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The generation of influenza A virus defective interfering (DI) particles was studied by using an NS2 mutant
which produces, in a single cycle of virus replication, a large amount of DI particles lacking the PA polymerase
gene. The decrease in PA gene replication has been shown to occur primarily at the cRNA synthesis step, with
preferential amplification of PA DI RNA species present in a marginal amount in the virus stock. In addition,
at the assembly step the PA DI RNAs were preferentially incorporated into virions, resulting in selective
reduction in the packaging of the PA gene into virions. Similarly, in cells dually infected with the NS2 mutant
and wild-type viruses, packaging of the wild-type PA gene was also greatly suppressed. In contrast, incorpo-
ration of other RNA segments, i.e., the PB2 and NS genes, was not affected, suggesting that the PA DI RNAs
competed only with the PA gene in a segment-specific manner. Experiments involving rescue of recombinant
chloramphenicol acetyltransferase (CAT) RNA flanked by the noncoding regions of the PA (PA/CAT RNA) and
PB2 (PB2/CAT RNA) genes into viral particles showed that only PA/CAT RNA was not rescued by infection
with the NS2 mutant virus containing the PA DI RNAs. However, recombinant PA/CAT RNA in which either
the 3* or 5* noncoding region was replaced with that of the PB2 gene was rescued by the NS2 mutant. These
results suggest that the noncoding regions of the PA gene are responsible for the competition with PA DI RNA
species at the virus assembly step and that coexistence of the both noncoding regions would be a prerequisite
for this phenomenon. Decreased packaging of the progenitor RNA by the DI RNA, in addition to the suppres-
sion of cRNA synthesis, is likely involved in the production of DI particles.

The genome of influenza A virus consists of eight RNA
segments of negative polarity (18, 33). The 39- and 59-terminal
noncoding regions of the genome RNA, consisting of 12 and 13
nucleotides, respectively, are highly conserved among the eight
segments, and the two regions are partially complementary to
each other, forming a panhandle structure (7, 13, 17, 35, 41).
The 39 noncoding regions contain the promoter sequences
responsible for genome replication and transcription (12, 14,
16, 21, 23, 34, 38). By the reverse genetics system, it has been
shown that the 39-terminal 26 nucleotides and 59-terminal 22
nucleotides of the NS genome RNA were necessary for pack-
aging of the RNA into virions (23). A set of eight RNA seg-
ments is required for an influenza virus particle to express
infectivity. However, the mechanism of assembly or packaging
of the RNA segments into an infectious particle remains un-
known. Two models have been proposed for the packaging.
One is the random-packaging model, in which genome RNA
segments are picked up randomly among a pool of eight dif-
ferent RNAs bearing a common packaging signal(s). This is
based on the observation that the ratio of infectious viral par-
ticles to noninfectious ones is estimated to be as low as 10% (6,
15) and on the calculation that the proportion of infectious
particles containing the full complement of eight RNA seg-
ments is increased by incorporation of extra RNA segments
into virions (20). Rescue of transfectants containing two NS
genes (10) and of reassortants with two copies each of RNA

segments 2 and 6 (37) has suggested that an influenza virus
particle has the capacity to contain more than eight RNA
segments.
A second model depicts selective packaging of each RNA

segment into a virion. This is based on the findings that the
eight RNA segments are present in an infectious particle in
approximately equimolar quantities (24) and that the relative
amount of each genome RNA segment in infected cells does
not reflect that in virions (3, 40). Furthermore, the selective-
packaging model has been favored by analyses of defective
interfering (DI) preparations of influenza virus, in which the
presence of short DI RNAs, with internal deletions in the
coding region, is always accompanied by a specific reduction of
their progenitor genes (8, 27–29, 30).
The influenza A virus mutants Wa-182 and its subclone

A3/e-3, which have mutated NS2 nonstructural proteins, pro-
duce large amounts of DI particles lacking the PA gene after a
single cycle of replication at a high multiplicity of infection
(MOI) (30, 32). The mutated NS2 protein has been shown to
be responsible for the preferential replication of DI RNA
species derived from the PA gene (PA DI RNAs) which are
present in a marginal amount in the virus stock and for the
selective suppression of the standard PA gene replication at
the step of cRNA synthesis (32). Furthermore, we observed
that the relative amount of DI RNA species of the NS2 mu-
tants was much larger in virions than in infected cells when
compared with those of standard genome RNA (32), suggest-
ing that the DI RNAs were preferentially incorporated into
virions.
On the basis of these findings, we have attempted to deter-
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mine the step at which DI RNAs become predominant over
the full-length PA gene (PA vRNA) in their transportation
pathway in infected cells and to identify the signal(s) which is
responsible for competition between the DI RNA and its pro-
genitor RNA segments. Here we show that the PA DI RNAs
were preferentially incorporated into virions at the step of
virion assembly, so that the packaging of PA vRNA was selec-
tively decreased. Furthermore, by use of a reverse genetics
system, we show that the 39 and 59 nonconserved untranslated
regions of the PA gene were responsible for recognition as the
selective competitor by the PA DI RNAs.

MATERIALS AND METHODS

Viruses and cells. The NS2 mutants of influenza A virus, A3/e-3 (32) and
182/A-4, are subclones of Wa-182, which contain the mutated NS gene derived
from A/Aichi/2/68 virus and the other seven genes derived from WSN/33 virus.
These mutants produce a large amount of DI particles lacking the PA gene after
a single cycle of replication at a high MOI (30, 32). The DI particles of A3/e-3
contain two PA DI RNAs (561 and 463 nucleotides) with internal deletions
corresponding to residues 205 to 1876 and 208 to 1977, respectively (32). The DI
particles of 182/A-4 contain three PA DI RNAs (438, 432, and 400 nucleotides)
with internal deletions from residues 268 to 2062, 185 to 1985, and 150 to 1982,
respectively. AwNS/2, used as a wild-type (wt) virus, is also a reassortant con-
taining the wt NS gene of Aichi virus and the other seven genes of WSN virus
(32). This progeny virus grown at a high MOI contains a negligible amount of PA
DI RNAs, which are detectable only after amplification by PCR (32).
MDCK cells were grown in Eagle’s minimal essential medium supplemented

