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In previous communications we reported that the eight RNA segments of
influenza A/PR/8/34 (HON1) virus could be distinguished from corresponding
segments of influenza A/Hong Kong/8/68 (H3N2) virus by migration on poly-
acrylamide-urea gels. Examination of the RNA patterns of the two parent
viruses and recombinants derived from them in concert with serological identifi-
cation of surface proteins and analysis of the other proteins on sodium dodecyl
sulfate gradient gels permitted the identification of the genes coding for hemag-
glutinin, neuraminidase, and the P1, P2, and P3 proteins (Palese and Schul-
man, 1976; P. Palese et al., Virology, in press). In the present report we have
extended these observations using similar techniques to examine other recombi-
nants and have identified the genes coding for the remaining virus-specific
proteins. We demonstrate that segment 5 of PR8 virus (counting the slowest
moving RNA segment as 1) and segment 6 of Hong Kong virus code for the
respective nucleoproteins, and that segment 7 of both viruses codes for the
membrane protein and RNA segment 8 codes for the nonstructural protein. This
completes the mapping of the influenza A virus genome.

In previous communications we reported that
the eight RNA segments of influenza A/PR/8/34
(HON1) virus (PR8 virus) had migration rates
on polyacrylamide-urea gels that could be dis-
tinguished from those of corresponding RNA
segments of influenza A/Hong Kong/8/68
(H3N2) virus (HK virus) (P. Palese, M. B.
Ritchey, and J. L. Schulman, Virology, in
press; 5, 6). By examination of the RNA pat-
terns of antigenically characterized recombi-
nant viruses it was possible to determine from
which parent each gene was derived and to
identify the 4th-slowest-moving segment of
both viruses as the gene for hemagglutinin and
segment 5 of HK virus and segment 6 of PR8
virus as the genes for the respective neuramini-
dases (6).

Next, we observed that the remaining (non-
surface) proteins of PR8 virus could be distin-
guished from corresponding proteins of HK vi-
rus by analysis on sodium dodecyl sulfate gra-
dient-polyacrylamide gels (M. B. Ritchey, P.
Palese, and J. L. Scnulman, Virology, in press).
From analysis of the parent viruses and appro-
priate recombinants with respect to both RNA
and protein patterns we found that the slowest-
moving RNA (RNA 1) codes for the P3 protein,
RNA 2 codes for P1, and RNA 3 codes for the

second largest P protein, P2 (Palese et al., Vi-
rology, in press).

In the present communication we describe
how similar analysis of other recombinants has
made it possible to identify the RNA segments
coding for nucleoprotein, membrane protein,
and nonstructural protein (NS) and thus com-
plete the mapping of the influenza A virus ge-
nome.

MATERIALS AND METHODS
Viruses. The two parent viruses, influenza A/PR/

8/34 (HON1) and influenza A/Hong Kong/8/68
(H3N2) (PR8 and HK virus) have been described
previously (5, 6, 8, 9). The three recombinants used
in the present experiments were derived as follows.
Recombinant 1, influenza A/Hong Kong/8/68 (H3)-
A/Hong Kong/8/68 (N2) (HK-HK virus), was ob-
tained from a mixed infection of MDCK (canine
kidney) cells with HK and PR8 viruses following
procedures described previously (Palese et al., Vi-
rology, in press; 5, 6, 9). Plaques were picked from
MDCK cells infected with the recombinational mix-
ture in the presence of antibody to PR8 hemaggluti-
nin (HO) and HK neuraminidase (N2) (anti-HON2)
incorporated in the agar overlay. Recombinant 1
was isolated after a second plaque to plaque passage
in MDCK cells, this time without antiserum in the
agar overlay. This procedure was expected to yield
an H3N1 recombinant, but recombinant 1 was found
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to contain both the hemagglutinin and neuramini-
dase of the HK parent virus (H3N2). Nevertheless,
it was included in the present studies because its
replication in embryonated eggs was sufficiently dif-
ferent from that of the parent HK virus to suggest
that it was a recombinant.
Recombinant 2, which contains PR8 (HO) hemag-

glutinin and HK (N2) neuraminidase, PR8-HK
(HON2) virus, was obtained after mixed infection of
eggs with a mixture ofHK virus and UV-irradiated
PR8 virus. Recombinants selected after mixed infec-
tion in which one parent is subjected to UV irradia-
tion have been shown to derive most of their genes
from the nonirradiated parent virus (9). Thus re-

combinant 2 derives most of its genes from the HK
virus parent.

