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ABSTRACT Highly pathogenic avian influenza viruses with H5 and H7 hemaggluti-
nin (HA) subtypes evolve from low-pathogenic precursors through the acquisition of
multiple basic amino acid residues at the HA cleavage site. Although this mecha-
nism has been observed to occur naturally only in these HA subtypes, little is known
about the genetic basis for the acquisition of the polybasic HA cleavage site. Here
we show that consecutive adenine residues and a stem-loop structure, which are
frequently found in the viral RNA region encoding amino acids around the cleavage
site of low-pathogenic H5 and H7 viruses isolated from waterfowl! reservoirs, are im-
portant for nucleotide insertions into this RNA region. A reporter assay to detect
nontemplated nucleotide insertions and deep-sequencing analysis of viral RNAs re-
vealed that an increased number of adenine residues and enlarged stem-loop struc-
ture in the RNA region accelerated the multiple adenine and/or guanine insertions
required to create codons for basic amino acids. Interestingly, nucleotide insertions
associated with the HA cleavage site motif were not observed principally in the viral
RNA of other subtypes tested (H1, H2, H3, and H4). Our findings suggest that the
RNA editing-like activity is the key mechanism for nucleotide insertions, providing a
clue as to why the acquisition of the polybasic HA cleavage site is restricted to the
particular HA subtypes.

IMPORTANCE Influenza A viruses are divided into subtypes based on the antigenic-
ity of the viral surface glycoproteins hemagglutinin (HA) and neuraminidase. Of the
16 HA subtypes (H1 to -16) maintained in waterfowl reservoirs of influenza A viruses,
H5 and H7 viruses often become highly pathogenic through the acquisition of multi-
ple basic amino acid residues at the HA cleavage site. Although this mechanism
has been known since the 1980s, the genetic basis for nucleotide insertions has
remained unclear. This study shows the potential role of the viral RNA secondary
structure for nucleotide insertions and demonstrates a key mechanism explaining
why the acquisition of the polybasic HA cleavage site is restricted to particular
HA subtypes in nature. Our findings will contribute to better understanding of
the ecology of influenza A viruses and will also be useful for the development of
genetically modified vaccines against H5 and H7 influenza A viruses with in-
creased stability.
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nfluenza A viruses (IAVs) are widely distributed in avian and mammalian species,

including humans. IAVs have eight-segment negative-sense RNA genomes and are
divided into subtypes on the basis of combination of two viral surface glycoproteins,
hemagglutinin (HA) and neuraminidase (NA). IAVs with H1 to -16 HA and N1 to -9 NA
subtypes have been isolated from wild aquatic birds, especially migratory ducks, which
serve as a natural reservoir of IAVs in nature (1-3). Upon transmission to other host
animals, 1AVs evolve rapidly due to the high error rate of the viral RNA (VRNA)
polymerase and strong immune-driven natural selection. It is also well known that
human pandemic viruses emerge through reassortment among RNA segments be-
tween avian and human viruses (3, 4).

Highly pathogenic avian influenza (HPAI) viruses with the H5 and H7 HA subtypes
produce high mortality in poultry and have caused devastating losses in poultry
production worldwide. H5N1 HPAI viruses, first reported in Hong Kong in 1997, have
been circulating in poultry for almost two decades (5) and have spread to more than
60 countries in Eurasia and Africa. In addition to infection of avian species, it has been
reported that H5N1 HPAI viruses are occasionally transmitted to humans and cause
severe pneumonia with high case fatality rates (6). Since the first fatal human infection
caused by H5N1 HPAI viruses was recognized in 1997 (7, 8), 874 human cases, with 458
deaths, have been reported (as of 3 October 2016 [http://www.who.int/en/]). Some
reassortant H5 viruses with different NA subtypes (e.g., H5N2, H5N8, and 5N6), origi-
nating from the same ancestral H5N1 virus, have recently emerged in China and spread
to other countries in Eurasia and North America (9-14).

It is known that HPAI viruses evolve from low-pathogenic H5 and H7 viruses
maintained in the natural reservoirs and that the key determinant for the different
pathogenicities is the proteolytic cleavage of HA, which is required for infectivity of IAVs
(15-19). Low-pathogenic IAVs contain a single arginine residue at the cleavage site of
HA, which is cleaved only by trypsin-like proteases and therefore produces localized
infection of the respiratory and/or intestinal tracts, causing asymptomatic or mild
infection. After introduction into domestic poultry, low-pathogenic viruses often ac-
quire multiple basic amino acids at the HA cleavage site, which is recognized by
ubiquitous cellular proteases such as furin and PC6 (20-23), thereby rendering the virus
capable of causing systemic infection with a fatal outcome in terrestrial poultry. The
polybasic HA cleavage site is known to be generated by multiple nucleotide insertions/
substitutions to create codons for basic amino acids (17, 24-26) or by recombination
with cellular or viral RNAs (27-29) and is considered to be the primary virulence marker
of HPAI viruses (16, 30).

Most outbreaks of HPAI are caused only by IAVs with the H5 and H7 subtypes.
However, it was reported that an H6 virus with an artificially introduced polybasic HA
cleavage site acquired high HA cleavability without trypsin and had a typical HPAI
phenotype in experimentally infected chickens (31). An H9 virus also acquired high
pathogenicity for chickens via the introduction of a pair of dibasic amino acid residues
at the HA cleavage site and subsequent passages in chickens (32). Furthermore, other
HA subtypes (i.e., H2, H4, H8, and H14) similarly supported a highly pathogenic
phenotype after artificial introduction of the polybasic HA cleavage site in the appro-
priate genetic background (33). These studies strongly suggest that the restriction of
naturally occurring nucleotide insertions or substitutions to produce multiple basic
amino acids in the cleavage sites of H5 and H7 HAs is primarily due to the unique
genetic predisposition of these HA subtypes, not a structural or functional limitation of
the other HA subtypes.

In this study, we focused on the A/whistling swan/Shimane/499/83 (H5N3) (ShimH5)
strain, which was originally isolated as a low-pathogenic strain and shown to become
highly pathogenic after passaging through experimentally infected chickens (26).
During serial passages through chickens, the ShimH5 strain first underwent two point
mutations at nucleotide positions 1050 (C to A [ShimH5 24a]) and 1046 (G to A [ShimH5
24a2b]) in the RNA sequence encoding the HA cleavage site motif (R-E/K-T/K-R) and
then acquired 5 consecutive basic amino acids, R-R-K-K-R, via the insertion of a codon
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FIG 1 HA cleavage site sequences of ShimH5 and its variants passaged in chickens. HA was synthesized
as a single polypeptide and then cleaved into HA1 and HA2 subunits at the cleavage site (indicated by
arrowheads). ShimH5 and its variants (parent, 24a, 24a2b, and 24a3b) strains have different nucleotide
and amino acid sequences at their HA cleavage sites and different pathogenicities for chickens (26).
Nucleotide sequences at positions 1043 to 1063 (ShimH5 parent, 24a, and 24a2b) and 1043 to 1066
(24a3b) and the corresponding amino acid sequences are shown. Dashes are included to adjust the
sequence alignment, and nucleotides and amino acids different from those of the parental ShimH5
sequence are shown in red.

for an arginine residue at the cleavage site (ShimH5 24a3b) (26) (Fig. 1). We found that
this RNA sequence was involved in a stem-loop structure in the predicted secondary
RNA structure and that the primary point mutations at positions 1046 and 1050
resulted in the creation of 8 consecutive adenine residues, which enlarged the loop
structure and accelerated the frequency of nucleotide insertions. Interestingly, consec-
utive adenine residues and large stem-loop structures in this RNA region were fre-
quently found only in particular HA subtypes (e.g., H5). While the importance of the
RNA secondary structure of H5 HA genes has been previously proposed for the
emergence of HPAI (25), we experimentally tested the hypothesis using a reverse-
genetics approach and found the direct link between the frequency of nucleotide
insertions and predicted stem-loop structures of the viral RNA. Our findings suggest
that the RNA sequence determining the HA cleavage site amino acid motif has a key
role in inducing viral polymerase slippage, which increases the frequency of nucleotide
insertions, and that this mechanism contributes to the acquisition of additional codons
for basic amino acids to create the polybasic HA cleavage site.

