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The complete nucleotide sequences of the NS genes from three human
influenza viruses, A/FM/1/47 (HINt), A/FW/1/50 (HlNl), and A/USSR/90/77
(HlNt), were determined. Only five single-base differences were found within the
sequences of the A/FW/1/50 and A/USSR/90/77 NS genes, thus confirming earlier
data suggesting that the 1977 HlNl viruses are closely related to virus strains that
were circulating around 1950. Comparison of all three sequences with those from
A/PR/8/34 and A/Udorn/72 viruses illustrates that these genes (with the exception
of that of the A/USSR190/77 strain) evolve through cumulative base changes along
a single common lineage. A nucleotide sequence variation of approximately 2.2 to
3.4% per 10 years was determined for the NS gene segments. Extensive size
variation was also observed among the NS1 proteins of the various human
viruses. The A/FM/1/47 NS1 protein, which consists of 202 amino acids, is 15%
shorter than the A/Udorn/72 NS1 protein, which consists of 237 amino acids.

The influenza A virus genome is comprised of
eight negative-stranded RNA segments which
code for at least 10 distinct polypeptides (for
review, see references 16, 28, 43). The smallest
of these gene segments codes for the NS1 (14,
21, 22, 31, 33) and the NS2 polypeptides (13, 17,
18), which are not found in mature virions. The
mRNA molecule coding for NS2 is derived from
the NS1 mRNA through a splicing event, so that
only the first 10 amino acids ofNS2 are identical
to those of NS1 (13, 17, 18, 30). During the last
60 years, reassortment of the surface protein
genes of influenza viruses has been observed,
resulting in antigenic shifts from HlNl to H2N2
and from H2N2 to H3N2 subtypes. Earlier stud-
ies based on RNA:RNA hybridization (32, 33,
35) and partial RNA sequencing of various NS
genes (11) suggested that conservation of the NS
segment occurred during that period. Complete
sequences of the NS RNA segments from the
two hi.man virus isolates, A/PR/8/34 (H1N1) and
A/Udorn/72 (H3N2), which were isolated 38
years apart, revealed a greater than 91% nucleic
acid homology (2, 19). The 91% sequence con-
servation between the NS genes of these viruses
compares with sequence differences of approxi-
mately 50%o between their hemagglutinin sub-
types.

In this paper, we report the sequences of the
NS genes of three additional field strains which
were isolated in 1947, 1950, and 1977. The
purpose in further examining NS gene se-
quences was twofold. First, we wished to deter-
mine whether sequential mutations are occur-
ring in genes other than the hemagglutinin gene.

The extent and nature of such changes can only
be determined through the analysis of complete
gene sequences from several field strains.

Second, we wished to analyze in more detail
the HlNl viruses which reappeared in 1977.
Oligonucleotide mapping, hybridization analysis
of the RNAs, and serological characterization of
the 1977 strains had revealed a close relationship
with viruses isolated around 1950 (15, 25, 34).
Our data on the NS gene sequences confirm
these earlier findings.

MATERIALS AND METHODS

Viruses. Influenza viruses A/USSR/90/77,
AtFM/1/47, and A/FW/1/50 were grown in embryonat-
ed chicken eggs. Virus purifications through sucrose
gradient centrifugation and RNA extractions were
done as described previously (31).

Cloning and sequencing. Double-stranded cDNA
was synthesized from purified influenza viral RNA
by using reverse transcriptase and the synthetic oli-
gonucleotide primers d(AGCAAAAGCAG)rG and
d(AGTAGAAACAAG) (Collaborative Research, Inc.,
Waltham, Mass.) as described previously (2). Virus-
specific double-stranded cDNA was inserted into
pBR322 DNA by using synthetic EcoRI linkers. Esch-
erichia coli cells were transformed with the DNA, and
clones containing NS-specific cDNA were selected by
hybridization to nitrocellulose filters (10) by using the
previously cloned A/PR/8/34 NS gene as a hybridiza-
tion probe (2). NS gene-containing plasmids were
isolated from bacterial cells through a modification of
the alkaline extraction procedure (4).
The sequences of the NS gene inserts were deter-

mined by using the Maxam and Gilbert chemical
modification procedure (23). DNA fragments suitable
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10 20 30 40 50 60 70 80 90

