandemics. Its 
genome is composed of eight single-stranded negative-sense 
RNA segments. Within a viral particle, they are individually 
encapsidated with nucleoprotein (NP) to form viral ribonucleo
proteins (vRNPs) complexed with the three polymerase subu
nits, PB2, PB1, and PA. When the virus enters the cell, these 
vRNP complexes are released into the cytoplasm through the 
endocytic pathway[1]. Depending on the nuclear localization 
signals (NLS) within NP, they are delivered into the nucleus 
where transcription and RNA replication take place[2].

Influenza A viral RNA (vRNA) has a unique genetic charac
teristic that all eight fragments terminate with 13 and 12 highly 
conserved nucleotides at the ends of the 5′ and 3′ untranslated 
regions (UTRs)[3]. These UTR extremities called the universal 
sequence are partially complementary to each other, construct
ing an RNA promoter with a panhandle structure when naked, or 
a 5′ stem-loop (‘hook’) structure in the presence of polymerase 
components (Fig. 1) [4–7].The compact stem-loop of the 5′ end is 

stabilized by the binding pocket formed by PB1 and PA residues, 
while the single-stranded 3′ end enters the polymerase active site 
[7]. Both ends of the universal sequence become spatially close on 
account of hybridization between nucleotides 11–13 of the 5′ 
UTR and nucleotides 10–12 of the 3′ UTR, achieving the prox
imal stem. This structural characteristic is conversed in 
a complementary RNA (cRNA) promoter[8]. In the nuclei of 
infected cells, a viral polymerase complex initiates de novo synth
esis of cRNA or vRNA from each relevant promoter [9–12].

The entire non-coding regions of influenza A viral genome 
also include non-conserved sequences of 5 to 45 nucleotides 
along with the universal sequences at both termini[13]. Many 
previous studies have focused on the roles of the highly con
served universal sequences, whereas functions of the variable 
domain have not been well elucidated [10,14,15]. Segment- 
wide sequence analysis of different influenza A viral subtypes 
or isolates showed that the variable regions have intra-segmental 
homology at individual genome segments[16]. It is implying that 
they could be actively participated either in viral RNA replica
tion or transcription or in viral genome packaging together with 
the universal domains. One of the underlying characteristics of 
the non-conserved regions is a perfect complementarity between 
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Figure 1. Mutations at the M segment-specific non-coding nucleotides of the influenza A vRNA and cRNA promoters. Mutations at the X14′ and Y13 nucleotides of the 
vRNA promoter were introduced by site-directed mutagenesis, named vX14′Y13 or vXY (left, black). Position 1′ means the starting point of the 5′ UTR, while position 1 
does the terminating point of the 3′ UTR. Their complementary RNA (cRNA) cassettes were designed and named cY′13′X′14 or cYX (right, red). According to the 
hybridization ability of the target nucleotides within the vRNA and cRNA promoters, they are classified into the three groups. wt, wild-type. Paired or unpaired 
nucleotides at the target site are highlighted in red or blue boxes.
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initial 1–4 bases. They are directly adjacent to the universal 
domains in 5′ and 3′ UTRs and complete the proximal stem of 
the vRNA and cRNA promoters (Fig. 1, Group I) [3,17]. 
Particularly, conservation of the first segment-specific base pair 
appears in every segmented RNA of all types of influenza 
A viruses[18]. We targeted the M segment as a representative 
genome to investigate whether and how this base pair regulates 
RNA replication, protein expression, and viral growth. The pre
sent study suggests pivotal roles of hybridization of the two 
nucleotides for initiation of vRNA synthesis from the cRNA 
promoter and discovery of a recombinant mutant virus with 
an alternative nucleotide pair that allows sustainable infection, 
eventually unveiling viral preferences for evolutionary selection.

Results

Hybridization of the first segment-specific non-coding 
nucleotide pair is indispensable to the cRNA promoter for 
RNA-dependent RNA replication