RESULTS

Reporter gene expression resulting from nontemplated nucleotide insertions
into the ShimH5 HA sequence. We established a reporter assay to detect nucleotide
insertions into the RNA sequence encoding amino acids across the HA cleavage site (29
nucleotides, CCCAAAGAGAAACAAGAGGTCTGTTTGGA [designated RNAsegHAclv]) of
the strain ShimH5 (Fig. 2A to Q). In the reporter plasmid, the firefly luciferase gene
lacking its start codon was inserted downstream of the start codon/linker region (e.g.,
29 polynucleotides corresponding to RNAseqHAclv [designated Linker29]). Since the
firefly luciferase gene that followed the 28- or 29-nucleotide linkers was out of frame,
the luciferase was expected to be expressed only when nucleotides were inserted into
the linker region of mMRNA, cRNA, and/or viral RNA (vVRNA) to make the linker sequence
in frame with the open reading frame (ORF) of the reporter gene.

To evaluate this system, we first tested the plasmids containing the linkers (Linker28,
Linker29, and Linker30), all of which had the sequence derived from the parent ShimH5
strain (Fig. 2A). QT6 cells (34) were transfected with these plasmids, and luciferase
activities of cell lysates were measured (Fig. 2D). As expected, a high level of luciferase
activity was detected in the cells transfected with the construct with Linker30, which
had the sequence in frame with the ORF of the reporter gene. Interestingly, we found
that the plasmids containing Linker28 and Linker29 expressed slightly but significantly
higher levels of luciferase than the empty plasmid. Significantly higher luciferase
expression was observed in cells transfected with the plasmid containing Linker29 than
with Linker28. These results suggested that nontemplated nucleotide insertions into
these linker regions occurred during the synthesis of mRNA, cRNA, and/or vRNA.
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FIG 2 Schematic overview of the reporter assay system and luciferase activity in QT6 cells. (A) The
reporter plasmids contained the chicken RNA polymerase | promoter, mouse RNA polymerase | termi-
nator, PR8 HA segment-derived NCR, and firefly luciferase gene. Linkers (28, 29, or 30 polynucleotides)
that originated from the RNA sequence encoding amino acids across the HA cleavage site of ShimH5
were inserted between a start codon and the firefly luciferase gene lacking its start codon. The nucleotide
positions different from those of the parental ShimH5 sequence are indicated in red. (B) QT6 cells were
transfected with the reporter plasmid, pRL-TK Renilla luciferase transfection control reporter plasmid, and

(Continued on next page)
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Accelerated nucleotide insertions in the presence of consecutive adenine
residues. We then hypothesized that a stretch of adenine residues in the RNAseqHAclv
region might affect the frequency of nucleotide insertions, as has been suggested with
the RNA editing mechanisms of some RNA viruses (35-39). Thus, to test this hypothesis,
we constructed another plasmid containing a modified version of Linker29 including
runs of 12 adenines with G-to-A or C-to-A substitutions (Linker29-12A) (Fig. 2A) and
compared the luciferase activities. We detected much higher levels of luciferase ex-
pression in QT6 cells transfected with this plasmid (Fig. 2D). Next, we tested the impact
of the two nucleotide substitutions (C-to-A or G-to-A) that had actually been found in
the ShimH5 24a2b HA gene prior to the nucleotide insertion to create a codon for an
arginine residue at the HA cleavage site motif (26). We constructed plasmids containing
Linker29-24a and Linker29-24a2b with the sequences of strains ShimH5 24a and 24a2b,
which had 6 and 8 consecutive adenines in the RNAseqHAclv region, respectively (Fig. 1
and 2A). We found that the amount of luciferase expression from the cells transfected
with the plasmid containing a single substitution (Linker29-24a) was similar to that of
cells transfected with the plasmid with Linker29. Interestingly, however, the additional
substitution (Linker29-24a2b) significantly enhanced the luciferase expression (Fig. 2E).
These results suggested that these two nucleotide substitutions, resulting in the
presence of 8 consecutive adenine residues, accelerated the nucleotide insertions into
the linker sequence.

Comparison of secondary structures of the linker sequences. We then compared
the predicted secondary structures of RNAs corresponding to the Linker29, Linker29-
24a, Linker29-24a2b, and Linker29-12A sequences (Fig. 3; see Fig. S1 in the supple-
mental material). Interestingly, all linker RNAs potentially formed stem-loop structures
mainly consisting of adenine and guanine residues. These stem-loop structures were
maintained even when longer sequences (i.e.,, 39 and 49 nucleotides, but not 69
nucleotides or more) including the RNAsegHAclv region in the middle were used for
the analysis (see Fig. S2 in the supplemental material). It was noted that the loop
magnitude was correlated with the efficiency of luciferase expression. To confirm
the importance of the stem-loop structure, we tested an additional reporter plasmid
containing Linker29-12A-NL, which was artificially designed to have 12 consecutive
adenines but to minimize the loop structure (Fig. 2A and 3E). As expected, signif-
icantly lower luciferase expression was observed in the cells transfected with this
plasmid than in those transfected with the plasmid containing Linker29-12A
(Fig. 2D).

Nontemplated nucleotide insertions found in the vRNA of purified virions. To
verify the presence of vVRNA containing the expected nucleotide insertions, we analyzed
the ShimH5 HA vRNA incorporated into purified virions using a deep-sequencing
approach. Reassortant viruses between A/Puerto Rico/8/1934 (H1N1) (PR8) and ShimH5
strains (rgPR8/ShimH5-HA [PR8 whose HA gene was replaced with that of ShimH5] and
rgPR8/ShimH5 24a2b-HA [PR8 whose HA gene was replaced with that of ShimH5
24a2b]) were generated from cloned plasmids to standardize the viral polymerase

