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ABSTRACT  Polyacrylamide gel electrophoresis of the RNA
of influenza A/PR/8/34 (HON1) and A/Hong Kong/8/68 (H3N2)
viruses and recombinant viruses derived from them revealed
that each contains eight RNA segments, the fourth of which
codes for hemagglutinin. (The largest RNA of the segmented
genome is counted as band 1.) The neuraminidase gene was
identified as the sixth segment in the RNA pattern of influenza
A/PR8 virus and as the fifth segment of A /Hong Kong virus. The
molecular weights of the RNAs for the hemagglutinin and the
neuraminidase genes lie in the range of 600,000-700,000.

Analysis of RNA of influenza A viruses has revealed that the
segmented genome contains at least seven distinct RNA pieces
(review, ref. 1; refs. 2-6). These observations are in accord with
the results of genetic experiments involving studies of recom-
binational frequencies among different strains of virus and
characterization of temperature-sensitive mutants, which have
indicated that transcripts of each of the virion RNA segments
probably function as monocistronic messages coding for a single
virus polypeptide (review, ref. 7).

The sizes of the different virion RNA segments range from
a molecular weight of approximately 1 X 105to 2 to 4 X 105 (5,
6). Presumably, complementary RNA (cRNA) transcripts of
each are capable of coding for corresponding proteins with
molecular weights ranging from 1 X 10° to approximately 2 X
104, a range which corresponds with that of isolated virus pro-
teins (review, ref. 8; refs. 6 and 9). Although correlations in size
have been used as a basis for speculation, it has not been possible
until now to identify specifically which RNA segment is the
gene for any specific virus protein.

In this communication we describe experiments that permit
a preliminary mapping of the genomes of two different in-
fluenza A viruses. The method employed is based on our pre-
vious observations that the RNAs of several different strains
have different patterns of migration on polyacrylamide gels
and that analysis of the RNA pattern of a recombinant strain
allows the identification of specific RNA segments which were
derived from one or the other parent virus (6).

Unpublished results obtained with gels run at different
temperatures or with different acrylamide concentrations in-
dicated that the relative migration rates of various RNA bands
were altered. Consequently, at present it is not clear whether
differences in migration rates of equivalent RNA segments from
different viruses are due to differences in molecular weight
and/or to differences in secondary structure. We have im-
proved this technique in the present experiments and, by

Abbreviations: PR8 virus, influenza A/PR/8/34 (HON1) virus; HK
virus, influenza A/Hong Kong/8/68 (H3N2) virus; HK-PR8 virus,
influenza A/Hong Kong/8/68 (H3)-A/PR/8/34 (N1) virus; PR8-HK
virus, influenza A/PR/8/34 (HO)-A/Hong Kong/8/68 (N2) virus;
HK-HK virus, influenza A/Hong Kong/8/68 (H3)-A/Hong Kong/
8/68 (N2) virus; PRS-PR8 virus, influenza A/PR/8/34 (HO0)-A/
PR/8/34 (N1) virus; Aichi-PR8 virus, influenza A/Aichi/68 (H3)-
A/PR/8/34 (N1) virus.
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analysis of a series of influenza A recombinant viruses, have
succeeded in identifying the hemagglutinin and neuraminidase
genes.

MATERIALS AND METHODS

Viruses. The two parent viruses employed in these experi-
ments were influenza A/PR/8/34 (HON1) and A/Hong
Kong/8/68 (H3N2) viruses. In the following, we will refer to
these viruses as the PR8 and the HK viruses, respectively. One
of these, PR8 virus, had previously been studied in the same
system (5, 6). Both viruses were cloned by plaque-to-plaque
passage in MDCK (canine kidney) cells (10) and then were
passaged in 11-day-old embryonated eggs to prepare allantoic
fluid seed viruses.

Recombinant viruses were derived from these two parents
as follows: One or the other parent was diluted 10- to 100-fold
and subjected to UV irradiation (General Electric, G.8.T5 lamp,
8 W) for 30 sec at a distance of 15 cm. Embryonated eggs were-
inoculated with mixtures containing equivalent concentrations
of the two viruses and, after 24 hr, fluids were harvested, diluted
serially 10-fold, mixed with an equal volume of a 1:10 dilution
of the appropriate antiserum, and passaged in eggs. As illus-
trated schematically below, to select for an H3N1 recombinant,
influenza A/Hong Kong/8/68 (H3)-A/PR/8/34 (N1) virus
(HK-PRS virus), eggs were inoculated with PR8 (HON1) virus
and HK (H3N2) virus which had been irradiated with UV light
and the yield was passaged in the presence of rabbit antiserum
to HON2 virus.