with 10% fetal calf serum.
Construction of plasmids. Plasmids pPA/CAT and pPB2/CAT contained the

coding region of the chloramphenicol acetyltransferase (CAT) gene flanked by
the noncoding sequences of the WSN PA and PB2 genes, respectively (see Fig.
5A). pPA/CAT was made by cloning of the PCR product (36) made with the
HindIII fragment of the CAT gene derived from pCM7 (Pharmacia, P-L Bio-
chemicals) as a template and with primers 59-GCGCGCGGATCCCTCTTCGA
GCGAAAGCAGGTACTGATTCAAAATGGAGAAAAAAATCACTGGGT
ATA-39 (39PA/CAT) and 59-GCGCGCAAGCTTAATACGACTCACTATAA
GTAGAAACAAGGTACTTTTTTGGACAGTATGGATAGCAAATAGTAG
CATTGCCACAATTACGCCCCGCCCTGCCACTCATC-39(59PA/T7CAT).
pPB2/CAT was made in a similar way by using primers 59-GCGCGCGGATCC
CTCTTCGAGCGAAAGCAGGTCAATTATATTCAATATGGAGAAAAAA
ATCACTGGGTATA-39 (39PB2/CAT) and 59GCGCGCAAGCTTAATACGA
CTCACTATAAGTAGAAACAAGGTCGTTTTTAAACTATTCGACATTAC
GCCCCGCCCTGCCACTCATC-39 (59PB2/T7CAT). pPA/CAT and pPB2/CAT
contained a T7 RNA polymerase promoter upstream and an EarI site down-
stream of each noncoding sequence, so that viral sense RNA transcripts were
generated when the plasmids were digested with EarI, filled in with Klenow
fragment, and transcribed with T7 RNA polymerase.
pPA/PB2 and pPB2/PA were constructed by replacing the 59 noncoding re-

gions of pPA/CAT and pPB2/CAT, respectively, with that of the other plasmid
(see Fig. 5A). pPA(7PB2 int) contained chimeric noncoding sequences con-
structed by replacing part of the noncoding regions of pPA/CAT with the cor-
responding sequences of the PB2 gene (see Fig. 5A), made by PCR with the
pPA/CAT template and primers 59-GCGCGCGGATCCCTCTTCGAGCGAA
AGCAGGTCAATTATCAAAATGGAG (39PA/7mut) and 59-GCGCGCAAG
CTTAATACGACTCACTATAAGTAGAAACAAGGTCGTTTTTTGGACA
GTAT (59PA/3mutT7). All plasmid DNAs used in the present study were par-
tially sequenced from the flanking pUC19 vector sequences to the CAT gene. No
deviation from the expected sequences was found.
RNP transfection to MDCK cells.Nucleoprotein and polymerase protein were

purified from influenza virus A/PR/8/34 as previously described (34). A ribonu-
cleoprotein (RNP) complex was prepared by transcribing pPA/CAT, pPB2/CAT,
pPA/PB2, pPB2/PA, or pPA(7PB2 int) with T7 RNA polymerase in the presence
of nucleoprotein and polymerase protein after the plasmids were digested with
EarI and filled in with Klenow fragment as described previously (11). The RNP
complex was then transfected into 60% confluent MDCK cells by the DEAE-
dextran method (11); the cells were infected with 182/A-4 at an MOI of 5
PFU/cell 1 h before transfection. After incubation for 15 h at 378C, transfectant
viruses produced in the culture medium were purified by centrifugation through
a 30% sucrose cushion for 90 min at 35,000 rpm in an SW55 rotor. The purified
virions were then treated for 30 min with 1 mg of RNase A per ml on ice, and the
virion RNAs (vRNAs) were extracted by acid guanidine thiocyanate-phenol-
chloroform extraction (4). The CAT gene constructs incorporated into the viri-
ons and the NS RNA segment of transfectant virus were detected by reverse
transcription-PCR (RT-PCR) for 25 cycles with the [g-32P]ATP-labeled CAT
gene-specific primers 59-CAGTCAGTTGCTCAATGTACCTATAACCAGAC
and 59-GAACCTGAATCGCCAGCGGCATCAGCACCTTGTCG and the NS-
specific primers 59-GTGACAAAGACATAATG and 59-AGTAGAAACAAGG
GTGTTT after reverse transcription of 100 ng of vRNA with Superscript II

(Gibco BRL) with the primer 59-AGCAAAAGCAGG. The 32P-labeled PCR
products were analyzed by electrophoresis on a 4% polyacrylamide gel. The
radioactivity of the PCR products was measured with a BAS 2000 Bioimaging
Analyzer (Fuji Film).
Cell fractionation. MDCK monolayer cells were infected with virus at 10

PFU/cell and incubated at 348C. At 10 h after infection, the cells were treated for
30 min with 3 U of Clostridium perfringens neuraminidase per ml to remove
completely virions associated on the cell surface. The cells were harvested by
being scraped from a 50-cm2 culture dish after treatment for 3 min with a mixture
of 0.025% trypsin and 0.01% EDTA in phosphate-buffered saline deficient in
Mg21 and Ca21. The collected cells were incubated for 10 min in 0.5 ml of
ice-cold buffer A (10 mM Tris-HCl [pH 7.5], 10 mM KCl, 2 mM MgCl2, 1 mM
dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride) and homogenized in a
glass Dounce homogenizer on ice after addition of an equal volume of buffer B
(0.5 M sucrose and 0.2% Triton X-100 in buffer A). After centrifugation through
a 0.5 M sucrose cushion for 10 min at 3,000 3 g, the nuclei and cytoplasm were
recovered as the pellet and supernatant fractions, respectively. The RNA species
in each cell fraction were extracted as described above.
Quantitative analysis of vRNAs. PA vRNAs and PA DI vRNAs in each cell

fraction and in the virions were quantified by an RNase protection assay (RPA)
with a [32P]UTP (30 TBq/mmol)-labeled positive-sense riboprobe, correspond-
ing to nucleotides 8 to 581 of the PA mRNA of Wa-182 (32). Similarly, for
quantitation of NS vRNA and PB2 vRNA, 32P-riboprobes were transcribed from
pNS/14 linearized with NruI, corresponding to nucleotides 1 to 287 of the NS
mRNA of Aichi wt virus, and from pPB2/49 linearized with TaqI, corresponding
to nucleotides 4 to 392 of the PB2 mRNA of A3/e-3, respectively. The protected
RNAs, after digestion with a mixture of RNases A and T1, were analyzed by
electrophoresis on a 5% polyacrylamide gel containing 8 M urea (32). The
radioactivities of the RNA bands were measured as described above after expo-
sure to an imaging plate for 4 h. In our previous experiments, the linearity of the
RPA response was ensured, with an average error of 14.6% (32).