We explored the effect of the first segment-specific pair com
posed of U14′ and A13 of the M genome UTRs on influenza 
A viral RNA replication. The antisense strand of the enhanced 
green fluorescent protein (EGFP) open reading frame flanked 
by the 5′ and 3′ UTRs was cloned under the control of the 
human RNA polymerase I (Pol I) promoter. The mimetic 
vRNA [vRNA(EGFP)] with U14′·A13 was systematically 
mutated to generate all 15 mutations, named vX14′Y13, or 
simply vXY (Fig. 1, left column). They were classified into 
three groups based on their hybridization ability in the vRNA 
and cRNA promoters. Group I includes vAU, vGC, and vCG 
with Watson-Crick base pairs in both promoters like the wild- 
type vUA. Group II consists of vAC, vUG, vGU, and vCA, 
which can form non-canonical G-U base pairs either in the 
vRNA promoter or in the cRNA promoter. Group III includes 
vAA, vAG, vUU, vUC, vGA, vGG, vCU, and vCC, which lack 
the ability to accomplish hybridization in any promoters. The 
reporter plasmids were individually co-transfected with the 
four plasmids pVP-PB2, -PB1, -PA, and -NP, that express the 
three viral polymerase subunits and NP [19,20]. At 48 h post- 
transfection, cell lysates were harvested to quantify the 
amounts of recombinant vRNA, cRNA, and mRNA by primer 
extension experiments. The result showed that the efficiency 
of RNA replication and transcription initiated from the vRNA 
templates varied depending on mutations (Fig. 2A and 2). 
Three mutants of Group I, vAU, vGC, and vCG, were ampli
fied at similar levels to the wild-type vUA. Within Group II, 
RNA replication from the two mutant promoters, vAC and 
vCA, was more active, compared to the others, vUG and vGU. 
Statistically significant differences were found between vUG 
and vUA in the mRNA level and between vGU and vUA in 
the vRNA level. The Group III set exhibited unfavourable 
promoter activities overall. Notably, RNA replication and 
transcription were most significantly suppressed in vGA and 
vGG, indicating that the vRNA promoter activity is negatively 
regulated when X14′ is G. Expression of EGFP from the 
transfected live cells enabled visualization of the final products 
from cap-snatching-mediated mRNA transcripts (Fig. 2C and 
2D), being correlated with the mRNA levels in the primer 

extension experiments (Fig. 2A and 2B). The data particularly 
from Group II suggested that base-pairing between X14′ and 
Y13 of the vRNA promoter has little relationship with its 
competence in RNA-dependent RNA synthesis.

In the vRNA promoter constructs, we could not define 
whether the vRNA level accounts for plasmid-derived tran
scripts mainly or replication products amplified by the viral 
polymerase complex. It was needed to verify the reliability of 
the result by using another de novo synthesis cassette. We 
prepared a series of cRNA promoters in a pairwise manner. 
The wild-type cRNA promoter was designed to encode the 
sense strand of the EGFP coding region flanked by the 5′ and 
3′ UTRs of cRNA, transcribing cRNA(EGFP) from the RNA 
pol I promoter as a template for vRNA(EGFP) (Fig. 1, right 
column). Various mutants at the segment-specific pair U13′ 
∙A14 were created and named cY′13′X′14, simply cYX. Using 
these constructs, viral RNA replication initiated from the 
cRNA promoter was analysed. As expected, primer extension 
experiments showed that RNA replication and transcription 
occurred efficiently in Group I, but marginally in Group III 
(Fig. 3A, B). Consistent with the vRNA promoters (Fig. 2A, 
B), RNA synthesis was more dramatically inhibited in cCA 
and cAC rather than in cGU and cUG within Group II. The 
mRNA expression was visualized again by monitoring repor
ter gene expression, confirming the reliability of the primer 
extension (Fig. 3C, D). Given the relationship between the 
promoter activity and complementarity, these results sug
gested that hybridization between the first M segment- 
specific non-coding nucleotides is more critical in the cRNA 
promoter rather than the vRNA promoter for RNA- 
dependent RNA replication.

Hybridization between the segment-specific nucleotides is 
essential for efficient initiation of unprimed vRNA 
synthesis from the cRNA promoter