PR8 x UV HK
(HON1) |, (H3N2)
lanti-HONZ

HK-PR8

(H3N1)
To select for the reciprocal recombinant influenza A/PR/
8/34 (HO0)-A/Hong Kong/8/68 (N2) virus, the PR8 parent was
exposed to UV irradiation, and antiserum to H3N1 virus was

employed as the selective antibody screen. This HON2 re-
combinant is referred to as PR8-HK virus.

UV PR8 x HK
(HON1) (H3N2)
lanti-H?»Nl

PR8-HK
(HON2)
Back-recombinants, influenza A/Hong Kong/8/68 (H3)-

A/Hong Kong/8/68 (N2) virus (HK-HK virus) and influenza
A/PR/8/34 (HO)-A/PR/8/34 (N1) virus (PR8-PR8 virus),
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antigenically identical to the two original H3N2 and HON1
wild-type viruses, were isolated in a similar way employing
HK-PRS8 (H3N1) and PR8-HK (HON2) recombinant viruses as
parents. The back-recombinants, HK-HK and PR8-PRS, were
selected using antisera against PR8 and HK viruses, respec-
tively.

HK-PR8 x UV PR8-HK

(H3N1) l (HON2)

anti-HON1

HK-HK

(H3N2)
UV HK-PR8 X PR8-HK
(H3N1) l (HON2)

anti-H3N2

PR8-PR8
(HON1)

All newly isolated recombinant strains were cloned by
plaque-to-plaque passage in MDCK cells in the presence of the
appropriate antiserum screen and then inoculated into em-
bryonated eggs to prepare seed virus. Serologic confirmation
that each was a pure population containing the appropriate
hemagglutinin and neuraminidase was obtained by methods
described previously (11-13).

An additional recombinant, influenza A/Aichi/68 (H3)-
A/PR/8/34 (N1) virus, used in this report was previously iso-
lated for other purposes. It was derived in embryonated eggs
following mixed infection of clone 1-5C-4 cells (14) with in-
fluenza PR8 (HON1) and influenza A/Aichi/68 (H3N2) virus.
The Aichi-PR8 (H3N1) recombinant was selected in the pres-
ence of antiserum to HON2 virus.

RNA. Monolayers of MDCK cells (4 X 10 cells) were in-
fected with different influenza viruses (2 to 3 dishes each) in
the presence of approximately 15 mCi of 32P (as orthophos-
phate, sterile in H;O, New England Nuclear) at a multiplicity
of 5-10 plaque-forming units/cell. After 18 hr virus was puri-
fied as described previously (6). All viruses examined replicated
under these conditions, yielding hemagglutination titers that
varied between 256 and 1024. RNA was extracted from purified
virus (6). From three infected monolayers using 50 mCi of 32P,
a total of 50,000-500,000 cpm of [32P]RNA was obtained. No
specific activity of the RNA was determined because of the
small quantities of radioactive virus available. The RNAs were
then analyzed on urea-polyacrylamide gels as originally de-
scribed by Floyd et al. (15) and modified by us (6). In the
present experiments, further modifications included the use
of longer gels (23 cm) and, in some experiments, the use of other
concentrations of acrylamide (2.6%) and N,N’-methylene-
bisacrylamide (0.15%). All gels were run for at least 16 hr at 120
V. Under these conditions, estimations of the molecular weights
of segments 7 and 8 of PR8 virus varied slightly from those
previously reported (5, 6). Band 7 was estimated to have a
molecular weight of 0.42 X 10° and band 8 a molecular weight
of 0.31 X 106, as compared to previously reported values of 0.47
X 10° and 0.39 X 108 (5, 6), respectively.