RESULTS

Quantitation of PA vRNA and PA DI RNAs in infected cells
and virions. In our previous study using the NS2 mutant A3/
e-3, we observed that the ratio of the PA genomic RNA (PA
vRNA) to the PA DI RNAs in the progeny virions was much
smaller than that in infected cells (32). We reexamined this
with the RNA species extracted from cells infected with A3/e-3
at a high MOI and from the virions released. Since the amount
of vRNA packaged into progeny virions would reflect the level
of intracellular vRNA species synthesized prior to the time of
virion assembly, we collected infected cells at 6 h postinfection
(p.i.) and virions at 8 h p.i. The PA vRNA and PA DI RNAs
in those preparations detected by RPA are shown in Fig. 1.
Although A3/e-3 actually produces two PA DI RNAs (32),
they were detected as a single band in an RPA gel because of
only a 3-nucleotide difference at the 39 deletion site. In in-
fected cells the ratio of PA vRNA to PA DI RNAs was found
to be 20% (Fig. 1A, lane C), whereas in virions it was greatly
decreased, to 2.3% (lane V). These results were consistent with
our previous observation (32) and suggested that at the virion
assembly step the PA DI RNA species were preferentially
incorporated into virions over the PA vRNA.
Quantitation of PA vRNA and PA DI RNAs in the nuclei and

cytoplasm of infected cells and in virions. To determine
whether transportation of PA vRNA from the nucleus to cy-
toplasm in infected cells is affected by PA DI RNA, A3/e-3-
infected cells were fractionated into the nucleus and cytoplasm
as described in Materials and Methods. We examined the
purity of each cell fraction by two procedures. Possible con-
tamination of the cytoplasm in the nuclear fraction was mon-
itored by counting the number of nuclei associated with the
cytoplasmic membrane under a phase-contrast microscope.
This contamination was evaluated as being less than 9.4% (Fig.
2A, panel N). On the other hand, nuclear contamination in the
cytoplasmic fraction was evaluated by detecting influenza virus
cRNA species in the cytoplasmic fraction by RPA, since the
cRNA remains in the nucleus throughout the infection cycle
(39). By cell fractionation, 6.2 and 67.3% of total RNA were
recovered as the nuclear and cytoplasmic RNAs, respectively.
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Figure 2B shows PA cRNA in a poly(A)2 RNA preparation of
each cell fraction. Although the PA cRNA species were found
in both the nuclear and cytoplasmic fractions, 78.1% of the
total cRNA was recovered from the nuclear fraction (Fig. 2B,

lane N), while only 21.9% of it was contaminating the cyto-
plasm (lane C).
Figure 3A shows the PA vRNA and PA DI RNAs, in addi-

tion to the NS vRNA, in the nuclear and cytoplasmic fractions

FIG. 1. Quantitation of PA vRNA and PA DI vRNA of the NS2 mutant A3/e-3 in infected cells and virions. (A) The PA gene-specific RNAs in 6 ng of vRNA
extracted from the purified virions harvested at 8 h p.i. (lane V) and in 1 mg of total RNA extracted from infected cells collected at 6 h p.i. (lane C) were analyzed
by the RPA with the 32P-labeled positive-sense riboprobe specific for the PA gene. Lane P, probe. Size markers are shown on the left. nts, nucleotides. (B) The
radioactivities of undigested bands in the RPA gel were measured with a BAS 2000 Bioimaging Analyzer after exposure for 4 h on an imaging plate. The graph indicates
the ratios of PA vRNA to PA DI RNA in infected cells and virions. Error bars indicate standard errors.

FIG. 2. Determination of purity of the nuclear and cytoplasmic fractions obtained from infected MDCK cells. (A) Phase-contrast micrographs of infected cells
harvested at 4 h p.i. W, whole cells; N, nuclear fraction. (B) At 4 h p.i., cells infected with wt virus were harvested and fractionated as described in the text. RNA species
extracted from the nuclear (lane N) and cytoplasmic (lane C) fractions were separated into poly(A)2 and poly(A)1 RNAs. The cRNA specific for the PA gene (434
nucleotides [nts]) in 300 ng of poly(A)2 RNA was quantified by RPA with the 32P-labeled negative-sense riboprobe as described previously (32). The PA-specific
mRNA (419 nucleotides) in 50 ng of cytoplasmic poly(A)1 RNA is shown as a size marker (lane A1). Lane P, probe.