A/UDORN/72 G T C T C C A A

A/USSR/90/77 G G C C A

A/FW/1/50 G G C C A

A/FM/1/47 G C

A/PR/8/34 AGCAAAAGCAGGGTGACAAAAACATAATGGATCCAAACACTGTGTCAAGCTTTCAGGTAGATTGCTTTCTTTGGCATGTCCGCAAACGAG

100 110 120 130 140 150 160 170 180
UDORN T G G A T

USSR G G A T

FW G G A T

FM AG A T

PR TTGCAGACCAAGAACTAGGTGATGCCCCATTCCTTGATCGGCTTCGCCGAGATCAGAAATCCCTAAGAGGAAGGGGCAGCACCCTCGGTC

190 200 210 220 230 240 250 260 270

UDORN AA AG C A T A AA G T

USSR A A CT T A A G

FW A A C T A A G

FM A A C T A G

PR TGGACATCGAGACAGCCACACGTGCTGGAAAGCAGATAGTGGAGCGGATTCTGAAAGAAGAATCCGATGAGGCACTTAAAATGACCATGG

280 290 300 310 320 330 340 350 360

UDORN CAC T A A A T T A G

USSR C C T A A T G

FW C C T T A A T G

FM C T C A T G

PR CCTCTGTACCTGCGTCGCGTTACCTAACTGACATGACTCTTGAGGAAATGTCAAGGGACTGGTCCATGCTCATACCCAAGCAGAAAGTGG

370 380 390 400 410 420 430 440 450

UDORN A A C A A A GT T A

USSR A T

FW A T

FM G T G

PR CAGGCCCTCTTTGTATCAGAATGGACCAGGCGATCATGGATAAGAACATCATACTGAAAGCGAACTTCAGTGTGATTTTTGACCGGCTGG

460 470 480 490 500 510 520 530 540
UDORN C A C T AT

USSR A AA

FW A AA

FM A AA

PR AGACTCTAATATTGCTAAGGGCTTTCACCGAAGAGGGAGCAATTGTTGGCGAAATTTCACCATTGCCTTCTCTTCCAGGACATACTGCTG

550 560 570 580 590 600 610 620 630

UDORN A G A A

USSR A G A A

FW A G A G T A

FM A G A A

PR AGGATGTCAAAAATGCAGTTGGAGTCCTCATCGGGGGACTTGAATGGAATGATAACACAGTTCGAGTCTCTGAAACTCtACAGAGATTCG

640 650 660 670 680 690 700 710 720
UDORN G T GA A GC A C

USSR GA A C

FW G GA A C

FM A C T GA A C

PR CTTGGAGAAGCAGTAATGAGAATGGGAGACCTCCACTCACTCCAAAACAGAAACGAGAAATGGCGGGAACAATTAGGTCAGAAGTTTGAA

730 740 750 760 770 780 790 800 810

UDORN G C G C C G

USSR C G T G
FW C G T G

Fp G T A G

PR GAAATAAGATGGTTGATTGAAGAAGTGAGACACAAACTGAAGATAACAGAGAATAGTTTTGAGCAAATAACATTTATGCAAGCCTTACAT

820 830 840 850 860 870 880 890
UDORN C AT A G A G

USSR T A A G

FW T A A G
FM A G

PR CTATTGCTTGAAGTGGAGCAAGAGATAAGAACTTTCTCGTTTCAGCTTATTTAGTAATAAAAAACACCCTTGTTTCTACT

FIG. 1. Nucleotide sequences of human influenza viral NS genes. The complete sequence of the A/PR/8/34
NS gene (2) is shown. For the other sequences, only bases which are changed relative to the A/PR/8/34 sequence
are indicated. The A/Udorn/72 NS sequence was reported previously (16).

for sequence analysis were obtained either by strand The nucleotide and amino acid sequences were
separation or by secondary cleavage of 5' end-labeled stored, edited, and compared in an IBM 370 computer
restriction enzyme fragments. The complete sequence at the University Computing Center of the City Uni-
of both DNA strands was determined for the versity of New York by using published programs (39-
A/USSR/90/77 virus NS gene. Large portions of the 41).
A/FM/1/47 and A/FM/1/50 virus NS genes were se-
quenced by using only one strand of the DNA. How- RESULTS
ever, in all instances, the sequences across the bound-
aries of the restriction enzyme sites used to generate Cloning and sequencing. Two alternative ap-
fragments were confirmed by using overlapping DNA proaches are available for sequencing related
fragments. RNAs from influenza viruses. Direct sequencing
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AAFWI43 AIFW/I/S0

7 A/FM/1/47

3'