It was intriguing that the replication pair, vAC and cGU, within 
Group II displayed promoter activity as potently as their wild-type 
ones, in contrast to the other pair, vGU and cAC (Figs. 2A, B and 
3A, B). We hypothesized that distinct from the vRNA promoter, 
the cRNA promoter could be more sensitive to hybridization of 
the two nucleotides. To explore this in vitro, viral polymerase 
complex was purified (Fig. S1A) according to previous reports 
[21,22] and the vRNA and cRNA promoters of 35 nucleotides in 
length were chemically synthesized, named vXY(s) or cYX(s) (Fig. 
S1B and Fig. 4). They were subjected to both unprimed de novo 
and primed synthesis. Under the unprimed condition, cRNA 
synthesis by RdRp revealed increased or similar accumulation of 
the dinucleotide AG in the presence of the mutant vRNA promo
ters, vAC(s) and vGU(s) (Fig. 4A and 4B). However, initiation of 
vRNA synthesis decreased in cAC(s) with a statistical significance, 
but not in cGU(s), compared to cUA(s) (Fig. 4C and 4D). When 
in vitro RNA synthesis was initiated with the AG primer, no 
inhibition of the trinucleotide RNA products was observed in 
any of the vRNA and cRNA promoters (Fig. 4E–H). This data 
informed that reduced intracellular RNA replication between the 
complementary templates, vGU and cAC, as observed in Figs. 2 
and 3, is mainly responsible for a defect at the dinucleotide AG 
synthesis step from the cAC promoter.
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Figure 2. RNA-dependent RNA replication initiated from the vRNA promoter in cells. (A) Primer extension for detecting vRNA(EGFP) [138 nucleotides (nt)] 
and its cRNA (162 nt) or mRNA (>162 nt) transcripts. At 24 h after transfection of 293 T cells with individual vX14′Y13 reporter constructs [pHH21-vRNA 
(EGFP) series] together with pVP-PB2, -PB1, -PA, and -NP, total RNA was purified from the cell lysates. Cellular 5S rRNA (100 nt) was used as an internal 
control. The primer extension products are indicated with arrows at the right side. The wild-type vUA sample was loaded in each panel (underlined). (B) 
Quantification of band intensities of (A) using a phosphorimage analyser. Values were normalized against 5S rRNA. Error bars represent standard error of 
the mean (SEM) from three independent experiments. Relative changes are given as percentages of the vUA sample (100%). Statistical analysis was 
performed by two-way ANOVA with Dunnett’s multiple comparison test against the control sample, vUA, in vRNA (black asterisks), mRNA (red asterisks) and 
cRNA (green asterisks) levels. *P < 0.05, **P < 0.01, and ***P < 0.001. (C) At 24 h post-transfection, EGFP expression was captured by fluorescent 
microscopy. Original magnification, 10 ×. (D) The fluorescent images were captured every 12 h for 48 h using a live cell imaging system. Fluorescent spots 
were counted 16 nonoverlapped areas per well and compared with the spot number from vUA at 48 h (100%). Error bars represent SEM from four 
independent experiments.
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The first segment-specific nucleotides determine a rescue 
of infectious virus
Next, we introduced the eight-plasmid-based reverse genetics 
technique to investigate whether these mutations affect the gen
eration of infectious virus or protein expression[23]. The Influenza 
A/Puerto Rico/8/34 (PR8) virus-derived M genome was subjected 
to site-directed mutagenesis at X14′·Y13 to generate 15 modified 
plasmids, named pVP-M(X14′Y13) or M(XY). Viral yield and 
infectivity were assessed by inoculating Madin-Darby canine kid
ney (MDCK) cells with culture supernatants from the transfected 
human embryonic kidney (HEK) 293 T cells (designated passage 0 
or P0). Cell viability assays revealed that in Groups I and II, 
M(AU), M(CG), and M(AC) led to complete cytopathic effect 
(CPE) to the same extent as the wild-type segment, M(UA), on 
days 2 and 3 (Fig. 5A). With reduced infectivity, M(GC), M(UG), 
M(GU), and M(CA) mutants resulted in partial or little cytopatho
genesis. In Group III, CPE was induced marginally with 
a reduction of cell viability by less than 10% except for M(UU) 
and M(UC), suggesting that U14′ of the M segment 5′ UTR is 
a preferential element for maintaining viral infectivity. In parallel, 
plaque titration was performed by infection with the nine CPE- 
inducible P0 stocks (Fig. 5B and 5C). The three main mutants, 
M(AU), M(CG), and M(AC), exhibited obvious viral plaques with 
the number ranging from 236.7 to 406.7 plaque forming units 
(PFU)/ml and sizes of 1.63 to 2.34 mm in diameter. Those were 
similar to the M(UA) virus with plaques of 460.0 ± 36.1 PFU/ml 

and sizes of 2.62 ± 0.45 mm in diameter. Two other mutants, 
M(CA) and M(UC), formed viral plaques (80.3 and 50.0 PFU/ml, 
respectively), but far less productively than the four dominant 
rescued isolates. Plaque sizes from M(GC), M(UG), and M(UU) 
were too small to be counted with naked eyes (13.3 to 20.0 PFU/ml 
and 0.84 to 0.98 mm in diameter under a microscope). Both CPE 
and plaque assays suggested that M(AU), M(CG), and M(AC) are 
able to sustain the entire viral life cycle as the wild-type M(UA).

For multicycle growth curve analysis at the same MOI, recom
binant viruses (P0) were amplified by infection of MDCK cells. 
On day 2 post-infection, titre of the resultant viral stocks (P1) was 
determined by plaque assay (Fig. 6A). The result exhibited that the 
M(UG) virus has the lowest titre, thus not being available for 
further investigations on a common condition. We wondered 
whether the mutations affect expressions of M segment-derived 
proteins, M1 and M2. MDCK cells were infected with individual 
viruses (P1) at the same multiplicity of infection (MOI) of 10−4. 
Western blot analysis presented that both proteins were strongly 
expressed from the four dominant viruses of M(AU), M(UA), 
M(CG), and M(AC), with the greatest abundance in M(AC), 
on day 1 (Fig. 6B, left). NP levels were relatively consistent, with 
an exception in M(CA) that showed little NP. On day 2, M1 and 
M2 levels were enhanced in most samples, but still not in M(CA) 
(Fig. 6B, right). Subsequently, we analysed the growth rates of the 
wild-type virus, M(UA), and the seven infectious mutants of P1 by 
infecting MDCK cells at an equal MOI of 10−4 (Fig. 6C–E). Plaque 