FIG 2 Legend (Continued)

a mixture of PB2-, PB1-, PA-, and NP-expressing plasmids, and luciferase (firefly and Renilla luciferase)
activities were measured. (C) In this assay, negative-sense VRNA templates are transcribed from the
reporter plasmid by cellular RNA polymerase |, and then mRNA and cRNA are produced by the PR8
polymerases and NP, which are provided by the cotransfected protein expression plasmids. The tran-
scripts containing 28- or 29-polynucleotide linkers produce mRNAs that are not in frame with the ORF
of the reporter gene. Therefore, the firefly luciferase is expected to be expressed when nucleotides are
inserted into the linker region of mMRNA, cRNA, and/or VRNA to make the linker sequence in frame with
the ORF of the reporter gene. The firefly luciferase activities were standardized using the values given by
the activities of the transfection control, Renilla luciferase. (D and E) Luciferase activities were expressed
relative to the empty plasmid and compared among the reporter plasmids containing the indicated
linkers. Representative data from three independent experiments are shown. Relative luciferase activities
are presented as the averages and standard deviations from triplicate wells. Statistical significance was
calculated using Student’s t test (*, P < 0.05). Asterisks placed directly above bars indicate significant
differences compared to the empty plasmid, and asterisks placed between bars show significant
differences between the indicated bars.
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FIG 3 Quickfold-predicted RNA structures of the linker sequences. The predicted RNA (positive-sense)
secondary structures of Linker29 (A), Linker29-24a (B), Linker29-24a2b (C), Linker29-12A (D), and
Linker29-12A-NL (E) and amino acids corresponding to each codon are shown. Nucleotides and amino
acids different from the parental ShimH5 sequence are shown in red.

activity and minimize the background genetic heterogeneity in the original population
of the ShimHS5 strains. As expected, we found single-nucleotide insertions of adenine
residues into the 3 consecutive adenines at nucleotide positions 1047 to 1049 in
rgPR8/ShimH5-HA (Fig. 4A) at a comparatively high frequency (0.0028%). No reads had
multiple nucleotide insertions (i.e., double, triple, or more) in these positions. Surpris-
ingly, adenine insertions into the 8 consecutive adenines at nucleotide positions 1045
to 1052 in rgPR8/ShimH5 24a2b-HA were found at a much higher frequency (3.8%)
(Fig. 4B). Among the sequence reads in which the insertions were detected, 61.0%,
34.5%, 3.0%, and 1.5% had single, double, triple, and quadruple or more nucleotide
insertions, respectively. Double insertions (i.e.,, AG and AA at nucleotide positions 1043
and 1045 to 1052, respectively), which could be part of the codon for arginine or lysine,
were found in 1.2% and 0.35% of the total reads. Furthermore, 0.035% of the total reads
contained the AGA insertion, which had in fact been observed in the RNAseqHAclv
region of the ShimH5 24a3b HA gene. These findings indicated that virus particles
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FIG 4 Nucleotide insertions detected by deep-sequencing analysis of VRNAs in virus particles. Total frequencies of nucleotide (nt) insertions into 9 codons in
the RNAsegHAclv region of ShimH5 (A), ShimH5 24a2b (B), ShimH1 (C), HokH2 (D), HKH3 (E), and HokH4 (F) HA genes are shown. In case multiple nucleotide
insertions were observed at the same position, inserted nucleotides were counted individually. (For example, if an AGA insertion was observed at nucleotide
position 1045, it was counted as two adenine insertions and one guanine insertion at position 1045.) The HA cleavage site is indicated by vertical arrows.
Horizontal arrows indicate the sequence corresponding to predicted loop structures (1047 to 1057, 1045 to 1057, 1051 to 1056, 1045 to 1051, 1051 to 1056,
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to 1024 (F) are collectively shown at positions 1047, 1045, 1037/1043, and 1021, respectively. Similarly, total frequencies of uracil and guanine insertions are
collectively shown at positions 1056 and 1059, respectively (D).
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carrying the HA gene segment containing such nucleotide insertions were indeed
produced by infected cells. To investigate nucleotide insertions in other HA subtypes,
we then cloned HA genes of A/pintail/Shimane/324/1998 (H1N9) (ShimH1), A/duck/
Hokkaido/95/2001 (H2N2) (HokH2), A/duck/Hong Kong/836/1980 (H3N1) (HKH3), and
A/duck/Hokkaido/138/2007 (H4N6) (HokH4) and similarly produced reassortant viruses
carrying HA segments of these 4 viruses in the PR8 background (rgPR8/ShimH1-HA,
rgPR8/HokH2-HA, rgPR8/HKH3-HA, and rgPR8/HokH4-HA, respectively). Nucleotide in-
sertions into the HA VvRNAs of in purified virus particles were analyzed by deep
sequencing (Fig. 4C to F). Interestingly, we found that no remarkable nucleotide
insertion was observed in the RNA sequences corresponding to the RNAseqHAclv
region of rgPR8/ShimH1-HA and that single-nucleotide insertions that were not asso-
ciated with the HA cleavage site motif were only observed in rgPR8/HokH2-HA,
rgPR8/HKH3-HA, and rgPR8/HokH4-HA. It was also noted that the predicted secondary
RNA structures of this region are remarkably different among these HAs (Fig. 5; see
Fig. S3 in the supplemental material).

Differences in the predicted RNA structures among HA subtypes. Finally, we
compared the predicted secondary structures of the RNAseqHAclv region among HA
subtypes using database sequences of low-pathogenic IAVs isolated from ducks (Fig. 6;
see Fig. S4 in the supplemental material). This comprehensive analysis revealed that the
stem-loop structure was found in most of the viruses regardless of the HA subtype.
Importantly, however, its size and location varied drastically. Most (26/31) of the
RNAsegHAclv region of the H5 subtype contained large loop structures consisting of 8
to 14 nucleotides and fully included the codons for arginine and glycine at the HA
cleavage site. Although the loop structure tended to be a little smaller than those found
in H5 viruses, 45% (18/40) of the H7 sequences had loops (8 to 11 nucleotides) involving
the codons encoding the cleavage site. In contrast, such long and well-positioned loop
structures in the RNAseqHAclv region were not found in the H1, H2, H3, H8, H11, H12,
H13, H14, or H15 subtypes and were found more infrequently in the H4, H6, H9, H10,
and H16 subtypes (18/58, 7/56, 1/45, 6/26, and 4/22, respectively) than in the H5 and
H7 subtypes. Two different programs used for the prediction showed a similar tendency
of the presence of the stem-loop structure (see Data Set S2 in the supplemental
material). It was also noted that the loop regions of the H5 and H7 RNAs generally had
AG-rich sequences compared to the H4, H6, H9, and H16 subtypes (Fig. 6B; see Data
Set S1 in the supplemental material).

DISCUSSION

In this study, we demonstrated that nontemplated nucleotide insertions frequently
occurred in the RNAsegHAclv region of ShimH5. The nucleotide insertions were indeed
found in the VRNA incorporated into virions, and consecutive adenine residues, known
as a key factor for the RNA editing mechanism of some RNA viruses (35-39), accelerated
the frequency of the nucleotide insertions. Runs of adenines are present in the RNA
editing site of ebolaviruses (38) and paramyxoviruses (39), where the virus polymerase
inserts nontemplated nucleotides during mRNA synthesis to create alternative reading
frames. The increase in the number of adenine residues in the editing site of paramyxo-
viruses enhances the frequency of additional nucleotide insertions at the editing site
(39). In addition to viral polymerases, it has been reported that transcriptional slippage
by Escherichia coli RNA polymerase during RNA elongation at runs of 10 or more
adenines or thymines results in the addition of nontemplated uracil or adenine
residues, leading to the restoration of the normal reading frame from out-of-frame lacZ
constructs (40). Consistent with these previous studies, our data demonstrated that
insertion of additional nucleotides into the RNA sequence determining the H5 HA
cleavage site motif frequently occurs, most likely due to viral polymerase slippage
induced by the presence of consecutive adenine residues.

Secondary structures of RNA molecules are also thought to be important for the RNA
editing mechanism (41). The editing site of simian virus 5 has a stem-loop structure that
is proposed to be essential for the RNA editing activity of the viral polymerase (42).