AIPR/I/34
FIG. 2. Evolutionary tree using nucleotide differ-

ences among NS genes. Numbers indicate single-base
differences. For the construction of this tree, 3 nucleo-
tide positions out of 890 were omitted. In positions
290, 538, and 757, a second nucleotide change would
have had to occur if the mutations were to be sequen-
tial. Inclusion of these hypothetical nucleotide
changes would not permit construction of a linear
evolutionary tree.

of virion RNAs by using reverse transcriptase
and primers isolated from previously cloned
DNA has been successfully used to sequence
influenza A (7) and influenza B (M. Krystal and
P. Palese, unpublished data) virus hemaggluti-
nins. A second method entails cloning of the
specific virion RNA followed by sequencing.
We chose the latter approach because in previ-
ous experiments we always obtained a large
number of full-length NS clones. This is proba-
bly due to the small size of the NS RNA
segment. Starting with 10 ,ug of purified
A/FM/1/47 virion RNA, we obtained almost
1,000 recombinant clones. Of the first 300 that
were screened, 6 clones were identified as NS
positive, and 3 of the 6 migrated as full-length
clones in agarose gels. The other viral RNAs
yielded similar numbers offull-length NS clones.
Nudeotide sequences. The cDNA inserts of the

NS genes of A/FM/1/47, A/FW/1/50, and
A/USSR/90/77 viruses were sequenced as de-
scribed above. A comparison of these three

sequences with those of the previously pub-
lished sequences from A/PR/8/34 (2) and
A/Udorn/72 (19) viruses permits analysis of their
relatedness (Fig. 1). Nucleotide variations are
seen throughout the segments, which are all 890
bases long. Excluding the USSR/90/77 gene,
mutations occurring at a particular base in early
isolates are usually conserved in the later
strains, suggesting an evolutionary relationship.
By using the sequence of the oldest isolate in
this study (AIPR/8/34) as a baseline, it is seen
that 31 nucleotide changes are shared among the
remaining NS genes (Fig. 2). Only seven nucleo-
tide substitutions are unique for the NS gene of
the A/FM/1/47 virus. Seven shared changes then
define the next branch point of the evolutionary
tree. Finally, there are 38 unique changes in the
A/Udorn/72 NS gene (Fig. 2).
The NS gene nucleotide sequences of

A/USSR/9OM7 and A/FW/1/50 viruses are nearly
identical, differing at only five nucleotide posi-
tions. Clearly, the AIUSSR/90/77 NS gene is
closely related to the A/FW/1/50 gene, as shown
in Fig. 2 and 3. It should be noted, however, that
the AIUSSR/90/77 virus was isolated 27 years
later than the A/FW/1/50 virus. Thus, this virus
appears to be anomalous with respect to the
temporal relationship established by the other
strains.
An alternative method of analysis of the se-

quence data involves comparison of the silent
mutations in the different genes. In the case of

A/UDORN/72
t

'9

4

/5

I A/FW/I/50

I/USSR/90/77

I A/FM/I1/47

AIPR/8/34
FIG. 3. Evolutionary tree using silent nucleotide

changes in the NS genes. The entire gene (including
untranslated regions) was used for this analysis. A
single silent nucleotide change at position 757 was
omitted to allow for construction of a tree with addi-
tive genetic distances (see the legend to Fig. 2).
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A/UDORN/72
A/USSR/90/77
A/FW/1/50
A/FM/1/47
A/PR/8/34

UDORN

USSR
FW
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PR

UDORN
USSR
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FM
PR

10 20 30 40 50 60
S Q V N A HV
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Q N V
K N V
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K
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FIG. 4. Comparison of amino acid sequences of NS1 proteins. The single-letter amino acid code is used. The
complete sequence of the NS1 protein from A/PR/8/34 virus is shown. For the other viruses, only the amino acid
differences are illustrated. Termination codons are present in the AIFM/1/47 and A/PR/8/34 NS1 proteins at
positions 203 and 231, respectively.

the NS gene, a silent mutation is a nucleotide
change which does not alter the protein se-
quence of either the NS1 or NS2 proteins. Since
these changes are presumably not subjected to
selective pressure, comparison of the silent mu-
tations should offer a more reliable marker for
evolutionary analysis. Fifteen silent base
changes accrued during the evolution of the NS
gene from A/PR/8/34 to the A/FM/1/47 virus.
These changes are also observed in the other NS
genes. In essence, comparison of the silent
mutations in the different genes reveals a compa-
rable evolutionary pattern to that obtained when
total nucleotide changes are used.
Amino acid sequences. Figure 4 shows the

deduced amino acid sequences of the NS1 pro-
teins. The NS1 polypeptides of A/FW/1/50,
A/USSR/90/77, and A/Udorn/72 viruses are 237
amino acids long, whereas the A/PR/8/34 NS1
protein is 7 amino acids shorter. A nonsense
mutation in position 635 of the A/FM/1/47 NS
gene results in an NS1 polypeptide of only 202
amino acids. Comparison of the N-terminal 202
amino acids of the five NS1 polypeptides reveals
an evolutionary pattern identical to that estab-
lished by analysis of the nucleotide changes in
their RNAs (Fig. 5).

