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ABSTRACT

EVOLUTIONARY PATTERNS OF 
INFLUENZA A AND C VIRUSES IN MAN 

by
Deborah A. Buonagurio

Advisor: Dr. Peter Palese
The evolution of influenza A viruses was examined by

comparative nucleotide sequencing of the NS gene of fifteen
human viruses isolated over a 53 year period. Nucleotide
substitutions are distributed throughout the NS gene and
many base changes found in the earliest isolates are
retained in subsequent strains. These data suggest a
common evolutionary history for the NS genes of the
viruses. Using the maximum parsimony method, a
phylogenetic tree was constructed which allowed for the
calculation of an evolutionary rate for the NS gene of
influenza A viruses. The rapid rate of nucleotide change is

-3approximately 2 x 10 substitutions per site per year, a
million-fold higher than DNA genes of the eukaryotic host.
Additionally, the uniform rate of substitution in the NS 
gene represents a good molecular clock in nature. The 
observed pattern of sequence changes in the NS gene is 
consistent with an evolutionary model for influenza A 
viruses whereby variants emerge successively with time 
through rapid accumulation of genetic changes. We suggest
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that positive selection plays a significant role in the 
unusual and rapid evolution of influenza A viruses in 
nature.

The genetic variability of influenza C viruses was 
analyzed by nucleotide sequencing of the HA and NS genes of 
eight human viruses isolated between 1947 and 1983. The 
pattern of sequence changes observed in the influenza C 
virus genes is different from the influenza A viruses in 
that many of the base substitutions are not cumulative with 
time. The extent of nucleotide differences among the HA 
and NS genes of the influenza C viruses does not correlate 
with the isolation dates of the strains. An evolutionary 
model for influenza C viruses was proposed which states 
that influenza C variants belonging to multiple 
phylogenetic lineages appear to cocirculate in nature. The 
evolutionary pattern of influenza C viruses is therefore 
quite different from that of influenza A viruses, but 
similar to that of most other RNA and DNA viruses.

In summary, the influenza A viruses evolve sequentially 
over time by rapidly accumulating changes in their genomes. 
Influenza C viruses, in contrast, appear to cocirculate and 
to evolve more slowly in nature.
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INTRODUCTION

The influenza viruses, or orthomyxoviridae, are 
enveloped animal viruses containing a segmented RNA genome. 
The influenza viruses are classified into three types, A, 
B, and C, based on their immunologically distinct 
nucleoprotein (NP) and matrix (M) protein antigens. 
Influenza A viruses are further grouped into antigenic 
subtypes according to their specific hemagglutinin (HA) and 
neuraminidase (NA) surface proteins. The first human 
influenza A virus was isolated in 1933. In addition to 
man, influenza A viruses have been isolated from avian 
species and a wide variety of mammals including horses, 
pigs, and seals. The only known reservoir for influenza B 
viruses is man and up until recent times, influenza C 
viruses were only found in the human population.

Influenza A viruses are intensely studied due to 
their association with periodic pandemic and epidemic 
outbreaks of disease in man. The problem of prevention of 
widespread disease is a reflection of the unique property 
of influenza A viruses to undergo rapid changes in 
antigenic character. Variability is not restricted to the 
major surface antigens, HA and NA, of the virus, but also 
occurs in genes coding for nonstructural proteins as well 
as proteins comprising the core of the virus particle. 
As soon as an immune response can be generated to an 
antigenic variant, the virus can mutate into a "new"
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variant, rendering the antibodies raised to the previous 
challenge ineffective. In this way, the influenza virus 
can evade the host immune response, thus making it quite 
difficult to develop an effective vaccine against the 
virus. Today's attenuated strains used to vaccinate 
individuals, may not provide protection against tomorrow's 
newly emerging epidemic variants.

Influenza B viruses are associated with epidemic 
disease and do undergo antigenic variability, which appears 
not to be as extreme or frequent as that found in influenza 
A viruses. Influenza C viruses only cause mild respiratory 
infections in man. Antigenic differences have been 
demonstrated among influenza C virus variants, but 
variation in these viruses and their epidemiology in nature 
has not been well studied.

The major focus of this thesis is to further 
characterize the evolution of natural variants of human 
influenza A viruses and to provide information on the 
epidemiology and evolution of influenza C viruses in 
nature.

1. Structure of the Influenza A Virus Particle
Intact influenza virus particles contain

approximately 1% RN A , 70% protein, 6% carbohydrate, and 23% 
lipid (Frommhagen et al., 1959). The virions have a 
spherical shape when visualized in the electron microscope
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using negative staining techniques. The virus particles are 
80-120 nm in diameter and possess a lipid envelope which is 
covered by spikes (Wrigley, 1979). The spikes, of two 
morphologically distinct types, represent the more 
abundant HA and the NA proteins (Laver and Valentine, 1969; 
Murti and Webster, 1986). Both the HA and NA are 
glycoproteins which are the major antigens of the virus. 
Recurrent influenza epidemics are associated with changes 
in the antigenic structure of the HA and the NA. The HA is 
involved in the binding of the virus to cellular sialic 
acid containing receptors (Hirst, 1941) and mediating virus 
entry into cells by a low pH-induced membrane fusion event 
in endosomal vesicles (White et al., 1982; Daniels et al, 
1985b; Gething et al., 1986; Wharton et al., 1986). The 
NA hydrolyzes sialic acid from the HA receptors on the cell 
surface, thereby aiding in the release of the progeny 
virions from the cell membrane (Varghese et al., 1983; 
Webster et al., 1984).

Influenza viruses derive their lipid envelope by 
budding at the plasma membrane of the infected cell. 
Directly beneath the viral lipid bilayer is an electron- 
dense layer composed of the most abundant virion protein, 
Ml. Tt is believed that the Ml contributes to the 
structural integrity of the virion and also plays a role in 
the maturation of the virus at the plasma membrane prior to 
budding (Gregoriades et al., 1984).
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Disruption of the outer coat of the virus reveals the 
internal ribonucleoprotein (RNP) stucture which contains 
the eight single-stranded RNA segments of the viral genome 
in close association with four proteins. The NP is the 
predominant polypeptide of the nucleocapsid. The other 
minor constituents of the RNP complex are the polymerase 
(P) proteins, PB1, PB2, and PA. The three P proteins form 
a complex which has RNA-dependent transcriptase activity 
required for initiating viral RNA transcription in the 
infected cell (Braam et al., 1983; Kato et al., 1985). A 
schematic diagram of the structure of the virion is shown 
in Fig. 1.

2. Structure of the Genome
Influenza A viruses possess a segmented genome of 

eight single-stranded RNAs of negative polarity (Palese, 
1977). Partial RNA sequencing of the 5' and 3' ends of the 
eight RNAs from influenza A viruses reveals a conserved 
sequence of 13 nucleotides at the 5' terminus of each 
segment and a conserved 12 base sequence at the 3' terminus 
of each segment (Skehel and Hay, 1978a; Desselberger et 
al., 1980). The genetic information of the virus codes 
for at least ten polypeptides: seven proteins that have
both structural and enzymatic functions are found in the 
virion (PB1, PB2, PA, HA, NA, NP, and Ml) and three 
nonstructural proteins (NS1, NS2, and M2) are synthesized 
only in infected cells (reviewed by Lamb, 1983). The
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Pig. 1. Schematic diagram of the structure of an influenza 
virus particle. Proteins PB1, PB2, PA, and NP comprise the 
virion core and are associated with the genome RNAs. Ml is 
in close contact with the lipid bilayer. The HA and NA 
spikes are surface glycoproteins.
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complete genome of the influenza A virus has been mapped 
and recombinant DNA technology has made possible the 
determination of the complete nucleotide sequence of the 
entire genome of the influenza virus A/PR/8/34 (Fields and 
Winter, 1982; Winter and Fields, 1982; Winter et al., 
1981a, 1981b; Winter and Fields, 1981; Fields et a l ., 1981; 
Winter and Fields, 1980; Baez et al., 1980). Over recent 
years, many additional nucleotide sequences of influenza 
virus RNA segments have been elucidated which have 
extended our knowledge on the molecular biology of the 
virus. Furthermore, considerable information on the 
structure of influenza virus proteins has been generated, 
highlighted by the determination of the 3-dimensional 
structure at approximately 3A resolution of the HA (Wilson 
et al., 1981) and NA (Varghese et al., 1983) proteins. The 
structure of each gene segment and the polypeptide(s) it 
encodes are described in the sections below and summarized 
in Table 1. The segments are numbered 1 to 8 in decreasing 
order of their electrophoretic mobility in polyacrylamide 
gels.

2A. RNA Segments 1, 2, and 3: Polymerase Proteins PB1,
PB2. and PA

The proteins of greatest molecular weight of the virus 
are the three polymerase proteins, originally designated 
PI, P2, and P3 in decreasing order of their electrophoretic
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TABLE 1. INFLUENZA A VIRUS RNAS AND PROTEINS®

K pSegment Length Encoded Amino Acid Approx. No.
(Nucleotides) Protein Length Molecules per

(Nascent Protein) Virion

1 2,341 PB2 759 30-60
2 2,341 PB1 757 30-60
3 2,233 PA 716 30-60
4 1,778 HA 566 500
5 1,565 NP 498 1,000
6 1,413 NA 454 100
7 1,027 Ml 252 3,000

M2 97
8 890 NS1 230

NS2 121
13,588

aAdapted from Lamb (1983)
^Values for A/PR/8/34 strain 

cDeduced from nucleotide sequence



mobility in polyacrylamide gels (apparent MW 94-
82,000)(Lamb and Choppin, 1976; Inglis et al., 1976; Plotch 
et al., 1981). Analysis of recombinants of strains 
A/PR/8/34 and A/HK/68 revealed that RNA segment 1 coded for 
P3, RNA segment 2 for PI, and RNA segment 3 for P2 (Palese 
et al., 1977b; Ritchey et al., 1977). A problem in P
protein nomenclature based on gel mobility arose when it 
was discovered that another strain, A/FPV/Rostock/34, had a 
different coding assignment of P proteins to RNA segments. 
A less confusing biochemical identification of the P 
proteins was found by isoelectric focusing of the proteins
using 2-dimensional gel electrophoresis (Horisberger,
1980). This technique showed that two of the P
polypeptides were relatively basic and one was relatively 
acidic. The faster migrating species of the two basic 
proteins coded by RNA segment 1 is called PB2, the basic P 
protein with the slower mobility coded by RNA segment 2 is 
called PB1, and the acidic P protein coded by RNA segment 3 
is designated PA.

The precise functions of the polymerase proteins in
transcription and replication of viral RNAs have not been 
completely elucidated. Studies with temperature-sensitive 
(ts) mutants defective in RNA synthesis have suggested that 
PB1 and PB2 are involved in messenger RNA (mRNA) synthesis 
and PA in virion RNA (vRNA) production (Krug et al., 1975; 
Palese et al., 1977a; Scholtissek and Bowles, 1975).
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Detailed experiments using an in vitro transcription 
system have indicated that the role of PB2 is in binding to 
the cap structure of the host cell mRNA primer (Ulmanen et 
al., 1981, 1983; Blaas et al., 1982a, 1982b; Penn et al.,
1982) and that of PB1 in initiating transcription (Ulmanen 
et al., 1981; Plotch et al., 1981; Braam et al., 1983).

2B. RNA Segment 4i Hemagglutinin Protein (HA)
The HA protein is encoded by RNA segment 4 of the 

influenza virus. The HA protein was originally named 
because of the ability of the virus to agglutinate 
erythrocytes (Hirst, 1941) by attachment to glycoprotein 
receptors containing sialic acid (Hirst, 1942). The HA 
protein is an integral membrane glycoprotein responsible 
for the attachment of the virus to cells. Antibodies 
directed against the HA protein can neutralize virus 
infectivity.

In addition, the HA molecule plays a role in the 
penetration of the virus into the host cell. The HA 
protein undergoes a low pH-induced conformational change 
that initiates the fusion of the virus envelope with the 
endosome membrane, liberating the genome into the cytoplasm 
(White et al., 1982; White et al., 1983; Doms et a l ., 1985; 
Daniels et al., 1985b; Wharton et al., 1986). The fusion 
activity requires post-translational processing of the HA 
precursor into the HA1 and HA2 disulfide-linked subunits. 
This cleavage event exposes a very hydrophobic amino acid
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sequence at the N-terminus of the HA2 subunit (fusion 
peptide) which has been implicated in participating in the 
fusion activity (Wilson et al., 1981; Skehel et al., 1982). 
Recently, several stages of the mechanism of HA-mediated 
membrane fusion have been delineated through analysis of 
naturally occurring fusion variants (Dorns et al., 1986) and 
mutant HAs expressed in SV40 virus vectors, engineered by 
oligonucleotide-directed mutagenesis within the fusion 
peptide coding region of the HA cDNA (Gething et al., 
1986) .

On the surface of the virion envelope, the HA protein 
exists as a trimer of non-covalently linked monomers 
(Wilson et al., 1981). A monomer of HA (MW 77,000) is 
translated as a single polypeptide chain which is processed 
proteolytically into two polypeptide subunits, HAl (MW
50,000) and HA2 (MW 27 ,000) (Lazarowitz et al., 1973; 
Wilson et al., 1981) held together by disulfide bonds 
(Wilson et al., 1981; Waterfield et al., 1981; Selimova et 
al., 1982). The cleavage of the HA is required for 
infectivity of the virus (Lazarowitz and Choppin, 1975) , 
fusion activity (White et al., 1983), and spread of 
infection in the host (Rott et al., 1980).

Complete nucleotide sequences of HA genes of several 
variants of the HI, H2, and H3 subtypes have been 
determined (Table 2). The overall basic structure of the 
different HA types are very similar. The nascent HA
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TABLE 2. COMPARISON OF THE HA GENE STRUCTURE AMONG HUMAN VIRUS SUBTYPES3

Hlb H2C H3d

Nucleotide Length 1778 1773 1765
Coding Nucleotides 1698 1686 1698
5' Untranslated Region (NT) 32 43 29
3' Untranslated Region (NT) 48 44 38
Coding Region (AA) 566 562 566
Signal Sequence (AA) 17 15 16
HA1 (AA) 326 324 328
HA2 (AA) 222 222 221
Amino Acids Lost 
Between HAl and HA2

1 1 1

aModified from Lamb (1983)
bA/PR/8/34 strain (Winter et al., 1981a)
cA/Jap/305/57 strain (Gething et al., 1980; Waterfield et al., 1980) 
dA/Aichi/2/68 strain (Verhoeyen et al., 1980; Ward and Dopheide, 1981a)



polypeptide contains an N-terminal hydrophobic signal 
sequence (15-17 amino acids) that is proteolytically 
removed after translocation across the endoplasmic
reticulum membrane. The signal sequence is required for 
glycosylation of the HA and transport to the cell surface 
(Gething and Sambrook, 1982; Sekikawa and Lai, 1983). The 
HA molecule is further processed by a trypsin or trypsin­
like protease to generate the HAl and HA2 subunits with the 
loss of a single arginine residue between the chains
(Garten et al., 1981). The removal of the arginine residue 
suggests that an additional exopeptidase cleavage is
involved in HA activation. The N-terminus of the HA2 chain 
consists of a hydrophobic sequence that is conserved 
between strains within the same or different subtype (Min 
Jou et al., 1980; Wilson et al., 1981). The N-terminus of 
HA2 has been implicated in the process of virus penetration 
of the host cell membrane to initiate infection (Daniels et 
al., 1985b). A second hydrophobic sequence (approximately 
24 residues) is located near the C-terminus of HA2. This 
sequence spans the lipid bilayer and anchors the HA in the 
lipid envelope (Gething and Sambrook, 1982; Sveda et a l .,
1982). The primary amino acid sequence of the HA contains 
several possible glycosylation signals (Asn-X-Ser/Thr) 
where carbohydrate can attach to asparagine residues via 
N-glycosidic linkages. There are also several sites where
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disulfide bonds may form between cysteine residues within 
HA1, HA2, or between the two chains.

2B.1. The ^rPi^ensipnal Structure of the HA
Cleavage of the A/HK/68 (H3) HA with bromelain

releases an antigenically and structurally intact molecule 
which has lost only the C-terminal hydrophobic region of 
HA2. This molecule can be crystallized and the atomic 
structure has been determined to 3A resolution by X-ray 
crystallography (Wilson et al., 1981). The molecule, shown 
in Fig. 2, is an elongated cylinder 135 A long consisting 
of a) a long fibrous stem extending 76 A from the membrane 
containing two antiparallel alpha-helices which terminate 
near the membrane in a compact five-stranded antiparallel 
beta-sheet globular fold and b) a distal globular region of 
antiparallel beta-sheet structure. The distal globular 
head is comprised of HA1 residues and is connected to the 
HA2 fibrous stem by only two antiparallel chains from HA1. 
The C-terminus of HA1 is 21 A from the N-terminus of HA2, 
indicating a great conformational change arises when the HA 
is proteolytically cleaved. The N-terminus of HA1 is 
located very close to the membrane. Four antigenic sites 
(A, B, C, and D) have been proposed which are found at the 
top of the globular region (Wiley et al., 1981; Webster and 
Laver, 1980). These sites were derived from an analysis of 
amino acid changes in naturally occurring antigenic 
variants and laboratory variants selected with monoclonal
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Fig. 2. Drawing of the 3-dimensional structure of the Hong 
Kong (H3) HA monomer showing folding of the HA1 and HA2 
polypeptides. Flat, twisted arrows represent beta-sheets; 
cylinders represent alpha-helices; filled circles represent 
disulfide bonds (from Wilson et al., 1981).
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antibodies (Wilson et al., 1981; Laver et al., 1980, 1981; 
Both and Sleigh, 1981; Yewdell et a l ., 1979; Webster and
Laver, 1980). Although the 3-dimensional structure has 
only been elucidated for the H3 subtype HA, sequence 
comparisons with the HI and H2 HAs suggest similar 3- 
dimensional configurations based on conserved amino acids 
(22% of HAl; 45% of HA2) including six disulfide bridges
and many structurally important residues such as proline 
and glycine. In addition, when the positions of amino acid 
variation of an Hi HA (A/PR/8/34) are plotted on the 3- 
dimensional structure of the H3 HA monomer, clusters of 
variant amino acids are seen which in general, correspond 
to the defined antigenic groupings (Gerhard et al., 1981; 
Caton et al., 1982; Concannon et al., 1984; Raymond et al., 
1986) .

2C. RNA Segment 5j Nucleoprotein (NP)
RNA segment 5 codes for the NP protein which interacts 

with the viral RNA and the three P proteins to form RNP 
particles (Compans et al., 1972). The NP comprises up to 
25% of the virion protein (Skehel and Schild, 1971). It is 
believed that the NP constitutes the backbone of the RNP 
complex. Based on the total length of the viral genome and 
the number of NP molecules per virion, it can be estimated 
that a single NP molecule interacts with approximately 20 
nucleotides (Winter and Fields, 1981). Although the precise

17



function of NP is unclear, the analysis of ts NP mutants 
has suggested that NP is involved in viral RNA synthesis 
(Krug et al., 1975; Ritchey and Palese, 1977; Thierry and 
Danos, 1982). In addition, Van Wyke et al. (1981) have 
demonstrated that monoclonal antibodies directed against 
two antigenic domains of the NP can inhibit in vitro
transcription of viral RNA. Recently, Kato et a l . (1985)
have purified an RNA polymerase-RNA complex from influenza 
virus that lacks NP protein. They have shown that this 
complex is active in synthesizing viral messenger RNAs 
(mRNA) in vitro. However, the synthesis of full-length 
complementary RNA (cRNA) transcripts may require the
complex containing NP protein.

The NP protein has been shown to be modified post- 
translationally by phosphorylation and proteolytic 
cleavage. NP is phosphorylated at a single serine residue 
per molecule by cellular phosphokinases, but it is not 
clear what role the phosphate group plays (Petri and 
Dimmock, 1981; Kistner et al., 1985). Zhirnov and 
Bukrinskaya (1981, 1984) have reported that two forms of
phosphorylated NP protein are detected in cells infected 
with human influenza viruses: one uncleaved 56,000 MW form
(NP56) and a cleaved form of 53,000 MW (NP53) derived from 
the uncleaved product. The NP56 form appears to be 
preferentially incorporated into budding virions,
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suggesting that RNPs containing NP56 are selected for virus 
assembly.

The NP protein accumulates in the nucleus of virus- 
infected cells (Briedis et al., 1981a; Hamaguchi et al., 
1985). Davey et al. (1985) have identified an NP nuclear 
accumulation signal sequence (amino acids 327-345) by in 
vitro mutagenesis of NP cDNAs which directed the synthesis 
of mutant NP proteins after injection into Xenopus oocytes.

The NP is the type specific antigen of influenza 
viruses used to classify viruses into types A, B, and C. 
Minor antigenic differences among NPs of influenza A 
viruses have been detected (Schild et al., 1979) and 
studies with monoclonal antibodies to NP have elucidated at 
least three non-overlapping antigenic sites on the molecule 
(Van Wyke et al., 1980).
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2D. RNA Segment 6j Neuraminidase (NA)
Neuraminidase is an integral membrane glycoprotein of 

the virus encoded by RNA 6. NA constitutes about 5% of the 
total virion protein (Skehel and Schild, 1971) and is 
present on the virion surface in less abundance than the 
HA. The NA protein has an enzymatic activity which can 
hydrolytically cleave the ketosidic linkage between N- 
acetylneuraminic acid (sialic acid) and an adjacent sugar 
residue (Gottschalk, 1957). The NA exists on the viral 
membrane as a tetrameric complex (MW 220,000) which forms a 
mushroom-shaped structure with a stalk and head (Wrigley, 
1979; Varghese et al., 1983; Colman et al., 1983). The 
individual polypeptide chains of MW 56,000 are held 
together by disulfide bonds (Lazdins et al., 1972; Varghese 
et a l ., 1983).