2140 ODAGIRI AND TASHIRO J. VIROL.



prepared at 10 h p.i. and in virions collected at 13 h p.i. These
RNA species were quantified three times by using indepen-
dently prepared RNAs, and the results are summarized in
Table 1. In the nucleus the PA DI RNAs were predominant
over the PA vRNA, and the relative amount of PA vRNA
compared to PA DI RNAs was less than 10% (Fig. 3A, lane N,
and Table 1). This was consistent with the finding that in
mutant-infected cells, synthesis of PA DI RNAs was greatly
enhanced at the late phase of infection, and thereby synthesis
of PA vRNA was strikingly suppressed (32). In the cytoplasm,
however, the content of PA vRNA was increased 2 to 5 times
over that in the nucleus, although the PA DI RNAs were still
predominant over the PA vRNA (Fig. 3A, lane C, and Table
1). In contrast, in virions only a small amount of PA vRNA was
detected (Fig. 3A, lane V, and Table 1). To determine the
distribution of the PA vRNA, we calculated the ratios of the
PA vRNA contents in the nucleus, cytoplasm, and virions to
the sum of the PA vRNA contents detected in infected cells
and virions. Similarly, the distributions of PA DI RNA and NS
vRNA were also calculated (Table 1). By 10 h p.i., most of the
PA vRNA as well as the PA DI RNAs and NS vRNA was

transferred from the nucleus to the cytoplasm. Consequently, it
was clear that the nuclear-cytoplasmic transport of the PA
vRNA occurred normally. However, only 4% of the PA vRNA
was incorporated into virions, whereas a quarter of PA DI
RNA and NS vRNA synthesized was incorporated. From these
results, we concluded that the small amount of PA vRNA in
virions was the consequence of both the decreased synthesis of
the PA vRNA in the nuclei of infected cells and the less
efficient packaging of the PA vRNA at the virus assembly step
at the plasma membrane.
We next examined whether the PA DI RNAs of A3/e-3

affect the packaging of the wt PA gene in cells infected with a
mixture of A3/e-3 and wt viruses. As shown in Fig. 3B, the PA
DI RNAs were synthesized predominantly, and thereby the
synthesis of PA vRNA again was greatly affected. The contents
of these RNA species in each cell fraction were not signifi-
cantly different from those in cells infected with A3/e-3 alone.
Furthermore, the defect in packaging of the PA vRNA was
also observed, so that only a trace amount of PA vRNA was
detected in virions (Fig. 3B, lane V-1). This was in great con-
trast to the PA vRNA content in the wt virions, although the
amount of NS vRNA was almost the same in both (compare
Fig. 3B, lanes V-1 and V-2). These results therefore indicate
that the preferential amplification and packaging of the PA DI
RNAs of A3/e-3 virus coincided with a striking reduction of the
wt PA vRNA in both the replication and packaging processes.
Packaging of other RNA segments of the NS2 mutant. To

examine whether the PA DI RNA species affect the packaging
of RNA segments other than the progenitor PA vRNA, we also
quantified the smallest RNA segment, the NS gene, and an-
other polymerase gene, PB2, of the NS2 mutant and wt viruses.
At 10 h p.i. the amounts of NS vRNA of the mutant virus in
each cell fraction and in virions were essentially identical to
those of wt virus (Fig. 4A). This was consistent with the result
shown in Fig. 3B. Similarly, incorporation of the PB2 vRNA
into virions was not significantly different between the viruses
(Fig. 4B). These results suggest that the PA DI RNAs com-

FIG. 3. Quantitation of the PA and NS gene-specific RNAs detected in the nuclei and cytoplasm of virus-infected cells. (A) A3/e-3-infected cells collected at 10 h
p.i. were fractionated into the nuclei (lane N) and cytoplasm (lane C), while the virions were harvested at 13 h p.i. (lane V). Seven nanograms of virion RNA, 200 ng
of nuclear RNA, and 100 ng of cytoplasmic RNA were subjected to RPA with a mixture of 32P-riboprobes for the PA and NS genes. The X-ray films of the cell fractions
and virions were exposed for 22 and 34 h, respectively. (B) Cells infected with a mixture of the NS2 mutant and the wt virus AwNS/2 were collected at 10 h p.i. The
PA-specific RNAs in the nuclei (lane N) and cytoplasm (lane C) were examined by RPA with 32P-riboprobes specific for the PA gene. The progeny virions and the
wt virions were harvested at 15 h p.i., and the purified vRNAs were subjected to RPA with a mixture of 32P-riboprobes for the PA and NS genes. Lane V-1, virion RNA
obtained from the dually infected cells; lane V-2, virion RNA from wt virus; lanes P, a mixture of probes for the PA and NS genes. Size markers (nucleotides) are shown
on the left and right.

TABLE 1. Quantitative analysis of PA vRNA, PA DI RNA,
and NS vRNA segments in the nuclei and cytoplasm of NS2

mutant-infected cells collected at 10 h p.i. and in
virions produced by 13 h p.i.

Fraction

PA vRNA/PA DI
RNA ratio in expt: Relative contenta

1 2 3 PA
vRNA

PA DI
RNA

NS
vRNA

Nuclei 0.05 0.07 0.07 0.05 0.03 0.04
Cytoplasm 0.24 0.17 0.15 0.91 0.72 0.68
Released virions 0.03 0.04 0.04 0.04 0.25 0.28

a The content of each RNA species was calculated as a ratio of the RNA in
each fraction to the total RNA detected in the cells and virions. The values are
averages from three experiments.
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peted only with the progenitor PA gene and did not interfere
with the replication and packaging of other RNA segments.
Rescue into virions of the transfected chimeric genome-like

CAT RNAs containing the untranslated terminal sequences of
the PA and PB2 genes. The specific competition between the
PA DI RNAs and their progenitor PA gene occurring in the
packaging process suggested that a given DI RNA species can
recognize the competitor progenitor gene among eight differ-
ent RNA segments through a specific signal(s) common to the
DI RNA and the competitor RNA. We inferred that such
segment-specific recognition signal, if any, should be located in
the 39 and 59 untranslated regions, excluding the 39-terminal 12
nucleotides and 59-terminal 13 nucleotides, which are con-
served among all eight segments. This seems likely because (i)
these noncoding regions are always retained among DI RNA
species, although the deletion sites of DI RNAs vary from
species to species (19, 28, 29, 32); (ii) the PA DI RNA of the
NS2 mutant used in the present study lacks approximately 90%
of the coding region of the PA gene (see Materials and Meth-
ods); and (iii) the untranslated regions provided the packaging
signals of RNA segments even when the coding region was
replaced with that of the CAT gene (2, 23, 25) or with that of
another segment (5, 26, 43). To verify this possibility, we con-
structed plasmid DNAs which can synthesize in vitro influenza
virus-like CAT RNAs flanked by the 39 and 59 untranslated
regions of the PA (PA/CAT) and PB2 (PB2/CAT) genes, as
shown in Fig. 5A. We then examined whether these CAT
RNAs are rescued by the NS2 mutant virus possessing the PA
DI RNAs after RNP transfection to the infected cells. Because
there was no selective pressure to isolate transfectant virus
containing the CAT RNA, the rescued CAT RNAs were de-
tected by RT-PCR with 32P-labeled CAT gene-specific primers
and the total vRNA extracted from the purified virions fol-
lowed by RNase A treatment. In addition, the NS RNA seg-

ment of the transfectant virus was simultaneously detected as
an internal control for the relative quantity of the rescued CAT
RNA by using 32P-labeled NS-specific primers.
From the wt-virus-infected cells, the PB2/CAT and PA/CAT