Figure 6 compares the deduced NS2 polypep-
tides of the different NS genes. Since the splic-
ing signals identified for the NS2 messenger

RNA of the Udorn strain are conserved in the
sequences of all other NS genes, it is likely that
all NS2 polypeptides share the 10 N-terminal
amino acids with their corresponding NS1 poly-
peptides. If this assumption is correct, the NS2
polypeptides of the five NS genes all have an
identical length of 121 amino acids. Because of
the small number of changes involved, no at-
tempt was made to establish an evolutionary
tree of the NS2 polypeptides.

DISCUSSION
We have obtained the complete sequences of

the NS genes from three influenza virus field
isolates and compared them with those of two
previously sequenced NS genes (2, 19). Evolu-
tionary trees were drawn for the five human NS
genes based on total nucleotide, silent nucleo-
tide, or amino acid changes. The results indicate
that the NS genes in these human strains evolve
along a common lineage. Similar observations
were made previously for the hemagglutinin
genes when amino acid and nucleotide se-
quences from H3 subtype viruses were com-
pared (7, 36-38). Antigenic drift in the hemag-
glutinin was shown to be the result of these
cumulative changes. Less conclusive evidence
based on partial RNA sequencing (11) and oligo-
nucleotide mapping (26, 48) has suggested that
sequential mutations are also occurring in the

J. VIROL.
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AIUDORN/72

I0

AIUSSR/90/77

7

3
4

A/F W/l/50

A/FM/I/47

AIPR/8134
FIG. 5. Evolutionary tree using amino acid

changes in the NS1 proteins among the human influen-
za viruses. Because of the early termination at amino
acid position 203 in the A/FM/1/47 NS1 protein, only
the first 202 amino acids were used in the construction
of this tree. Amino acid positions 59 and 84 were not
included because more than one sequential amino acid
change occurred in these positions. Inclusion of these
changes would not permit construction of an evolu-
tionary tree with additive genetic distances. Amino
acid 171 was also omitted because it was affected by
nucleotide 538, which was not included in the nucleo-
tide analysis (see the legend to Fig. 2).

genes coding for nonsurface proteins. Data pre-
sented in this paper further support the notion
that cumulative mutations contribute to the ge-
netic evolution of influenza virus genes. Since
the observed mutations in the NS genes appear
to be sequential, this suggests that reassortment
has probably not contributed significantly to the

evolution of the NS gene of these human virus-
es. This is in agreement with previous hybridiza-
tion studies (33, 35). Although reassortment of
NS genes may occur between cocirculating
strains, the close similarity in these genes would
normally preclude the detection of such an
event. However, the NS genes of the HlNl and
H3N2 viruses which have been cocirculating
since 1977 have significant differences which
could allow detection of an NS gene reassort-
ment. It should be noted that HlNl viruses
isolated in 1978 which derived genes from cocir-
culating H3N2 viruses contained the NS gene
from the HlNl parent (49).
An approximate rate of variation in the NS

gene can be calculated by using the AIPRJ8/34,
A/FM/1/47, A/FW/1/50, and AlUdorn/72 se-
quences. This averages to 2.2 to 3.4% sequence
divergence per 10 years. Obviously, this value
represents only a crude estimate and does not
take into account sampling problems inherent in
this analysis. It is not known whether the strains
used are representative of the strains circulating
at a particular time. Furthermore, the A/PR/8/34
virus has undergone repeated egg and animal
passages which may have contributed to addi-
tional changes. This may account for the small
number of differences observed between the NS
sequences of the A/PR/8/34 virus used in our
laboratory and that used in another laboratory
(47). However, it should be mentioned in this
context that repeated (12 times) egg passage of
the same virus isolate under low dilutions did
not change the oligonucleotide map pattern of
the RNA of the strain (8).
The variation rate observed among the NS

genes can be compared with rates calculated for
the subtype 3 hemagglutinin genes. Compari-
son of the complete HA sequences from
A/Aichi/2/68 (42), A/MEM/102/72 (37),
AlVic/3/75 (24), and A/BK/1/79 (7) reveals a
sequence variation rate between 4.5 and 6.5%
per 10 years (Table 1). This rate appears to be
higher than that observed for the NS genes.
Since the pressure imposed on the hemaggluti-
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FIG. 6. Comparison of NS2 amino acid sequences. The single-letter amino acid code is used.
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TABLE 1. Variation of influenza A viral genes