Figure 3. RNA replication initiated from the cRNA promoter in cells. (A) Primer extension for detecting cRNA(EGFP) [162 nucleotides (nt)] and its vRNA (138 nt) or mRNA (>162 nt) 
transcripts. HEK 293 T cell were transfected as mentioned in Fig. 2 but by substitution with individual cY′13′X′14 reporter constructs [pHH21-cRNA(EGFP) series]. The primer 
extension products are indicated with arrows at the right side of the gels. The wild-type cUA sample was loaded in each panel (underlined). (B) Quantification of band intensities of 
(A). Values were normalized against 5S rRNA. Error bars represent SEM from three independent experiments. Relative fold changes are given as percentages of the cUA sample 
(100%). Statistical analysis was performed by two-way ANOVA with Dunnett’s multiple comparison test against the control sample, cUA, in vRNA (black asterisks), mRNA (red 
asterisks) and cRNA (green asterisks) levels. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. (C) At 24 h post-transfection, EGFP expression was captured by fluorescent 
microscopy. Original magnification, 10 ×. (D) Fluorescent spots were counted from 16 nonoverlapped areas per well every 12 h and compared with the spot number from cUA at 
48 h (100%). Error bars represent SEM from four independent experiments.
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titration with culture supernatants harvested at 12-h intervals 
revealed that the main mutant viruses, including M(AU) and 
M(CG) of Group I together with M(AC) of Group II, replicated 
as rapidly as M(UA), while the remaining mutants, M(GC), 
M(CA), M(UU), and M(UC), grew slowly, resulting in 2-log titre 
reduction at most at 60 h post-infection. Taken together, these 
results show that the first segment-specific nucleotides ultimately 
influence the rescue and growth of infectious viruses. As with the 
effect on RNA replication, the maintenance of the base pair 
between first segment-specific nucleotides on the cRNA is vital 
for viral growth. In addition, the facts that both M(GC) and 
M(AC) have ability to achieve base paring at the cRNA promoter 
but grow relatively slow indicate a potential preference to specific 
nucleotide sequences to maintain viral infectivity.

Recombinant viruses, M(GC) and M(UG), undergo G to 
A mutation at the target sites

To examine the genetic stability of the non-coding nucleotides, we 
investigated whether additional or reverse mutations are created 
during viral propagation. A series of successive generations was 

acquired by infecting wild-type or each mutant virus of P1 into 
MDCK cells at an MOI of 10−4, except for the slowest-growing 
virus, M(UG), which was used at a 5 × 10−6 MOI due to its limited 
amount (Fig. 6A). At 48 h post-infection, cell culture supernatants 
were harvested for sequence analysis. Unexpectedly, plaque titra
tion of the resulting passage 2 (P2) exhibited that all recombinant 
viruses were enriched at high titres over 106 PFU/ml (Fig. S2). 
Most prominently, the plaque titre of M(UG) that was steadily 
grown at P1 (Fig. 6A) suddenly increased, being comparable to the 
wild-type titre: 4.0 × 107 PFU/ml of M(UG) versus 5.2 × 107 PFU/ 
ml of M(UA). Using the purified viral RNAs from P2, rapid 
amplification of cDNA ends (RACE) and sequence analysis pro
ceeded. The result displayed G to A mutations at the target sites of 
both M(GC) and M(UG) (Fig. 7), but no mutations in other 
recombinant viruses (Fig. S3A). Quantitatively, based on the 
results from the analysis of individual 10 clones, 90% of M(GC)- 
derived clones and 100% of M(UG) clones were changed to 
M(AC) and the wild-type M(UA), respectively. To follow when 
the reverse mutations were created, we analysed again their 5′ and 
3′ UTR nucleotides with a pool of the earlier passage, P1 (Fig. 6A). 
We found no mutation in M(GC) of P1 (Fig. S3B). Unfortunately, 

Figure 4. Effects of hybridization between the segment-specific nucleotides at the vRNA or cRNA promoters on the unprimed or dinucleotide AG-primed RNA synthesis. 
Dinucleotide pppApG synthesis on the vRNA promoters (A, B) or on the cRNA promoter (C, D). De novo synthesis of pppApG (red in A or black in C) on the 5′-hooked synthetic 
vRNA promoter (black in A) and the cRNA promoter (red in C) is schematized. Each mutation site is highlighted in a box. Synthetic promoters were subjected to the RdRp reaction 
as templates in the presence of ATP and [α-32P]GTP (ppp*G). vUA(S) or cUA(s) without RdRp [(-)RdRp] was loaded as a negative control. (B, D) Quantification as percentage of 
isotope intensity from pppApG normalized to the input RNA amount. Extension of a 5′-radiolabeled pApG with CTP on the vRNA promoters (E, F) and the cRNA promoters (G, H). 
Primer-dependent cRNA synthesis (red in E) from the vRNA promoters (black in E) and primer-dependent vRNA synthesis (black in G) from the cRNA promoters (red in G) are 
schematized. The template RNAs were individually incubated with the radio-labelled dinucleotide AG primer (*pApG), and RdRp in the presence of CTP (E) or UTP (G). vUA(s) or 
cUA(s) without RdRp [(-)RdRp] was used as a negative control. The dinucleotide primer and the trinucleotide product are marked on the right of the denaturing gels. 
Quantification as percentage of isotope intensity from trimer pApGpC (F) or pApGpU (H). In B, D, F and H, data are representative of three independent experiments. Error bars 
represent SEM. *P < 0.05, ***P < 0.001 by one-way ANOVA with Tukey’s multiple comparisons test. n.s., non-significant.
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it was not available for M(UG) of P1 because its vRNA amount was 
not enough for RACE. The data indicated that the mutant viruses, 
M(GC) and M(UG), are genetically unfavourable and evolved to 
acquire non-coding nucleotides optimized for continuous viral 
infection by using the error-prone genome replication machinery. 
However, it remains to be elucidated whether these mutations 
were mediated intrinsically by G to A substitution at the vRNA 
promoter or indirectly by C to U substitution at its cRNA 
promoter.