January/February 2017 Volume 8 Issue 1 €02298-16

mBio’

mbio.asm.org 8


http://mbio.asm.org

A Genetic Basis To Generate HPAIV

A B R c
~ 1
G
Cc AT A ¢
| / \ A
U A G G
| \ / l
U- C—G A | E
| S | | G A
c | S Uu—aA /L_
| | J |
c- A—U 7 MoK
| e/ | | A -
A|\_ /A_U L (I)—
U | C|5 ? Q
| % ﬁ_
uU- Uu—G - A
| Vo i
ol A—U - T T
| . e
%|\ @ G—u |F A
| |
A%—A ! —° Q A—U- 1"
| v AN ~ G | J ﬁ"o L
u —cC G—A—G A e Gxﬁu
o o | R [ 2R
A —G U_U_C\ /C Uu-—aGg G 9?? Y
b 4 U U=G=G.__(/
\G—C . ¢V,
o 3 1 C— G- o

/o\\ @
®
|
>
~
> —
> o\
o\o/>

/ Y /6
~ A —U A—U
L < I
| | G—C
—c [

R G \ A— U L
U / \
/ R G G
< LA —uU \ /
A— A F A—U
7 5 . |
G A ~-A—U ?_L"
\ / . | | o Q lA—l‘J

u— A K C — G
A
| | A | I\ C G/\O
C—G— G~ C—A—U—G—A 5'CC G— A3

HokH4 ShimH5

FIG 5 Comparison of Quickfold-predicted secondary structures of the RNAseqHAclv regions of ShimH1, HokH2,
HKH3, HokH4, and ShimH5. The predicted RNA (positive-sense) secondary structures of the RNAseqHAcly region of
ShimH1 (A), HokH2 (B), HKH3 (C), HokH4 (D), and ShimH5 (E) and amino acids corresponding to each codon are
shown.
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Similarly, a hairpin-like structure of the ebolavirus glycoprotein (GP) gene is important
for RNA editing (35). It was recently reported that the nucleotide mutations destabi-
lizing the predicted stem-loop structure just upstream from the editing site of the
ebolavirus GP gene dramatically reduced the RNA editing efficiency, whereas other
mutations irrelevant to the destabilization of the stem-loop structure did not affect the
editing (37). In this study, we found that almost all the H5 viruses examined had
potential stem-loop structures in the RNAseqHAclv region. It was also noted that
ShimH5 24a2b had a larger loop than the parent ShimH5 and 24a strains and that the
nucleotide insertion-dependent reporter gene expression and actual frequency of
the nucleotide insertions detected by deep sequencing of VRNA were correlated with
the loop size and the number of consecutive adenines. Our data suggested that the
enlarged stem-loop structure consisting of consecutive adenine and guanine residues
was important to accelerate the nucleotide insertion. Accordingly, adenines were
inserted into nucleotide positions 1047 to 1049 (ShimH5) and 1045 to 1052 (ShimH5
24a2b) in the HA genes, both of which were included in the loop structure of their
predicted secondary RNA structures. These nucleotide insertions might enlarge the
loop size and further accelerate the additional nucleotide insertions. Nucleotide inser-
tions into the RNAsegHAclv region were also detected in H2, H3, and H4 HAs with
comparatively high frequency (approximately 0.002 to 0.02%), although detailed mech-
anisms of these nucleotide insertions are unclear. However, importantly, the positions
of these inserted nucleotides were apart from the loop structures and/or the sequences
encoding the HA cleavage motif, suggesting that these nucleotide insertions might not
directly contribute to the additional nucleotide insertions to create basic amino acid(s)
in the HA cleavage site (Fig. 4 and 5).

This study provides the first experimental evidence for the potential contribution of
the RNA secondary structure (i.e., stem-loop) to create the polybasic HA cleavage sites
of IAVs, which has only been discussed hypothetically (25, 43). Taken together, our data
suggest that the RNA editing-like mechanism plays a key role in insertion of additional
nucleotides into the VRNA sequence determining the HA cleavage site motifs of HPAI
viruses with the H5 and possibly H7 subtypes. The loop sequence consisting of
consecutive adenines/guanines may also be favorable to create codons for lysine
and/or arginine residues (e.g., AAA, AAG, AGA, and AGG). We assume that this genetic
predisposition, which is found in H5 and partly in H7 subtypes, explains why the
acquisition of basic amino acids at the HA cleavage site is restricted to these HA
subtypes in nature. Interestingly, however, some viruses with H4, H6, H9, H10, and H16
subtypes seem to have such genetic backgrounds, requiring further studies to clarify
whether these subtypes also have the potential to naturally acquire the polybasic HA
cleavage site and become highly pathogenic.

Although we detected nucleotide insertions during the VRNA synthesis of the
parent ShimHS5 strain, the frequency did not seem to be high compared to the RNA
editing observed in other viruses (35, 36, 39). It is important to note that an HA gene
containing only a single- or double-nucleotide insertion into its ORF does not
express complete HA molecules due to frameshift and that multiples of three
nucleotide insertions (i.e., codons such as AAA or AGA) are required to generate a
functional HA gene. Thus, further studies are needed to clarify the mechanisms by
which HA segments carrying a nonfunctional (i.e., frameshifted) HA gene can be
maintained in the virus population until nucleotide insertions into vVRNA of the HA

FIG 6 Legend (Continued)

Horizontal bars represent the RNAseqHAclv region, and colored (yellow and red) lines on each bar show
nucleotide regions corresponding to the predicted loops in each stem-loop structure. Red lines indicate
the loop structures consisting of more than 8 nucleotides that are fully included the codons for arginine
and glycine at the HA cleavage site, and yellow lines show the others. The HA cleavage sites are indicated
by blue vertical lines. (B) The AG ratios of the loop sequences in each RNAseqHAclv region were
calculated, and averages and standard deviations of each HA subtype are shown. Statistical significance
compared to H5 (*) and H7 (1) was calculated using Student’s t test (P < 0.05). There was no significant
difference between H5 and H7.
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gene are accumulated to create basic amino acid codons during circulation in
terrestrial poultry.

MATERIALS AND METHODS

Viruses and cells. IAV strain ShimH5 was kindly provided by T. Ito (Tottori University), and
ShimH1, HokH2, HKH3, and HokH4 were kindly provided by H. Kida (Hokkaido University). These
viruses were propagated in the allantoic cavities of 10-day-old embryonated chicken eggs at 35°C
for 48 h and stored at —80°C until use. MDCK cells (44) were grown in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% calf serum, 100 U/ml penicillin, and 0.1 mg/ml strepto-
mycin. 293T cells (45) were grown in DMEM supplemented with 10% fetal calf serum and antibiotics
as described above. QT6 cells were maintained in Kaighn’s modification of Ham’s F-12 medium
supplemented with 5% calf serum and 10% tryptose phosphate broth. All cells were incubated at
37°Cin a 5% CO, incubator.