RNAs were rescued with similar efficiencies when compared
with each NS RNA segment (Fig. 5B, lanes 1 and 2). Since
these CAT RNAs were detected by RT-PCR, there was a
possibility that the PCR products of the CAT RNAs were
contaminants of input residual plasmid DNA or free RNP. To
exclude this, the PB2/CAT RNA was transfected to cells with-
out virus infection and the culture medium was processed as
described above. No PCR product was detected from this sam-
ple, as shown in Fig. 5B, lane C. In addition, when the vRNA
of helper virus produced from the cells without the CAT RNA
transfection was subjected to RT-PCR, only the PCR product
of the NS gene was detected (Fig. 5B and C, lanes H). Con-
sequently, the CAT RNAs detected by the PCR were neither
contaminants nor nonspecific reactants. Furthermore, we ob-
served that when the culture media of wt-virus-infected cells
after transfection with PB2/CAT and PA/CAT were passaged
to new cells after RNase A treatment, CAT activities expressed
by the CAT RNAs were detected in the cell lysate by super-
infection with the wt virus (data not shown). The results ob-
tained from the RT-PCR and CAT assay revealed that the
transfected CAT RNAs were packaged into wt virus particles.
The NS2 mutant, on the other hand, rescued the PB2/CAT

RNA as efficiently as did wt virus (Fig. 5C, lane 1) but failed to
rescue the PA/CAT RNA (lane 2). These results were repro-
ducibly found in two independent experiments. Since the NS2
mutant virus contains PA DI RNAs, these results suggest that
the PA DI RNAs competed with the PA/CAT RNA but not
with the PB2/CAT RNA, so that packaging of PA/CAT RNA
did not occur. Since nucleotides 13 to 24 and 2176 to 2220 of
PA/CAT RNA were entirely different from those of PB2/CAT
RNA (19, 31), as shown in Fig. 5A, these sequences would be
involved in discrimination of PA/CAT RNA from PB2/CAT
RNA.
We next attempted to identify which site of the noncoding

sequences of the PA/CAT RNA is responsible for the specific
competition with the PA DI RNA. To do this, we constructed
plasmid DNAs which synthesized recombinant CAT RNAs
containing the 39 PA and 59 PB2 noncoding sequences (39PA/
59PB2) and the 39 PB2 and 59 PA noncoding sequences (39PB2/
59PA) (Fig. 5A). These recombinant CAT RNAs were rescued
by wt virus like the PB2/CAT and PA/CAT RNAs (Fig. 5B,
lanes 3 and 4), demonstrating that the RNA segment possess-
ing the 39 and 59 noncoding regions each derived from different
segments is capable of being packaged into viral particles.
The recombinant CAT RNAs were also rescued by the NS2

mutant virus, although the efficiency was not as high as that of
the PB2/CAT RNA (Fig. 5C, lanes 3 and 4). Interestingly, the
CAT RNA containing the chimeric PA noncoding regions,
where both nucleotides 13 to 19 and 2213 to 2220 were simul-
taneously replaced with the corresponding sequences of the
PB2 gene [Fig. 5A, PA(7PB2 int)], was rescued as efficiently as
the PB2/CAT vRNA by the NS2 mutant (Fig. 5C, lane 5). This
result implies that the coexistence of those terminal sequences
in the PA-specific noncoding regions would be required for
recognition as a target of the competitor by PA DI RNA
species.

DISCUSSION

In the present study, using the NS2 mutant A3/e-3 of influ-
enza virus, we have shown that production of the DI virus
lacking the PA gene was the consequence of suppression of the

FIG. 4. Quantitation of the NS vRNA (A) and PB2 vRNA (B) of the NS2
mutant A3/e-3 and the wt virus AwNS/2. The infected cells and the progeny
virions were harvested at 10 h p.i., and the vRNA species in the virions (lanes V),
nuclei (lanes N), and cytoplasm (lanes C) were subjected to RPA as described in
the legend to Fig. 3. Lane P, probe. Size markers (nucleotides) are shown on the left.
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PA gene occurring in two different steps, vRNA replication in
the nucleus and assembly of vRNA segments at the cell mem-
brane. These suppressions were caused in parallel with the
preferential amplification and packaging of the PA DI RNA
species. Although the suppression of PA vRNA replication
occurs primarily at the level of cRNA synthesis (32), this was
not lethally strong, since the PA vRNA was still synthesized at
one-fifth as much as PA DI RNAs in infected cells (Fig. 1). In
contrast, only a small amount of the PA vRNA was detected in
released virions (Fig. 1 and 3). These inconsistent proportions
of PA vRNA in infected cells and in virions suggest that the
striking suppression of the PA vRNA occurs after the vRNA
replication step.
It is unlikely, however, that the transport of PA vRNA from

the nucleus to the cytoplasm was prevented by the PA DI
RNAs. In cell fractionation experiments with NS2 mutant-
infected cells, more than 90% of PA vRNA synthesized in the
nucleus was detected in the cytoplasm, and only 5% remained

in the nucleus (Table 1). This revealed that most of the PA
vRNA was exported to the cytoplasm. The PA DI RNA and
the NS vRNA segment also showed similar behavior. Conse-
quently, it is clear that the nuclear-cytoplasmic transport of PA
vRNA took place normally. However, most of the transported
PA vRNA was left in the cytoplasm, and only 4% of it was
incorporated into virions. This was in great contrast to the
packaging efficiency of PA DI RNA and NS vRNA, since about
25% of these RNAs was incorporated into virions (Table 1).
Since 20% of the vRNA of influenza virus synthesized after 4 h
p.i. is known to be incorporated into virions (40), the remark-
ably low packaging efficiency of the PA vRNA of A3/e-3 is
considered to be crucial for the production of DI particles
lacking the PA gene.
With respect to the packaging of each RNA segment into

virions, two different observations have been reported so far.
One is that the content of each vRNA segment in virions
correlates with the level of vRNA synthesis in infected cells,