There are a number of possible functions associated 
with the enzymatic activity of the NA in virus replication 
and maturation: 1) release of budding virus particles from
the host cell membrane (Palese and Schulman, 1974; Webster 
et al., 1984); 2) prevention of self-aggregation of the
virus (Palese and Schulman, 1974); 3) exposing the HA to
proteolytic cleavage, thereby altering viral virulence 
(Schulman and Palese, 1977) ; and 4) penetration of virus 
into the host cell via low pH-induced membrane fusion 
(Huang et al., 1985). Antibodies to NA do not neutralize 
or prevent virus infection (Kilbourne et al., 1968), but do
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act to reduce the extent of pathology j.n the host by 
restricting multiple cycles of replication (Schulman et 
al., 1968) .

The complete nucleotide sequence of the NA gene has 
been determined for both Nl and N2 subtypes of influenza A 
viruses (Fields et al., 1981; Hiti and Nayak, 1982; Markoff 
and Lai, 1982; Bentley and Brownlee, 1982). Even though 
the Nl and N2 NAs have very low amino acid sequence 
homology, there are structural similarities between the two 
proteins. The deduced amino acid sequences of the NA 
protein reveal an N-terminal hydrophobic extended signal 
sequence which serves to anchor the protein in the virus 
membrane and is long enough to span the lipid bilayer (Blok 
et al., 1982). In addition, this sequence is required for 
translocation of the nascent NA polypeptide into the rough 
endoplasmic reticulum, which leads to glycosylation and 
cell surface expression (Bos et al., 1984; Markoff et al., 
1984; Jones et al., 1985). Unlike the HA protein, post- 
translational cleavage of the NA polypeptide does not 
occur. The signal sequence of the NA is not 
proteolytically removed following translocation across the 
membrane and even the initiating methionine is retained 
(Blok et al., 1982). Processing at the C-terminus of the 
molecule has also not been observed.

2D.1. The 3-Dimensional Structure of the NA
The 3-dimensional structure of the pronase-released N2
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NA head of the A/Tokyo/3/67 strain was solved at 2.9 A 
resolution using X-ray crystallography (Varghese et al.,
1983) . The molecule has a box-shaped globular head with 
four-fold symmetry, connected to the virus membrane by a 
long slender stalk. The polypeptide chain is considered 
to be unique. Viewed from above the head, each monomer 
contains six topologically identical beta-sheets arranged 
in a propeller formation (Fig. 3). Similar to the work 
described for the HA, the locations of amino acid 
substitutions in the NA of a series of drifted field 
variants and in laboratory variants selected by monoclonal 
antibodies, have been mapped on the 3-dimensional structure 
to define antigenic determinants on the NA molecule (Laver 
et a l ., 1982; Webster et al., 1982a; Colman et al., 1983;
Webster et al., 1984; Air et al., 1985). The antigenic 
sites cluster preferentially into the distal surface loops 
which connect the various strands of the beta-sheets. The 
catalytic and sialic acid binding sites of the NA have also 
been defined on the 3-dimensional structure.

2E. RNA Segment 7: Matrix Protein (Ml); Nonstructural
Protein (M2)

RNA segment 7 codes for two proteins, Ml and M2, and 
possibly a small peptide M3. Three separate mRNAs derived 
from RNA 7 are found in virus-infected cells, one of which 
is a colinear transcript of the genome segment and two are
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Fig. 3. Drawing of the 3-dimensional structure of the N2 
NA. The folding of a single polypeptide subunit is shown 
as viewed from above. The six beta-sheet regions are 
indicated (from Varghese et al., 1983).
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spliced tnRNAs probably derived from the colinear 
transcript (Fig. 4).

The Ml is the most abundant protein in the virion, 
comprising approximately 35% of the total protein (Skehel 
and Schild, 1971). Ml is a type-specific antigen which 
allows serological discrimination of type A, B, and C 
influenza viruses. Electron microscopy of virions reveals 
that the Ml forms an electron-dense layer beneath the lipid 
bilayer. In addition to providing structural stability to 
the virion envelope. Ml may recognize the viral 
glycoproteins and form a domain on the inner surface of the 
plasma membrane which subsequently provides a binding site 
for the RNP segments during virus assembly (Choppin et al., 
1972; Lohmeyer et al., 1979). The mechanism of virus 
particle formation has not been elucidated.

Gregoriades et al. (1984) have detected two forms of 
Ml, containing similar tryptic peptides, in virus particles 
and infected cells. Both proteins are phosphorylated at 
predominantly serine residues. The function of
phosphorylation of Ml is unknown.

The complete sequence of RNA segment 7 has been 
determined for three human strains (Winter and Fields, 
1980; Lamb and Lai, 1981; Ortin et al., 1983). In addition 
to the long open reading frame encoding the Ml protein, 
there is a second open reading frame (+1 frame) at the 5' 
end of the vRNA which could code for 97 amino acids and
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Fig. 4. Structure of the mRNAs derived from RNA 7 (M
gene) of influenza A virus. The filled-in boxes at the 5'
ends of the mRNAs represent nucleotides derived from host 
cell mRNAs. The thin lines at the 5' and 3' termini of the
mRNAs represent noncoding regions. The hatched boxes
designate coding nucleotides. The M2 mRNA is translated in 
a different reading frame from that used for the Ml in the 
region 740-1004. The V-shaped lines represent nucleotides 
removed by splicing in the M2 and mRNA^ transcripts (from 
Lamb et a l ., 1981) .

26



M,
M,

R N A i

^ ITI i ttt r r n  ITT-11111 n  111 111 r  i n ----------------  Aw

A(n)

A(nl

X X XX X M► X X A
1 100 200 300 (0 0  500 600 700 800 900 1027

Nucl«otid«s

27



which overlaps the Ml reading frame by 68 nucleotides 
(Winter and Fields, 1980; Allen et al., 1980; Lamb and Lai, 
1981). A protein product derived from this reading frame, 
M2 (MW 15,000), was identified in influenza virus-infected 
cells and shown to be encoded by RNA segment 7 by hybrid-
arrest translation experiments and by analysis of different
recombinants (Lamb and Choppin, 1981; Palese et al, 1981). 
SI nuclease mapping and nucleotide sequencing of mRNAs of 
RNA segment 7 showed that the M2 mRNA contained an
interrupted region of 688 nucleotides (Lamb et al ., 1981)
as illustrated in Fig. 4. The 5' end of the M2 mRNA
contains 51 bases which are the same as those found at the 
5' end of the Ml mRNA. Following this shared sequence, the 
M2 mRNA body is 268 nucleotides that is 3 '-coterminal with 
the Ml mRNA. The Ml and M2 proteins share nine amino acids 
at their N-termini, but the remainder of the M2 is 
translated in a different reading frame (+1) from that of 
the Ml. The Ml and M2 polypeptides overlap by 14 codons.

The M2 protein has only been identified in infected 
cells and is therefore, a nonstructural protein (Lamb and 
Choppin, 1981). Detailed studies have revealed that the M2 
is an integral membrane protein, not N-glycosylated, that 
is expressed abundantly at the cell surface (Lamb et al., 
1985; Zebedee et al., 1985). A minimum of 18 N-terminal 
amino acids of M2 are exposed at the cell surface. Ten of 
these residues are conserved in all strains of influenza
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virus (human and avain) whose M sequences are available 
(Winter and Fields, 1980; Allen et al., 1980; Lamb and Lai, 
1981; McCauley et al., 1982; Ortin et al., 1983). The M2 
protein possesses a single hydrophobic domain (amino acids 
25-43) which is thought to anchor the protein in the 
membrane. The remainder of the M2 protein, approximately 
54 C-terminal amino acids, comprises a long tail on the 
cytoplasmic side of the membrane. The function of the M2 
in the virus life cycle has not been defined, but it is 
likely that the protein plays a role in organizing the 
assembly of the virion.

A second spliced mRNA derived from RNA segment 7 has 
been isolated from virus-infected cells (Lamb et al., 1981; 
Inglis and Brown, 1981). M roRNA^ has a leader sequence of 
11 bases that are the same as the 5' end of the Ml and M2 
mRNAs, followed by a body of 268 nucleotides that is the 
same as that of the M2 mRNA. The M mRNA^ can code for a 
peptide of only nine amino acids (identical to the C- 
terminus of the Ml) whose existence has yet to be proved.

2F. RNA segment 8j Nonstructural Proteins INS1 and NS2J
The smallest RNA segment of the influenza virus genome 

codes for two overlapping polypeptides, NS1 and NS2 (Inglis 
et al., 1979; Lamb and Choppin, 1979), that are only found 
in infected cells (Dimmock, 1969; Krug and Soeiro, 1975, 
Lazarowitz et al., 1971). NS1 is a phosphoprotein with
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phosphate attached to one or two threonine residues per 
molecule (Privalsky and Penhoet, 1981). The NS1 
polypeptide (MW 26,000) is synthesized in large amounts 
early in infection and accumulates in the cell nucleus 
(Briedis et al., 1981a). Within the nucleus, the NS1 is 
localized predominantly in the nucleoli or the nucleoplasm 
depending on the time of infection and also the strain of 
influenza virus (Young et al.,1983). The smaller of the 
two nonstructural proteins, NS2 (MW 14,000), is made late 
in infection and also has been shown by immunofluorescence 
analysis to be localized in the cell nucleus (Greenspan et 
al., 1985).

The functions of NSl and NS2 in virus replication have 
not been elucidated. Examination of ts mutants of 
A/FPV/Rostock/34 defective in RNA segment 8 has revealed a 
variety of phenotypic characteristics including reduced Ml 
synthesis, defects in vRNA synthesis, and decreased HA 
production at the nonpermissive temperature (Robertson et 
al., 1983; Wolstenholme et a l ., 1980; Koennecke et a l .,
1981) .

Previous to the present work, RNA segment 8 had been 
sequenced for only two human influenza A virus strains 
(Baez et al., 1980; Lamb and Lai, 1980; Winter et al., 
1981b). The NS segment is 890 nucleotides in length. 
There is a 5' noncoding region of 26 bases followed by the 
NSl open reading frame coding for 230 or 237 amino acids
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depending on the virus strain (Fig. 5). The predicted
amino acid sequence agrees well with the amino acid 
composition determined for the NSl polypeptide of the
A/WSN/33 strain (Shaw and Compans, 1978). A second open
reading frame having the potential to code for 132 amino 
acids is found at the 5' end of the vRNA. This coding 
frame had been predicted from SI nuclease mapping of NS 
mRNAs, hybridization blotting, and hybrid-arrest
translation experiments using cloned DNA of RNA segment 8 
(Lamb et al., 1980; Inglis et a l . , 1980).

There are two mRNAs corresponding to RNA segment 8 
that are found in influenza virus-infected cells (Fig. 5). 
Nucleotide sequencing of the longer transcript, that codes 
for NSl, revealed a mRNA of about 860 bases which is 
colinear with the vRNA segment. Sequence analysis of the 
NS2 mRNA showed that it contains an interrupted region of 
473 nucleotides. The first 56 virus-specific nucleotides 
at the 5' end of the NS2 mRNA are the same as those found
at the 5' end of the NSl mRNA. This NS2 leader sequence
contains the initiation codon for protein synthesis plus 
information to code for nine amino acids which are common 
to NSl and NS2. The remainder of the NS2 mRNA (340 bases) 
is translated in the +1 reading frame to yield an NS2 of
121 residues. The NSl and NS2 proteins overlap by 70
codons translated from different reading frames.
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Fig. 5. Schematic diagram of the NSl and NS2 mRNAs derived 
from RNA 8 (NS gene) of the A/Udorn/72 virus (adapted from 
Lamb and Lai, 1980). The filled-in boxes at the S' ends of 
the mRNAs represent nucleotides derived from cellular mRNA 
primers. The thin lines at the 5' and 3' termini of the 
mRNAs represent noncoding regions. The thick boxes 
designate protein coding regions. The nucleotide positions 
defining the coding regions are indicated. The body of the 
NS2 protein is translated in a different reading frame 
(cross-hatched box) from that used for the NSl protein. 
The V-shaped line represents the region from nucleotide 
positions 56-529 which are spliced out of the NS2 mRNA.
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The nucleotides at the 5' and 3' junctions of the 
interrupted NS2 mRNA are similar to the consensus splice 
signals present at the exon/intron borders of spliced 
eukaryotic mRNAs (Mount, 1982) indicating that the NS2 mRNA 
is probably generated from the NSl transcript by a splicing 
mechanism.

3 . Influenza B Virus
Influenza B viruses are similar in morphology and 

genetic composition to the influenza A viruses. The genome 
of the type B virus is composed of eight RNA segments 
(Ritchey et al., 1976a) and codes for polypeptides 
analogous to those of the type A viruses (Ueda et a l ., 
1978; Racaniello and Palese, 1979). The gene segments of 
influenza B virus are all larger than the corresponding 
genes of influenza A viruses (Desselberger and Palese, 
1978). Complete nucleotide sequences of segment 4 (HA) , 
segment 5 (NP), segment 6 (NA), segment 7 (M), and segment 
8 (NS) of influenza B viruses have been determined (Krystal 
et al., 1982; Hovanec and Air, 1984; Berton et al., 1984; 
Londo et al., 1983; Briedis and Tobin, 1984; Shaw et al., 
1982a; Briedis et a l ., 1982; Briedis and Lamb, 1982).
Recently, Kemdirim et a l . (1986) have reported on the
cloning and sequencing of RNAs 1, 2, and 3 of influenza
B/Lee/40 virus. Cloned DNAs were identified as coding for 
PB1, PB2, and PA by two-dimensional analysis of in vitro 
translation products of mRNA selected by hybridization with
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cDNA. Information on the genes and proteins of influenza B 
virus is summarized in Table 3.

A difference in coding capacity between the influenza 
A and B virus genomes is found in the RNA segment encoding 
the NA protein. In influenza B virus-infected cells, a 
glycoprotein product (MW 11,000) has been identified which 
is translated from the same mRNA as the NA protein, but in 
a different reading frame (Shaw et a l ., 1983; Shaw and
Choppin, 1984). The B virus NA is translated from an open 
reading frame initiating at the second AUG codon from the 
5' end of the mRNA. The first AUG is followed by an open 
reading frame of 100 amino acids that codes for the NB 
protein. An analogous open reading frame has not been 
found in influenza A virus NA genes.

The gene organization of RNA 7 of influenza E virus 
has the capacity to code for two overlapping proteins in 
different reading frames, but a protein product analogous 
to the M2 of influenza A virus has not been identified in B 
virus infected cells (Briedis et al., 1982).

The smallest RNA segment of influenza E virus, like 
that of the A virus, codes for two overlapping 
nonstructural polypeptides, NSl and NS2 (Briedis et al., 
1981b). Sequence analysis of the NSl mRNA of the B/Lee/4C 
virus showed it to be colinear with the vRNA segment with a 
coding capacity of 281 amino acids (Briedis and Lamb,
1982) . The NS2 mRNA shares 75 nucleotides with the NSl
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TABLE 3. INFLUENZA B VIRUS RNAS AND PROTEINS*

Segsent Nucleotide Length Encoded HM Aaino Acid
froe Sequence^ (from PAGE)0 Protein SDS-PAGE Lengthd

1 2,800 PB2 or PA 93,000 or
80,000

2 2,368 2,800 PB1 102,000 752
3 2,700 PB2 or PA 80,000 or

93,000
4 1,882 2,100 BA 84,000 584

BA1 346
BA2 223

5 1,841 2,000 NP 66,000 560
6 1,557 1,700 NA 66,000 466

NB 11,000* 100
7 1,191 1,150 Hi 25,000 248

M2 7

8 1,096 1,000 NSl 40,000 281
NS2 11,500* 122

‘Modified froe Air and Cosipant (1983)
bB/Lee/40 virus (Krystal et al., 1982r Shaw et al., 1982a; Briedis et al., 1982; 
Briedis and Lamb, 1982; Keedlris et al., 1986)

cRacaniello and Palese (1979)
^Deduced froe nucleotide sequence
*Unglycosylated
^Briedis and Laeb (1982)
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mRNA at the 5' end, resulting in a common N-terminal 
sequence of 11 amino acids for the NSl and NS2 proteins. 
After this leader sequence, the NS2 mRNA contains an 
interrupted sequence of 655 nucleotides, probably generated 
by splicing. The remainder of the NS2 mRNA (350 bases) is 
translated in the +1 reading frame, resulting in an NS2 of 
122 amino acids. The NSl and NS2 coding regions overlap by 
52 codons translated from different reading frames.

4 . Influenza C Virus
Influenza C viruses share many features of structure 

and replication with other orthomyxoviruses, however, there 
are important differences in virion morphology, the number 
of RNA segments, and protein products.

Electron microscopic examination of C type virions 
reveals that the surface glycoproteins are packed in 
regular hexagonal arrays (Herrler et al., 1981; Hewat et 
al., 1984), a feature not found with influenza A and B 
particles. The spikes of influenza C virions are composed 
of a single glycoprotein species (gp88) in a trimer 
configuration, and this arrangement may be essential for 
formation of a regular surface lattice of glycoprotein 
spikes.

4A. Viral RNAs and Proteins
Influenza C viruses contain a segmented genome of 

seven RNA species (Palese et a l ., 1980). The 3' and 5'
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terminal sequences of the C virus RNA segments show partial 
homology with the corresponding sequences in influenza A 
and B viruses (Desselberger et al., 1980; Clerx-van Haaster 
and Meier-Ewert, 1984), indicating a close evolutionary 
relationship of these viruses.

The polypeptides of the influenza C virion are similar 
to those reported for influenza A and B viruses. The major 
structural protein species are the nucleoprotein (NP) and 
the matrix (M) protein (Compans et al., 1977; Yokota et 
al., 1983). In addition, three minor high molecular weight 
proteins designated PI, P2, and P3 have been identified 
which probably constitute the viral RNA transcriptase 
(Petri et al., 1980; Meier-Ewert et al., 1981a). In 
contrast to type A and B viruses, C type viruses possess a 
single surface glycoprotein species, gp88 (Herrler et al., 
1981; Nakada et a l ., 1984a; Pfeifer and Compans, 1984), and 
lack a neuraminidase activity (Kendal, 1975). The gp88 
designation is based on the molecular weight of the 
glycoprotein in SDS-polyacrylamide gels of 88,000. The 
gp88 is synthesized as a single polypeptide chain and can 
be converted into two disulfide-linked subunits of 
molecular weights 65,000 (gp65) and 30,000 (gp30) (Herrler 
et al., 1981). Cleavage of the gp88 precursor is essential 
for viral infectivity. The gp88 appears to possess 
receptor-binding activity (Herrler et al., 1981), a low pH- 
induced fusion function (Ohuchi et a l ., 1982), and a
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receptor-destroying enzyme (RDE) activity (Kendal, 1975; 
Herrler et al, 1985b).

Analysis of the polypeptides synthesized in influenza 
C virus-infected cells has revealed the existence of 
nonstructural proteins that may be analogous to the NSl and 
NS2 products encoded by RNA 8 of influenza A and B viruses 
(Petri et al., 1980; Yokota et al., 1983).