% Silent mu-
Genea % Variation tationsb per

per 10 yr 10 yr

NS 2.2-3.4 3.1-4.2
M 1.7 3.3
N2 subtype (NA) 10.2 14.4
NP 2.2 5.2
H3 subtype (HA) 4.5-6.5 7.1-8.6
Pac 2.1 4.6
Pbl 4.7 12.2

a Sequences used for these comparisons are as
follows. NS: A/PR/8/34 (2), A/FM/1/47 (this paper), A/
FW/1/50 (this paper), A/Udorn/72 (19), M: A/PR/8/34
(44), A/Udorn/72 (20), NA: A/NT/60/68 (3), A/Udorn/
72 (22), NP: AIPR/8/34 (45), A/NT/60/68 (12), HA: A/
Aichi/2/68 (42), A/MEM/102/72 (37), A/Vic/3n75 (24),
A/BK11/79 (7), Pac: A/PR/8/34 (9), A/NT/60/68 (6),
Pbl: AIPR/8/34 (46), A/NT/60/68 (5).

b A base change was counted as silent if it did not
alter any known protein sequence. The silent mutation
rate was calculated by dividing the number of silent
mutations by the number of base positions at which
silent mutations could conceivably occur. The latter
number was calculated as in reference 6, except that
each untranslated base was also counted.

nin by the host immune response is probably
greater than that on the NS proteins, we wished
to compare these two gene sets by using only
silent mutations. This analysis again gave lower
values for the genes coding for the NS proteins.
The silent mutation rate per 10 years for the NS
gene is 3.1 to 4.2%, whereas the silent mutation
rate in the hemagglutinin genes appears to be 7.1
to 8.6% per 10 years. Obviously, more sequence
data is needed to establish the significance of
this finding.

Less reliable variation rates can be calculated
for other influenza virus RNA segments. Only
two gene sequences from viruses are available
for comparison of the membrane (20, 44), neur-
aminidase (N2 subtype) (3, 22), Pac (6, 9), and
Pbl (5, 46) and nucleoprotein (12, 45) genes.
Therefore, sampling problems may compromise
the interpretation of these observed variation
rates. The data are presented in Table 1. Al-
though there appear to be differences in the
variation rates of these genes, the changes ob-
served among hemagglutinin and neuraminidase
genes belonging to different subtypes are sub-
stantially higher. For example, the hemaggluti-
nin genes of the Hi and H3 subtypes share only
a 50% homology.
Comparison of amino acid sequences of the

two NS polypeptides among the five viruses was
also made. Size variation was not observed in
the deduced amino acid sequences of the five
NS2 proteins, with all strains exhibiting a length
of 121 amino acids. Evaluation of the sequence

data in these five viruses, however, shows that
the length of the NS1 polypeptides varies from
202 to 237 amino acids. Large variations have
previously been observed in the migration rates
in polyacrylamide gels among NS1 proteins from
various viral isolates (27). Presumably, these
differences are due to either charge or polypep-
tide length. Petri et al. (29) have examined NS1
proteins from different viruses and found them
to be heterogeneous with respect to charge and
phosphorylation.
An evolutionary analysis was made of the

A/USSR/90/77 NS gene sequence in relation to
the four other NS sequences (Fig. 2, 3, and 5).
By using total nucleotide, silent nucleotide, and
amino acid changes, the A/USSR/90/77 NS gene
falls on the lineage as if it were a strain circulat-
ing around 1950. In fact, only 5 out of the 890
nucleotides are different in the 1977 isolate as
compared to the A/FW/1/50 strain. This con-
firms earlier data obtained by oligonucleotide
mapping of the RNAs of these viruses (25), as
well as by results based on nucleic acid hybrid-
ization (34) and partial RNA sequencing (1). The
small number of mutations found strongly indi-
cates that little if any viral evolution took place
in the NS genes during a 27-year interval. Thus,
the reemergence of the HlNl subtype in 1977
and the remarkable similarity between the 1950
and the 1977 strains remain a puzzling feature of
influenza virus genetics and evolution.
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