FIG. 5. Rescue of the influenza virus-like CAT RNAs by the wt virus and the
NS2 mutant 182/A-4 containing PA DI RNAs. (A) For RNP transfection, the
CAT RNAs were transcribed from plasmids as described in Materials and Meth-
ods, and the resultant CAT RNAs contain the 39 and 59 noncoding regions of the
PA and PB2 gene origins. Open and gray boxes indicate the 39 and 59 noncoding
sequences specific for the PB2 and PA genes, respectively. The numbers of
nucleotide residues are shown on the boxes and numbers in parentheses indicate
the lengths of sequences. (B and C) The CAT RNAs rescued by the wt virus (B)
and by the NS2 mutant virus (C) were detected by RT-PCR with the 32P-labeled
CAT gene-specific primers. The NS gene of each helper virus was also detected
by RT-PCR with the 32P-labeled NS gene-specific primers. The PCR products
were analyzed by 4% polyacrylamide gel electrophoresis. Lane M, size markers
for the NS and CAT genes made by PCR with pNS/14 and pPA/CAT, respec-
tively; lane C, PCR product of the culture medium of PB2/CAT-transfected cells
without virus infection; lanes H, PCR product of the wt virus and the NS2 mutant
without RNP transfection; Lanes 1, 2, 3, 4, and 5, PCR products of the rescued
PB2/CAT, PA/CAT, 39PA/59PB2, 39PB2/59PA, and PA(7PB2 int) RNAs, respec-
tively. ND, not detected.
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suggesting that no selection occurs in vRNA packaging into
virions. This was based on the analysis of transfectants con-
taining chimeric NA genes that showed low levels of the chi-
meric RNAs both in infected cells and in virions (26, 43).
Preferential packaging of the PA DI RNAs of A3/e-3 can be
explained by this model. They were synthesized to have a
content 0.9 to 2.6 times greater than that of the NS vRNA in
infected cells (Fig. 3A), and their content in virions was ap-
proximately 2.5 times greater than that of the NS and NP
vRNAs, as found when the 32P-end-labeled vRNA segments in
the A3/e-3 virion were analyzed by polyacrylamide gel electro-
phoresis (data not shown). These results were consistent with
the finding that the PA DI RNA and NS vRNA were packaged
into virions with similar efficiencies (Table 1).
Nevertheless, difference in the proportions of PA vRNA in

infected cells and in virions cannot be interpreted without
considering regulation at the packaging process. In fact, the
efficiency of PA vRNA packaging was six times lower than that
for PA DI RNA and NS vRNA (Table 1). Smith and Hay have
shown that the relative abundances of vRNAs in infected cells
do not reflect the composition of the vRNA segments in virions
(40), suggesting that there is selection in the incorporation of
vRNAs into virion. Furthermore, studies of transfectant vi-
ruses with the mutated NA genes NA/X and NA/Y show that
the NA RNA is synthesized at a low level in infected cells but
at a normal level in virions (3). Conversely, for an avian DI
virus defective RNA segment 1, vRNA synthesis occurs nor-
mally in infected cells, but the packaging of RNA segment 1
was selectively inhibited (8). Suppression of the PA vRNA of
A3/e-3 occurred independently in both the RNA synthesis and
the RNA packaging steps. If the packaging of RNA segments
of influenza virus is caused only by random selection as de-
scribed previously (10), such differences should not be ob-
served. Consequently, it is likely that the signals which regulate
the vRNA replication are distinct from those responsible for
regulating the amount of the vRNA in virions.
In most of DI viruses, DI RNA species specifically interfere

with their progenitor RNA segments (1, 8, 27, 30, 32), although
in one case a DI RNA, whose origin was not identified pre-
cisely by the sequencing, did not interfere with its progenitor
RNA segment but with a different RNA segment (42). In the
case of NS2 mutant A3/e-3, the target of interference was
restricted to the PA vRNA segment and did not include other
segments, i.e., NS and PB2. Interestingly, from the cells dually
infected with A3/e-3 and the wt virus, the DI particle lacking
the PA gene was produced again (Fig. 3B). This indicates that
packaging of the wt PA vRNA as well as the A3/e-3 PA vRNA
was also specifically affected in the presence of the PA DI
RNAs and implies that there is a specific correlation between
the target RNA segment and DI RNA species. Although it
remains uncertain that the DI RNA species directly suppress
the packaging of the target RNA segment, we have inferred
that DI RNA species can distinguish the target and competitor
RNAs from the other RNA segments through a segment-
specific signal(s) which must reside on individual RNA mole-
cules.
By rescue experiments with the influenza virus-like CAT

RNAs, we showed that in the presence of PA DI RNAs, the
PA/CAT RNA was not rescued into the NS2 mutant virus but
the PB2/CAT RNA was rescued (Fig. 5C). Since these CAT
RNAs were efficiently rescued into the wt virus (Fig. 5B), it is
unlikely that the replication of PA/CAT RNA was decreased in
the transfected cells, resulting in the failure of rescue of the
PA/CAT RNA into the NS2 mutant virions. Thus, it is con-
ceivable that the PA DI RNAs specifically competed with the
PA/CAT RNA and impeded its packaging. The 39 and 59 non-