Discussion

In the present study, we investigated the regulatory function 
of the influenza A viral M segment-specific non-coding 
sequences by focusing on the first base pair directly adjacent 
to the universal non-coding domain (Fig. 1). Through sys
tematic mutation of the target sites, we discovered that RNA- 
dependent RNA replication between vRNA and cRNA relies 
on the hybridization of the segment-specific nucleotides, Y′13′ 
and X′14, of the cRNA promoter, rather than their counterpart 
nucleotides of the vRNA promoter (Figs. 2 and 3). 
Confirmatively, in vitro activity assay with synthetic RNA 
promoters proved that complementarity between Y′13′ and 
X′14 of the cRNA promoter is required for initiation of 
unprimed vRNA synthesis (Fig. 4). It is predicted that this 
breakage could render the G11 and G12 nucleotides at 5′ UTR 
of the cRNA promoter to participate in the temporary or non- 

fixed hybridization with any nucleotides of the pyridine-rich 
template of the 3′ UTR extremity (Fig. 1). The structural 
intolerability of the cRNA promoter might be associated 
with the length of its proximal stem, which is one base-pair 
shorter than that of the vRNA promoter. Thus, it is not 
difficult to deduce that its wobble state could hamper the 
initiation step of vRNA synthesis at the correct site, the 4th 

nucleotide U, from the 3′ UTR terminus as demonstrated in 
the internal initiation and realignment model[10].

It is interesting that the mutant virus M(AC) exhibited the 
desirable properties in all comparison assays, including RNA 
replication from vRNA to cRNA and vice versa, virus rescue or 
protein expression, multicycle growth, and genetic stability. The 
primary finding to be addressed is about the increased expression 
of M1 and M2 at an early time of infection (Fig. 6B). It could be 
attributed to the modification of viral mRNA splicing machinery. 
It has been reported that influenza A viral M genome has four 
different mRNA transcripts, such as unspliced M1 mRNA tran
script and spliced M2 mRNA, mRNA3, and mRNA4 transcripts 
[24]. Particularly, mRNA3 is produced by splicing from the 5′ 
splicing donor site of mRNA (the 11th nucleotide) to the 3′ splicing 
acceptor (the 740th nucleotide). Within the highly conserved spli
cing donor nucleotides, G12 and U13, the 13th intronic nucleotide 
U corresponds to one of our target nucleotides, Y′13′ of the cRNA 
promoter or Y13 of the vRNA promoter (Fig. 1). Accordingly, it is 
expected that during M(AC) virus replication, A13 C mutation at 
the 3′ UTR of the vRNA promoter is transcribed to create the M1 

Figure 5. Rescue of recombinant viruses by eight-plasmid-based reverse genetics. (A) CPE assay to compare virus rescue efficiency with variable pVP-M series. HEK293T cells were 
transfected with the eight pVP plasmids for reverse genetics by substituting pVP-M(UA) with one of other 15 mutant plasmids listed at the bottom of the graph. On day 2 after 
transfection, 2-fold diluted culture supernatants of P0 were loaded onto MDCK cells. On days 2 and 3 post-infection, cell viability (%) was calculated by treatment with MTT, in 
which the mock-transfected cells were used as a control (100%). n.d., not detected. Error bars represent SEM of four independent experiments. mock, inoculated with culture 
supernatants after empty-vector transfection. (B) Plaque titration. The culture supernatants of P0 which led to CPE in (A) were infected into MDCK cells in 48-well plates (upper, 
undiluted; lower, 10-fold diluted). On day 3 post-infection, plaques were visualized by crystal violet staining. (C) Plaque numbers (y-axis) and sizes (x-axis) from four independent 
experiments of (B) are represented as means ± SEM. Mutations at X14′·Y13 of the M segment are described on the xy-coordinate plane. *, Plaque numbers and sizes were 
determined using a microscope when they were too small to measure with the naked eye.
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mRNA transcript with U13G mutation, accumulating the 
unspliced precursor M1 mRNA and the alternatively spliced tran
script, M2 mRNA.