Complete nucleotide sequences of cloned cDNAs have been 
determined for RNA segment 4 (Nakada et al., 1984a; Pfeifer 
and Compans, 1984), RNA segment 5 (Nakada et al., 1984b), 
and RNA segment 7 (Nakada et al., 1985) of influenza C 
virus. Analysis of protein structure from deduced amino 
acid sequences and hybrid-arrest translation experiments 
with cloned cDNAs have led to the construction of a partial 
genetic map for influenza C viruses: RNA 4 codes for the
gp88 or HA, RNA 5 codes for the NP, and RNA 7 codes for the 
NSl and NS2 (Nakada et al., 1986). The proteins encoded by 
the remainder of the genome segments have not been proven 
experimentally, however, assignments of specific RNAs to 
viral polypeptides have been made based on analogies to 
influenza A and B viruses. The generation of cDNA clones 
and sequences corresponding to RNAs 1, 2, 3, and 6 of
influenza C virus may aid in completing the genetic map for 
the C type virus. Detailed information on the C virus RNAs 
and proteins is summarized in Table 4.
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TABLE 4. INFLUENZA C VIRUS RNAS AND PROTEINS*

Segment Nucleotide Length Encoded MW Amino Acid

from Sequence^ (from PAGE) Protein0 SDS-PAGE Length*5

1 2,350 PI 89,000

2 2,350 P2 85,000

3 2,150 P3 82,000

4 2,071 2,000 HA 64,000e 654

HA1 431
HA2 209

5 1,809 1,750 NP 60,000 565

6 1,150 h 30,000
7 934 975 NSl 25,000 286

NS2 14,000 121

*Adapted from Air and Compans (1983)

bC/Cal/78 strain (Nakada et al., 1984a; Nakada et al., 1984b; Nakada et al., 1985; Nakada 
et al., 1986)

cDefinitive coding assignments of RNAs 1, 2, 3, and 6 have not been elucidated
^Deduced from nucleotide sequence
*Unglycosylated



4A.1. RNA Segment 4j Hemagglutinin (HA)
The nucleotide sequences of RNA 4 of the C/CAL/78 

(Nakada et al., 1984a) and the C/JHG/66 (Pfeifer and 
Compans, 1984) strains have been determined. RNA 4 of the
C/CAL/78 virus contains 2,071 nucleotides. After a 5'
noncoding region of 21 nucleotides, there is a large open 
reading frame that could code for a protein of 654 amino 
acids. There are eight potential glycosylation sites (Asn- 
X-Ser/Thr) in the RNA 4 protein suggesting that the protein 
is glycosylated in vivo. Comparison of the nucleotide 
sequence of RNA 4 with the HA genes of influenza A and B 
viruses revealed no convincing sequence homologies. 
However, conserved structural features between the RNA 4 
protein and the HAs of type A and B viruses indicated that 
RNA segment 4 of influenza C virus codes for the HA
protein. The conserved features include: 1) a hydrophobic
signal peptide (14 amino acids) , 2) an arginine cleavage
site between the HA1 and HA2 subunits, 3) hydrophobic 
regions at the amino and carboxyl termini of the HA2 
subunit, and 4) several conserved cysteine residues. It is 
suggested that the HA precursor of 654 amino acids is 
processed by removal of the signal peptide and then post- 
translational cleavage leads to two subunits, HA1 (431 
amino acids) and HA2 (209 amino acids). As of this time, 
mapping of the antigenic sites or receptor binding site of 
the C virus HA molecule has not been accomplished.
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4A.2. RNA Segment 7: Nonstructura1 Proteins (NSl and NS2) 
The nucleotide sequence of a cloned cDNA corresponding 

to the smallest RNA of the C/CAL/78 virus has been obtained 
(Nakada et al., 1985). The gene is 934 nucleotides in 
length. The RNA has a 5' untranslated leader of 26 bases 
which is followed by a long open reading frame initiating 
with an AUG that can code for a 286 amino acid protein. A 
definitive coding assignment of this gene to an NS protein 
(NSl-MW 28,500) was achieved by hybrid-arrest cell-free 
translation with influenza C virus mRNA preparations and 
cloned cDNA of RNA 7 (Nakada et al., 1985). Nakada et al. 
(1986) have recently identified a second NS product (NS2) 
encoded by RNA segment 7 of influenza C virus. Primer
extension of a segment 7-specific oligonucleotide annealed 
to mRNA from influenza C virus-infected cells generated 
two cDNA products which differed in length by approximately 
300 nucleotides. Partial sequencing of the extension 
products revealed that the shorter transcript contained the 
same 5' and 3' ends as the longer transcript, but contained 
an internal deletion of 313 nucleotides (Fig. 6). The
shorter transcript is most likely generated from the longer
mRNA by a splicing mechanism. The 5' ends of the two 
transcripts share a sequence of 213 bases. This region 
contains an initiation codon for protein synthesis that
could code for 62 amino acids (shared N-terminus of NSl and 
NS2). Following the splice junction, the 3' end of the
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Pig. 6. Schematic representation of the NSl and NS2 mRNAs 
derived from RNA 7 of influenza C virus. The filled-in 
boxes at the 5' ends of the mRNAs represent nucleotides 
derived from cellular mRNAs. The thin lines at the 5' and 
3' termini of the mRNAs represent noncoding regions. The 
coding regions are represented by the thick boxes and are 
defined by the indicated nucleotides. The carboxy-terminal 
half of the NS2 protein is translated in a different 
reading frame (cross-hatched box) from that used for the 
amino-terminal half of the NS2 and the entire NSl protein. 
The V-shaped line indicates the region (nucleotides 214- 
526) removed from the NS2 mRNA by splicing. (Adapted from 
Nakada et al., 1986.)
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short mRNA also contains an open reading frame coding for 
59 additional amino acids translated in a different reading 
frame (+1). The putative protein product (NS2) translated 
from this mRNA consists of 121 amino acids. The overall 
arrangement of the C virus NS gene is quite different from 
that of A and B virus NS genes in that the second (+1) open 
reading frame of the C virus NS gene is completely 
overlapped by that of the NSl protein.

To demonstrate that a second polypeptide encoded by 
RNA 7 was synthesized in C virus-infected cells, an 
oligopeptide whose amino acid sequence was based on the 
predicted sequence of the second (+1) open reading frame, 
was used to elicit antibodies in rabbits. This antiserum 
specifically immunoprecipitated a nonstructural protein of 
MVi 15,000 from infected cells. Additionally, hybrid-arrest 
translation experiments showed that the 15,000 MW protein 
was the NS2 encoded by RNA segment 7 of influenza C virus.

4A.3. Receptor Destroying Enzyme (RDE)
A difference between the RDE of influenza C virus and 

other orthomyxoviruses was first suggested by Hirst (1950), 
who showed that influenza A and B viruses destroyed their 
own receptors on erythrocytes without affecting the 
receptor for influenza C virus. Conversely, influenza C 
virions elute from erythrocytes with destruction of their 
receptors, whereas the receptors of influenza A and B
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viruses are not affected. Evidence that the RDE of
influenza C virions is not an alpha-neuraminidase was
provided by Kendal (1975), who demonstrated that it did 
not release neuraminic acid from any known series of
neuraminidase substrates. The conclusion that C type
viruses lack a neuraminidase is also supported by the
finding of sialic acid in the carbohydrate components of 
influenza C glycoproteins (Nakamura et al., 1979). In
contrast, influenza A viruses lack sialic acid (Klenk et 
al., 1970). Recently, Herrler et al. (1985a, 1985b) showed 
that the RDE of influenza C virus is a neuraminate-O- 
acetylesterase that releases O-acetyl groups from sialic 
acids. Rogers et al. (1986) have obtained direct evidence
that 9-O-acetyl-N-acetylneuraminic acid is the primary
cellular receptor for influenza C virus.

5. Transcription and Replication of Influenza A Virus RNA 
Analysis of influenza virus-infected cell extracts 

revealed two distinct classes of RNA transcripts which are 
complementary to the virion RNA (vRNA) segments (Skehel
and Hay, 1978b; Hay et al., 1977, 1982; McCauley and Mahy,
1983). The first class of complementary RNA (cRNA) 
contains a 3' poly (A) tail and a 5'-terminal 7-methyl 
guanosine (m7GpppNm) cap structure. There are two groups of 
cRNA transcripts which comprise this class. One group of 
transcripts are colinear copies of the eight vRNA segments 
which are incomplete because they lack a sequence of 17-22
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bases present in a conserved region at the 5' termini of 
the vRNAs. The second set of cRNA transcripts are also 
incomplete, but they are spliced transcripts derived from 
the colinear transcripts complementary to RNAs 7 and 8. 
This first clasB of RNA transcripts is associated 
exclusively with polysomes and therefore, represent the 
viral mRNAs. The second class of cRNAs found in the 
infected cell are complete transcripts of the vRNAs which 
are unpolyadenylated. These complete cRNAs serve as 
templates for the synthesis of vRNAs which are incorporated 
into progeny virus particles. The virion-associated 
transcriptase complex is responsible for the synthesis of 
both classes of cRNAs in the nucleus of infected cells 
(Herz et al., 1981; Jackson et al., 1982; Beaton and Krug,
1984). In addition to the structural differences between 
the two types of cRNAs, differences in kinetics of 
synthesis of individual transcripts and regulation have 
been identified.

The synthesis of influenza viral mRNAs is controlled 
during infection with respect to the relative amount of 
each mRNA synthesized and to the time at which each mRNA is 
synthesized in greatest amount (Hay et al., 1977; Barrett 
et al., 1979; McCauley and Mahy, 1983; Enami et al., 1985). 
Immediately after infection, similar amounts of all eight 
viral mRNAs are detected and their production is 
independent of viral protein synthesis (primary
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transcription). This is followed by an early phase of 
secondary transcription, dependent on viral protein 
synthesis, during which the production of the NP and NSl 
mRNA predominates. Subsequently, during the late phase of 
secondary transcription, the rate of synthesis of NSl mRNA 
relative to NP mRNA decreases while that of the M, HA, and 
NA mRNAs is greatly amplified. At all times except 
immediately after infection, the rate of synthesis of the 
three P protein mRNAs remains low relative to that of the 
other viral mRNAs. The relative rates of synthesis of the 
various viral mRNAs at different times of infection 
correlates closely with the relative rates of synthesis of 
the proteins encoded by these mRNAs, indicating that viral 
gene expression is regulated mainly at the level of
transcription (Lamb and Choppin, 1976; Hay et al., 1977;
Inglis and Mahy, 1979; McCauley and Mahy, 1983; Enami et
al., 1985) .

The mRNAs encoding the M2 and NS2 polypeptides of 
influenza virus are produced in infected cells through
splicing of colinear transcripts from vRNA segments 7 (Lamb 
et a l ., 1981) and 8 (Lamb and Lai, 1980), respectively. It 
appears that the spliced transcripts are formed through the 
action of cellular RNA processing enzymes since unspliced 
and correctly spliced (as in vivo) RNAs are expressed from 
SV40 virus vectors containing a cDNA copy of either the M 
or NS gene in the absence of other influenza virus products
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(Lamb and Lai, 1982; Lamb and Lai, 1984). During the course 
of influenza virus infection, there is an increase in the 
level of virus-specific spliced mRNAs, most evident for the 
NS2 mRNA, relative to that of their unspliced precursors 
(Inglis and Brown, 1984; Smith and Inglis, 1985). It 
appears that virus-specific products may somehow regulate 
the production of spliced mRNAs in influenza virus-infected 
cells.

Unlike the viral mRNAs, the production of full-length 
transcripts is not regulated. Approximately equimolar 
amounts of each of the eight cRNA transcripts are 
synthesized throughout infection (Hay et al., 1977). 
Influenza virus infection in the presence of cycloheximide 
results in the formation of only mRNA (primary 
transcription), indicating that newly synthesized viral or 
possibly host proteins are required for the synthesis of 
the full-length cRNAs (Barrett et a l ., 1979; Hay et al.,
1977). The nascent virus protein may act to modify the 
transcriptase complex in some way so that transcription 
initiates without a primer and continues past the 
termination site utilized during viral mRNA synthesis 
(Beaton and Krug, 1984).

A unique feature of influenza virus replication, not 
found in other nononcogenic RNA viruses, is the requirement 
of a functional host nuclear RNA polymerase II (Lamb and 
Choppin, 1977; Spooner and Barry, 1977). This enzyme
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synthesizes the precursors to cellular mRNAs. It was found 
that a specific inhibitor of RNA polymerase II, alpha- 
amanitin, inhibits influenza virus replication at the level 
of viral RNA transcription (Lamb and Choppin, 1977; Mark et 
al., 1979).

5A. Viral mRgA Synthesis
The mechanism of how influenza viruses synthesize 

mRNAs has been dissected using in vitro transcription 
systems which, in most respects, reflect the process 
occurring in vivo. The initiation of influenza viral mRNA 
transcription requires 5' capped primers derived fron, 
nascent host cell mRNAs synthesized by RNA polymerase II 
(Beaton and Krug, 1981; Krug, 1981; Plotch et al., 1981). 
The host mRNAs are cleaved by a virus specific endonuclease 
at a purine residue 10 to 15 nucleotides from the capped 5' 
end. It is this fragment containing the 5'-terminal 
m^GpppNm (cap 1 structure) that serves as a primer and is 
transferred to the 5' ends of the influenza virus mRNAs 
during transcription — "cap snatching" (Plotch et al., 
1981; Kawakami et al., 1983). Shaw and Lamb (1984) have 
reported that host RNA primers containing a 3'-terminal Py- 
G-C-A sequence before the presumed endonuclease cleavage 
site are preferred as primers in influenza virus mRNA 
synthesis. The viral PB2 protein functions in cap 
recognition during the endonuclease reaction (Ulmanen et
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al., 1981; Blaas et al., 1982a, 1982b; Penn et al., 1982).
The capped fragments do not have to be hydrogen-bonded to
the 3' end of the vRNA template to prime viral 
transcription (Krug et al., 1980).

The second step in the reaction is the initiation of 
transcription via incorporation of a G residue onto the 3' 
end of the capped primer fragment, directed by the 
penultimate C residue at the 3' end of each vRNA template
(3' U-C-G...). It is the PB1 protein that catalyzes the
initiation step of transcription (Ulmanen et al., 1981; 
Horisberger, 1982; Romanos and Hay, 1984). After 
initiation with a G residue, chain elongation proceeds. It 
is not known which P protein(s) functions in this process, 
but there is evidence to suggest that PB1 may be involved 
(Braam et al., 1983; Romanos and Hay, 1984). Elongation is 
terminated at a tract of U residues (polyadenylation 
signal) about 17-22 nucleotides from the 5' end of the 
template and poly (A) addition occurs at the 3' end of the 
mRNA (Robertson et a l ., 1981).

Recently, an RNA polymerase-viral RNA complex has been 
purified from influenza virions by cesium trifluoroacetate 
centrifugation and phosphocellulose column chromatography 
(Kawakami and Ishihama, 1983; Kato et al., 1985). The 
complex, composed of PB1, PB2, PA, and vRNA, has been shown 
to be as catalytically active in viral mRNA synthesis iri
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vitro as native RNP cores. These data indicate that NP 
protein is not required for mRNA synthesizing activity.

5B. Synthesis of Fullrlengtji cgfJA Transcripts
The unpolyadenylated cRNAs are complete copies of the 

vRNA segments and consequently, the termination of 
transcription during mRNA synthesis which occurs 17-22 
bases from the 5' ends of the vRNA templates, is 
inoperative during the synthesis of these transcripts. In 
contrast to mRNA synthesis, initiation of full-length 
transcripts in vivo occurs without a primer at the 3'- 
terminal U of the vRNA templates (Hay et a l ., 1982; Beaton
and Krug, 1984). The synthesis of full-length cRNA requires 
ongoing viral protein synthesis. Since these transcripts 
are complete copies of the vRNA segments and lack host- 
derived primer sequences, they most likely function as the 
templates for vRNA synthesis. To aid in deciphering
the mechanism of full-length cRNA and vRNA production, in 
vitro systems have been established in which full-length 
cRNA, in addition to incomplete mRNA, can be synthesized 
(Beaton and Krug, 1984; del Rio et al., 1985). Beaton and 
Krug (1984) have found an anti termination factor in the 
cytoplasmic extract of virus-infected cells that enables 
the transcriptase complex to continue transcription past 
the site at which mRNA synthesis terminates. In addition, 
this cytoplasmic extract allows the transcriptase complex 
to initiate transcription without the capped primers used
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in viral mRNA synthesis. The identification and 
purification of the active cytoplasmic factor(s) may help 
to characterize the switch mechanism from mRNA to full- 
length cRNA synthesis.

5C . Synthesis of vRNA iReplicationJ
There is little information available concerning the 

synthesis of vRNA and these data include conflicting 
reports. The synthesis of minus strand vRNA most likely 
occurs in the nucleus of infected cells (Jackson et al., 
1982). Smith and Hay (1982) have shown that the eight vRNA 
segments are produced in dissimilar amounts and in 
different relative proportions at various times of 
infection. Virion RNAs 5 and 8 are preferentially 
synthesized early in infection, similar to mRNA synthesis 
of these templates. In contrast, Enami et al. (1985) have 
reported that all eight segments of minus strand RNA are 
produced coordinately at nearly equimolar ratios. Analysis 
of ts mutants defective in vRNA production has implicated 
at least two of the P proteins in vRNA synthesis (Mahy et 
al., 1981), but the precise role of these P proteins and 
possibly of other viral proteins (NP) in catalyzing vRNA 
synthesis is not known. Furthermore, it has not been 
discovered how approximately equimolar amounts of the 
different vRNA segments are packaged into virions.
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5D. Effect of Interferon on Influenza Virus Replication
Interferon induces an antiviral state against influenza 

virus, but the mechanism of inhibition of viral replication 
in not well understood (Horisberger and de Staritzky,
1985). The mechanism of inhibition is of particular 
interest because influenza virus is the sole nononcogenic 
RNA virus which requires host cell nuclear function for 
replication. Ransohoff et al. (1985) have investigated the 
molecular mechanism whereby interferon induces resistance 
to influenza virus by monitoring the accumulation of both 
plus and minus strand viral RNAs in infected MDBK cells 
treated with human alpha A interferon. This group found 
that influenza viral primary transcripts failed to 
accumulate in interferon-treated cells. This result is 
consistent with observations made by Krug et a l . (1985),
who have reported that the interferon-induced Mx gene 
product inhibits influenza viral mRNA synthesis in mouse 
embryo cells bearing the Mx gene.

In mouse cells carrying the dominant influenza 
resistance allele, Mx+ , interferon alpha/beta induces a 
75,000 MW protein (Mx) which accumulates in the cell 
nucleus and is responsible for an enhanced antiviral state 
specifically against influenza virus (Horisberger et al., 
1983; Horisberger and Hochkeppel, 1985; Dreiding et al., 
1985; Staeheli et al., 1986). There are conflicting reports 
concerning the stage of viral replication at which the Mx
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protein exerts its inhibitory effect. In contrast to the 
results of Krug et al. (1985), Meyer and Horisberger (1984) 
claim that interferon-treated Mx-bearing macrophages 
exhibit inhibition of influenza virus replication at the 
level of protein translation. Staeheli and Haller (1985) 
have detected an interferon-induced 80,000 MW protein in 
human cells which appears to be the human homolog of Mx 
protein in mouse cells. The significance of the human 
protein for defense against influenza viruses in man has 
yet to be investigated.
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6. Epidemiology of Influenza Viruses
The epidemiology of influenza A viruses has been well 

characterized due to the association of these viruses with 
pandemic outbreaks of disease in man. The pandemics 
usually result from the appearance of a new subtype strain 
(antigenic shift) containing a novel HA and/or NA that is 
immunologically different from that of previous circulating 
isolates. During this century, there appears to have been 
at least three occasions when new subtypes have been 
introduced in the human population (Fig. 7). In 1918, a 
severe pandemic occurred which resulted in the death of an 
estimated 20 million people worldwide. The "new" viruses 
responsible for this widespread mortality are serologically 
related to viruses first isolated from pigs in 193]. 
Consequently, these strains are referred to as the swine 
viruses or H1N1 subtype strains. Viruses of the H1N1 
subtype continued to circulate for approximately 40 years 
until a second subtype shift occurred in 1957. It should be 
noted that the HlNl strains did accumulate more subtle 
changes in antigenic character (antigenic drift) over the 
40 year period of their circulation, so that strains 
isolated at the beginning of the HlNl period were slightly 
different from those HlNl viruses isolated at the end of 
the subtype period. In 1957, viruses of the H2N2 subtype 
(Asian strains) appeared whose HA and NA proteins were not 
cross-reactive with their counterparts of the HlNl strains.
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Pig. 7. Epidemiology of influenza A, B, and C viruses in 
nature. Broken lines indicate that virus isolates are not 
available from these periods. The periods when influenza A 
viruses of a certain subtype (HlNl, H2N2, H3N2) were
prevalent are designated by the thick lines. (Modified 
from Palese and Young, 1982.)
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For the next 11 years, H2N2 strains spread and gradually 
changed until the introduction of the new H3N2 subtype 
(Hong Kong strains) in 1968. Viruses of the H3N2 subtype 
retained the N2 NA of the Asian strains, but possessed a 
novel HA antigen. Up until 1968, the three subtypes 
circulated sequentially in man. Prior to 1977, viruses of 
the H3N2 subtype were the sole circulating strains.

In 1977, a unique event occurred with respect to 
influenza virus epidemiology. Viruses containing surface 
antigens of a previous subtype, HlNl, reappeared and these 
viruses (Russian strains) cocirculated with the H3N2 
strains prevalent at the time. The "new" HlNl strains are 
serologically and genetically similar to HlNl strains which 
had circulated around 1950 (Nakajima et al., 1978; Kendal 
et al., 1978). It is unusual that the new HlNl viruses did 
not replace the H3N2 strains introduced in 1968, but 
coexist with them.

The epidemiology of influenza B and C viruses appears 
to be less complex than that of the A type viruses 
(Fig. 7). Influenza B viruses have been isolated since 1940 
and there is no evidence to suggest that subtypes exist. 
However, there is evidence in support of antigenic drift of 
B viruses over time (Krystal et a l ., 1983b; Bao-lan et al., 
1983; Oxford et a l ., 1984). There is even less data on the 
epidemiology of influenza C viruses. It appears that C 
virus infections occur in an endemic pattern and not ir. the
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form of epidemic outbreaks. Antigenic subtypes of
influenza C viruses have not been identified, however, 
minor antigenic differences among isolates have been 
observed (Chakraverty, 1978; Guo et al., 1983).

6A. Mechanisms Leading to New Subtypes

6A.1. Reassortment of Surface Protein Genes
Extensive changes in the HA and/or NA which lead to

new subtypes of influenza viruses are known as antigenic
shifts. Sequence comparisons between the HI, H2, and H3 HA 
genes (Krystal et al., 1982) and between the Nl and N2 NA 
genes (Markoff and Lai, 1982) reveal such low levels of 
nucleotide homology that it is highly unlikely that these 
different HAs and NAs arose from one another by gradual 
accumulation of point mutations over time. Rather, it is 
believed that the appearance of novel surface antigens of 
influenza viruses are the result of reassortment
(recombination) events between previous circulating human 
viruses and influenza viruses of avian or animal origin. 
There is ample evidence supporting reassortment between 
human viruses and avian strains in vivo (Webster et al., 
1971), between avain strains in nature (Desselberger et 
al., 1978), and among human viruses (Young and Palese, 
1979; Bean et al., 1980; Cox et al., 1983). The nonhuman 
virus is the donor of the HA and/or NA genes which encode 
surface proteins which are foreign to man's immune system
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and the human virus provides the rest of the genetic 
complement which allows for replication and virulence in 
the human host. In addition to the three human HA subtypes 
(HI, H2, H3) and two NA subtypes (Nl, N2), there are ten 
antigenically distinct HAs and seven NAs which have been 
identified in birds, horses, and pigs. It is conceivable 
that any of these foreign HA and NA genes could be 
incorporated into a human virus via reassortment, thereby 
resulting in a new human antigenic subtype.

The best evidence for reassortment generating new 
human subtypes involves the origin of the H3 HA. The Hong 
Kong H3N2 strain of influenza has been shown to be a 
reassortant (Laver and Webster, 1973). This virus contains 
the NA and all other genes from an Asian (H2N2) strain and 
an HA which is antigenically related to that of the 
A/duck/Ukraine/63 (H3N8) and A/equine/2/Miami/63 (H3N8) 
viruses (Fang et al., 1981; Ward and Dopheide, 1981a, 
1981b). The amino acid sequence homology between the HAs 
of the A/duck/Ukraine/63 and A/Aichi/2/68 (H3N2) viruses is 
96%.