coding regions of PA DI RNA were identical to those of
PA/CAT RNA, while the segment-specific noncoding se-
quences in the PA/CAT RNA, i.e., nucleotides 13 to 24 at the
39 end and 2176 to 2220 at the 59 end, were entirely different
from those of the PB2/CAT RNA (19, 31). Consequently, the
signal(s) responsible for the specific competition between PA/
CAT RNA and PA DI RNA would reside on the segment-
specific sequences. This was supported by rescue of the chi-
meric CAT RNAs (Fig. 5C). Modification of the noncoding
regions of PA/CAT RNA resulted in a great difference in the
rescue efficiency by the NS2 mutant. The recombinant PA/
CAT RNAs, whose 39 or 59 noncoding regions were replaced
with those of the PB2 gene (39PA/59PB2 and 39PB2/59PA),
were rescued, but with a low efficiency. This suggests that the
recombinant CAT RNAs containing only one site of the PA
noncoding region partially competed with the PA DI RNAs in
the NS2 mutant, but the packaging was not strikingly impeded
as it was with the PA/CAT RNA. This was consistent with the
finding that the deletion of both sites of the nonconserved
terminal sequences of NA gene affected RNA synthesis but
that the deletion of only one site did not (43). In contrast, when
the terminal 7 or 8 nucleotides of the both PA-specific non-
coding regions were simultaneously replaced with those of the
PB2 gene, the CAT RNA containing such chimeric noncoding
regions, PA(7PB2 int), was rescued efficiently like the PB2/
CAT RNA. The results suggest that coexistence of both ter-
minal sequences on the same RNA molecule is required for
recognition as a competitor of PA DI RNAs. Recently, seg-
ment-specific noncoding sequences of influenza virus genome
RNA have been shown to influence packaging of the hemag-
glutinin gene into virions (2), NA vRNA synthesis in infected
cells (43), and translation initiation of the M1 protein medi-
ated by the NS1 protein (9, 22). Therefore, the segment-spe-
cific noncoding regions play important roles in replication,
expression, and packaging of genome RNAs.
In conclusion, we have shown in the present study that the

packaging of DI RNA species into virions resulted in the se-
lective reduction of the packaging of their progenitor vRNA
segments and that the 39 and 59 segment-specific noncoding
regions were involved in the specific recognition between the
competitor RNA and the DI RNA species. If the packaging of
influenza virus genome RNA occurs only by a random process,
then the selective decrease of a certain genome RNA segment
should not be found in DI viral particles. However, most DI
viruses lack an RNA segment corresponding to the progenitor
of the DI RNA species. These observations therefore imply
that packaging of virus genome RNAs does not occur simply by
random selection.

ACKNOWLEDGMENTS

We thank K. Shimizu, Department of Microbiology, Nihon Univer-
sity School of Medicine, for advice on cell fractionation; M. Enami,
Department of Biochemistry, Kanazawa University School of Medi-
cine, for advice on the reverse genetics system; and S. Ebihara for
technical assistance.
This work was supported in part by grants-in-aid for Scientific Re-

search from the Ministry of Science, Education and Culture, Japan.

REFERENCES

1. Akkina, R. K., T. M. Chambers, and D. P. Nayak. 1994. Mechanism of
interference by defective-interfering particles of influenza virus: differential
reduction of intracellular synthesis of specific polymerase proteins. Virus
Res. 1:687–702.

2. Barclay, W. S., and P. Palese. 1995. Influenza B viruses with site-specific
mutations introduced into the HA gene. J. Virol. 69:1275–1279.

3. Bergmann, M., and T. Muster. 1995. The relative amount of an influenza A

2144 ODAGIRI AND TASHIRO J. VIROL.



virus segment present in the viral particle is not affected by a reduction in
replication of that segment. J. Gen. Virol. 76:3211–3215.

4. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

5. Claas, E. C. J., and Y. Kawaoka. 1994. Rescue of influenza A neuraminidase
mutant viruses containing the non-coding region of other gene segments,
abstr. 45, p. 64. In Abstracts of the Ninth International Conference on
Negative Strand Viruses.

6. Compans, R. W., and P. W. Choppin. 1975. Reproduction of myxoviruses, p.
179–252. In Comprehensive virology, vol. 4. Plenum Press, New York, N.Y.

7. Desselberger, U. V., R. Racaniello, J. J. Zazra, and P. Palese. 1980. The 39
and 59 terminal sequences of influenza A, B, and C virus RNA segments are
highly conserved and show partial inverted complementary. Gene 8:315–328.

8. Duhaut, S. D., and J. W. McCauley. 1996. Defective RNAs inhibit the
assembly of influenza virus genome segments in a segment-specific manner.
Virology 216:326–337.

9. Enami, K., T. Sato, S. Nakada, and M. Enami. 1994. Influenza virus NS1
protein stimulates translation of the M1 protein. J. Virol. 68:1432–1437.

10. Enami, M., G. Shirma, C. Benham, and P. Palese. 1991. An influenza virus
containing nine different RNA segments. Virology 185:291–298.

11. Enami, M., and P. Palese. 1991. High-efficiency formation of influenza virus
transfectants. J. Virol. 65:2711–2713.

12. Fodor, E., B. L. Seong, and G. G. Brownlee. 1993. Photochemical cross-
linking of influenza A polymerase to its virion RNA promoter defines a
polymerase binding site at residues 9 to 12 of the promoter. J. Gen. Virol.
74:1327–1333.

13. Fodor, E., D. C. Pritlove, and G. G. Brownlee. 1994. The influenza virus
panhandle is involved in the initiation of transcription. J. Virol. 68:4092–
4096.

14. Fodor, E., D. C. Pritlove, and G. G. Brownlee. 1995. Characterization of the
RNA-fork model of virion RNA in the initiation of transcription in influenza
A virus. J. Virol. 69:4012–4019.

15. Hirst, G. K., and M. W. Pons. 1973. Mechanism of influenza recombination.
II. Virus aggregation and its effect on plaque formation by so-called nonin-
fective virus. Virology 56:620–631.

16. Honda, A., K. Ueda, K. Nagata, and A. Ishihama. 1987. Identification of the
RNA polymerase binding site on genome RNA of the influenza virus. J. Bio-
chem. 102:1241–1249.

17. Hsu, M., J. D. Parvin, S. Gupta, M. Krystal, and P. Palese. 1987. Genomic
RNAs of influenza viruses are held in a circular conformation in virions and
in infected cells by a terminal panhandle. Proc. Natl. Acad. Sci. USA 84:
8140–8144.