Recombinant 3, also a PR8-HK (HON2) virus,
was obtained from the same recombinational mix-
ture as recombinant 1 after selection of plaques in
the presence of antiserum to H3N1 in the agar over-
lay.

All the viruses employed were purified by plaque
to plaque passage in MDCK cells and then injected
into 11-day-old embryonated eggs to prepare seed
virus. Antigenic analysis of all viruses was done
according to published procedures (1, 4).
RNA and proteins. Labeling of virus-specific

RNA with [32P]phosphate (as orthophosphoric acid
in sterile water, New England Nuclear) was done in
MDCK cells by published procedures (6). Purifica-
tion of the virus and isolation of the RNA followed
standard techniques (5, 8, 9). Separation ofRNAs on
2.6% urea-polyacrylamide gels was performed by
methods described by Floyd et al. (3) and as modified
by us (5, 6, 8, 9). In contrast to conditions used
previously, electrophoresis at elevated tempera-
tures (25°C) permitted the separation of the 7th
RNA segments ofPR8 and HK viruses (Palese et al.,
Virology, in press).

Virus-specific proteins were labeled with
[35S]methionine for 15 min at 6 h postinfection in
MDCK cells (Ritchey et al., Virology, in press).
Infected cell extracts were analyzed on 5 to 13%
sodium dodecyl sulfate gradient-polyacrylamide
gels as described (Ritchey et al., Virology, in press;
7). These methods separate and distinguish all pro-
teins of these two viruses except for neuraminidase,
which can be distinguished by serological analysis
(1).

RESULTS
Figure 1 demonstrates the RNA patterns of

PR8 virus (lanes 1 and 6), HK virus (lane 2),
and three recombinant viruses (lanes 3 to 5).
Comparison of the RNA patterns of the parent
viruses (lanes 1 and 2) confirms previous obser-
vations that all eight RNA segments of PR8
virus migrate differently from comparable seg-
ments of HK virus. Analysis of the RNA pat-
tern of recombinant 1 (H3N2) (lane 3) reveals
that it derives all of its RNA segments from HK
virus (lane 2), except for the fastest-moving
segment (RNA 8). Examination of the protein

pattern of recombinant 1 (Fig. 2, lane 1) demon-
strates that all proteins co-migrate with equiv-
alent proteins of HK virus (see arrows in lane
1), except for the NS protein which co-migrates
with the NS protein ofPR8 virus (lane 2). RNA
and protein analysis of recombinant 1 thus re-
veals that RNA segment 8 codes for the NS
protein.
Although the conditions under which this gel

was run do not separate HK and PR8 virus
hemagglutinins, recombinant 2 was shown se-
rologically to derive its hemagglutinin from
PR8 virus, which is consistent with the obser-
vation that its RNA segment 4 is derived from
PR8 virus (Fig. 1, lane 4) (6). Because recombi-
nant 2 derives only one other RNA segment
(RNA 7) (Fig. 1, lane 4) from PR8 virus, analy-
sis of the protein pattern in Fig. 2 (lane 4)
establishes that RNA 7 codes for the membrane
protein.
Comparison of the RNA pattern of recombi-