Reporter assay. We used the modified pHW72 plasmid (46), pHW72-LUC-CKpoll, containing the
chicken RNA polymerase | promoter, mouse RNA polymerase | terminator, PR8 HA segment-derived
noncoding region (NCR), and firefly luciferase gene. The reporter plasmid was constructed by inserting
28-, 29-, or 30-polynucleotide linkers whose sequences were derived from those encoding the HA
cleavage site (i.e, RNAseqHAclv, including nucleotides at positions 1038 to 1065, 1066, or 1067) of the
ShimH5 strains, between a start codon and the remaining ORF of the firefly luciferase gene. This
construct was flanked by the PR8 HA-NCR at both the 5’ and 3’ ends (Fig. 2A). Eukaryotic expression
plasmid pCAGGS/MCS (controlled by the chicken B-actin promoter) encoding the PR8 virus polymerases
(PB2, PB1, and PA) and NP were kindly provided by Y. Kawaoka (University of Tokyo). Seventy percent-
confluent QT6 cell monolayers in 24-well tissue culture plates were transfected with 150 ng of pHW?72-
LUC-CKpoll plasmids containing the respective linkers, 5 ng of a pRL-TK Renilla luciferase transfection
control reporter plasmid (Promega), and a mixture of PB2-, PB1-, PA-, and NP-expressing pCAGGS in
quantities of 150, 150, 150, and 300 ng, respectively, using FUGENE HD (Promega) according to the
manufacturer’s protocol. At 24 h posttransfection, luciferase (firefly and Renilla luciferase) activities of cell
lysates were measured with a GloMax96 Microplate luminometer (Promega) using the dual-luciferase
assay system (Promega) according to the manufacturer's protocol. Firefly luciferase activities were
standardized to the transfection control Renilla luciferase activities (i.e., firefly luciferase activities were
divided by Renilla luciferase activities).

Generation of infectious viruses from plasmids. The VRNAs of ShimH1, HokH2, HKH3, HokH4, and
ShimH5 were extracted from infectious allantoic fluids using a QlAamp viral RNA minikit (Qiagen) and
reverse transcribed with Moloney murine leukemia virus reverse transcriptase (Invitrogen) using the
uni12 primer (5'-AGCAAAAGCAGG) (47). For the expression of VRNAs, cDNAs of the HA gene segments
of these 4 viruses were cloned into the pHH21 plasmid, which contains the human RNA polymerase |
promoter and the mouse RNA polymerase | terminator separated by BsmBl sites (48). The pHH21-based
plasmid for the expression of the ShimH5 24a2b HA was generated by PCR-based mutagenesis using
primers containing the desired nucleotide substitutions. Reassortant viruses (rgPR8/ShimH1-HA, rgPR8/
HokH2-HA, rgPR8/HKH3-HA, rgPR8/HokH4-HA, rgPR8/ShimH5-HA, and rgPR8/ShimH5-24a2b-HA) were
generated by a reverse-genetics system as described previously (48) with slight modification. Briefly,
293T cells were transfected with 1 ug of each of the 12 plasmids (8 pHH21-based plasmids for vVRNA
expression and 4 pCAGGS-based plasmids for viral polymerase/NP expression) carrying the ShimH1,
HokH2, HKH3, HokH4, ShimH5, or ShimH5 24a2b HA and PR8 background genes using TransIT-LT1 (Mirus
Bio) according to the manufacturer’s protocol. Forty-eight hours after transfection, the supernatant of
transfected 293T cells was collected, diluted at 1:10, and transferred into confluent monolayers of MDCK
cells. Rescued viruses propagated once in MDCK cells were stored at —80°C until use. Virus titers were
determined as PFU using MDCK cells.

Virus purification and RNA extraction for deep sequencing. Cultured MDCK cells maintained in
Eagle’s minimal essential medium (MEM) containing bovine serum albumin (0.3%), penicillin (100 U/ml),
and streptomycin (0.1 mg/ml) were infected with rgPR8/ShimH1-HA, rgPR8/HokH2-HA, rgPR8/HKH3-HA,
rgPR8/HokH4-HA, rgPR8/ShimH5-HA, or rgPR8/ShimH5-24a2b-HA at a multiplicity of infection of 0.001
and incubated at 37°C for 48 h. Then the infectious supernatant was collected. Virus particles were
concentrated and purified by high-speed centrifugation (28,000 rpm for 2 h at 4°C) of the supernatant
through a 10 to 50% sucrose density gradient. vRNAs were extracted from purified virus particles using
TRIzol LS reagent (Sigma) according to the manufacturer’s protocol.

Library preparation and deep sequencing. cDNA libraries were prepared from vVRNA without any
amplification procedures to minimize the potential errors during the sequencing reaction, and the high
depth of coverage of sequencing (more than 100,000 reads) with a high-quality score (no less than 30)
enabled us to analyze the VRNA quasispecies, including infrequent nucleotide insertions that might not
be detectable by Sanger sequencing. Briefly, extracted VRNA (10 pg) was used for the synthesis of
double-stranded cDNA of the partial HA gene containing the sequence encoding the HA cleavage site
with a PrimeScript double-strand ¢cDNA synthesis kit (TaKaRa) using the HA gene-specific primers
H1-996F (5'-GGAGAATGCCCTAAATATGTTAAAAGC), H2-1000F (5'-GCCCCAAATATGTAAAATCGGAGAG),
H3-1001F (5'-GCCCCAAGTATGTTAAGCAAAACAC), H4-985F (5'-GCCCCAAATATGTTAAACAGGGCTC), and
H5-963F (5'-GTATGCCTTTCCACAATATTCATCC). The synthesized double-stranded cDNAs (approximately
750 bp) were tagged with sequencing adapters having indexes by using a TruSeq DNA PCR-free sample
prep kit (Illumina). The cDNA libraries were verified on a high-sensitivity DNA chip on a Bioanalyzer
(Agilent Technologies) and quantified with real-time PCR using an lllumina compatible kit and standards
(KAPA) before loading on the sequencing chip. Then the indexed libraries were sequenced using a MiSeq
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v3 600-cycle kit (Illumina) to perform 300-bp paired-end sequencing on a MiSeq instrument (lllumina),
according to the manufacturer’s instructions. After the sequencing run, reads with the same index
sequences were grouped.
Sequence data analysis. The sequencing reads were aligned with the reference HA sequences
(ShimH1, HokH2, HKH3, HokH4, ShimH5, and ShimH5 24a2b) determined by Sanger sequencing using
Bowtie 2 (49) with default settings. Then the positive-sense reads containing any of 30 nucleotides at the
5" end of cDNAs were selected from the derived alignments and parsed to count insertions and deletion
in the analyzed regions (nucleotide positions from 1036 to 1062 for ShimH1 and HKH3, from 1035 to
1061 for HokH2, from 1020 to 1046 for HokH4, and from 1040 to 1066 for ShimH5 and ShimH5 24a2b)
together with filtering the reads containing the nucleotides with low-quality scores (<30) using in-house
scripts.
Prediction of RNA secondary structure. The Quickfold program (http://unafold.rna.albany.edu/
7q=DINAMelt/Quickfold) (50) and RNAfold program from the ViennaRNA Web Services (http://rna.tbi
.univie.ac.at/) and the ViennaRNA package (51) were used to predict the secondary structures of the
RNAseqHAclv region. The script (ct2b.pl) in the ViennaRNA package was employed to convert RNA
structures from “connect” to “dot-parenthesis” format. The ShimH1, HokH2, HKH3, HokH4, and ShimH5
sequences and all full-length HA sequences (limited to low-pathogenic avian influenza viruses isolated
from ducks [H1 to H13] and all avian species [H14 to H16]) available in The NCBI Influenza Virus Resource
Database were used for the analysis. In case 2 or more viruses had identical sequences in the analyzed

region, the HA sequence of the earliest isolate was used as a representative.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/
mBio.02298-16.