In addition, it is likely that the H2N2 strains 
emerged from HlNl viruses through reassortment. P.NA:RNA 
hybridization data has revealed that the H2N2 strains 
derive their six nonsurface protein coding genes from the 
HlNl viruses (Scholtissek et al., 1978a).
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6A.2. Peemer^ence of Previously Circulating Strains
A second mechanism leading to the introduction of a 

new subtype of influenza A virus involves the reappearance 
of a subtype which had circulated at an earlier time. A 
well documented example of this phenomenon is the 
reemergent HlNl strains that reappeared in Anshan in 
northern China in May of 1977 and subsequently spread to 
the rest of the world. Serologically, these new HlNl 
viruses possess HA and NA antigens related to those of HlNl 
influenza A viruses that infected man around 1950 (Kendal 
et al., 1978). Even more remarkable, genetic analysis of 
the new HlNl strains by RNase T1 oligonucleotide mapping, 
RNA:RNA hybridization studies, and sequencing (Nakajima et 
al., 1978; Young et al., 1979; Scholtissek et al., 1978b; 
Concannon et al., 1984; this thesis) revealed that the 
entire genomes of the reemergent HlNl strains are very 
similar to those of HlNl viruses isolated in 1950.

The question is, how did the new HlNl strains remain 
relatively unchanged during a 27 year period? Several 
mechanisms have been postulated: 1) influenza viruses are
capable of latent or persistent infection in man in 
conditions in which the genetic information of the virus is 
highly conserved; 2) the genetic information of the virus 
could have been preserved by sequential passage in an 
animal reservoir in which influenza viruses replicate 
without rapid genetic change; and 3) a 1950 virus was
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frozen in nature or elsewhere and recently introduced into 
man.

Additional evidence for antigenic recycling comes from 
serologic data. Serum samples collected from aged persons 
before the H3N2 pandemic in 1968 contained antibodies to 
H3-like agents and stored serum samples from people born 
before 1887 cross-reacted with H2N2 strains isolated after 
1957 (Davenport et al., 1969; Masurel, 1969). These data 
in conjunction with that of the reemergent HlNl strains may 
indicate that there are a restricted number of HA and NA 
genes that can contribute to variation of human influenza 
viruses.

6A.3. Animal Virus becomes Virulent for Han
A third way that new viruses could appear in man would 

be that an animal or bird virus acquires mutations which 
confer infectivity in the human population. The intense 
outbreak of influenza in 1976 among soldiers at Fort Dix, 
New Jersey caused by swine viruses (HlNl), may have 
resulted from such a mechanism (Kendal et al., 1977). 
Furthermore, unequivocal evidence for the infection of 
humans by swine viruses (HlNl) from pigs was obtained by 
the isolation of genetically identical swine viruses from 
pigs and man on a farm in Wisconsin (Hinshaw et al., 1978).
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6B. Variation within Subtype Strains

6B. 1 . Genetic Drift via Point Mutations
Following the emergence of a new subtype, viruses of a 

single subtype show minor changes in antigenic character 
probably brought about by immune selection pressure. These 
minor antigenic changes (antigenic drift) have been shown 
to be the result of an accumulation of amino acid changing 
nucleotide substitutions in the genes encoding the HA and 
NA proteins. In addition to variation in the surface 
protein coding genes, it has been documented that variation 
among strains also occurs in the genes encoding nonsurface 
proteins of the influenza virus (Young et al., 1979; Ortin 
et al., 1980; Palese et al., 1981). This fact is reflected 
in the detection of migrational differences on SDS-PAGE in 
the NP, M, and NS1 proteins among virus isolates (Oxford et 
al., 1981; Petri et al., 1982; Parvin et al., 1983; 
Donatelli et al., 1985). A detailed description of what is 
known about genetic drift in influenza A virus PNAs is 
summarized in the following sections.

6B .11. P Genes
Information on genetic drift of the three polymerase 

genes is extremely limited. Nucleotide sequences of the 
PB1, PB2, and PA genes of the A/PR/8/34 (Winter and Fields, 
1982; Fields and Winter, 1982) and the A/NT/60/68 (Bishop 
et al., 1982a, 1982b; Jones et al., 1983) isolates have
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been examined. Sequence variation per year for PB1, PB2,
and PA is 0.47%, 0.26%, and 0.21%, respectively. The amino
acid sequences of the deduced P proteins change at a rate 
of 0.09% (PB1), 0.12% (PB2), and 0.11% (PA) amino acid
change per year.

6B.12. HA Gene
Precise information on the evolution of the HA gene 

within a subtype has been generated using nucleotide
sequencing analysis of HA genes of viruses isolated over 
time. Partial sequencing of the 3' end of HA genes of
viruses of one subtype revealed that the genes were
accumulating nucleotide changes (Air, 1981). A more 
detailed examination of HA evolution was conducted by Both 
et al. (1983) in which nucleotide sequences of the HA1
coding region and deduced amino acid sequences of 14 H3 
subtype field isolates were compared with previously 
available H3 HA sequences. This extensive study showed
that from 1968 to 1980, new H3 antigenic variants emerged
by accumulating sequential amino acid changes within
antigenic regions of the HA molecule. The amino acid 
substitutions alter the antigenic sites in such a way that 
the antibodies generated are not protective against
infection.

Similarly, Raymond and et al. (1983) reported 
sequential amino acid substitutions in the HA1 of a series
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of drifted HlNl viruses isolated between 1977 and 1980. 
More recently, Raymond et al. (1986) have expanded their 
study on the evolution of the HlNl strains by examining 
viruses from both the 1950 to 1957 era and the 1977 to 1983 
period. The results of this study support the previous 
finding of cumulative nucleotide and amino acid changes in 
the HA.

Additional evidence for the mechanism of antigenic 
drift in the HA via successive substitutions in the gene 
has been provided by sequence analysis of variants selected 
in the laboratory in the presence of monoclonal antibodies 
to the HA (Webster et al., 1979; Webster and Laver, 1980; 
Gerhard et al, 1981).

6B.13. NA Gene
Blok and Air (1980, 1982a, 1982b) have reported on the 

molecular basis of antigenic drift in the NA gene through 
partial sequencing of the 3' end of NA genes of viruses of 
the human subtypes Nl and N2, in addition to NA subtypes 
associated with nonhuman influenza viruses. The results of 
these studies showed that point mutations (some of which 
resulted in amino acid changes) existed in the NA genes of 
viruses of the same NA subtype and some of the changes 
which appeared in earlier isolates were also found in later 
strains.

To further characterize variation in the NA gene, 
complete sequences have been determined and analyzed. Only
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two complete nucleotide sequences of the Nl NA of human 
viruses are available and therefore, the evolutionary 
pattern of the Nl NA can not be accurately examined at this 
time. However, six complete NA sequences of natural 
variants of the N2 subtype isolated between 1957 and 1979 
have been determined. Comparative analysis of these NA 
genes (Laver et al., 1982; Martinez et a l ., 1983) along
with sequence information obtained from variants of the 
A/Tokyo/3/67 (H2N2) strain selected by monclonal antibodies 
to the NA (Laver et al., 1982; Webster et al., 1982a; 
Colman et al., 1983), revealed that antigenic drift of the 
N2 NA occurs via the same mechanism as that proposed for 
the HA polypeptide. Sequential point mutations are 
observed in the N2 NA genes which alter amino acids in 
regions of the NA protein associated with antigenic sites.

6B.14. NP Gene
Immunological analysis of NP proteins has shown that 

antigenic differences can be detected in the molecule 
within and between virus subtypes (Schild et al., 1979; Van 
Wyke et al., 1980). In addition, migrational differences 
among NP proteins of virus isolates have been observed, 
suggesting protein variability (Oxford et al., 1981). 
However, genetic drift in NP genes has not been well 
defined. Only two complete human NP nucleotide sequences 
are available, one of a virus of the HlNl subtype (Winter
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and Fields, 1981) and the other of an H3N2 isolate 
(Huddleston and Brownlee, 1982). Based on the high level 
of nucleotide (91.8%) and amino acid (94.2%) homology among 
these NP genes and the deduced proteins, it appears that 
the NP gene has been conserved during the major antigenic 
shifts.

6B.15. M Gene
Three complete nucleotide sequences of M genes (Winter 

and Fields, 1980; Lamb and Lai, 1981; Ortin et al., 1983) 
and four partial M sequences (Hall and Air, 1981) of human 
influenza viruses isolated over 45 years (1934-1979) have 
been obtained. The viruses analyzed represent all three 
human antigenic subtypes. The nucleotide data illustrate 
that substitutions occur in the M gene and many of the 
changes appear to accumulate sequentially. The M gene is 
highly conserved through evolution (0.1-0.2% sequence 
divergence per year). On the amino acid level, divergence 
among Ml polypeptides is less that 0.12% per amino acid per 
year. The M2 proteins are less conserved and amino acid 
changes of 0.25-0.30% per year have been reported. The 
amino acid conservation among Ml proteins is reflected in 
studies using monoclonal antibodies to detect antigenic 
variation in Ml proteins of both human and animal viruses 
of different subtypes (Van Wyke et al., 1984). In this 
study involving 26 isolates, antigenic variation in the Ml 
protein could only be found in three strains.
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The high degree of homology among M sequences of 
viruses of the HlNl, H2N2, and H3N2 subtypes provides 
evidence that RNA segment 7 was retained through the two 
antigenic shifts from HI to H2 and H2 to H3 (Hall and Air, 
1981) .
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6B.16. NS Gene
Previous to this work, there was little known 

information on genetic drift of the NS gene of influenza A 
viruses. Complete nucleotide sequences of RNA 8 of the
A/PR/8/34 (Baez et al., 1980; Winter et al., 1981) and
A/Udorn/72 (Lamb and Lai, 1980) strains have been 
determined. In addition, partial sequences of NS genes are 
available (Hall and Air, 1981). On the nucleotide level, 
the NS genes show a sequence divergence of 0.23-0.26% per 
year. The deduced NS1 and NS2 protein sequences are 
changing at a rate of approximately 0.3% and 0.19% amino
acid substitutions per year, respectively. From these
data, it appears that the NS2 amino acid sequence is more 
conserved than that of the NS1. However, the NS1 protein 
itself is highly conserved as demonstrated by extensive 
cross-reactivity among NS1 polypeptides of viruses 
belonging to different human subtypes with monospecific 
polyclonal NS1 antiserum (Shaw et al., 1982b). 
Subsequently, possible antigenic sites on the NS1 molecule 
were mapped using monoclonal anti-NSl antibodies and these 
reagents were used to probe antigenic variation among NS1 
proteins of both human and animal viruses (Brown et al.,
1983). Antigenically variant NS1 proteins were detected 
only from avian sources, once again illustrating the 
antigenic conservation of the protein among human isolates.
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The high level of genetic homology among NS genes of 
viruses belonging to different subtypes revealed by both 
sequencing (Hall and Air, 1981) and RNA:RNA hybridization 
studies (Scholtissek et a l ., 1978a), has indicated that the 
NS gene, like the NP and M genes, was conserved at the two 
major antigenic shifts of this century. Hall and Air 
(1981) have suggested that sequence changes in the NS gene 
accumulate over time, however, this statement is based on 
partial NS sequence data from only three human strains. 
More extensive information at the nucleotide level has been 
generated in this work to assess the mechanism of genetic 
drift in the NS gene.

In addition to NS nucleotide sequences of human 
viruses, two complete sequences of the NS gene of the avian 
strains, A/FPV/Rostock/34 (Porter et a l ., 1980) and
A/duck/Alberta/60/76 (Baez et al., 1981) are known. 
Surprisingly, the FPV/34 NS gene is 92% homologous in 
sequence to the NS gene of the human virus A/PR/8/34. This 
avian NS segment and its human counterpart may possibly be 
derived from a common ancestral gene. In contrast, the 
duck/Alberta/76 virus NS gene is only 72.7% homologous to 
the PR/34 sequence. Clearly, the duck virus NS gene has a 
quite different evolutionary history than the human virus 
homolog.
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6B. 2 . Feassortment of Genes Coding for Nonsurface Proteins
As described in an earlier section, exchange of surface 

protein genes among strains via reassortment leads to 
antigenic shifts resulting in new subtypes. Similarly, 
reassortment of nonsurface protein genes among 
cocirculating strains can lead to genetic diversity among 
strains of a single subtype (Young and Palese, 1979; Bean 
et al., 1980; Palese and Young, 1982; Cox et al., 1983).

A well documented case involves strains of the 
reemerged HlNl subtype that circulated in the winter of 
1978 to 1979 in California (Young and Palese, 1979). 
Genetic analysis of these strains revealed that they were
quite different from HlNl viruses isolated in the previous 
year. A more detailed examination of the prototype
A/Cal/10/78 HlNl isolate using oligonucleotide mapping of 
isolated genes along with analysis of infected-cell 
polypeptides by SDS-PAGE, suggested that the virus arose by 
reassortment between an earlier HlNl virus and a 
cocirculating H3N2 parent. The A/Cal/10/78 strain derives 
its HA, NA, M, and NS genes from the HlNl parent and its NP
and three P genes are from an H3N2 strain.

In addition, a second type of reassortant HlNl virus 
has been described (Palese and Young, 1982). The prototype 
strain of this type is the A/Aberdeen/vl340/78 virus. This 
virus contains five H3N2-derived genes and an HA, NA, and 
NS gene from an A/USSR/90/77-like HlNl strain. These data
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illustrate that reassortment among coexisting strains is 
another mechanism that can explain diversity within a
subtype. Furthermore, biochemical evidence has been
provided in favor of recombination among avian strains 
leading to new virus variants in nature (Desselberger et 
al., 1978; Hinshaw et al., 1980).

6B.3. Deletions/Insertions in gA and NA Genes
Comparison of different HA gene sequences of the H3 

subtype, demonstrated that some strains had inserted or 
deleted one or more codons in their HA molecules. The
A/Vic/3/75 HA, for example, contains an additional amino
acid (Asn) at position 8 not present in any other H3 HAs
which have been sequenced to date (Verhoeyen et al.,
1980) . More extensive deletions/insertions have also been 
observed in the HAs of viruses of different A subtypes 
(Hiti et al., 1981) and in HAs of strains of influenza B 
virus (Krystal et al., 1982).

Additionally, deletions/insertions have been detected 
in the NA genes. Partial sequencing of the 3' end of 
several Nl NAs has demonstrated length variation in this 
region (Blok and Air, 1982b). Comparison of complete 
sequences of Nl and N2 NA genes also revealed
deletions/insertions during the evolution of these genes 
(Fields et al., 1981; Hiti and Nayak, 1982; Markoff and
Lai, 1982).
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Deletions/insertions occurring in both the HA and NA 
genes is yet another mechanism contributing to variation of 
influenza viruses.

7, Epidemiology of Human Influenza £ Viruses
Influenza C viruses, first isolated from man in 1947, 

generally cause only infrequent outbreaks of mild 
respiratory illness (Katagiri et al., 1983). A very high 
percentage of the young adult population possesses 
antibodies to these viruses (O'Callaghan et al., 1980), 
indicating that infection occurs at a rate considerably 
greater than is generally recognized.

In contrast to influenza A and B viruses, there have 
been few reports, up until the present work, on the 
epidemiology and genetic variation of influenza C viruses 
in nature. Serological studies using hemagglutination 
inhibition (HI) assays of C viruses isolated over time in 
different geographical locations have shown that antigenic 
variation does occur among isolates, even though 
hemagglutinin subtypes of C viruses have not been observed 
(Chakraverty, 1978; Guo et a l ., 1983). Analysis of
influenza C virus proteins by SDS-PAGE and one-dimensional 
peptide mapping, has revealed minor migrational differences 
in the HA, NP, and M polypeptides among isolates (Sugawara 
et al., 1983; Elliott et al., 1984; Goto et al., 1984). In 
addition, oligonucleotide mapping of genome RNAs of 
influenza C strains isolated over 34 years showed that all
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strains were distinguishable, but were highly conserved 
over time (Meier-Ewert et al., 1981b; Guo and Desselberger,
1984) . These data taken collectively, suggest that the 
genomes of influenza C viruses are remarkably stable and 
undergo less variation than influenza A viruses isolated 
over comparable time periods.

On the nucleotide level, few data are available 
regarding variation in influenza C virus gene segments. 
Two complete nucleotide sequences of the HA gene of viruses 
isolated 12 years apart have been determined (Nakada et 
al., 1984a; Pfeifer and Compans, 1984). Comparison of the 
deduced amino acid sequences of these HA proteins revealed 
an overall difference of 3.9%. This lies in the range 
observed between the A virus HAs of A/NT/60/68 and 
A/Bangkok/1/79 (Both and Sleigh, 1981) and is typical of 
the differences found among H3 subtype strains isolated a 
decade apart. However, the comparison of the C virus HAs 
involves only two strains, whereas many more isolates have 
been analyzed among the A type viruses. Additional 
sequence information on the genes of influenza C viruses is 
needed to define the extent and mechanism of genetic 
variation in these viruses.

7A. Isolation of Influenza £ Viruses from Pigs
It was generally thought that, in contrast to influenza 

A viruses, there was no natural animal reservoir for
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influenza C viruses. However, Guo et al. (1983) reported 
the isolation of C viruses from pigs in Beijing, China in 
1981. This group was able to show that pigs could be 
experimentally infected by C virus and that pig-to-pig
transmission of influenza C virus strains occurred. It was
therefore, of interest to determine whether there were
biochemical differences between the swine isolates of 1981- 
1982 and human influenza C strains. Comparative analysis 
of RNAs by oligonucleotide mapping and gel electrophoresis 
(Guo and Desselberger, 1984) and of polypeptides, by SDS-
PAGE, synthesized in infected cells (Elliott et a l ., 1984), 
demonstrated that the swine isolates were closely related 
to each other, but also highly homologous to the human 
viruses. The question of whether pigs serve as a natural 
reservoir for human influenza viruses cannot be answered
from the available data.
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SPECIFIC AIMS

A. Genetic drift in influenza A virus genes has been best 
studied for the HA and NA genes which code for the surface 
proteins of the virus. Specifically, Both et al. (1983) 
characterized changes in the HA genes of a series of 
drifted natural variants of the H3 Hong Fong subtype. This 
group found that antigenic variation in the HAs of these 
strains was the result of accumulated point mutations in 
the HA gene that led to sequential amino acid substitutions 
in key antigenic regions of the HA molecule.

We asked the question of whether sequential nucleotide 
changes were also occurring in a virus gene coding for 
nonsurface proteins. The NS gene was chosen for study 
because there was evidence suggesting that this segment was 
conserved through the major antigenic shifts of this 
century. Therefore, variation in the NS gene could be 
investigated over many years. The complete nucleotide 
sequences of 15 NS genes of viruses isolated over 53 years 
(1933-1985) and representing the HI, H2, and H3 HA 
serotypes were examined. Included in the analysis were 
H1N1 subtype strains of the 1950 period and the reemerged 
viruses of 1977 up until 1985. We wanted to determine how 
closely related on the nucleotide level was the NS gene of 
the prototype A/USSR/90/77 virus to that of the A/FW/1/50 
strain. Additionally, we asked the question of whether
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evolutionary changes in the NS genes of the 1950-1957 H1N1 
strains were similar to changes found in the NS genes of 
the 1977-1985 H1N1 viruses. The reintroduced H1N1 viruses 
provided a unique opportunity to study the evolution of the 
HlNl subtype in two different eras. An evolutionary tree of 
the NS genes of the viruses was constructed from the 
sequence data and an evolutionary rate for the NS gene of 
influenza A virus was calculated. The NS gene evolutionary 
rate was compared to that of other influenza virus genes.

B. A second major objective of this work was to examine 
the extent and nature of variation in the genes of human 
influenza C viruses. Prior to this report, little was 
known about the epidemiology of C viruses and the 
mechanisms leading to variation among strains. The HA and 
NS genes of eight C viruses isolated in 1947 to 1983 were 
examined. Comparative sequence analysis yielded 
information on the evolution of both a surface and 
nonsurface protein coding gene in the identical virus 
strains. Using the HA and NS nucleotide data, evolutionary 
trees depicting genetic relationships among strains were 
constructed. The extent of nucleotide changes in the 
influenza C virus genes was also compared to that in the 
corresponding segments of influenza A viruses. The results 
of the C virus analysis led to the proposal of an 
evolutionary model for the propagation of influenza C 
variants in nature that is quite different from that of
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other orthomyxoviruses. Influenza C variants derived from 
multiple evolutionary lineages appear to cocirculate, 
whereas, influenza A and possibly B variants emerge 
successively with time along a single lineage.

C. The influenza virus host range mutant CR43-3, derived 
by recombination from the A/ALA/6/77 and the cold-adapted 
and temperature-sensitive A/AA/6/60 viruses, has 
previously been shown to possess a defect in the NS gene 
(Maassab and DeBorde, 1983) . The precise nature of the NS 
defect was determined by nucleotide sequencing of cloned 
cDNAs and phenotypic properties of the virus were 
investigated.
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MATERIALS AND METHODS

1. Virus and Virus Purification
The influenza A, B, and C viruses used in this work are 

listed in Table 5. Influenza viruses were propagated in 
embryonated chicken eggs according to the protocols 
outlined below.