Considering the sustainable growth of dominant mutant 
viruses including M(AU), M(CG), and M(AC) (Fig. 6C and 
6D), we wondered whether influenza A viral isolates with any 

of these mutations are existing in nature and retrieved full 
genome sequences of the M segment from the NCBI GenBank 
database. After sequence alignment analysis, we couldn’t find 
any isolates to possess the double substitutions in the 
M segment. Regardless of dominance in M1 and M2 expres
sion level in the M(AC)-infected cells (Fig. 6B), influenza 

Figure 6. Effect of the X14′·Y13 mutation on the viral protein expression and growth. (A) Plaque titration of the amplified recombinant viruses at P1. An equal volume 
of P0 supernatants was inoculated in MDCK cells (100 µl per well in 12-well plates) for 2 days. The number of viral particles of P1 was quantified by plaque assay and 
expressed as means ± SEM (log10 PFU/ml) (n = 3). (B) Western blot analysis for detecting M1 and M2 expression. MDCK cells were infected with the different 
recombinant viruses (P1) at an MOI of 10−4. Cell lysates harvested on days 1 (left) and 2 (right) were subjected to SDS-PAGE for immunoblotting. Viral proteins M1, 
M2, and NP were detected with their specific primary antibodies and subsequently HRP-conjugated secondary antibodies. Cellular β-actin was used as a loading 
control. Proteins are indicated on the right side of the gels. (C-E) Viral growth curve of reverse-genetically rescued recombinant viruses. Wild-type and mutant viruses 
of Groups I (C), II (D), and III (E) of P1 were treated in MDCK cells at an MOI of 10−4 at 35°C. Culture supernatants were harvested every 12 h for 60 h for plaque 
titration (log10 PFU/ml). The graphs show means ± SEM (n = 4). In all infection experiments, influenza viruses were amplified in the presence of 2 µg/ml TPCK-trypsin.

Figure 7. Genetic preference and evolution of the M segment-specific non-coding nucleotides. Identification of acquired mutations within the M genome segment of 
recombinant viruses, M(GC) (A) and M(UG) (B), of P2. Terminal sequences of vRNA were determined by 5′ (left) and 3′ RACE (right). Both 5′ and 3′ UTR regions of the 
M segments are marked in boxes with terminal ends indicated by black arrows. Coding sequences are underlined with dotted lines. Red arrows point to the target 
sequences, X14′ and Y13. The sites with ‘G to A mutation’ are denoted at the top of the sequencing chromatograms.
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virus seems to evolve to another way by choosing segment- 
specific non-coding sequences ultimately to maintain 
a balanced ratio among the eight different segments and 
harmonized functions of the viral proteins.

To the best of our knowledge, this is the first report to 
show that hybridization, either canonical or non-canonical, 
between the segment-specific non-coding nucleotides plays 
a pivotal role within the cRNA promoter for de novo synthesis 
of vRNA, eventually being responsible for sustainable viral 
growth (Figs. 4 and 6). It has been identified that all influenza 
A viral genome segments have their own specific nucleotides 
at X14′ and Y13: the PB2, PA and M segments have a U-A pair; 
the HA, NP and NS segments with a G-C pair; the PB1 
segment with a C-G pair; and the NA segment with any of 
possible pairs depending on the viral subtype[18]. To general
ize our finding, we are going to extend this research to 
another influenza A viral segment that has a discriminative 
pair from the U-A pair. In summary, the present study 
through systematic mutational analysis and reverse genetics 
provides a fundamental understanding of the roles of the 
M segment-specific nucleotides X14′ and Y13 during the entire 
viral life cycle.

Materials and methods

Cells and viruses

MDCK and HEK 293 T cells were purchased from the American 
Type Culture Collection (ATCC). Cells were grown in minimum 
essential medium (MEM; Invitrogen) or Dulbecco’s Modified 
Eagle’s Medium (DMEM; Invitrogen), respectively, supplemented 
with 10% foetal bovine serum (FBS; Invitrogen). Influenza A virus 
strain PR8 (H1N1) was purchased from ATCC and amplified in 
10-day-old chicken embryos for 3 days at 37°C. Recombinant PR8 
and its mutants rescued by reverse genetics were inoculated in 
MDCK cells in the presence of 2 µg/ml TPCK-trypsin (Sigma 
Aldrich) at 35°C[25].

Plasmids

To establish the systems for reverse genetics and viral polymerase 
assay, full-length viral genomes of PR8 were individually amplified 
from vRNAs using universal and segment-specific primers 
[25,26]. PCR products were cloned between human RNA Pol 
I and cytomegalovirus RNA Pol II promoters which are oppositely 
located within the pVP vector, generating pVP-PB2 (Genbank 
accession no. AB671295), -PB1 (accession no. KC866596.1), -PA 
(accession no. KC866595.1), -HA (accession no. AB671289.1), - 
NP (accession no. KC866598.1), -NA (accession no. CY033579.1), 
-M [or -M(UA); accession no. EF467824.1], and -NS (accession 
no. EF467817) as described previously [23,27]. The plasmid 
pHH21-vRNA(EGFP) was prepared by cloning the negative- 
sense EGFP coding region flanked by the 5′ and 3′ UTRs of the 
M vRNA under the Pol I promoter [28,29]. In parallel, the plasmid 
pHH21-cRNA(EGFP) was obtained by cloning its inverted insert 
at the BsmBI site in the mock vector, pHH21. The primers for 
amplifying the inserts, vRNA(EGFP) (named vUA) and 
cRNA(EGFP) (named cUA), by PCR are listed in Table S1. 
A series of mutants was prepared by site-directed mutagenesis by 