DATA SET S1, XLSX file, 0.04 MB.
DATA SET S2, XLSX file, 0.03 MB.
FIG S1, PDF file, 0.2 MB.
FIG S2, PDF file, 0.5 MB.
FIG S3, PDF file, 0.2 MB.
FIG S4, PDF file, 10 MB.

ACKNOWLEDGMENTS
We thank T. Ito (Tottori University) for IAV strain ShimH5 and Y. Kawaoka (University
of Tokyo) for the PR8 protein and RNA expression plasmids. We also thank Kim
Barrymore for editing the manuscript.

This work was supported by the Japan Initiative for Global Research Network on

Infectious Diseases (J-GRID) (15FM0108008H0001), the Japan Science and Technology
Agency (JST) and Japan International Cooperation Agency (JICA) within the framework
of the Science and Technology Research Partnership for Sustainable Development
(SATREPS) (15JM0110005H0004), and partly by KAKENHI (24390110), a Grant-in-Aid for
Scientific Research from the Ministry of Education, Culture, Sports, Science and Tech-
nology (MEXT). Funding was also provided by the Program for Leading Graduate
Schools from MEXT, Japan.

REFERENCES

1.

January/February 2017 Volume 8

Fouchier RA, Munster V, Wallensten A, Bestebroer TM, Herfst S, Smith D,
Rimmelzwaan GF, Olsen B, Osterhaus AD. 2005. Characterization of a
novel influenza A virus hemagglutinin subtype (H16) obtained from
black-headed gulls. J Virol 79:2814-2822. https://doi.org/10.1128/JVI
.79.5.2814-2822.2005.

. Rohm C, Zhou N, Suiss J, Mackenzie J, Webster RG. 1996. Characterization

of a novel influenza hemagglutinin, H15: criteria for determination of
influenza A subtypes. Virology 217:508-516. https://doi.org/10.1006/
Vviro.1996.0145.

. Webster RG, Bean WJ, Gorman OT, Chambers TM, Kawaoka Y. 1992.

Evolution and ecology of influenza A viruses. Microbiol Rev 56:
152-179.

. Webster RG, Govorkova EA. 2014. Continuing challenges in influenza.

Ann N Y Acad Sci 1323:115-139. https://doi.org/10.1111/nyas.12462.

. Webster RG, Peiris M, Chen H, Guan Y. 2006. H5N1 outbreaks and

enzootic influenza. Emerg Infect Dis 12:3-8. https://doi.org/10.3201/
€id1201.051024.

. Van Kerkhove MD. 2013. Brief literature review for the WHO global

influenza research agenda—highly pathogenic avian influenza H5N1

Issue 1 €02298-16

risk in humans. Influenza Other Respir Viruses 7:26-33. https://doi.org/
10.1111/irv.12077.

. Centers for Disease Control and Prevention. 1997. Isolation of avian

influenza A (H5N1) viruses from humans—Hong Kong, May-December
1997. MMWR Morb Mortal Wkly Rep 46:1204.

. Subbarao K, Klimov A, Katz J, Regnery H, Lim W, Hall H, Perdue M,

Swayne D, Bender C, Huang J, Hemphill M, Rowe T, Shaw M, Xu X,
Fukuda K, Cox N. 1998. Characterization of an avian influenza A (H5N1)
virus isolated from a child with a fatal respiratory illness. Science 279:
393-396. https://doi.org/10.1126/science.279.5349.393.

. Lee YJ, Kang HM, Lee EK, Song BM, Jeong J, Kwon YK, Kim HR, Lee KJ,

Hong MS, Jang |, Choi KS, Kim JY, Lee HJ, Kang MS, Jeong OM, Baek JH,
Joo YS, Park YH, Lee HS. 2014. Novel reassortant influenza A(H5N8)
viruses, South Korea, 2014. Emerg Infect Dis 20:1087-1089. https://
doi.org/10.3201/eid2006.140233.

. Wu H, LuR, Peng X, Xu L, Cheng L, Lu X, Jin C, Xie T, Yao H, Wu N. 2015.

Novel reassortant highly pathogenic H5N6 avian influenza viruses in
poultry in China. Infect Genet Evol 31:64-67. https://doi.org/10.1016/
j.meegid.2015.01.019.

mbio.asm.org 13


http://unafold.rna.albany.edu/?q=DINAMelt/Quickfold
http://unafold.rna.albany.edu/?q=DINAMelt/Quickfold
http://rna.tbi.univie.ac.at/
http://rna.tbi.univie.ac.at/
https://doi.org/10.1128/mBio.02298-16
https://doi.org/10.1128/mBio.02298-16
https://doi.org/10.1128/JVI.79.5.2814-2822.2005
https://doi.org/10.1128/JVI.79.5.2814-2822.2005
https://doi.org/10.1006/viro.1996.0145
https://doi.org/10.1006/viro.1996.0145
https://doi.org/10.1111/nyas.12462
https://doi.org/10.3201/eid1201.051024
https://doi.org/10.3201/eid1201.051024
https://doi.org/10.1111/irv.12077
https://doi.org/10.1111/irv.12077
https://doi.org/10.1126/science.279.5349.393
https://doi.org/10.3201/eid2006.140233
https://doi.org/10.3201/eid2006.140233
https://doi.org/10.1016/j.meegid.2015.01.019
https://doi.org/10.1016/j.meegid.2015.01.019
http://mbio.asm.org

Nao et al.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

January/February 2017 Volume 8

Zhao K, Gu M, Zhong L, Duan Z, Zhang Y, Zhu Y, Zhao G, Zhao M, Chen
Z,Hu S, Liu W, Liu X, Peng D, Liu X. 2013. Characterization of three H5N5
and one H5N8 highly pathogenic avian influenza viruses in China. Vet
Microbiol 163:351-357. https://doi.org/10.1016/j.vetmic.2012.12.025.
Lee DH, Torchetti MK, Winker K, Ip HS, Song CS, Swayne DE. 2015.
Intercontinental spread of Asian-origin H5N8 to North America through
Beringia by migratory birds. J Virol 89:6521-6524. https://doi.org/
10.1128/JVI.00728-15.

Pasick J, Berhane Y, Joseph T, Bowes V, Hisanaga T, Handel K, Alexan-
dersen S. 2015. Reassortant highly pathogenic influenza A H5N2 virus
containing gene segments related to Eurasian H5N8 in British Columbia,
Canada, 2014. Sci Rep 5:9484. https://doi.org/10.1038/srep09484.

Ip HS, Torchetti MK, Crespo R, Kohrs P, DeBruyn P, Mansfield KG, Baszler T,
Badcoe L, Bodenstein B, Shearn-Bochsler V, Killian ML, Pedersen JC, Hines N,
Gidlewski T, DeLiberto T, Sleeman JM. 2015. Novel Eurasian highly patho-
genic avian influenza A H5 viruses in wild birds, Washington, USA, 2014.
Emerg Infect Dis 21:886-890. https://doi.org/10.3201/eid2105.142020.
Banks J, Speidel ES, Moore E, Plowright L, Piccirillo A, Capua I, Cordioli P,
Fioretti A, Alexander DJ. 2001. Changes in the haemagglutinin and the
neuraminidase genes prior to the emergence of highly pathogenic H7N1
avian influenza viruses in Italy. Arch Virol 146:963-973. https://doi.org/
10.1007/s007050170128.