1A. Growth and Purification of influenza A and B Viruses
-2 -4An appropriate dilution (10 -10 ) of virus seed was

made in virus diluent which was phosphate buffered saline 
(PBS, 137 mM NaCl, 2.7 mM KC1, 8.1 mH Na2HP04 , 1.5 mM
KHjPO^ ) containing 0.9 mM CaCl2 , 0.5 mM MgCl2 .6H20, 100
U/ml penicillin G, 100 ug/ml streptomycin sulfate, and 0.2% 
bovine albumin (Miles Scientific Laboratories, Inc.; 
Elkhart, IN). Virus (0.1 ml) was inoculated into the 
allantoic cavity of 10-11 day old embryonated eggs. Eggs 
were incubated at either 35°C (all B viruses) or 37°C for 
40-48 h and then chilled overnight at 4°C. Allantoic fluid 
was harvested, pooled, and clarified by centrifugation at
3,000 rpm for 10'. The supernatants were removed and the 
virus titer was determined by hemagglutination assay (see 
below). Virus was concentrated by centrifugation at 4°C in 
a Ti45 rotor at 35,000 rpm for 1 h. The supernatants were 
discarded and the virus pellets were resuspended in several 
ml of NTE buffer (10 mM Tris-HCl, pH 7.4, 100 mM NaCl, 1 mM 
EDTA). Virus solution was layered on 30 ml continuous
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TABLE 5. INFLUENZA VIRUSES USED IN THIS STUDY

Virua Subtype Source Abbreviation

A/WSN/33 H1N1 Mt. Sinai _ _
A/Puerto Rico/8/34 B1N1 Mt. Sinai A/PR/34
A/Bellaay/42 H1N1 Mt. Sinai A/BEL/42
A/Fort Monmouth/1/47 H1N1 Mt. Sinai A/FM/47
A/Fort Warren/1/50 H1N1 Mt. Sinai A/FW/50
A/Denver/1/57 H1N1 Mt. Sinai A/DEN/57

A/Ann Arbor/6/60 H2N2 Mt. Sinai A/AA/60
A/Berkeley/1/68 H2N2 Mt. Sinai A/BERK/68

A/Udorn/72 H3N2 Mt. Sinai
A/Alaaka/6/77 H3N2 H.F. Maaaaab A/ALA/77
A/Houaton/24269/85 H3N2 H. Six (H3) A/HT/85
A/USSR/90/77 H1N1 Mt. Sinai A/USSR/77
A/Maryland/2/80 H1N1 Mt. Sinai A/MD/80
A/Houaton/18515/84 H1N1 H. Six A/HT/84
A/Houston/23284/85 H1N1 H. Six (HI) A/HT/85

CR43-3 H3N2 H.F. Maaaaab —

reaaaortant of A/AA/6/60 
(ca)<ta) X A/ALA/6/77 (wt)
A/AA/6/60 (ca)(ta) H2N2 H.F.

B/Yamagata/1/73 
B/Clone 201

X. Tobita 
X. Tobita

B/YA/73 
clone 201

C/Taylor/1233/47

C/Ann Arbor/1/50
C/Great Lakea/1167/54
C/Johanneaburg/1/66
C/California/1/78
C/Hisaiasippi/80
C/Yamagata/10/81
C/England/892/83
C/pig/Bei jing/10/81 
C/pig/Bei j ing/115/81 
C/pig/Bei jing/439/82

Inatitute o£ Virology C/TAY/47
China National Center 
for Preventive Medicine

H.F. Maaaaab C/AA/50
W. Dovdle C/GL/54
Mt. Sinai C/JHG/66
Mt. Sinai C/CAL/78

A.P. Kendal C/MS/80
X. Nakamura C/YA/81

P. Chakraverty C/ENG/83
Guo et al. (1983) C/P/10/81
Guo et al. (1983) C/P/115/81
Guo et al. (1983) C/P/439/82



gradients of 30-60% (w/v) sucrose in NTE buffer. Gradients 
were formed in 25 x 89 mm ultra-clear SW27 tubes (Beckman 
Instruments, Inc; Palo Alto, CA). Each gradient contained 
material harvested from approximately 25 eggs. Sucrose 
gradients were centrifuged in an SW27 rotor at 4°C for 3 h
at 25,000 rpm. After centrifugation, the virus band was
visualized in the dark using a high intensity lamp and
aspirated with a 10 ml syringe by side puncture. Virus was
concentrated by diluting the band at least 1:5 in NTE and 
pelleting in the Ti45 rotor at 35,000 rpm for 1 h (SW27 
rotor, 25,000 rpm, 90'). Virus pellets were resuspended in 
3-10 ml of NTE buffer for subsequent RNA extraction.

IB. Growth and Purification of Influenza £ Viruses
Influenza C virus seed was diluted as described for 

influenza A and B viruses and 0.1 ml was inoculated into 
the amniotic sac of 9-10 day old embryonated eggs. Eggs 
were incubated at 35°C for 48 h then chilled overnight at 
4°C. Amniotic fluids were harvested and virus was purified 
according to the protocol described for A and B viruses 
with the following modifications. Due to the small volume 
of amniotic fluid obtained from infected eggs, the pooled 
fluid from a 100 egg preparation, for example, was directly 
applied onto a 15 ml 30-60% continuous sucrose gradient 
(one-half the volume of the A, B virus gradients) . 
Centrifugation was at 4°C for 3 h at 25,000 rpm in the SW27

82



rotor. The virus band was isolated from the gradient and 
the RNA was extracted.

IC. Preparation of Seed Virus
The virus sample was diluted serially ten-fold and 

inoculated into eggs. After appropriate incubation, the 
eggs were chilled and infected fluids were harvested using 
sterile technique. The fluids were titered for virus by 
the HA microtiter assay. The samples showing the highest 
HA titers at preferably the highest dilutions were kept and 
aliquoted into 1.8 ml cryotubes. The sterility of the 
samples were tested by inoculation of 20 ul onto a TSA 
blood agar plate which was incubated overnight at 37°C. 
Aliquots of sterile seeds were quick-frozen in an ETOH/dry 
ice bath and stored at -70°C.

ID. Quantitatiop of Virus by Hemagglutination Assay 
Virus was quantitated by hemagglutination (HA) assay

adapted to a microtiter scale (Sever, 1962). Virus 
diluent (25 ul) was added to a row of wells in a 96 well 
Linbro microtitration plate (Flow laboratories. Inc.; 
McLean, VA). Virus sample (25 ul) was added to the first 
well only. Two-fold serial dilutions of the sample were 
made using 25 ul stainless steel diluters. An additional 
25 ul of diluent was added to all wells followed by 50 ul 
of 0.5% human type O red blood cells to a final 
concentration of 0.25%. The contents of the wells were
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mixed on a Cooke microtiter mixer for a few seconds and the 
plate was incubated on ice for 1 h to allow development of 
the assay. The hemagglutination titer, expressed as 
hemagglutinating units (HAU) per ml is the reciprocal of 
the highest dilution exhibiting hemagglutination. Under 
these conditions, the first well of the microtitration 
plate contains a 1:8 dilution of virus. It should be 
noted that when titering influenza C virus samples, adult 
chicken red blood cells (Flow Laboratories, Inc.; McLean, 
VA) were sometimes used to increase the sensitivity of the 
assay.

I E . Quantitation of Influenza A Virus by Plague Assay
Influenza A viruses were routinely plaqued in MDCK 

cells as described by Tobita et al. (1975). Confluent 
monolayers of MDCK cells in 35 mm dishes were infected with 
0.1 ml of serial ten-fold dilutions of virus sample made in 
virus diluent. Virus was allowed to adsorb to the cells 
for 1 h at 37°C. After adsorption, 3 ml of agar overlay 
medium was added per dish consisting of REM (M.A. 
Bioproducts; Walkersville, MD) supplemented with 100 U/ml 
penicillin G, 100 ug/ml streptomycin sulfate, 0.2% bovine 
albumin, 2 mM NaH2P04 .H20, 10 mM HEPES, Earle's balanced
salt solution, 0.1% (w/v) DEAE dextran, 0.6% (w/v) Oxoid
agar (Oxoid Ltd; Hampshire, England), 0.1% (w/v) NaHCO^, 
and 1 ug/ml 1:250 trypsin (Difco Laboratories; Detroit MI). 
The agar was allowed to harden on the bench top then the
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dishes were inverted and incubated at 37°C for 2-3 days. 
When plaques were visible, the agar overlay was removed 
with a spatula and the monolayers were stained with a 
solution of 0.1% crystal violet (Fisher Scientific; 
Springfield, NJ), 20% MEOH for 10'. The stain was removed
and the monolayers were washed with tap water. The titer 
of virus expressed in plaque forming units (PFU) per ml is 
equal to the number of plaques on a plate x the virus 
dilution factor x 10 (volume adjustment).

2. Tissue Culture
2A. Maintenance of MadinrParby Canine Kidney iMDCKj Cells

Madin-Darby canine kidney (MDCK) cells were propagated 
2in 75 cm plastic flasks. Cell growth medium was minimal 

essential medium (MEM) with Earle's salts (Gibco 
Laboratories; Grand Island, NY) supplemented with 100 U/ml 
penicillin G, 100 ug/ml streptomycin sulfate, 10% heat 
inactivated fetal calf serum (56°C for 1 h ) , 2 mM L-
glutamine (M.A . Bioproducts; Walkersville, MD), and 0.15% 
(w/v) NaHCO^ * Confluent cell monolayers were split by 
removing the growth medium and washing with 5 ml PBS. 
Five ml of trypsin-EDTA solution (0.1% 1:250 trypsin (Difco 
Laboratories), 0.1% (w/v) EDTA, 0.025% (w/v) NaHCO^ in
PBS) was added to release the cells from the solid support. 
Following a 5' incubation at 37°C and gently tapping of the 
flask, the cells were dissociated from the flask wall.
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Five ml of growth medium was added and the cells were 
mixed by aspiration using a 10 ml pipet. The cell
suspension was transferred to a 50 ml plastic Falcon 
conical tube (Becton Dickinson; Oxnard, CA) and centrifuged 
for 10' at 1,500 rpm. The cell pellet was resuspended in 4 
ml of growth medium. A 1:10 dilution of the cell
suspension was made and the cells were counted with a 
hemocytometer under an inverted microscope. After an
appropriate dilution of cells with growth medium, the cells

2 6 were seeded into 75 cm flasks (4 x 10 cells/flask), 35 mm
dishes (2.5 x 10^ cells/dish), or 13 mm glass cover slips
(10 cover slips in a 60 mm dish/5 x 105 cells). Confluent
monolayers were obtained following incubation for 3 days at
37°C in a humidified COj incubator.

2B. Preparation of Primary Chicken Kidney XPCjCj Cells
Embryonated chicken eggs were incubated at 37°C and

allowed to hatch (day 21). The newly emerged chicks were 
used for kidney culture preparation at 1-2 days of age as 
described by Odigiri et al. (1982). It is important that 
the chicks were not given food or water before use. The 
chicks were sacrificed and the kidneys were carefully 
removed with forceps and transferred to a 60 mm dish 
containing 5 ml of PBS prewarmed to 37°C. Extraneous 
tissue was removed from the kidneys and they were washed 
three times with PBS. The kidneys were finely minced in 
the dish with scissors and transferred to a 50 ml plastic
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Falcon conical tube. The tissue was washed three times 
with 10 ml aliquots of PBS. At this point, a prewarmed 
solution of 0.25% trypsin in PBS was added to the kidneys 
(5 ml added per chick). The tube was shaken and incubated 
on its side at 34°C for 7'. The tube was shaken again and 
incubated at 34°C for an additional 7'. The tube was 
removed from the incubator and mixed vigorously by hand for 
4' at room temperature. Five ml of 10% fetal calf serum 
was added to inactivate the trypsin. The cells were 
centrifuged at 1,000 rpm for 10'. The cell pellet was 
resuspended in 10 ml 199 medium (Gibco Laboratories; Grand 
Island, NY) with Earle's salts containing 10% fetal calf 
serum, 200 U/ml penicillin G, 200 ug/ml streptomycin 
sulfate, 2 mM L-glutamine, MEM nonessential amino acids, 
0.1% NaHCO t̂ and fungizone (Flow Laboratories Inc.; McLean, 
VA). The cell suspension was filtered through sterile 
gauze and additional medium was added to a total of 12.5 ml 
per chick. The cells were thoroughly mixed and seeded at a 
high density onto 35 mm dishes (5 dishes/chick) or 13 mm 
glass cover slips. Cells were incubated at 34°C in an 
atmosphere of 5% CC^ and after two days the medium was 
removed and replaced with fresh medium. By the third or 
fourth day after seeding, the monolayers (80-90% confluent) 
were ready to use for viral protein labeling experiments 
and immunofluorescence studies.
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3. Extraction of Viral RNA
Virion RNA was extracted according to Ritchey et al. 

(1976a) in a 30 ml glass Corex tube fitted with a rubber 
stopper. All glassware was baked at 250°C to inactivate 
ribonucleases and sterile disposable pipets were used. To 
the virus solution, 10% SDS (Pierce Chemical Co.; Rockford, 
IL) was added to a concentration of 0.33%. After vigorous 
mixing, one-tenth volume of 10X RSB buffer (0.1 M Tris-IICl, 
pH 7.4, 0.1 M KC1, 0.015 M MgCl2 .6 HjO) and 5 mg/ml
proteinase K (Beckman Instruments, Inc.; Palo Alto, CA) in 
RSB were added. The tube was vortexed and incubated in a
56°C water bath for 15'. One-tenth volume of LiCl buffer
(5% SDS, 0.1 M acetate buffer, pH 4.9, 1.4 M LiCl) and one 
volume of phenol (redistilled and saturated with RSB) were 
added. The tube was mixed and incubated at 56°C for 5'. 
One volume of chloroform was added (1:1 ratio of phenol to 
chloroform) and the tube was mixed for 20' on a wrist-
action shaker (Burrell Corporation; Pittsburgh, PA) . The 
tube was centrifuged for 10' at 3,000 rpm to separate the 
phases. The top aqueous layer was removed and transferred 
to a new Corex tube. The phenol/chloroform extraction was 
repeated until the interface formed after centrifugation 
was clear. The RNA was precipitated by the addition of 2.5 
volumes of 100% ETOH. After incubation at -70°C for 30', 
the RNA was pelleted by centrifugation at 4°C for 20' at
11,000 rpm (Sorvall SS-34 rotor). The supernatant was
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removed and the RNA pellet was dried by lyophilization in a 
Speed Vac Concentrator (Savant Instruments, Inc.; 
Hicksville, NY). The RNA was resuspended in 0.4 ml of 0.3 
M NaOAc with a sterile transfer pipet and placed in a 1.5 
ml Eppendorf polypropylene tube. The RNA solution was 
extracted twice with two volumes of ethyl ether and 
residual ether was removed by evaporation with nitrogen 
gas. The RNA, found in the lower phase after ether 
extraction, was precipitated with 2.5 volumes of 100% ETOH 
and collected by centrifugation at 12,000 x g for 15' in 
an Eppendorf model 5412 microfuge. The RNA pellet was 
rinsed with 70% ETOH (centrifuge 5'). The RNA was 
lyophilized and resuspended in 100 ul of sterile double 
distilled water (DCW). A dilution of the sample was made 
and the RNA concentration and purity was determined by 
spectrophotometric analysis by scanning over the 
wavelengths from 230-290 nm. One O.D.2g0 unit for single­
stranded RNA is equal to a 40 ug/ml concentration.

4A. Gel Electrophoresis of Viral R£As
Influenza Virus RNAs were routinely electrophoresed in 

polyacrylamide vertical slab gels using a Tris-borate-EDTA 
(TBE) buffer system modified from Peacock and Dingman 
(1967). The 10X TBE buffer of pH 8.3 consisted of 0.89 M 
Trizma base, 0.89 M boric acid, and 0.025 M disodium-EDTA. 
A 40% stock of polyacrylamide was prepared in sterile DDW 
with acrylamide (>99.9%, Bio-Rad Laboratories; Rockville
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Centre, NY) and N, N '-methylenebisacrylamide (ultra pure, 
Bethesda Research Laboratories; Gaithersburg, MD) in a
ratio of 38:2. The stock solution was filtered using a 
Nalgene filtration device (Nalge Co.; Rochester, NY). A 10 
M urea (ultra pure, Schwarz/Mann Biotech; Cleveland, OH) 
stock was prepared in sterile DDW which was gravity 
filtered through Whatman qualitative paper. Seventy-
five ml of gel solution was made up which was IX TBE, 3% 
polyacrylamide, and 6 M urea. Gel polymerization was 
initiated by the addition of 10% (w/v) ammonium persulfate 
(AP) to a concentration of 0.15% and N,N,N'N 1 - 
tetramethylethylenediamine (TEMED)(Bio-Rad Laboratories) at 
1 ul per ml of gel solution. The gel was cast between 
autoclaved glass plates, 26 x 16 x 0.5 cm. One plate was 
notched on both edges of one end and the other was
sandblasted to a rough finish on one side. The sandblasted 
side of the plate faced the inside of the gel mold. The
plates were separated by plexiglass spacers (Aquebogue, NY) 
of 1.5 mm thickness. A 1.5 mm thick plexiglass comb of 15 
teeth (6 ram wide separated by 1.6 mm) was used to form the 
sample wells.

4B. Preparation of RNA Samples for Electrophoresis
For analysis of isolated RNA, approximately 1 ug of RNA 

was added to a 1.5 ml Eppendorf tube. An equal volume of 
2X running mix (40% (w/v) glycerol, 2X TBE, 0.05% (w/v) XC,
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0.05% (w/v) BPB) was added. Total volume of the sample was 
about 10-15 u l . The sample was heated at 56°C for 5' and 
immediately loaded onto the gel with a Hamilton syringe. 
The gel was run at room temperature for 12 h at 175 V 
(constant voltage).

4C♦ Silver Staining of RNA Separated on Polyacrylamide Gels
At the end of the electrophoresis run, the gel plates 

were pried apart with a spatula and the gel was silver 
stained according to the method of Whitton et a l . (1983).
The silver stain technique, adapted from histochemical 
procedures, is used to detect proteins and nucleic acids 
separated on polyacrylamide gels (Merril et a l ., 1981).
Silver staining is more sensitive than the conventional 
Coomassie brilliant blue R-250 organic stain for proteins 
and more sensitive than ethidium bromide which is routinely 
used to detect nucleic acids. The basis of the staining 
reaction is that silver cations can interact with 
negatively charged nucleic acid. After the addition of a 
reducing reagent, the silver cations are converted to 
metallic silver which is visualized as a black deposit in 
the gel at the position of the nucleic acid bands.

The gel was fixed for 30' in a solution of 25% ETOH, 
10% glacial acetic acid followed by 10% ETOH, 0.5% glacial 
acetic acid for 30'. The fixative was removed and the gel 
was submerged in a freshly prepared solution of 500 ml DDW 
containing 0.9 g of silver nitrate crystal for 1.5 h.
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After the staining step, the gel was washed 3-4 times with 
DDW until a milky white precipitate no longer eluted from 
the gel. A reduction step followed by the addition of 
500 ml of a freshly prepared mixture in DDW consisting of 
15 g NaOH pellets, 45 mg NaBH^, and 3.75 ml 37% (w/v)
formaldehyde, added after the other ingredients had 
dissolved. The gel was rocked from side to side and as 
soon as the RNA bands appeared, it was transferred to a 
stop solution of 5% glacial acetic acid for 30'.

5A. Isptopic Labeling of Viral Proteins
Influenza virus proteins were pulse-labeled in MDCK or 

PCK cells as described by Ritchey et al. (1976b). 
Confluent monolayers of MDCK or PCK cells in 35 mm dishes 
were infected with 0.1 ml of undiluted virus seed. Virus 
was adsorbed to the cells for 1 h at the appropriate 
temperature. After adsorption, the inoculum was left on 
and 2 ml per dish of maintenance medium was added. 
Maintenance medium for MDCK cells was MEM with Earle's 
salts supplemented with 0.21% bovine albumin, 2 mM L- 
glutamine, 10 mM HEPES, 100 U/ml penicillin G, 100 ug/ml 
streptomycin sulfate, 0.12% NaHCO^, and 1 ug/ml trypsin if 
multi-cycle virus replication was required. Maintenance 
medium for PCK cells was 199 with Earle's balanced salt 
solution containing 0.21% bovine albumin, 10 mM HEPES, 
100 U/ml penicillin G, 100 ug/ml streptomycin sulfate, and

92



0.12% NaHCO^. The cell monolayers were incubated at the 
appropriate temperature for various times until the desired 
time post-infection (p.i.) for labeling was reached. At 
this time, the maintenance medium was removed and the 
monolayers were washed with PBS. Protein labeling medium 
was added (1.5 ml per dish) which consisted of Hanks' 
balanced salt solution, 0.5% NaHCO^, 0.004% (w/v) phenol
red, 100 U/ml penicillin G, 100 ug/ml streptomycin sulfate, 
0.2% (w/v) glucose supplemented with 200 uCi/ml L - [ ^ S ] -
methionine (specific activity 1,100 Ci/mmole; New England 
Nuclear; Boston, MA) . The cells were pulse-labeled for 
1 h. The labeling medium was removed and the monolayers 
were washed with PBS. Two hundred ul of protein loading 
buffer (30% glycerol, 3% 2-mercaptoethanol, 2% SDS, 0.025% 
BPB, 0.01X buffer 11B — see next section) was added per
dish to lyse the cells. The cells were scraped off the 
dish with a rubber policeman and transferred to a 1.5 ml 
Eppendorf tube.

5B. Gel Electrophoresis of Viral Proteins
Virus-infected pulse-labeled cell lysates were 

electrophoresed on 7-14% linear gradient SDS-polyacrylamide 
slab gels (Young and Palese, 1979). Gradient gels and 
electrophoresis conditions were according to the method 
described by Maizel (1971).