nant 3, another PR8-HK (HON2) virus, with
that of recombinant 2 (Fig. 1, lane 4) demon-
strates that recombinant 3 (Fig. 1, lane 5) also
derives RNA segments 4 and 7 from PR8 virus.
In addition, recombinant 3 derives segment 6
(which corresponds to segment 5 ofPR8 virus in
lanes 1 and 6) and segment 8 from PR8 virus.
Analysis of the proteins of recombinant 3 re-
veals that it derives its nucleoprotein, mem-
brane protein, and nonstructural protein from
PR8 virus (Fig. 2, lanes 3 and 5). All other
proteins are derived from the HK virus parent
(except for hemagglutinin, coded for by RNA
segment 4). As discussed above, analysis of the
RNAs and proteins of recombinant 1 demon-
strated that the NS protein is coded for by RNA
8, and similar analysis of recombinant 2 re-
vealed that the membrane protein is coded for
by RNA 7. Hence, by a process of elimination
we conclude that RNA segment 6 of HK virus
segment 5 of PR8 virus code for nucleoprotein.

All of the recombinant viruses employed in
the present experiments were shown by sero-
logical analysis to contain HK virus neuramini-
dase. Analysis of their RNAs confirms that all
contain a segment that migrates in the position
of band 5 of HK virus, and none have RNA
bands that comigrate with RNA 6 ofPR8 virus.
This confirms our previous observation that
neuraminidase is coded for by RNA 5 of HK
virus and RNA 6 of PR8 virus (6). Likewise,
serological identification and the migration of
the 4th segments of all three recombinants con-
firms our earlier identification of the gene cod-
ing for hemagglutinin (6).

In addition, all three recombinants derive
their three slowest-moving RNA segments
from HK virus and, although the conditions
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under which proteins were analyzed in the
present experiments were not optimal for sepa-
ration of P3 proteins, the results shown in Fig.
2 are consistent with our previous identification
of the genes coding for the P proteins (Palese et
al., Virology, in press).

DISCUSSION
Traditionally, genetic maps have been con-

structed by analyzing multifactor crosses oftwo
organisms, which permits an assessment of rel-
ative distances, and hence the position, of
markers. The ability to construct such maps
depended upon finding a sufficient number of
distinct markers to show linkage across the
entire, linear genome. The segmented nature of
the influenza virus genome does not lend itself
readily to this type of analysis. Recently, how-
ever, we have developed polyacrylamide gel
systems that allow us to distinguish each and
every RNA segment of PR8 virus from equiva-
lent segments of HK virus, with which PR8
virus readily recombines (Palese et al., Virol-
ogy, in press; 6, 9). Similarly, systems were
developed to separate and distinguish all pro-
teins of these two viruses except for the neura-
minidases, which can readily be distinguished
serologically. Analysis of recombinants con-
taining one or few genes from one parent and
all other genes from the other parent allowed
us to identify the gene products of specific RNA
segments. Thus by analyzing a recombinant
that contains only one RNA segment and one
protein from PR8 virus, deriving the rest from
HK virus, we have shown that RNA segment 8
codes for the nonstructural protein (Fig. 3).
Analysis of a second recombinant possessing
two proteins and two RNA segments from PR8
virus confirmed the previous result that the 4th
largest RNA segment codes for hemagglutinin
(6) and showed that segment 7 codes for the
membrane protein. Finally, analysis of a third

recombinant, which derived four RNA seg-
ments and four proteins from PR8 virus, estab-
lished that band 5 of PR8 virus and band 6 of
HK virus code for nucleoprotein (Fig. 3). This
completes the mapping of the influenza virus
genome by a positive identification of the prod-
ucts of all eight genes.

It should be noted that the gene products of
each of the RNA segments have molecular
weights that are in reasonable agreement with
the coding capacity of the corresponding RNA
segment as determined previously (8). Possible
exceptions to this are the P proteins, one of
which, the smallest (P3 protein), is coded for by
the slowest-moving RNA segment and the neu-
raminidases, which are coded for by either
RNA segment 5 or 6. However, the latter is a
glycoprotein, which makes molecular weight
determinations less reliable.