18. Inglis, S. C., A. R. Carroll, R. A. Lamb, and B. W. J. Mahy. 1976. Polypeptide
specified by the influenza virus genome. 1. Evidence for eight distinct gene
products specified by fowl plague virus. Virology 74:489–503.

19. Kaptein, J., and D. P. Nayak. 1982. Complete nucleotide sequence of the
polymerase 3 (P3) gene of human influenza virus A/WSN/33. J. Virol. 42:
55–63.

20. Lamb, R. A., and P. W. Choppin. 1983. The gene structure and replication of
influenza virus. Annu. Rev. Biochem. 52:467–506.

21. Li, X., and P. Palese. 1992. Mutational analysis of the promoter required for
influenza virus virion RNA synthesis. J. Virol. 66:4331–4338.

22. Luna, S. L., P. Fortes, A. Beloso, and J. Ortin. 1995. Influenza virus NS1
protein enhances the rate of translation initiation of viral mRNAs. J. Virol.
69:2427–2433.

23. Luytjes, W., M. Krystal, M. Enami, J. D. Parvin, and P. Palese. 1989.
Amplification, expression, and packaging of a foreign gene by influenza
virus. Cell 59:1107–1113.

24. McGeoch, D., P. Fellner, and C. Newton. 1976. Influenza virus genome

consists of eight distinct RNA species. Proc. Natl. Acad. Sci. USA 73:3045–
3049.

25. Mena, I., A. Vivo, E. Perez, and A. Portela. 1996. Rescue of a synthetic
chloramphenicol acetyltransferase RNA into influenza virus-like particles
obtained from recombinant plasmids. J. Virol. 70:5016–5024.

26. Muster, T., E. K. Subbarao, E. Enami, B. R. Murphy, and P. Palese. 1991.
An influenza A virus containing influenza B virus 59 and 39 noncoding
regions on the neuraminidase gene is attenuated in mice. Proc. Natl. Acad.
Sci. USA 88:5177–5181.

27. Nakajima, K., M. Ueda, and A. Sugiura. 1974. Origin of small RNA in von
Magnus particles of influenza virus. J. Virol. 29:1142–1148.

28. Nayak, D. P., N. Sivasubramanian, A. R. Davis, R. Cortini, and J. Sung.
1982. Complete sequence analysis show that two defective interfering influ-
enza viral RNAs contain a single internal deletion of a polymerase gene.
Proc. Natl. Acad. Sci. USA 79:2216–2220.

29. Nayak, D. P., T. M. Chambers, and R. M. Akkina. 1989. Structure of defec-
tive-interfering RNAs of influenza viruses and their role in interference, p.
269–317. In R. M. Krug (ed.), The influenza viruses. Plenum Press, New
York, N.Y.

30. Odagiri, T., and K. Tobita. 1990. Mutation in NS2, a nonstructural protein
of influenza A virus, extragenically causes aberrant replication and expres-
sion of the PA gene and leads to generation of defective interfering particles.
Proc. Natl. Acad. Sci. USA 87:5988–5992.

31. Odagiri, T., and K. Tobita. 1990. Nucleotide sequence of the PA gene of
influenza A/WSN/33 (H1N1). Nucleic Acids Res. 18:654.

32. Odagiri, T., K. Tominaga, T. Tobita, and S. Ohta. 1994. An amino acid
change in the non-structural NS2 protein of an influenza A virus mutant is
responsible for the generation of defective interfering (DI) particles by
amplifying DI RNAs and suppressing complementary RNA synthesis.
J. Gen. Virol. 75:43–53.

33. Palese, P., and J. L. Schulman. 1976. Differences in RNA patterns of influ-
enza A viruses. J. Virol. 17:876–884.

34. Parvin, J. D., P. Palese, A. Honda, A. Ishihama, and M. Krystal. 1989.
Promoter analysis of the influenza viral RNA polymerase. J. Virol. 63:5142–
5152.

35. Robertson, J. 1979. 59 and 39 terminal nucleotide sequences of the RNA
genome segments of influenza virus. Nucleic Acids Res. 6:3745–3757.

36. Saiki, R. K., D. H. Gelfand, S. Stoffel, S. J. Scharf, R. Higuchi, G. T. Horn,
K. B. Mullis, and H. A. Erlich. 1988. Primer-directed enzymatic amplifica-
tion of DNA with a thermostable DNA polymerase. Science 239:487–491.

37. Scholtissek, C., W. Rohde, E. Harms, R. Rott, M. Orlich, and C. B. Bochek.
1978. A possible partial heterozygote of an influenza A virus. Virology
89:506–516.

38. Seong, B. L., and G. G. Brownlee. 1992. Nucleotides 9 to 11 of the influenza
A virus RNA promoter are crucial for activity in vitro. J. Gen. Virol. 73:
3115–3124.

39. Shapiro, G. I., T. Gurney, Jr., and R. M. Krug. 1987. Influenza virus gene
expression: control mechanisms at early and late times of infection and
nuclear-cytoplasmic transport of virus-specific RNAs. J. Virol. 61:764–773.

40. Smith, G. C., and A. J. Hay. 1982. Replication of the influenza virus genome.
Virology 118:96–108.

41. Stoeckle, M. Y., M. W. Shaw, and P. W. Choppin. 1987. Segment-specific and
common nucleotide sequences in the noncoding regions of influenza B virus
genome RNAs. Proc. Natl. Acad. Sci. USA 84:2703–2707.

42. Ueda, M., K. Nakajima, and A. Sugiura. 1980. Extra RNAs of von Magnus
particles of influenza virus cause reduction of particular polymerase genes.
J. Virol. 34:1–8.

43. Zheng, H., P. Palese, and A. G. Sastre. 1996. Nonconserved nucleotides at
the 39 and 59 ends of an influenza A virus RNA play an important role in viral
RNA replication. Virology 217:242–251.

VOL. 71, 1997 ASSEMBLY OF INFLUENZA VIRUS RNA 2145