Stock solutions of polyacrylamide (ratio of acrylamide 
to bisacrylamide of 30:0.8), 10% SDS, 60% glycerol, and
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10% AP were made up in DDW. Buffer 11A (20X resolving gel 
buffer) was 36.3 g of Trizma base dissolved in <100 ml of 
DDW. The pH was made 8.9 by addition of 12 N HC1 and then 
the volume was adjusted to 100 ml with DDW. Buffer 11B (8X 
stacking gel buffer) was 5.7 g Trizma base dissolved in 
<100 ml of DDW. The pH was adjusted to 7.1 with 14.6 M 
phosphoric acid and the volume was brought up to 100 ml. 
The 7.0% gel solution (24 ml) was prepared containing 7.0% 
polyacrylamide, 5.2% buffer 11A, and 0.1% SDS. The 14.0% 
gel solution (24 ml) consisted of 14.0% polyacrylamide, 
5.2% buffer 11A, 0.1% SDS, and 20% glycerol. Additionally,
SDS-polyacrylamide gels containing urea were formed. In
this case, ultra pure urea was dissolved in both gel
solutions at a concentration of 7 M. To start
polymerization, 10% AP and TEMED were added to a final 
concentration of 0.03% and 0.075%, respectively. The 
gradient gel was cast using a gradient former between glass 
plates, 26 x 16 x 0.5 cm, separated by 1.5 mm spacers. The 
gel mold was filled to within 4 cm of the top of the plate
and immediately 1 ml of isobutanol was layered on top of
the gel solution to insure a smooth edge. When
polymerization was complete, the isobutanol was washed out 
with several rinses of DDW and the inside of the gel mold 
was dried with 3 MM chromatography paper. The stacking gel 
solution was prepared which consisted of 4.6%
polyacrylamide, 12.5% buffer 11B, 0.2% SDS, 0.15% AP, and
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0.15% TEMED. The stacking gel was poured directly on top 
of the resolving gel and a 15 slot (6 mm wide separated by
1.6 mm) comb was inserted to form the sample wells. The 
electrophoresis running buffer was 0.025 M Tris - 0.19 M 
glycine (Sigma Chemical Co.; St. Louis, MO), pH 8.25, and 
0.1% SDS.

The protein samples in loading buffer were boiled for 
5' to denature the proteins and immediately loaded into the 
sample wells. The proteins were electrophoresed for a 
total of 1600 voltage hours (i.e., 130 V for 12 h) until
the BPB tracking dye ran off the gel. Following 
electrophoresis, the stacking gel was removed and the 
resolving gel was fixed in 25% methanol, 8% glacial acetic 
acid for 30' with gentle rocking at room temperature. The 
fixed gel was then dried on a Bio-Rad slab gel dryer and 
exposed to Cronex X-ray film (Dupont; Wilmington, DE ) .

6. Indirect Immunofluorescence of Virus-Infected Cells
Localization of the NS1 protein in influenza virus- 

infected cells was determined by immunofluorescence 
analysis as described by Young et a l . (1983). MDCK and
PCK cells were seeded onto 13 mm glass cover slips and 
grown to 60-100% confluency. Monolayers were infected with

O
0.1 ml of approximately 10 PFU/ml of virus for 1 h at the 
appropriate temperature. At various times p.i., the 
coverslips were harvested, washed with PBS, and allowed to
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air dry. The cells were then fixed in cold acetone for 10' 
at room temperature, air dried, rinsed with PBS, and air 
dried again. The monolayers were incubated for 30' at 37°C 
in a moist environment with a prewarmed monospecific rabbit 
antiserum (diluted 1:50) which was raised to Ej. coli- 
produced NS1 protein (Young et al., 1983). The primary 
antibody was aspirated and the coverslips were rinsed with 
three changes of PBS. The cells were treated for 30' at 
37°C with a diluted fluorescein-conjugated goat antibody to 
rabbit 7S immunoglobulin G (Hyland Diagnostics; Dearfield, 
II.). The secondary antibody was aspirated off and the 
coverslips were washed with three changes of PBS and 
blotted dry on filter paper. The coverslips were inverted 
and mounted in phosphate buffered glycerol onto microscope 
slides. NSl-specific immunofluorescence was visualized 
using a Leitz fluorescence microscope.

7. Preparation of Influenza VirusrSpecific ds cDNA
The protocol for the synthesis of virus-specific cDNA 

involved the use of reverse transcriptase and synthetic 
oligonucleotide primers as described by Baez et a l . (1980). 
The procedure takes advantage of the fact that the 3' and 
5' ends of all the gene segments of influenza A viruses 
have conserved sequences (Desselberger et a l ., 1980).
Therefore, a dodecamer primer complementary to the 3' 
terminal nucleotides of the vRNA and one the same sense as 
the 5' end of the vRNA, effectively prime first and second
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strand cDNA synthesis, respectively, of all eight viral 
genes.

7A. Synthesis of First Strand cDNA Jss cDNA)
The reaction to synthesize single-stranded cDNA

complementary to total virion RNA was in a 300 ul volume
and contained the following components: 20 ug of purified
vRNA, reverse transcriptase (RT) buffer (50 mM Tris-HCl, pH
8.3, 60 mM NaCl, 20 mM dithiothreitol (DTT) , 12 mM M g C ^ )  >
0.5 U/ul RNasin (Promega Biotec; Madison, W I .), 100 ug/ml
actinomycin D (Sigma Chemical Co.; St. Louis, MO), 0.5 mM
each of dATP, dGTP, dTTP, dCTP (Pharmacia P-L Biochemicals
Inc.; Milwaukee, WI), 10 ug 3' end primer d(AGCAAAAGCAG)rG
(Collaborative Research, Inc.; Waltham, MA.), 100 uCi

32[alpha- P]-dATP in Tricine (specific activity 3,000 
Ci/mmole; New England Nuclear; Boston, MA ) , and 500 U/ml
AMV RT (Molecular Genetic Resources, Inc.; Tampa, FL). The 
reaction was incubated at 42°C for 1.5 h and then
terminated by making it 0.2% SDS, 0.02 M EDTA, and 0.3M
NaOAc. The mixture was extracted two times with an equal 
volume of redistilled phenol/chloroform (1:1) followed by 
two extractions of the aqueous phase with two volumes of 
ether. The RNA/DNA hybrids were ethanol precipitated by the 
addition of 2.5 volumes of 100% ETOH, incubated at -70°C 
for 20'. The nucleic acid was collected by centrifugation 
for 15' at 12,000 x g and the pellet was washed with 70%
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ETOH and lyophilized. The pellet was resuspended in TE 
buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA) and the RNA
template of the hybrids was removed by digestion with 
pancreatic RNase A (25 ug/ml) at 37°C for 30'. The mixture
was made 0.3 M NaOAc and extracted several times with
phenol/chloroform (1:1) and then with ether. The aqueous 
phase was passed through a Sephadex G-75 (Pharmacia Fine 
Chemicals; Piscataway, NJ) gel filtration column (20 x 0.8 
cm, polypropylene; Kontes; Vineland, NJ) equilibrated wit): 
NTE, to separate the ss cDNA from unincorporated dNTPs and 
digested RNA mononucleotides. The first radioactive peak 
to elute from the column contained the ss cDNA and the 
fractions containing this peak were counted by measuring 
Cerenkov radiation. Based on the incorporated
radioactivity and the ug of dNTP put into the reaction, the 
amount of ss cDNA was quantitated. The ss cDNA was ethanol 
precipitated and the DNA pellets were resuspended in 20 ul 
of DDW and pooled into a single Eppendorf tube. At this 
point in the procedure, an aliquot of the ss cDNA was put
aside for subsequent gel analysis.

7B. Synthesis of Second Strand cDNA ids cDNAj
One ug of 5' end primer d(AGTAGAAACAAG), complementary 

to the 3' end of the first strand cDNA, was added to the ss 
cDNA product of the first strand reaction. These two 
components were incubated at 90°C for 2' and then cooled to 
room temperature for 5'. RT buffer, 0.5 mM each of dATP,
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dGTP, dTTP, dCTP, and 500 U/ml RT were added to give a 
final reaction volume of 100 ul . The mixture was incubated 
at 37°C for 1.5 h. The reaction was stopped by addition of 
10% SDS, 0.5 M EDTA, and 3 M NaOAc to 0.2%, 0.02 M, and 0.3 
M, respectively. The reaction was phenol/chloroform (1:1) 
extracted, ether extracted, and the ds cDNA peak was 
collected after gel filtration in NTE buffer on Sephadex G- 
75 (20 x 0.8 cm, polypropylene column; Kontes; Vineland, 
NJ). The radioactivity in the peak was counted and the 
fractions were ethanol precipitated. The ds cDNA pellets 
were resuspended in DDW, pooled into a single tube, and 
ethanol precipitated a second time. The final pellet was 
rinsed with 70% ETOH, lyophilized, and resuspended in 20 ul 
DDW. An aliquot of the ds cDNA preparation was saved for 
further analysis.

Aliquots (5,000 cpm) of the ss and ds cDNA products 
were treated with the single-strand specific nuclease SI 
(Sigma Chemical Co.; St. Louis, MO) to analyze the 
efficiency of conversion of ss to ds cDNA and also to check 
if full-length Sl-resistant copies of the viral genes were 
generated. In addition, the ds cDNA was digested with a 
variety of restriction endonucleases having a single 
recognition sequence in the plasmid cloning vector, pBR322, 
to check for internal restriction sites within the genes. 
The SI- and restriction enzyme- digested samples, along 
with control size markers, were electrophoresed in a 4%

99



polyacrylamide (stock solution acrylamide to bisacrylamide, 
29:1)/TBE gel (26 x 16 x 0.5 cm, 1.5 mm thick) until the XC 
tracking dye had migrated 17 cm down the gel.

8. Modification of ds cDflA for Insertion into pBR32/
The NS gene-specific ds cDNAs of the A/FM/1/47, 

A/FW/1/50, CR43-3, and A/Alaska/6/77 viruses did not
contain internal EcoRI sites. Therefore, the unique EcoRI 
site of pBR322 was used for cloning these NS genes.

The 5' ends of the ds cDNAs were phosphorylated so that 
EcoRI synthetic linkers, d(GGAATTCC) (Collaborative 
Research, Inc.; Waltham, MA) could be attached. The 
linkers were also phosphorylated.

The cDNA was phosphorylated in a 20 ul reaction mixture 
containing 1 mM ATP, 10 U T4 PNK (Bethesda Research 
Laboratories; Gaithersburg, MD) in Wu buffer (66 mM Tris- 
HC1, pH 7.4, 10 mM MgCl2 , 15 mM DTT, 0.1 mM ATP). The
reaction was incubated at 37°C for 60'. Another 10 U
aliquot of PNK was added and the incubation was continued 
for an additional 60'.

32To phosphorylate the linkers, 50 uCi of [gamma- P]-ATP 
(specific activity 3,000 Ci/mmole; New England Nuclear; 
Boston, MA.) was lyophilized in an Eppendorf tube. Two ug 
of EcoRI linkers and 10 U of PNK in kinase buffer (50 mM 
Tris-HCl, pH 7.5, 10 mM MgCl2 , 5 mM DTT, 0.1 mM spermidine,
0.1 mM EDTA) were added to give a volume of 20 u l . The
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reaction was incubated at 37°C for 30'. Ten mM ATP was
added to a concentration of 1 mM along with 10 U of PNK. 
The incubation was continued for 60'.

The cDNA and linker kinase reactions were incubated at 
65°C for 10' to inactivate the kinase enzyme. The cDNA and 
linkers were added together. The mixture was made 0.3 M 
NaOAc, phenol/chloroform (1:1) extracted, ether extracted, 
and ethanol precipitated. The pellet was ethanol rinsed, 
lyophilized, and resuspended in DDW. A 100 ul ligation 
reaction containing the kinased cDNA and linkers in Wu 
buffer, 0.5 mM ATP, and 400 U T4 DNA ligase (New England 
Biolabs; Beverly, MA.) was prepared. The ligation was
incubated for 15 h at 14°C and then for 5' at 70°C to
inactivate the ligase. An aliquot of the reaction was
saved for analysis and the rest was digested with an excess 
of 100 U of EcoRI restriction enzyme (New England Biolabs; 
Beverly, MA) according to the manufacturer's specifications 
to convert polymerized linkers to monomers. The linker 
ligation to the cDNA and subsequent polylinker digestion 
were analyzed by autoradiography following electrophoresis 
of aliquots of both reactions in a 4% polyacrylamide/TBE 
gel (26 x 16 x 0.5 cm, 1.5 mm thick) until the BPB tracking 
dye had migrated 12 cm.

The linker digest was loaded directly onto a Sepharose 
CL-6B (Pharmacia Fine Chemicals; Piscataway, NJ) column (30 
x 1.8 cm) in NTE buffer to separate the cDNA with attached
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linker from the digested linker. The radioactive cDNA peak 
(first to elute) was collected and 3 M NaOAc was added to a 
concentration of 0.3 M. The cDNA was ethanol precipitated, 
rinsed with 70% ETOH, lyophilized, and resuspended in 
200 ul sterile DDW.

9. Preparation of Cloning Vector apd Ligation of cDNA
The vector pBR322 was linearized by complete digestion 

with EcoR I . The 5' ends of the plasmid were 
dephosphorylated to prevent recircularization of plasmid 
without insert in the ligation of the cDNA to the vector. 
The dephosphorylation protocol and reagents were obtained 
from a 5' DNA terminus labeling system (Bethesda Research
Laboratories; Gaithersburg, MD). The 100 ul cocktail
contained 25 ug of linearized pBR322 (18 pmole 5'termini) 
and 1 ul of 256 U/ul bacterial alkaline phosphatase (BAP) 
in BAP buffer (10 mM Tris-HCl, pH 8.0, 120 mM NaCl). The
mixture was incubated at 65°C for 60' and then cooled to 
room temperature. The reaction was extracted several times 
with an equal volume of phenol/chloroform (1:1) followed by 
two ether extractions. The DNA was ethanol precipitated, 
washed with 70% ETOH, lyophilized, and resuspended in 
sterile DDW.

Routinely, one-half of the cDNA preparation (100 ul)
was divided into two ligation reactions. One reaction
contained 80 ul of cDNA and the other, 20 ul. The 100 ul 
cocktail also consisted of 200 ng BAP-treated pBR322 and
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400 U T4 DNA ligase (New England Biolabs; Beverly, MA) in 
Wu buffer supplemented with 0.5 mM ATP. The ligation was 
at 14°C for 15 h.

10. Preparation of Competent Bacter ial CeJ.ls and 
Transformation

A 20 ml overnight culture of Ej. coli C600 cells was 
propagated in TY medium (10 g Difco Bacto-tryptone, 10 g
Difco Bacto-yeast extract, 5 g NaCl per liter). A small 
aliquot of the culture was inoculated into 50 ml of fresh 
TY medium and the cells were grown at 37°C to logarithmic 
phase (O.D.5<jq = 0.6). The cells were made transformation 
competent according to the method described by Dagert and 
Ehrlich (1979). The bacterial cells were pelleted by 
centrifugation at 3,000 rpm for 10' and resuspended in 
10 ml of cold, sterile 100 mM CaCl2 , 10 mM Tris-HCl, pH 
8.0. The bacteria were incubated on ice for 60' and 
pelleted at 4°C. The cell pellet was resuspended in 2 ml 
of 100 mM CaCl2 » 10 mM Tris-HCl, pH 8.0.

A 100 ul aliquot of competent Ej. coli cells was added 
to the 100 ul ligation reaction along with 100 ul of TCM 
(10 mM Tris-HCl, pH 8.0, 10 mM MgCl2 , 10 mM CaClj). This
mixture was chilled on ice for 30' followed by a heat shock 
at 42°C for 2'. Five hundred ul of TY medium plus 
ampicillin (50 mg per liter) was added and the cells were 
incubated at 37°C for 45'. Aliquots of 20, 50, and 100 ul

10 3



of the transformation mixture were plated onto TY agar 
plates (20 g Difco Bacto-agar per liter) supplemented with 
ampicillin. The plates were inverted and incubated at 37°C 
for 16 h. A typical transformation using one-half of the 
total cDNA preparation (10 ug of starting vRNA) yielded 
approximately 500 bacterial colonies (10-fold greater than 
the background control: BAP-treated pBR322 plus ligase) .

11. Identification of Recombinant Clones
Bacterial colonies containing influenza virus-specific 

sequences were identified using the in situ colony 
hybridization method of Grunstein and Hogness (1975) . 
Bacterial transformants (isolated single colonies) were 
streaked onto TY plus ampicillin agar plates (50 colonies 
per plate) and incubated at 37°C for 15 h. The bacterial 
streaks were replica-plated using velvet onto several 
nitrocellulose membrane filters (0.45 urn, 82.5 mm circles; 
Schleicher & Schuell; Keene, NH) which were layered on top 
of the agar plates. The bacteria on the filters were grown 
at 37°C for 15 h and the replica plates were stored at 4°C 
until they were ready to be used.

Two sheets of Whatman 3 MM chromatography paper per 
tray were placed in four large trays lined up on the bench 
top. The 3 MM paper was saturated with a series of 
solutions in the order listed: 0.5 N NaOH, 1 M Tris-HCl,
pH 8.0, 1 M Tris-HCl, pH 8.0, and 10X SSC (1.5 M NaCl,
0.15 M Na^CgH^O^^ H2O) . The nitrocellulose filters
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containing the bacteria were transferred through each of 
the solutions, 10' per tray, to lyse the cells, denature 
the DNA, and adjust the pH back to neutral. The filters 
were air dried on two sheets of 3 MM paper and then
transferred to a tray of chloroform. The tray was agitated 
for a few minutes and in this time, the bacterial streaks 
first turned white and then were no longer visible. The 
filters were air dried on 3 MM paper and floated on a 
solution of 1 OX SSC. Once the filters became thoroughly 
wet from beneath, they were submerged in the 10X SSC. The 
nitrocellulose filters were partially air dried and baked 
for 2 h in a vacuum oven at 80°C to permanently fix the DNA 
to the filters.

11A. Preparation of a Hybridization Probe by Nick
Translation

To identify bacterial clones containing plasmids with 
NS gene-specific sequences, a cDNA copy of the NS gene of 
the A/PR/8/34 virus was nick translated (Rigby et al.,
1977) and used as a hybridization probe. The NS gene of 
the A/PR/8/34 virus was previously cloned into the EcoRI 
site of pBR322 (Baez et al., 1980).

32Nick translation was carried out using a P nick
translation system (New England Nuclear; Boston, MA ) . The
reaction volume was 25 ul containing 100 uCi of [alpha- 
32P]-dATP (specific activity 3,000 Ci/mmole), 0.5 ug of
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insert DNA (in TE buffer), 20 uM each of cold dGTP, dCTP,
dTTP, 48 U/ml coli DNA polymerase I, and 0.02 U/ml
pancreatic DNase I in 50 mM Tris-HCl, pH 7.5, 5 mM MgClj.
The reaction cocktail was incubated at 14°C for 2 h. The 
reaction was stopped by addition of 100 ul of nick 
translation stop buffer containing 0.5 M EDTA, 0.2% SDS,
and 0.3 M NaCl. The labeled DNA was separated from the 
unincorporated radioactivity by Sephadex G-75
chromatography (20 x 0.8 cm, polypropylene column; Kontes; 
Vineland, NJ) in NTE buffer. The DNA peak was the first to 
elute from the column and the 0.4 ml peak fractions were 
counted and pooled.

Baked nitrocellulose filters were prehybridized at 65°C 
in a water bath shaker for 2 h, in hybridization solution: 
IX Denhardt's (0.02% Ficoll-70, 0.02% polyvinylpyrrolidone- 
40, 0.02% BSA-fraction V; Sigma Chemical Co.; St. Louis,
MO), 3X SSC, and 0.1% SDS. The filters were placed in a 
heat-sealable plastic bag (eight filters per bag). The 
probe was added to 15 ml of the hybridization solution in a 
50 ml Falcon tube and denatured by boiling for 10'. The 
probe solution was poured into the plastic bag, the air 
bubbles were removed, and the bag was sealed. The 
hybridization was in a 65°C water bath with continuous slow 
shaking for 12 h.
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The probe was removed from the bag and the filters were 
washed three times at 65°C with shaking for 30' per wash
with two solutions. The filters were first dipped in 
200 ml of prewarmed 3X SSC, 0.1% SDS then transferred to 
800 ml of the same solution for the first wash. The
filters were washed a second time with 3X SSC, 0.1% SDS.
The final wash was 0.1X SSC, 0.1% SDS. Two ml of 1% methyl 
green was added during the last wash to visualize the 
positions of the colony streaks. The filters were air 
dried on 3 MM paper, mounted to a rigid support and exposed 
at -70°C to Cronex X-ray film with a lightning plus 
intensifying screen (Dupont; Wilmington, DE). Bacterial 
colonies containing NS-specific DNA were identified from 
the autoradiogram.

11B. Rapid Screen Analysis of Bacterial Colonies
The hybridization positive colonies were picked from

the master plate and inoculated into 3 ml of TY plus
ampicillin medium. The mini cultures were grown at 37°C
for 15 h and were screened by the rapid alkaline method 
(Birnboim and Doly, 1979) for the presence of plasmids with 
full-length NS.inserts.

One-half of the culture was transferred to an Eppendorf 
tube and the cells were pelleted by centrifugation at
12,000 x g for 2'. The bacterial cells were resuspended in 
100 ul of solution I (25 mM Tris-HCl, pH 8.0, 50 mM
glucose, 10 mM EDTA) with lysozyme (Sigma Chemical Co.; St.
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Louis, MO) freshly added to 2 mg/ml. The incubation was on 
ice for 30'. Two hundred ul of solution II (0.2 N NaOH, 
1.0% SDS) was added and the tube was gently vortexed. At 
this time, the suspension became almost clear and slightly 
viscous. The tube was maintained on ice for 5' and then 
150 ul of solution III (3 M NaOAc, pH 4.8) was added. The 
contents of the tube were mixed and incubated on ice for 
60' to allow protein, high molecular weight RNA, and 
chromosomal DNA to precipitate. After centrifugation at
12,000 x g for 10', the supernatant was transferred to a 
second tube. An equal volume of isopropanol was added to 
precipitate the plasmid DNA (-70°C, 15'). The DNA was
collected by centrifugation, resuspended in 100 ul of 0.1 M 
NaOAc, and precipitated with 2.5 volumes of ethanol. The 
pellets obtained after centrifugation were rinsed with 70% 
ETOH and lyophilized.