RESULTS

The RNA patterns of PR8 (HON1) and HK (H3N2) viruses and
those of the two antigenic hybrid recombinants (H3N1 and
HON?2 viruses) are compared in Fig. 1. In the case of PR8 virus,
the RNA separates into eight distinct segments: a cluster of three
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FIG. 1. Analysis of [32P]RNAs of influenza HK (H3N2), influenza
PRS8 (HON1), and their reciprocal recombinant viruses, HK-PR8
(H3N1) and PR8-HK (HONZ2). Lane 1 (from left): influenza HK-PR8
(H3N1) virus; arrow indicates the HK (H3) hemagglutinin. Lane 2:
influenza PR8 (HON1) virus. Lane 3: influenza HK (H3N2) virus;
bands 2 and 3 do not separate well on this gel (compare Fig. 2, lane
3). Lane 4: influenza PR8-HK (HON2) virus; arrow indicates the PR8
(HO) hemagglutinin. Migration is from top to bottom. Bars to the right
indicate the position of 23S (molecular weight: 1.07 X 108) and 16S
(molecular weight 0.55 X 108) Escherichia coli ribosomal RNA.
Samples were run on a 2.8% polyacrylamide gel (23 cm long) con-
taining 0.14% N,N’-methylenebisacrylamide.
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slow-moving RNA bands, a second cluster of three faster-
moving bands in the middle, and two fast-moving segments at
the bottom. A comparison of the RNA pattern of PR8 virus to
that of the recombinant HK-PRS8 virus (see Materials and
Methods) reveals that seven out of the eight segments have
identical migration velocities on the polyacrylamide slab gel.
Only the fourth band of the recombinant HK-PRS virus mi-
grates differently from that of PR8 virus (arrow, lane 1), a virus
from which, by definition, the recombinant does not derive its
hemagglutinin. In contrast, comparison of the RNA pattern of
the HK-PRS recombinant virus to that of HK virus, the other
parent, from which it does derive its hemagglutinin, demon-
strates that only segment 4 of the recombinant was derived
from HK parent. (It is not possible to distinguish from which
parent segment 7 was derived because the migration velocity
of this band is identical in both parents.)

‘Similarly, analysis of the RNA pattern produced by PR8-HK
virus demgnstrates that it is identical to that of the HK virus
parent except for band 4 and that only band 4 was clearly de-
rived from the PR8 parent. These observations suggest strongly
that the fourth RNA segment in these viruses is the gene for
hemagglutinin. This conclusion is supported by the fact that,
previously, the molecular weight of the fourth RNA segment
of PRS virus had been calculated to be 0.73 X 108 (5). A com-
plete cRNA transcript of an RNA segment of this length is ca-
pable of coding for a protein of molecular weight 70,000~
80,000, which is in the range of the molecular weight of the
glycosylated hemagglutinin (reviews, refs. 8 and 16).

To confirm this assumption and to identify the genes coding
for neuraminidase, we compared the RNA patterns of the
back-recombinants, PR§-PR8 (HON1) and HK-HK (H3N2)
viruses, with those of the wild-type PR8 (HON1) and HK
(H3N2) viruses. The results are shown in Fig. 2. Again, the
RNAs of PR8 and HK viruses are shown in the center. Lane 4
to the right contains the RNA of the HK-HK back-recombinant.
It should be noted that the RNA of Hong Kong virus can be
clearly resolved into eight distinct bands. Only seven segments
could be clearly resolved on previous gels with RNA from
H3N2 viruses (6) (see also Fig. 1). Segments 1, 2, 3, 6, and 8 of
HK-HK virus clearly are derived from the PR8 virus. Only
bands 4 and 5 (and possibly 7) of the HK-HK virus originate
from HK virus, with which the back-recombinant shares a
common hemagglutinin and neuraminidase. This observation
again demonstrates that the fourth RNA segments of viruses
with the same hemagglutinin migrate identically. Conse-
quently, only the fifth (or seventh) segment of HK virus could
be the gene for neuraminidase. Based on estimations of its size
(0.42 to 0.47 X 108 daltons), band 7 is a much less likely candi-
date.

The back-recombinant PR8-PR8 shown in lane 1 derives its
largest three RNA segments from HK virus, which excludes the
possibility that any of those segments code for PR8 neuramin-
idase. Band 8 (and possibly band 7) which is derived from PR8
virus is too small to code for neuraminidase, leaving bands 5 and
6 as the only candidates for the neuraminidase gene. Band 5
may be excluded, because a band of identical velocity appears
in the RNA pattern of the HK-HK back-recombinant virus,
which derives its neuraminidase from HK virus and not from
PR8 virus. This leaves band 6 as the most likely candidate for
the PR8 neuraminidase gene. As previously described, band
6 of PR8 virus has an apparent molecular weight of 0.62 X 108
(6). The size of this RNA would therefore be sufficient to con-
tain the information for the neuraminidase molecule (molecular
weight, approximately 60,000) (17).