Horimoto T, Kawaoka Y. 1994. Reverse genetics provides direct evidence
for a correlation of hemagglutinin cleavability and virulence of an avian
influenza A virus. J Virol 68:3120-3128.

Horimoto T, Rivera E, Pearson J, Senne D, Krauss S, Kawaoka Y, Webster
RG. 1995. Origin and molecular changes associated with emergence of
a highly pathogenic H5N2 influenza virus in Mexico. Virology 213:
223-230. https://doi.org/10.1006/viro.1995.1562.

Kawaoka Y, Naeve CW, Webster RG. 1984. Is virulence of H5N2 influenza
viruses in chickens associated with loss of carbohydrate from the hem-
agglutinin? Virology 139:303-316. https://doi.org/10.1016/0042-6822
(84)90376-3.

Rott R. 1980. Genetic determinants for infectivity and pathogenicity of
influenza viruses. Philos Trans R Soc Lond B Biol Sci 288:393-399. https://
doi.org/10.1098/rstb.1980.0016.

Senne DA, Panigrahy B, Kawaoka Y, Pearson JE, Suss J, Lipkind M, Kida H,
Webster RG. 1996. Survey of the hemagglutinin (HA) cleavage site
sequence of H5 and H7 avian influenza viruses: amino acid sequence at
the HA cleavage site as a marker of pathogenicity potential. Avian Dis
40:425-437. https://doi.org/10.2307/1592241.

Horimoto T, Nakayama K, Smeekens SP, Kawaoka Y. 1994. Proprotein-
processing endoproteases PC6 and furin both activate hemagglutinin of
virulent avian influenza viruses. J Virol 68:6074-6078.

Stieneke-Grober A, Vey M, Angliker H, Shaw E, Thomas G, Roberts C,
Klenk HD, Garten W. 1992. Influenza virus hemagglutinin with multibasic
cleavage site is activated by furin, a subtilisin-like endoprotease. EMBO
J 11:2407-2414.

Walker JA, Molloy SS, Thomas G, Sakaguchi T, Yoshida T, Chambers TM,
Kawaoka Y. 1994. Sequence specificity of furin, a proprotein-processing
endoprotease, for the hemagglutinin of a virulent avian influenza virus.
J Virol 68:1213-1218.

Spackman E, Senne DA, Davison S, Suarez DL. 2003. Sequence analysis of
recent H7 avian influenza viruses associated with three different out-
breaks in commercial poultry in the United States. J Virol 77:
13399-13402. https://doi.org/10.1128/JVI1.77.24.13399-13402.2003.
Garcia M, Crawford JM, Latimer JW, Rivera-Cruz E, Perdue ML. 1996.
Heterogeneity in the haemagglutinin gene and emergence of the highly
pathogenic phenotype among recent H5N2 avian influenza viruses from
Mexico. J Gen Virol 77:1493-1504. https://doi.org/10.1099/0022-1317-77
-7-1493.

Ito T, Goto H, Yamamoto E, Tanaka H, Takeuchi M, Kuwayama M,
Kawaoka Y, Otsuki K. 2001. Generation of a highly pathogenic avian
influenza A virus from an avirulent field isolate by passaging in chickens.
J Virol 75:4439-4443. https://doi.org/10.1128/JV1.75.9.4439-4443.2001.
Suarez DL, Senne DA, Banks J, Brown IH, Essen SC, Lee CW, Manvell RJ,
Mathieu-Benson C, Moreno V, Pedersen JC, Panigrahy B, Rojas H, Spack-
man E, Alexander DJ. 2004. Recombination resulting in virulence shift in
avian influenza outbreak, Chile. Emerg Infect Dis 10:693-699. https://
doi.org/10.3201/eid1004.030396.

Pasick J, Handel K, Robinson J, Copps J, Ridd D, Hills K, Kehler H,
Cottam-Birt C, Neufeld J, Berhane Y, Czub S. 2005. Intersegmental re-
combination between the haemagglutinin and matrix genes was re-
sponsible for the emergence of a highly pathogenic H7N3 avian influ-

Issue 1 €02298-16

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

mBio’

enza virus in British Columbia. J Gen Virol 86:727-731. https://doi.org/
10.1099/vir.0.80478-0.

Maurer-Stroh S, Lee RT, Gunalan V, Eisenhaber F. 2013. The highly
pathogenic H7N3 avian influenza strain from July 2012 in Mexico ac-
quired an extended cleavage site through recombination with host 285
rRNA. Virol J 10:139. https://doi.org/10.1186/1743-422X-10-139.
Gohrbandt S, Veits J, Hundt J, Bogs J, Breithaupt A, Teifke JP, Weber S,
Mettenleiter TC, Stech J. 2011. Amino acids adjacent to the haemagglu-
tinin cleavage site are relevant for virulence of avian influenza viruses of
subtype H5. J Gen Virol 92:51-59. https://doi.org/10.1099/vir.0.023887-0.
Munster VJ, Schrauwen EJ, de Wit E, van den Brand JM, Bestebroer TM,
Herfst S, Rimmelzwaan GF, Osterhaus AD, Fouchier RA. 2010. Insertion of
a multibasic cleavage motif into the hemagglutinin of a low-pathogenic
avian influenza H6N1 virus induces a highly pathogenic phenotype. J
Virol 84:7953-7960. https://doi.org/10.1128/JV1.00449-10.

Soda K, Asakura S, Okamatsu M, Sakoda Y, Kida H. 2011. HON2 influenza
virus acquires intravenous pathogenicity on the introduction of a pair of
di-basic amino acid residues at the cleavage site of the hemagglutinin
and consecutive passages in chickens. Virol J 8:64. https://doi.org/
10.1186/1743-422X-8-64.

Veits J, Weber S, Stech O, Breithaupt A, Graber M, Gohrbandt S, Bogs J,
Hundt J, Teifke JP, Mettenleiter TC, Stech J. 2012. Avian influenza virus
hemagglutinins H2, H4, H8, and H14 support a highly pathogenic phe-
notype. Proc Natl Acad Sci U S A 109:2579-2584. https://doi.org/
10.1073/pnas.1109397109.

Guntaka RV, Richards OC, Shank PR, Kung HJ, Davidson N. 1976. Cova-
lently closed circular DNA of avian sarcoma virus: purification from
nuclei of infected quail tumor cells and measurement by electron mi-
croscopy and gel electrophoresis. J Mol Biol 106:337-357. https://
doi.org/10.1016/0022-2836(76)90090-5.

Volchkov VE, Becker S, Volchkova VA, Ternovoj VA, Kotov AN, Netesov
SV, Klenk HD. 1995. GP mRNA of Ebola virus is edited by the Ebola virus
polymerase and by T7 and vaccinia virus polymerases. Virology 214:
421-430. https://doi.org/10.1006/viro.1995.0052.

Ratinier M, Boulant S, Combet C, Targett-Adams P, McLauchlan J, La-
vergne JP. 2008. Transcriptional slippage prompts recoding in alternate
reading frames in the hepatitis C virus (HCV) core sequence from strain
HCV-1. J Gen Virol 89:1569-1578. https://doi.org/10.1099/vir.0.83614-0.
Mehedi M, Hoenen T, Robertson S, Ricklefs S, Dolan MA, Taylor T,
Falzarano D, Ebihara H, Porcella SF, Feldmann H. 2013. Ebola virus RNA
editing depends on the primary editing site sequence and an upstream
secondary structure. PLoS Pathog 9:@1003677. https://doi.org/10.1371/
journal.ppat.1003677.