The DNA was resuspended in 50 ul DDW. One-half of the 
preparation was digested with EcoRI in a 150 ul reaction 
containing 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM
M g C ^ r  1 mM DTT, and 0.1 ug/ul RNase A. After digestion at 
37°C for 60', the DNA was ethanol precipitated, ethanol 
rinsed, lyophilized, and resuspended in 10 ul of DDW. Ten 
ul of 2X sample loading buffer (0.1% BPB, 0.1% XC, 20% 
glycerol in 2X TBE) was added and the sample was applied to 
a 6 x 1.5 mm well formed in a 1.0% agarose (ultra pure; 
Bethesda Research Laboratories; Gaithersburg, MD) gel
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containing 0.5 ug/ml ethidium bromide (EtBr). The agarose
gel was a 3 mm thick horizontal slab gel. The
electrophoresis buffer was TBE with 0.5 ug/ml EtBr. The 
rapid screen samples, along with molecular weight size
markers, were electrophoresed at 4°C for 2 h at 75 mA 
(constant current). Following the run, the gel was
photographed under short wave 254 nm UV illumination with a 
Tiffen (Hauppauge, NY) dark red filter (#29). The film was 
Polaroid 3000 speed, black and white land pack film, type 
107C. The exposure was for 1/4 second at f 4.5. Bacteria
harboring recombinant plasmids which appeared to possess
complete EcoRI-released NS inserts, based on gel mobility,
were grown up in large quantities so that plasmid DNA could 
be obtained for further analysis. The plasmids generated 
that possess full-length copies of the NS gene are
described in Table 6.

12. Large Scale Purification of Plasmid DNA
Plasmid DNA from a one liter bacterial cell culture 

(grown to O . D . ^ q  = 0.6) was isolated using the alkaline 
method (Birnboim and Doly, 1979) as described previously 
for mini cultures. Cells were harvested by centrifugation 
at 4°C at 8,000 rpm for 15'. The bacteria were resuspended 
in 40 ml of NTE and pelleted once again. The cell pellet 
was resuspended in 14 ml of solution I and transferred to 
two Beckman Type 45 Ti tubes. Seven ml of solution I with
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TABLE 6. PLASMIDS CONTAINING INFLUENZA VIRUS 
NS GENE SEQUENCES

Plasmid NS Gene * 
Orientation

Virus

pG33 V A/FM/47
PQ8 M A/FW/50
pZ22 M CR43-3
PQ7 M A/ALA/77

* In the M orientation, base 1 of the NS gene (plus sense 
orientation) is adjacent to base 4361 of the EcoRl site 
of pBR322. V defines the opposite orientation.
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4 mg/ml lysozyme was added per tube. The tube contents 
were mixed and incubated on ice for 30'. 28 ml of solution
II was added. The solution was mixed thoroughly and 
maintained on ice for 5'. Once the mixture cleared, 21 ml 
of solution III was added per tube and the tube was mixed 
and kept on ice for 60'. Chromosomal DNA was pelleted by 
centrifugation at 4°C in the Type 45 Ti rotor at 30,000 rpm 
for 20'. The supernatant was transferred to two Type 45 Ti 
tubes and the plasmid DNA was precipitated twice with an 
equal volume of isopropanol. The plasmid DNA was collected 
by centrifugation at 12,000 rpm for 20'. The lyophilized 
DNA pellet was brought up in 4 ml of 10 mM Tris-HCl, pH 7.5 
and RNase A was added to a concentration of 100 ug/ml. The 
RNA was digested at 37°C for 30'. The solution was made 
0.3 M NaOAc and extracted with phenol/chloroform (1:1) 
until the interface was devoid of protein. The DNA was 
ethanol precipitated and resuspended in 1 ml of NTE 
containing 10% glycerol. The sample was applied to a Bio- 
Gel A-50m agarose (Bio-Rad Laboratories; Rockville Centre, 
NY) column (30 x 1.8 cm) equilibrated with NTE buffer, to 
separate the DNA from the digested RNA. The DNA void peak 
was monitored by UV absorbance at 254 nm and collected. 
The DNA solution was made 0.3 M NaOAc and ethanol 
precipitated. Following centrifugation at 11,000 rpm 
(Sorvall SS-34 rotor) for 30', the plasmid pellet was 
resuspended in 400 ul of 0.3 M NaOAc and transferred to an
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Eppendorf tube. The DNA solution was extracted several 
times with phenol/chloroform (1:1) and then with ether. 
Ethanol (2.5 volumes) was added to precipitate the DNA 
which was collected by centrifugation at 12,000 x g for 
15'. The resultant pellet was ethanol rinsed, lyophilized, 
and resuspended in 200 ul TE buffer. The DNA was 
quantitated by UV absorbance at 260 nm of a diluted
aliquot of the sample. The DNA was adjusted to 1 ug/ul.

The plasmid DNA isolated by this method was of 
sufficient purity for most enzymatic manipulations. 
However, for some experiments, it was necessary to further 
purify the DNA by CsCl density gradient centrifugation.

12A. Purification of Elasmid DN£ on CsCl-EtBr Density 
Gradients

The DNA peak eluted from the Bio-Gel A-50m agarose
column in the protocol described above could be further 
purified by CsCl density gradient centrifugation as 
described by Maniatis et al. (1982). For every ml of DNA 
solution, 1 g of solid CsCl (Sigma Chemical Co.; St. Louis, 
MO) was added and dissolved. For every 10 ml of CsCl 
solution, 0.8 ml of 10 mg/ml EtBr was added in the dark to 
a concentration of approximately 600 ug/ml. The solution 
was mixed well. The final density of the DNA mixture was 
1.55 g/ml (refractive index = 1.3860). The CsCl solution 
was transferred to Beckman Type 50 Ti tubes.
Centrifugation was at 20°C in the Type 50 Ti rotor at

112



40,000 rpm for 48 h. The lower visible band in the middle 
of the gradient was the closed circular plasmid DNA. This 
band was extracted by side-puncture with a syringe. The 
EtBr was removed from the DNA by extraction with an equal 
volume of n-butanol saturated with water. The phases were 
mixed vigorously and then separated by centrifugation at 
room temperature at 3,000 rpm for 3'. The lower aqueous 
phase was transferred to a clean glass tube. The 
extraction was repeated until the pink color was no longer 
visible in the aqueous solution. The aqueous layer was 
dialyzed against several changes of TE buffer, pH 8.0, to 
remove the CsCl. The DNA was concentrated by ethanol 
precipitation, resuspended in a small volume of DDW and 
quantitated.

13. End-labeling DNA Fragments for Maxam and Gilbert 
Sequencing

Restriction enzyme maps of the NS inserts of pG33, pQ8, 
pZ22, and pQ7 were generated to develop sequencing 
strategies. Most of the experiments to generate labeled 
fragments of suitable size for Maxam and Gilbert reactions 
involved restriction enzyme cleavage of 25 ug of plasmid 
DNA (or 1.5 ug of insert DNA}, 5' end-labeling of the 
cleavage products, followed by digestion with a second 
enzyme to obtain the desired fragments with a single 5' 
labeled terminus.
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5' end-labeling of DNA fragments was carried out with a
5' DNA terminus labeling system (Bethesda Research
Laboratories; Gaithersburg, MD). Restricted DNA was
first treated with BAP to remove the 5' phosphate groups.
The 100 ul reaction contained DNA (20 pmole of 5'
extensions), 200 U BAP in BAP buffer (10 mM Tris-HCl,
pH 8.0, 120 mM NaCl). The mixture was incubated at 65°C
for 60' and cooled to room temperature. The reaction was
extracted several times with an equal volume of
phenol/chloroform (1:1). The aqueous phase was extracted
with ether and the DNA was ethanol precipitated. The
dephosphorylated DNA was collected by centrifugation at
12,000 x g for 10'. The DNA pellet was rinsed with 70%
ETOH and resuspended in 15 ul of sterile DDW. Two hundred 

32uCi of [gamma- P]-ATP (specific activity 3,000 Ci/mmole; 
New England Nuclear; Boston, MA.) was lyophilized in an 
Eppendorf tube. The dephosphorylated DNA was added and a 
50 ul reaction consisting of 8 U T4 PNK in forward reaction 
buffer (60 mM Tris-HCl, pH 7.8, 15 mM 2-mercaptoethanol,
10 mM M g C ^ ,  0.33 uM ATP) was set up. The incubation was 
at 37°C for 30'. A second 8 U aliquot of PNK was added and 
the incubation was continued for 30'. The reaction was 
extracted with phenol/chloroform (1:1), ether, and ethanol 
precipitated. The 5' end-labeled DNA was digested with an 
appropriate second restriction enzyme to obtain fragments 
with a uniquely labeled end. Following digestion, the
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mixture was phenol/chloroform (1:1) extracted, ether 
extracted, and the DNA was collected by ethanol 
precipitation. The end labeled fragments were isolated by 
polyacrylamide gel electrophoresis in TBE buffer and 
visualized by autoradiography.

A second strategy for generating DNA fragments uniquely
labeled at one end was to cleave the DNA with a restriction
enzyme and fill the 3' ends with reverse transcriptase in

32the presence of the appropriate [alpha- P]-dNTP. Two
32hundred uCi of [alpha- P]-dNTP (specific activity 3,000 

Ci/mmole) was dried down and a 20 ul reaction was prepared, 
consisting of the restricted DNA, 0.5 mM each of the other 
three cold dNTPs, and 20 U of RT (Molecular Genetic 
Resources; Tampa, FL) in RT buffer. The reaction cocktail 
was incubated at 37°C for 60'. The reaction was made 0.3 M 
NaOAc and phenol/chloroform (1:1) extracted. The aqueous 
layer was ether extracted and the DNA was ethanol 
precipitated. A second enzyme digest was required to 
obtain DNAs labeled at a single end.

A third protocol to generate DNAs labeled at a single 
terminus was to digest the NS insert and label the 5' ends 
of the fragments as described above. The lyophilized 
pellet resulting from ethanol precipitation was resuspended 
in 40 ul of strand separation running mix (30% glycerol, 
1 mM EDTA, 0.05% XC, 0.05% BPB). The sample was heated to
90°C for 10', quick-chilled in an ice water bath, and
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loaded immediately into a 3 cm slot of a 5% 
polyacrylamide/TBE gel of 1.5 mm thickness. The gel was 
cast between 41 x 20 x 0.5 cm glass plates. The denatured 
double strands were electrophoresed at 4°C at 300 V for 
16 h. The complementary DNA strands of a fragment have 
distinct secondary structures dictated by base composition 
and therefore, the strands migrate to different positions 
in the gel.

Subsequent to gel electrophoresis of end labeled DNAs 
and autoradiography, the desired bands were excised from 
the gel and the radioactivity (cpm) of each fragment was 
counted. The DNA molecules were electroeluted in TAE 
buffer (40 mM Tris-acetate, pH 8.0, 1 mM EDTA). The eluted 
DNA was made 0.3M NaOAc, phenol/chloroform (1:1) extracted, 
ether extracted, and ethanol precipitated twice. The final 
DNA pellet was ethanol rinsed and lyophilized. The cpm per 
labeled fragment were measured to determine the efficiency 
of electroelution.

14. Maxam and Gilbert Sequencing of End-Labeled DNA
The basis of the Maxam and Gilbert (1980) protocol is

32that each nucleotide of a P-end labeled DNA molecule can 
be specifically cleaved with a series of chemical reagents. 
The base-specific cleavage is limited so that every DNA 
molecule contains only one or two modified bases. Most 
chemical schemes which cleave at one or two of the four 
bases involves three consecutive steps: modification of a
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base, removal of the modified base from its sugar, and DNA 
strand scission at that sugar. It is important to note 
that each step is contingent on the reaction preceding it. 
The DNA will break only at a sugar without a base and only 
an appropriately modified base can be removed from its 
sugar.

In most of the base-specific cleavage protocols, one 
reaction disrupts the electronic structure of a DNA base, 
making it possible for a second reaction to break the bond 
between that base and its sugar. Specifically, dimethyl 
sulfate methylates the 7-nitrogen of guanine resulting in 
an opening of the guanine ring between carbon 8 and 
nitrogen 9. Piperidine then displaces the ring-opened 7- 
methylguanine from its sugar. The nucleophile hydrazine 
splits a thymine or cytosine ring, leaving ring fragments 
which can be displaced from the sugar by piperidine. The 
presence of molar sodium chloride during the limited 
hydrazine reaction causes only cytosine residues to react 
appreciably. In other reactions specific for two bases, 
acid weakens the glycosidic bonds of adenine and guanine by 
protonating purine ring nitrogens and alkali treatment 
opens adenine and cytosine rings. Piperidine is then able 
to displace the modified base from its sugar.

In the final step of all reaction schemes, piperidine 
catalyzes the beta-elimination of phosphates from the 
empty sugar to finally cleave the DNA strand. The reaction
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leaves a free sugar, one phosphate on an unlabeled
fragment, and the other phosphate on a fragment containing 

32the original P end label. Partial chemical cleavage 
produces nested end-labeled products. For example, in the 
guanine modification reaction, fragments originating from a 
common labeled end which terminate at the preceding base of 
every guanine residue in the DNA fragment will be
represented. The same is true for each of the three other 
specific base modification reactions. If the four 
different nested sets of products are electrophoresed in 
parallel on a high resolution gel and autoradiographed, the 
sequence of the DNA fragment can be read off the four
meshing band patterns on the film.

14A. Modification at guanines (G)
Five ul of end labeled DNA in DDW, 1 ul of herring 

sperm carrier DNA (1 mg/ml), and 200 ul of G buffer (50 mM 
sodium cacodylate, pH 8.0, 1 mM EDTA) were combined in a
1.5 ml siliconized Eppendorf tube. The tube was chilled on 
ice and 1 ul of dimethyl sulfate, 99% (Aldrich Chemical 
Co.; Milwaukee, WI) was added. The reaction was vortexed 
and incubated at 20°C for 7'. Fifty ul of chilled G stop 
solution (1.5 M sodium acetate, pH 7.0, 1 M 2-
mercaptoethanol, 100 ug/ml herring sperm carrier DNA) was
added and the DNA was precipitated by the addition of 
750 ul of 95% ETOH. After a 5' incubation in a dry
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ice/ETOH bath, the DNA was collected by centrifugation at
12.000 x g for 10'. The supernatant was removed and the 
DNA pellet was resuspended in 250 ul of 0.3 M NaOAc. The 
DNA was ethanol precipitated a second time and the
resultant pellet was rinsed with 1 ml of 95% ETOH and
lyophili zed.

14B. Modification at Guanines and Adelines 1G + Al
Ten ul of end labeled DNA in DDW and 1 ul of herring

sperm carrier DNA (1 mg/ml) were combined with 10 ul of 
DDW in a 1.5 ml siliconized Eppendorf tube. Two ul of
1.0 M piperidine formate, pH 2.0 (4% (v/v) formic acid, 
adjusted to pH 2.0 with piperidine) was added and the
reaction was incubated at 30°C for 75'. The sample was
freezed and lyophilized. The DNA was redissolved in 20 ul 
of DDW and lyophilized again.

14C. Modificatioji at Pyrimidines
For base modification at cytosines and thymines (C + 

T), 10 ul of end labeled DNA, 1 ul of herring sperm carrier 
DNA (1 mg/ml), and 10 ul of DDW were combined in a 1.5 ml 
siliconized Eppendorf tube. For the cytosine (C) specific 
reaction, 5 ul of end labeled DNA and 15 ul of 5 M NaCl 
were added to an Eppendorf tube. The reaction was 
initiated by the addition of 30 ul of hydrazine, 95%
(Eastman Kodak; Rochester, MY). The tube was vortexed and 
maintained at 30°C for 7' (C + T) or 10' (C). Two
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hundred ul of chilled hydrazine stop solution (0.3 M NaOAc, 
0.1 mM EDTA, 25 ug/ml herring sperm carrier DNA) and 750 ul 
of 95% ETOH were added. The reaction was mixed and kept in 
a dry ice/ETOH bath for 5'. The DNA was pelleted by
centrifugation at 12,000 x g for 10'. The supernatant was
removed and the pellet was lyophilized.

14D. Modification at Adenines and C ytosines _(A > CJ
Five ul of end labeled DNA in DDW was combined with 

1 ul of herring sperm carrier DNA (1 mg/ml) and 100 ul of A 
> C buffer (1.2 N NaOH, 1 mM EDTA) in a 1.5 ml siliconized
Eppendorf tube. The tube was heated at 90°C for 6'. The
reaction was stopped by addition of 150 ul of 1 N acetic 
acid, 5 ul herring sperm carrier DNA (1 mg/ml), and 750 ul 
of 95% ETOH. The tube was incubated in a dry ice/ETOH bath 
for 5' and centrifuged at 12,000 x g for 10'. The 
supernatant was removed and the pellet was rinsed with 1 ml 
of 95% ETOH and lyophilized.

14E. Piperidine Cleavage of Base Modification Reactions
The lyophilized DNA pellets obtained from the base 

modification procedures outlined above were resuspended in 
100 ul of 1 M piperidine (Fisher Scientific; Springfield, 
NJ; 99%, freshly diluted 1:10 in DDW). The reactions were 
heated at 90°C for 30' to allow for strand scission to go 
to completion. The 100 ul mixtures were transferred to 
fresh tubes and 100 ul of 0.6 M NaOAc and 2.5 volumes of
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ETOH were added to precipitate the DNA. After
centrifugation at 12,000 x g for 10', the pellets were 
rinsed with 95% ETOH, lyophilized, redissolved in 40 ul 
DDW, and dried again. The DNA pellets were re6uspended in 
10 ul of loading mix (80% (v/v) deionized formamide, 10 mM 
NaOH, 1 mM EDTA, 0.1% (w/v) XC, 0.1% (v/v) BPB). The 
reactions were incubated at 90° C for 1', quick-chilled in 
ice water, and loaded immediately onto sequencing gels with 
a 10 ul Hamilton syringe.

15. Preparation of Oligonucleotide Primers for Dideoxy
Sequencing

Influenza virus-specific deoxyribonucleotide primers, 
14-20 bases in length, were synthesized using the Sam One 
automated DNA synthesizer (Biosearch, Inc.; San Rafael,
CA). The two chemistries used for solid phase oligo 
synthesis are the phosphoramidite (Beaucage and Caruthers, 
1981) and the phosphotriester (Itakura et al., 1975; 
Khorana, 1979) methods. The starting material for both 
synthetic routes is a solid support (silica or controlled 
pore glass) which has derivatized to it, the 3' base of the 
desired sequence. The nucleoside is attached to the 
support via its 3'-hydroxyl group. The 5'-hydroxyl group 
of the nucleoside is derivatized to a dimethoxytrityl 
(DMTr) protecting group. The DNA chain is elongated in the 
3' to 5' direction.

121



15A. Phosphoramidite Method
The acid-labile DMTr group is cleaved from the 5'- 

hydroxyl group of the nucleoside bound to the solid support 
by treatment with dilute trichloroacetic acid in methylene 
chloride. In an acidic solution, the DMTr cation is a 
bright orange and effluents containing the DMTr cation are 
collected after each detritylation step, measured 
spectrophotometrically at 498 nm and compared to the 
previous detritylations to calculate a coupling efficiency. 
The next nucleoside phosphoramidite to be added is 
activated and coupled to the chain with tetrazole. A 
reactive phosphite is generated after the coupling which 
was oxidized to a more stable phosphate with a solution of 
iodine in tetrahydrofuran, pyridine, and water. At this 
time, any 5'-hydroxyl groups that did not react with the 
activated phosphoramidite in the previous coupling are 
modified by a capping procedure so they can not react in 
subsequent cycles. The capping protocol converts the 
unreacted 5'-hydroxyls to acetate esters with acetic 
anhydride and dimethylaminopyridine in pyridine and 
tetrahydrofuran. After cleavage of the second DMTr group, 
the coupling/oxidation/capping/cleavage cycle is continued 
until the desired oligonucleotide is generated.

15B. Phosphotriester Method
The phosphotriester method differs from the 

phosphoramidite method in the following respects: 1) the
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condensation reaction is carried out in the presence of 
pyridine and N-methylimidazole; 2) the monomers used to 
extend the DNA chain are tr iethylammoniunr. salts of 
protected phosphodiesters; 3) the coupling reagent is
mesitylene-2-sulfonyl chloride (MSC1); 4) no oxidation step 
is required since condensation results in the formation of 
a stable triester linkage, not a reactive phosphite; and 5) 
the capping procedure is not employed.

15C. Processing of Qligonucleotide
After the final 5' DMTr group was cleaved from the 

oligo, the solid support was treated with 1 ml of 
concentrated NH^OH at 55°C for 5 h to remove the oligo from 
the support and to cleave off the protecting groups from 
the bases. The NH^OH supernatant was transferred to a 
fresh tube and lyophilized to dryness. The pellet was 
resuspended in 300 ul of 0.3 M NaOAc. The solution was 
extracted two times with an equal volume of n-butanol and 
the DNA was ethanol precipitated from the aqueous phase. 
The pellet was rinsed with 70% ETOH, dried, and dissolved 
in 200 ul of DDW. The DNA concentration was determined by 
reading absorbance at 260 nm. One O . D ^ g p  unit of single­
stranded oligonucleotide corresponds to a 35 ug/ml 
solution. To analyze the product of the DNA synthesis, 1 ug
of the crude sample was 5' end-labeled with T4 PNK and 

32[gamma- P]-ATP, electrophoresed in a 12% polyacrylamide
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(acrylamide to bisacrylamide, 38:2)/TBE gel (26 x 16 x 0.5 
cm, 1.5 mm thick) containing 7 M urea, and 
autoradiographed (Fig. 8).