In addition to identifying the gene products
of specific RNA segments, the results described
here and in the two previous communications
(Palese et al., Virology, in press; 6) have other
implications. First of all, the assumption that
each RNA segment codes for a virus-specific
protein and that all eight segments are trans-
lated is confirmed.
A second conclusion from our results is that

influenza virus neuraminidases are coded by
only one RNA segment and that consequently
the enzyme consists of identical subunits and
not of two different subunits as has been re-
ported (2).

In addition, the availability of recombinant
viruses that can be defined with respect to the
derivation of each gene and each gene product
makes it possible to examine the relationship of
differences in specific proteins to virus-related
differences in biological activity. In this connec-
tion we suggest that the current system of no-
menclature that defines influenza virus recom-
binants only with respect to hemagglutinin and

FIG. 1. Analysis of [32P]RNAs of influenza PR8 and HK viruses and three recombinant viruses derived
from them. Lanes 1 and 6, PR8 virus; lane 2, HK virus; lane 3, recombinant 1; lane 4, recombinant 2; lane 5,
recombinant 3. Migration is from top to bottom on a 2.6% urea-polyacrylamide gel (23 cm long) containing
0.15% N,N'-methylenebisacrylamide. The RNA segments ofPR8 and HK virus are numbered 1 through 8.
The letters next to the RNA segments ofthe recombinant viruses indicate their derivation from PR8 virus (P)
or HK virus (H).

FIG. 2. Protein analysis ofPR8 andHK viruses and three recombinants derived from them. Lane 1, MDCK
cells infected with recombinant 1; lane 2, MDCK cells infected with PR8 virus; lanes 3 and 5, MDCK cells
infected with recombinant 3; lane 4, MDCK cells infected with recombinant 2; lane 6, MDCK cells infected
with HK virus. Extracts of[35S]methionine-labeled cells were analyzed on 5 to 13% sodium dodecyl sulfate
gradient-polyacrylamide gels (23 cm long) (see Materials and Methods). Electrophoresis was for 19 h at 100
V. All proteins ofthe recombinant viruses that were derived from HK virus are identified by arrows. Proteins
of recombinants derived from PR8 virus are unmarked.

FIG. 3. Complete map ofthe influenza virus genome. The RNAs ofPR8 and HK virus were separated on a
polyacrylamide gel as shown in Fig. 1. Based on this and two previous communications (Palese et al.,
Virology, in press; 6) it is now possible to assign a gene product to each of the eight influenza virus RNA
segments.

VOL. 20, 1976



}:. *..XtI :. W,fWi "

2 we. 2
3 P. 3

.}

4 -.. H

5

6 .
I.,5

6

7 H
7

8

8

I
H H H 4*5
H H H
H H H 2 X

P
I

H H

H H
P

P 7

.:

p P 8

FIG. 1

310

5 -,V

6 W



#2 #3 HK

Pi Pr Pr rI

P P2 t P2

Pr " PS,W PPP
. .W.;k - p 3

. -J*. t
nf fP 3

.us.e

a

.s
Pr

M mM

__ NS ** *~*,Ww

FIG. 2
311

P1

NP

II

NS

-* I PR8 #3

I*
, 4,

M..



PR8 HK

P3
P 1
P2

PROTEIN
PROTEI N
PROTEIN

_ow
um_

HEMAGGLUTININ S

NUCLEOPROTEIN
NEURAMINIDASE-

. ..

"044

P3
P1
P2

PROTEIN
PROTEIN
PROTEIN

o HEMAGGLUTININ

a_ NEURAMINIDASE
NUCLEOPROTEIN

M PROTEIN

4 NS PROTEIN

NS PROTEIN

FIG. 3
312



MAPPING OF INFLUENZA VIRUS GENOME. III. 313

neuraminidase is not adequate to meet advanc-
ing knowledge of influenza virus genetics and
propose that in the future recombinant viruses
should be defined with respect to the derivation
of all of their genes.
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