Mehedi M, Falzarano D, Seebach J, Hu X, Carpenter MS, Schnittler HJ,
Feldmann H. 2011. A new Ebola virus nonstructural glycoprotein ex-
pressed through RNA editing. J Virol 85:5406-5414. https://doi.org/
10.1128/JV1.02190-10.

Hausmann S, Garcin D, Delenda C, Kolakofsky D. 1999. The versatility of
paramyxovirus RNA polymerase stuttering. J Virol 73:5568-5576.
Wagner LA, Weiss RB, Driscoll R, Dunn DS, Gesteland RF. 1990. Tran-
scriptional slippage occurs during elongation at runs of adenine or
thymine in Escherichia coli. Nucleic Acids Res 18:3529-3535. https://
doi.org/10.1093/nar/18.12.3529.

Gott JM, Emeson RB. 2000. Functions and mechanisms of RNA editing.
Annu Rev Genet 34:499-531. https://doi.org/10.1146/annurev.genet
.34.1.499.

Thomas SM, Lamb RA, Paterson RG. 1988. Two mRNAs that differ by two
nontemplated nucleotides encode the amino coterminal proteins P and
V of the paramyxovirus SV5. Cell 54:891-902. https://doi.org/10.1016/
S50092-8674(88)91285-8.

Perdue ML, Garcia M, Senne D, Fraire M. 1997. Virulence-associated
sequence duplication at the hemagglutinin cleavage site of avian influ-
enza viruses. Virus Res 49:173-186. https://doi.org/10.1016/50168
-1702(97)01468-8.

Green 1J. 1962. Serial propagation of influenza B (Lee) virus in a trans-
missible line of canine kidney cells. Science 138:42-43.

DuBridge RB, Tang P, Hsia HC, Leong PM, Miller JH, Calos MP. 1987. Analysis
of mutation in human cells by using an Epstein-Barr virus shuttle system.
Mol Cell Biol 7:379-387. https://doi.org/10.1128/MCB.7.1.379.

Hoffmann E, Neumann G, Hobom G, Webster RG, Kawaoka Y. 2000.
‘Ambisense’ approach for the generation of influenza A virus: vVRNA and
MRNA synthesis from one template. Virology 267:310-317. https:/
doi.org/10.1006/vir0.1999.0140.

mbio.asm.org 14


https://doi.org/10.1016/j.vetmic.2012.12.025
https://doi.org/10.1128/JVI.00728-15
https://doi.org/10.1128/JVI.00728-15
https://doi.org/10.1038/srep09484
https://doi.org/10.3201/eid2105.142020
https://doi.org/10.1007/s007050170128
https://doi.org/10.1007/s007050170128
https://doi.org/10.1006/viro.1995.1562
https://doi.org/10.1016/0042-6822(84)90376-3
https://doi.org/10.1016/0042-6822(84)90376-3
https://doi.org/10.1098/rstb.1980.0016
https://doi.org/10.1098/rstb.1980.0016
https://doi.org/10.2307/1592241
https://doi.org/10.1128/JVI.77.24.13399-13402.2003
https://doi.org/10.1099/0022-1317-77-7-1493
https://doi.org/10.1099/0022-1317-77-7-1493
https://doi.org/10.1128/JVI.75.9.4439-4443.2001
https://doi.org/10.3201/eid1004.030396
https://doi.org/10.3201/eid1004.030396
https://doi.org/10.1099/vir.0.80478-0
https://doi.org/10.1099/vir.0.80478-0
https://doi.org/10.1186/1743-422X-10-139
https://doi.org/10.1099/vir.0.023887-0
https://doi.org/10.1128/JVI.00449-10
https://doi.org/10.1186/1743-422X-8-64
https://doi.org/10.1186/1743-422X-8-64
https://doi.org/10.1073/pnas.1109397109
https://doi.org/10.1073/pnas.1109397109
https://doi.org/10.1016/0022-2836(76)90090-5
https://doi.org/10.1016/0022-2836(76)90090-5
https://doi.org/10.1006/viro.1995.0052
https://doi.org/10.1099/vir.0.83614-0
https://doi.org/10.1371/journal.ppat.1003677
https://doi.org/10.1371/journal.ppat.1003677
https://doi.org/10.1128/JVI.02190-10
https://doi.org/10.1128/JVI.02190-10
https://doi.org/10.1093/nar/18.12.3529
https://doi.org/10.1093/nar/18.12.3529
https://doi.org/10.1146/annurev.genet.34.1.499
https://doi.org/10.1146/annurev.genet.34.1.499
https://doi.org/10.1016/S0092-8674(88)91285-8
https://doi.org/10.1016/S0092-8674(88)91285-8
https://doi.org/10.1016/S0168-1702(97)01468-8
https://doi.org/10.1016/S0168-1702(97)01468-8
https://doi.org/10.1128/MCB.7.1.379
https://doi.org/10.1006/viro.1999.0140
https://doi.org/10.1006/viro.1999.0140
http://mbio.asm.org

A Genetic Basis To Generate HPAIV

47.

48.

January/February 2017 Volume 8

Hoffmann E, Stech J, Guan Y, Webster RG, Perez DR. 2001. Universal
primer set for the full-length amplification of all influenza A viruses. Arch
Virol 146:2275-2289. https://doi.org/10.1007/s007050170002.

Neumann G, Watanabe T, Ito H, Watanabe S, Goto H, Gao P, Hughes M,
Perez DR, Donis R, Hoffmann E, Hobom G, Kawaoka Y. 1999. Generation
of influenza A viruses entirely from cloned cDNAs. Proc Natl Acad Sci
U S A 96:9345-9350. https://doi.org/10.1073/pnas.96.16.9345.

Issue 1 €02298-16

49.

50.

51.

mBio’

Langmead B, Salzberg SL. 2012. Fast gapped-read alignment with Bow-
tie 2. Nat Methods 9:357-359. https://doi.org/10.1038/nmeth.1923.
Zuker M. 2003. Mfold web server for nucleic acid folding and hybridiza-
tion prediction. Nucleic Acids Res 31:3406-3415. https://doi.org/
10.1093/nar/gkg595.

Lorenz R, Bernhart SH, zu Siederdissen CH, Tafer H, Flamm C, Stadler PF,
Hofacker IL. 2011. ViennaRNA package 2.0. Algorithms Mol Biol 6:26.

mbio.asm.org 15


https://doi.org/10.1007/s007050170002
https://doi.org/10.1073/pnas.96.16.9345
https://doi.org/10.1038/nmeth.1923
https://doi.org/10.1093/nar/gkg595
https://doi.org/10.1093/nar/gkg595
http://mbio.asm.org

	RESULTS
	Reporter gene expression resulting from nontemplated nucleotide insertions into the ShimH5 HA sequence. 
	Accelerated nucleotide insertions in the presence of consecutive adenine residues. 
	Comparison of secondary structures of the linker sequences. 
	Nontemplated nucleotide insertions found in the vRNA of purified virions. 
	Differences in the predicted RNA structures among HA subtypes. 

	DISCUSSION
	MATERIALS AND METHODS
	Viruses and cells. 
	Reporter assay. 
	Generation of infectious viruses from plasmids. 
	Virus purification and RNA extraction for deep sequencing. 
	Library preparation and deep sequencing. 
	Sequence data analysis. 
	Prediction of RNA secondary structure. 

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