targeting X14′·Y13 of pHH21-vRNA(EGFP) or pVP-M or targeting 
Y′13′·X′14 of pHH21-cRNA(EGFP) using the GeneArt Site- 
Directed Mutagenesis System (Thermo Fisher Scientific). The 
primer sets used are summarized in Table S2. After mutagenesis, 
all plasmids were identified by sequencing analysis using EGFP- or 
M-specific primers. DNA concentration was determined using 
a Nanodrop spectrophotometer (Thermo Fisher Scientific) and 
by densitometric analysis of an agarose gel. Plasmids expressing 
viral polymerase complex, pcDNA3-PB2-TAB, pcDNA3-PB1 and 
pcDNA3-PA, derived from influenza A/WSN/33 virus, were 
kindly provided by Prof. Ervin Fodor (Oxford University, UK).

Polymerase activity assay in cells

The polymerase activity assay was performed according to our 
previous report with some modifications[27]. In brief, 293 T cells 
seeded onto 12-well plates (5 × 105 cells per well) were transfected 
with pVP-PB2, -PB1, -PA, and -NP, together with any of the 
pHH21-vRNA(EGFP) or -cRNA(EGFP) constructs (each 
0.25 µg) using Lipofectamine 2000 (Invitrogen). The next day, 
total RNA was extracted for primer extension experiments using 
Trizol (Invitrogen). At six hours post-transfection, the plates were 
loaded into a live cell imaging system (IncuCyte FLR; Essen 
BioScience) to capture fluorescent images every 12 h for 48 h. 
Fluorescent objects from 16 dissected areas per well were counted 
using the built-in software.

Primer extension

The 5′-ends of DNA primers hybridizing the negative-sense 
EGFP coding region [5′-CCTGAGCACCCAGTCCGC-3′; for 
detecting the vRNA(EGFP)], its positive sense [5′- 
TTCAGGGTCAGCTTGCCG-3′; for detecting the 
cRNA(EGFP) and mRNA transcripts], or cellular 5S rRNA 
(5′-TCCCAGGCGGTCTCCCATCC-3′) as a loading control 
were labelled with [γ-32P]-ATP (PerkinElmer)[30]. The mix
ture of labelled primer and RNA extracts was heated at 95°C 
for 3 min followed by rapid cooling at 4°C for 10 min and 
stabilization at 55°C for 1 min. Reverse transcription reaction 
was performed at 55°C using the SuperScript III reverse 
transcriptase kit (Invitrogen). After 1 h, it was stopped by 
addition of an equal volume of 2× RNA loading dye 
(Invitrogen). The samples were separated on 6% polyacryla
mide gel with 7 M urea. The images were scanned using an 
FLA3000 image analyser (Fujifilm). Band intensities were 
quantified using ImageJ-Fuji Software.

In vitro dinucleotide synthesis and pApG extension 
assays

Purification of influenza virus polymerase was performed by 
transfection of 293 T cells with pcDNA3-PB2-TAP, pcDNA3- 
PB1 and pcDNA3-PA according to previous reports [21,22]. 
For analysing dinucleotide pppApG synthesis, 0.5 µM of each 
synthetic vRNA or cRNA promoter was incubated with 10 ng 
of the purified polymerase complex in a 4 µl reaction mixture 
containing 0.05 µM [α-32P]GTP (3,000 Ci/mmol; Perkin- 
Elmer), 1 mM ATP, 2 U/µl RNase inhibitor (Enzynomics), 
5 mM MgCl2 and 1 mM DTT at 30°C for 12 h[31]. The 
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samples were heated at 95°C for 3 min and treated with 1 U of 
shrimp alkaline phosphatase (SAP) (New England BioLabs) 
for 1 h at 37°C. The reaction was stopped by addition of 5 µl 
of 2× RNA loading dye (Invitrogen) and analysed on an 8 M 
urea/20% denaturing PAGE gel.

For in vitro pApG-primed synthesis assay, the dinucleotide 
primer was prepared by labelling of 1 µM ApG (Jena 
Bioscience) with 0.5 μM [γ-32P]ATP (6,000 Ci/mmole, 
Perkin-Elmer) and 1 U/µl T4 polynucleotide kinase (T4 
PNK) (Enzynomics) in 10 μl 1× T4 PNK reaction buffer 
(Enzynomics) at 37°C for 1 h[31]. The RdRp assay was per
formed as mentioned above but with some key modifications 
in which ATP and [α-32P]GTP were replaced with radiola
beled pApG and 1 mM CTP (for cRNA synthesis) or UTP (for 
vRNA synthesis) without SAP treatment.