Support for the hypothesis that it is the sixth segment of PR8
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FIG. 2. Analysis of [32P]RNAs of influenza A/HK (H3N2) and
influenza A/PR/8/34 (HON1) virus and of the back-recombinant vi-
ruses, HK-HK (H3N2) and PR8-PR8 (HON1). Lane 1 (from left):
influenza PR8-PR8 (HON1) virus; arrows indicate the PR8 (HO)
hemagglutinin and the PR8 (N1) neuraminidase (bands 4 and 6). Lane
2: influenza PR8 (HON1) virus. Lane 3: influenza HK (H3N2) virus.
Lane 4: influenza HK-HK (H3NZ2) virus; arrows indicate the HK (H3)
hemagglutinin and the HK (N2) neuraminidase (bands 4 and 5, re-
spectively). Migration is from top to bottom. Bars to the right indicate
the position of 23S and 16S E. coli ribosomal RNA. Samples were run
on a 2.6% polyacrylamide gel (23 cm long) containing 0.15% N,N’-
methylenebisacrylamide. The origin at the top of the gel is not shown
(compare with Fig. 1).
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virus that codes for neuraminidase was obtained from RNA gels
shown in Fig. 8, in which the RNA patterns of three viruses, all
of which contain PR8 neuraminidase, were compared. The
patterns of PR8 virus (lane 1) and the recombinant HK-PRS
(lane 3) are identical to those which were demonstrated in Fig.
1 (although different RNA preparations were employed). It is
evident that the Aichi-PR8 recombinant does not contain a fifth
segment in common with the other two viruses, although it too
contains PR8 neuraminidase. In contrast, the sixth segment
migrates identically in all three viruses, again suggesting that
it is the sixth and not the fifth segment of PR8 virus that is the
gene for neuraminidase. Although we have not examined the
RNA pattern of the Aichi virus parent of the Aichi-PRS re-
combinant, we assume that the fifth segment of the recombi-
nant probably is derived from Aichi virus. It should be noted
that the latter had not been cloned and that the Aichi-PRS re-
combinant was isolated in clone 1-5C-4 cells, which could have
resulted in the selection of a variant fifth RNA segment from
the heterogenous Aichi virus population. In any case, the
Aichi-PR8 recombinant virus was included in these studies
merely to confirm the association of a common sixth RNA
segment in viruses containing PR8 neuraminidase.

DISCUSSION

Analysis of the RNAs of two strains of influenza A virus and of
five recombinant strains demonstrated that each contains eight
distinct RNA segments. The fortunate circumstance that seven
of the eight segments from the two parent strains migrate dif-
ferently in this gel system has provided a unique opportunity
to analyze recombinant viruses to determine from which parent
they derive their genes. As a result of such analysis, we propose
that the fourth segment in both influenza A/Hong Kong/68
(H3N2) and A/PR/8/34 (HON1) viruses is the gene for hem-
agglutinin. The fact that the fourth RNA segments of viruses
which contain a common hemagglutinin always migrate at the
same velocity, whereas the fourth segments of viruses with
different hemagglutinins never migrate in the identical posi-
tion, is unlikely to be due to chance. For similar reasons, we
propose that the fifth segment of Hong Kong virus and the sixth
of PR8 virus are the genes for the respective neuraminidases.
It should be noted that, in each instance, the molecular weight
of the RNA closely approximates that which would be required
to code for the corresponding gene product, lending further
support to the large body of genetic evidence indicating that
transcripts of each virion RNA segment function as monocis-
tronic messages (review, ref. 7).

We believe that extension of this approach will permit
mapping of other genes and may make it possible to correlate
biological properties of specific strains with particular genes
or groups of genes. The latter could be accomplished by com-
parisons of antigenically identical recombinant viruses that
contain different combinations of genes derived from the two
parent viruses. For example, the PR8-PR8 back-recombinant
derives its three largest genes from HK virus. Another anti-
genically identical back-recombinant has been identified in
which only two of these three genes are of HK virus origin (not
shown). Analysis of the biological characteristics of similar re-
combinants (obtained from viruses that have not been exposed
to UV light irradiation) may ultimately permit the identifica-
tion of genes that are associated with strain-related differences
in growth rate, host range, plaque morphology, and virulence
for man and animals. If this speculation is correct, this approach
could add a new dimension to the understanding of the genetics
of influenza viruses.
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FIG. 3. Analysis of [32P]RNAs of influenza PR8 (HON1) virus and
two recombinant viruses, Aichi-PR8 (H3N1) and HK-PR8 (H3N1).
Lane 1 (from left): influenza PR8 (HON1) virus. Lane 2: influenza
Aichi-PR8 (H3N1) virus. Lane 3: influenza HK-PR8 (H3N1) virus.
Arrows indicate the PR8 (N1) neuraminidase common to all three
viruses. Migration is from top to bottom. Bars to the right indicate
the position of 23S and 16S E. coli ribosomal RNA. Electrophoresis

conditions are as in Fig. 1.
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