Reverse genetics and virus amplification

For rescue of PR8 virus, 293 T cells were seeded on 6-well 
plates (1 × 106 cells per well) and, on the next day, transfected 
with the eight pVP plasmids (each 0.5 µg)[23]. For mutant 
virus rescue, the plasmid pVP-M(UA) among the eight plas
mids mixture was substituted with one of the 15 mutant 
plasmids, pVP-M(X14′Y13). On day 2 after transfection, the 
culture supernatants (passage 0 or P0; 300 µl) were loaded 
into MDCK cells in 6-well plates at 35°C for 1 h. Unabsorbed 
virus was removed by washing with PBS, followed by the 
addition of FBS-free MEM with 2 µg/ml TPCK-treated 
trypsin. On day 2 post-infection, viral titres of the MDCK 
inoculum (P1) were determined by plaque assay. Fresh 
MDCK cells were infected with the P1 viruses individually 
at an MOI of 10−4 [but at an MOI of 5 × 10−6 for the mutant 
virus of M(GU) due to its limited titre] for 2 days to produce 
the P2 recombinant viruses.

Virus titration

For the CPE assay, MDCK cells (5 × 104 cells per well) seeded 
in 96-well plates were allowed to reach 100% confluency. They 
were then incubated with 50 µl of 2-fold diluted P0 super
natants for 1 h. After removing unabsorbed virus, the cells 
were incubated at 35°C for 2 or 3 days. Cell viability was 
measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte
trazoliumbromide assay (MTT; Sigma Aldrich) as described 
previously[32]. For plaque assay, confluently grown MDCK 
cells in 48-well plates were infected with 100 µl of 10-fold 
serially diluted viruses at 35°C for 1 h. After washing with 
PBS, cells were grown in FBS-free MEM with 2 µg/ml TPCK- 
trypsin and 0.6% CMC (Sigma Aldrich) for 3 days[25]. 
Plaques were visualized by crystal violet staining to count 
their numbers (plaque forming units per ml, PFU/ml) and 
sizes. In the case of mutant viruses producing too small-sized 
plaques, they were measured using a microscope.

Western blot analysis

Cell lysates collected on day 1 or 2 after virus infection were loaded 
onto 10% (for NP and β-actin) or 15% (for M1 and M2) SDS- 
PAGE (40 µg per well). After electrotransfer to PVDF membrane, 

viral proteins were probed with anti-M1 (cat. no. sc-57,881; Santa 
Cruz Biotechnology), -M2 (cat. no. sc-32,238; Santa Cruz 
Biotechnology), or -NP (cat. no. 11,675-RP02; Sino Biological) 
antibodies and then HRP-conjugated anti-mouse (for M1 and 
M2; Thermo Fisher Scientific) or -rabbit IgG (for NP; Thermo 
Fisher Scientific). β-Actin was used as a loading control using anti- 
β-actin antibody (cat. no. A1978; Sigma Aldrich) and HRP- 
conjugated anti-mouse secondary antibody.

RACE

To identify the 5′ terminal sequence of viral RNAs, template 
switch-based 5′ RACE was performed [33,34]. Influenza viral 
RNA was extracted from culture supernatants using QIAamp 
Viral RNA mini kit (Qiagen). 5′ Ends of extracted RNAs 
(15 µl in a 20 µl reaction volume) were capped with 7-methyl
guanylate using the Vaccinia Capping System (New England 
Biolabs). All primer sequences used for RACE experiments 
are listed in Table S3. Capped RNAs (5.5 µl in a 10 µl reaction 
volume) were reverse-transcribed with the M5RACE-out(fwd) 
primer using the SuperScript III kit (Invitrogen). The tem
plate switching reaction was initiated by addition of an equal 
volume of 1 nM template switching oligonucleotide (TSO) 
dissolved in the RT reaction buffer with 0.1% BSA and 4 mM 
MnCl2. Then, nested PCR was performed to amplify the 5′ 
terminal sequences: outer primer set, M5RACE-out(fwd) and 
TSO out; inner primer set, M5RACE-in(fwd) and M5RACE- 
in(rev). With the same RNA extracts, the 3′ RACE experiment 
was performed as previously described[34]. Poly(A) tail was 
added to the vRNAs with E. coli Poly(A) Polymerase (1 U) in 
10 µl of E-PAP buffer (Thermo Fisher Scientific) at 37°C for 
1 h. The RT reaction was performed by incubation of tailed 
RNAs (5.5 µl) and 5 pmoles of the M3RACE dT primer using 
the SuperScript III kit (Invitrogen). The 3′ terminal sequences 
were determined by nested PCR: the first round PCR primers 
were M3RACE-out(fwd) and M3RACE(rev); the second 
round PCR primers were M3RACE-in(fwd) and M3RACE 
(rev). The amplified products were purified from an agarose 
gel using MEGA quick-spin Plus Total Fragment DNA 
Purification Kit (iNtRON Biotechnology). They were cloned 
into the T-Blunt vector (SolGent) for subsequent sequencing 
analysis using a conventional T7 primer.

Statistical analysis

Data were analysed with Prism 8 Software (GraphPad Software). 
Unless otherwise stated, P values were calculated from three 
independent experiments. Statistical analysis was conducted 
using unpaired two-way ANOVA with a control group. If the 
P values were less than 0.05, they were considered statistically 
significant. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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