15D. Large §cale Purification of Oligonucleotide
An equal volume of Maxam and Gilbert loading mix was 

added to a 150 ug aliquot of crude oligonucleotide. The 
sample was heated at 90°C for 2' and loaded into a 3 cm 
long slot of a 1.5 mm thick, 12% polyacrylamide/TBE gel (26 
x 16 x 0.5 cm) containing 7 M urea. Electrophoresis was at 
500 V until the BPB tracking dye was 3 cm from the gel 
bottom. The gel was removed from the glass plates and 
placed directly onto a thin layer chromatography cellulose 
sheet containing a fluorescent indicator (Eastman Kodak; 
Rochester, NY). The oligonucleotide band was visualized by 
UV shadowing using a shortwave 254 nro UV lamp. The band 
was excised and the DNA was eluted in 2 ml of 0.1 M NaCl at 
37°C for 16 h with gentle rocking. The DNA was desalted 
over a NACS prepac ion exchange minicolumn (Bethesda 
Research Laboratories; Gaithersburg, MD). The oligo was 
eluted from the column in 400 ul of 1 M NaCl and 2.5 
volumes of ethanol were added to precipitate the DNA. The 
DNA pellet was recovered by centrifugation at 12,000 x g 
for 10'. The pellet was rinsed with 70% ETOH, lyophilized, 
and dissolved in 50 ul of DDW. The concentration of the 
DNA was determined and the purified oligonucleotide
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Fig* 8. Autoradiogram of synthetic oligonucleotides 
specific for the HA gene of influenza C virus. The
oligonucleotides were 5' end-labeled with T4 PNK and

32[gamma- P]-ATP and electrophoresed in a 12% polyacrylamide 
gel containing 7 M urea. Lanes 1 and 2: crude preparation 
of two 14-mers; lanes 3 and 4: crude preparation of two 15- 
mers. Note that many smaller products of the DNA synthesis 
(n-1, n-2, etc.), differing by a single base in length are
visible in lanes 1 through 4. Lane 5 shows a single 
species of 15 nucleotides obtained after gel purification 
and NACS column chromatography of the crude sample in 
lane 4.
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(Fig. 8) was ready to be used in dideoxy sequencing 
reactions.

16. Dideoxy Sequencing of Influepza Virus R{J£s
Many of the nucleotide sequences presented in this work 

were obtained using the dideoxy chain termination protocol 
(Sanger et a l ., 1977) with modifications. The Sanger
method employs 2',3'-dideoxynucleoside triphosphate analogs 
of the normal deoxynucleoside triphosphates. The dideoxy 
analog is incorporated correctly into a growing DNA chain, 
but once incorporated, the DNA chain can not be further 
extended because the dideoxy nucleotide lacks the 3'- 
hydroxyl group necessary for chain extension.

To obtain influenza virus sequences, purified vRNA was
used as template and an oligonucloetide specific for the
gene of interest was used to prime cDNA synthesis using
reverse transcriptase. The primer was annealed to the
template and the mixture was divided into four dideoxy
reactions. Each reaction contained all four
deoxynucleoside triphosphates, one of which was alpha-
32P-labeled, and one of the four dideoxy analogs at a lower 
concentration. In the presence of reverse transcriptase, 
the primer was extended to generate a cDNA copy of the vRNA 
template. In each reaction, there was a base-specific 
partial incorporation of a terminating analog onto the 3' 
ends of the extending transcripts throughout the sequence. 
Parallel fractionation by gel electrophoresis of the size
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ranges of terminated labeled transcripts from each
reaction, each with a common 5' end of the primer, allowed
a sequence to be deduced (Fig. 9).

32Twenty uCi of [alpha- P]-dCTP (specific activity 3,000
Ci/mmole; New England Nuclear; Boston, MA) was aliquoted to

32the A reaction tube and 20 uCi of [alpha- P]-dATP was
aliquoted to the G, T, and C reaction tubes. The
radioactivity was lyophilized and 5 ul of the appropriate 
2X cocktail was added to each tube. The 2X mixes were
prepared as shown in Table 7.

Five ug of vRNA (from sucrose gradient purified virus) 
and 200 ng of NACS-purified oligonucleotide primer were 
combined in an Eppendorf tube. The volume was adjusted to 
18 ul with sterile DDW. The mixture was heated at 90°C for 
3' then cooled to room temperature for 5'. Four ul of the 
above hybridization mix was added to each of the four 
reaction tubes. RT at 20 U/ul (Molecular Genetic 
Resources; Tampa, FL) was diluted to 4 U/ul in RT diluent 
(10 mM KH2P04 , pH 7.2, 2 mM DTT, 0.2% triton X-100, 10%
glycerol) and 1 ul of the diluted enzyme was added to each 
tube to start the reaction. The reactions were incubated
at 42°C for 30' and then 1 ul of a cold dNTP chase (1 mM
each of the four dNTPs in RT buffer) was added to each 
tube. The incubation was continued for 30'. Eleven ul of 
Sanger loading mix (80% (v/v) deionized formamide, 10 mM 
EDTA, pH 7.0, 0.1% XC, 0.1% BPB) was added per reaction.
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Fig. 9. Autoradiogram of dideoxy sequencing reactions 
fractionated in an 8% polyacrylamide, 7 M urea, 90 x 20 x 
0.04 cm sequencing gel. The dideoxy sequencing reactions 
are of the NS gene of three strains of influenza C virus 
(left to right: C/GL/54, C/JHG/66, C/CAL/78). The primer
used was a synthetic 15-mer specific for the C virus NS 
gene. The same base-specific reactions for the three 
strains were electrophoresed side-by-side in order to 
facilitate the detection of base differences in the NS gene 
among the viruses. Arrowheads indicate positions 652 and 
662 where nucleotide differences exist in the NS gene 
sequences.
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TABLE 7. 2X DIDEOXY REACTION MIXES

A G C T

RT Buffer *2X 2X 2X 2X
dATP 200 uM 20 uM 20 uM 20 uM
dGTP 500 uM 200 uM 500 uM 500 uM
dCTP 20 uM 500 uM 200 uM 500 uM
dTTP 500 uM 500 UM 500 uM 200 UM
ddNTP dd A ,25 uM d d G ,25 uM ddC,25 uM ddT,25 uM

Label 20 uCi 20 uCi 20 uCi 20 uCi
alp h a - ^ P dCTP dATP dATP dATP

*2X RT Buffer (100 mM Tris-HCl, pH 8.3; 120 mM NaCl; 40 mM 
DTT; 24 mM MgCl2)
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The samples were boiled for 5', quick-chilled in ice water, 
and loaded onto the sequencing gel.

17. Sequencing Gels
All sequencing gel solutions were made up with a stock 

of 40% polyacrylamide with an aorylamide to bisacrylamide 
ratio of 38:2. Maxam and Gilbert cleavage reactions were 
electrophoresed in 20%, 7 M urea gels cast between 40 x 20
x 0.5 cm siliconized glass plates and 8%, 7 M urea gels
cast between 90 x 20 x 0.5 cm siliconized glass plates. 
Mylar spacers were used of 0.4 mm thickness. For the long 
gel, 100 ml of solution was prepared containing 8% 
polyacrylamide, 7 M urea, and 0.06% AP in TBE. For the 
short gel, 50 ml of solution was prepared that was 20%
polyacrylamide, 7 M urea, and 0.06% AP in TBE.
Polymerization was initiated by the addition of 1 ul TEMED
per ml of gel solution. The gel was cast with a 50 ml
plastic syringe fitted with a 19 gauge, 1.5 inch needle. 
The sample slots were formed with a mylar comb of 20, 5 mm
wide teeth, separated by 1 mm. Approximately 2 ul of each 
Maxam and Gilbert reaction for an end-labeled DNA was 
loaded with a 10 ul Hamilton syringe. Electrophoresis in 
TBE running buffer was at room temperature at 2100 V. 
Electrophoresis times varied, depending on the experiment, 
and were empirically determined. After electrophoresis, the 
gel was transferred to Whatman 3 MM chromatography paper,
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mounted to a stiff support, and exposed to Cronex X-ray 
film at -70°C with a lightning plus intensifying screen 
(Dupont; Wilmington, DE ) .

The 20% short gels were used to determine sequence 
about 30 bases in from the labeled end of the fragment. In 
addition, multiple loadings on a long 8% gel of a set of 
reactions which were run for different lengths of time, 
allowed for the determination of sequence 250 bases in from 
the labeled terminus of the fragment.

Dideoxy sequencing reactions were electrophoresed in 
0.4 mm thick, 6% polyacrylamide buffer gradient gels 
(Biggin et al., 1983) cast between 40 x 20 x 0.5 cm 
siliconized glass plates. Fifty ml of low concentration 
buffer gel solution was prepared consisting of 6% 
polyacrylamide, 7.7 M urea, 0.75X TBE, and 0.06% AP. 
Twenty-five ml of high concentration buffer gel solution 
was made up of 6% polyacrylamide, 7.7 M urea, 2.5X TBE, 
0.06% AP with 2.5 g sucrose and a small amount of BPP 
powder. TEMED was added to start polymerization. Four ml 
of 0.75X gel solution was gently drawn up in a 25 ml pipet, 
followed by 6 ml of 2.5X gel solution. The two solutions 
were mixed to form a gradient by drawing up a few air 
bubbles through the pipet tip. The gradient was dispensed 
into the gel mold and the remainder of the gel was poured 
with 0.75X gel solution through a 50 ml syringe. Sample 
wells were formed with a shark's tooth comb and 1.5 ul of
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sample per well was applied to the gel. The gel was run 
with IX TBE buffer at 1200 V until the BPB dye was at the 
bottom. The gel was fixed in 10% acetic acid, 10% methanol 
for 10' and transferred to Whatman 3 MM paper. The gel was 
dried and autoradiographed at -70°C for 16 h. Usually, the 
first 200 bases from the oligonucleotide primer were read 
from the 6% buffer gradient gel. To determine nucleotide 
sequences beyond this point, the samples were 
electrophoresed for different lengths of time in 6% 
polyacrylamide, 7.7 M urea gels without buffer gradients.

18. Computer Analysis of Nucleotide Sequences
The complete nucleotide and predicted amino acid 

sequences of influenza virus genes were stored and analyzed 
on an IBM 370 computer at the University Computing Center 
of the City University of New York using published programs 
(Staden, 1977, 1978).

19. Maximum Parsimony Analysis of Nucleotide Sequences
Influenza virus gene sequences were analyzed by the

maximum parsimony procedure (Fitch, 1971). Given a set of 
nucleotide sequences of homologous genes, one can determine 
a best fitting evolutionary tree describing their descent 
from a common ancestral gene. The best fitting or most 
parsimonious tree generated by this procedure contains the 
minimum number of nucleotide replacements necessary to 
account for the evolutionary relationship among the genes.
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The computer program is available upon request from Dr.
Fitch.

Upon comparison of nucleotide sequences of homologous 
genes (taxa) , a number of different character states can be 
described for particular nucleotide positions. A
nucleotide position which has the same base or a single 
character state for all the genes, does not give any
information on evolutionary descent since no base 
substitutions are required. A singularity is defined as a 
nucleotide represented in only one gene in a particular 
nucleotide position. Singularities are unique base changes 
in a sequence which are represented as the side branch 
distance of a taxa on the constructed evolutionary tree. 
Singularities are uninformative in that they do not affect 
the construction of the most parsimonious tree. Having 
removed all uninformative nucleotide positions, what is 
left are those positions that affect the structure of the
most parsimonious tree. The informative positions are
called discordancies. A discordancy is the presence in at 
least two taxa of different, nonsingular nucleotides at a 
position. Theoretically, a most parsimonious solution is 
determined for each position in the sequences where 
discordancies exist among taxa.

The pair of taxa that are initially joined to construct 
the tree is usually the two sequences which are most 
similar or have the fewest number of discordancies. All

135



nucleotides which could possibly have existed in the 
immediate ancestor sequence of the joined taxa are inferred 
through a computer algorithm. The possible ancestral 
nucleotides have to be consistent with a minimum of base 
replacements necessary to account for the observed data. 
The remaining taxa are then successively linked to the 
first joined pair and all possible ancestral sequences at 
each node in the line of descent are determined. Even 
within the framework of the permitted nucleotides at a 
node, not all nucleotide replacements (linkages) are 
allowable in descending from node to node, in generating a 
most parsimonious tree. Of the valid linkages between 
nodes, not all substitutions are equally probable, 
therefore, probabilities have to be assigned to specific 
linkages. There can be more than one parsimonious solution 
for a given set of data, so that the final evolutionary 
tree is a weighted average of all most parsimonious 
solutions.
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RESULTS

1. Evolution of Human Influenza A Viruses

1A. Nucleotide Sequences of NS Genes of Human Influenza A 
Viruses

Variation of influenza A viruses was examined by 
comparison of nucleotide sequences of the NS gene (890
bases) of 15 human viruses isolated over 53 years (1933- 
1985) . The viruses represent all three human hemagglutinin 
serotypes (HI, H2, and H3) and except for the three Houston 
isolates, the strains were obtained from diverse
geographical locations. Fig. 10 shows the nucleotide 
sequences of the NS genes of 15 human influenza A strains. 
The 15 sequences are easily aligned for analysis because of 
the size conservation of the NS gene segment of 890 bases. 
In addition, the 5' and 3' putative splicing signals 
(indicated by arrowheads in Fig. 10) required to generate 
spliced NS2 mRNA are conserved in all the strains examined. 
Nucleotide substitutions occur at 149 positions scattered 
throughout the NS gene and usually, once a base change is
observed in a virus isolate, it is found in subsequent
strains. The occurrence of sequential nucleotide changes 
in the NS gene suggests an evolutionary relationship among 
the NS genes of the 15 strains.

The cumulative nature of the NS nucleotide changes is 
further illustrated when pairwise comparisons among the
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Fig. 10. Nucleotide sequences of 15 NS genes of human
influenza A viruses. The NS sequences of the A/WSN/33
(sequenced by J. Parvin), A/Bellamy/42, A/Maryland/2/80, 
A/Houston/18515/84, A/Houston/23284/85, A/Denver/1/57,
A/Ann Arbor/6/60, A/Berkeley/1/68, and A/Houston/24269/85 
viruses were determined by the dideoxy chain terminator 
method. The sequencing primers correspond to the following 
positions of the NS gene: 10-29; 133-147; 240-255; 293-
312; 344-359; 518-536; 593-612; 616-632; and 739-755. The
nucleotide sequences of the A/FM/1/47, A/FW/1/50,
A/USSR/90/77, and A/ALA/6/77 NS genes were determined by 
the Maxam and Gilbert chemical method from cloned cDNAs. 
The A/USSR/90/77 NS gene was cloned by M. Baez and 
sequenced by M. Krystal. The sequences of the A/PR/8/34 
and A/Udorn/72 virus NS genes were previously published
(Baez et a l ., 1980; Lamb and Lai, 1980).

The NS sequence of the oldest isolate, A/WSN/33, is 
shown in its entirety and serves as the reference sequence. 
Only nucleotide positions of the other strains that differ 
from the reference sequence are listed. The NS sequences 
of the A/Hou8ton/18515/84 and A/Houston/23284/85 viruses 
are identical. Asterisks represent nucleotide positions 
that could not be determined because the first primer used 
for sequencing corresponds to positions 10-29 of the NS 
gene. The 5' terminal nucleotides of the A/WSN/33 NS gene 
were determined by dideoxy sequencing with an M13 clone and
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Fig. 10 continued.

the universal primer. The ATG initiation codon for NS1 and 
NS2 protein translation is at positions 27-29. The 5' 
(nucleotide 56) and 3' (nucleotide 529) putative splice 
sites are indicated by arrowheads.
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TABLE 8. NUCLEOTIDE DIFFERENCES BETWEEN INFLUENZA A VIRUS NS GENES

PR/31* BEL/42 Fft'47 FW/50 DEN/57 AA/60 BERK/68 UDORN/72 ALA/77 (H3)HT/85

WSN/33 30(3.5)* 24(2.8) 35(4.1) 38(4.5) 43(5.0) 47(5.5) 66(7.7) 69(8.1) 74(8.7) 82 (9.6)
PR/34 32(3.8) 39(4.6) 45(5.3) 46(5.4) 50(5.9) 65(7.6) 75(8.8) 80(9.4) 87(10.2)
BEL/42 17(2.0) 22(2.6) 27(3.2) 31(3.6) 50(5.9) 55(6.4) 62(7.3) 71 (8.3)
FM/47 21(2.5) 22(2.6) 28(3.3) 47(5.5) 54(6.3) 59(6.9) 70 (8.2)
FW/50 17(2.0) 19(2.2) 38(4.5) 45(5.3) 52(6.1) 65 (7.6)
DEN/57 10(1.2) 29(3.4) 37(4.3) 46(5.4) 59 (6.9)
AA/60 29(3.4) 36(4.2) 45(5.3) 58 (6.8)
BERK/68 28(3.3) 39(4,6) 52 (6.1)
UDORN/72 15(1.8) 28 (3.3)
ALA/77 17 (2.0)
Nucleotides 1 to 37 are excluded from analysis.
‘N u m b e r  o f n u c l e o t i d e  d i f f e r e n c e s  b e t w e e n  t w o  NS g e n e s  (X d i f f e r e n c e ).



viruses are made (Table 8). The per cent nucleotide 
difference among NS genes increases as strains isolated 
farther apart in time are compared. The most dissimilar NS 
genes (10.2 % difference) are those of the A/PR/34 and the 
(B3) A/HT/85 strains which were isolated 51 years apart.
The most closely related NS sequences (no differences) are 
derived from the A/HT/84 and the (HI) A/HT/85 viruses 
(Table 9).

Table 9 shows the nucleotide differences among the NS 
genes of the H1N1 A/FW/50 virus and the reemerged H1N1 
strains isolated in 1977-1984. It is quite striking from 
Table 9 that the NS genes of the A/FW/50 and the A/USSP/77 
strains only possess five nucleotide differences, although 
these viruses were isolated 27 years apart. The nucleotide 
sequence data clearly indicate a close relationship between 
1950 H1N1 viruses and H1N1 strains reintroduced in 1977 as 
described previously. Consistent with the data of Table 8, 
nucleotide changes in the NS genes of the "new" HlNl 
strains accumulate over time (Table 9).

The nucleotide sequences shown in Fig. 10 reveal that 
the changes in the NS genes of the A/FW/50 and A/DEN/57 
strains are distinct from those found in the NS genes of 
the A/USSR/77, A/MD/80, and A/HT/84 HlNl viruses. These 
data suggest that the HlNl subtype has evolved in different 
directions during its two periods of circulation in nan.
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TABLE 9. NUCLEOTIDE DIFFERENCES BETWEEN
HlNl INFLUENZA A VIRUS NS GENES

USSR/77 MD/80 **HT/84

FW/50 5(0.6)* 10(1.2) 21(2.5)
USSR/77 5(0.6) 17(2.0)
MD/80 17(2.0)

Nucleotides 1-37 are excluded from analysis 
*Number of nucleotide differences between two 
NS genes (% difference)

* * HT/84 and (Hi) HT/85 have identical NS sequences
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IB, Predicted Amino Acid Sequences of the NSl and NS2
Proteins

A comparison of the NSl protein sequences deduced from 
the nucleotide sequences (Fig. 10) is presented in Fig. 11. 
Amino acid substitutions are detected throughout the NSl 
molecule, and many of the changes found in earlier isolates 
are retained in subsequent strains. Pairwise comparison of 
the NSl amino acid sequences of the strains (Table 10)
reveals an accumulation of substitutions over time, similar 
to the observed nucleotide data in Table 8. Amino acid 
differences among NSl proteins range from 1.0-12.1% over 
the 53 year period in which the viruses were isolated 
(Table 10). Amino acid differences among the NSl proteins 
of the A/FW/50 HlNl virus and the new HlNl strains are
presented in Table 11. The close relationship between the 
A/FW/50 virus and the A/USSR/77 isolate is further
evidenced by the fact that the NSl proteins of these 
strains differ at only three positions.

It is apparent from Fig. 11 that there is considerable 
heterogeneity in the predicted amino acid length of NSl 
polypeptides of different strains, as summarized in 
Table 12. The size variability is confined to the carboxy 
terminus of the NSl protein. The different NSl carboxy 
termini observed in the strains are the result of point 
mutations in the NS gene (within the coding region of NSl) 
which lead to termination codons for protein translation in

144



Fig. 11. Comparison of deduced amino acid sequences of the 
NSl protein of 15 human influenza A viruses. The amino 
acid sequence of the NSl protein of the A/WSN/33 isolate is 
presented in its entirety and serves as the reference 
sequence. Amino acid substitutions in the other viruses, 
relative to the A/WSN/33 sequence are indicated. =, 
represents amino acids which could not by predicted because 
the nucleotide sequence in the region was not determined. 
*, represents amino acids not found in the NSl protein of a 

particular strain (NSl size heterogeneity).

145



A/Houaton/24269/85 (H3N2) ... 0 V S R XA HV X
A/Alaska/6/77 (H3N2) S 0 v R A HV X
A/Udorn/72 (H3N2) S 0 v N A HV X
A/Berkeley/1/68 (H2N2) -■s 0 v N A V G
A/Ann Arbor/6/60 (H2N2) 0 N V
A/Denver/1/57 (HlNl) «««- 0 K N V
A/Houaton/23284/85 (HlNl) BB B B 0 X cv
A/Houaton/18515/84 (HlNl) B B B 0 K cv
A/Maryland/2/80 (HlNl) b b b 0 N cv
A/USSR/90/77 (HlNl) Q N cv
A/Fort Warren/1/S0 (HlNl) 0 N V
A/Fort MonPOUth/1/47 (HlNl) K N V
A/Bellapy/42 (HlNl) m m m m N I
A/Puerto Rico/8/34 (HlNl)
A/WSN/33 (HlNl) MDPNTVSSFQVDCFLWHVRKRVADQELGDAPFLDRLRRDQKSLRGRGSTLCLDIETATRAGKQIVERILKEESDEALKMT
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TABLE 10. AMINO ACID DIFFERENCES BETWEEN INFLUENZA A VIRUS NSl PROTEINS

PR/34 BEL/42 FM/47 FW/50 DEN/57 AA/60 BERK/68 UDORN/72 ALA/77 (H 3) HT/8

WSN/33 6(3.0)* 11(5.6) 13(6.6) 12(6.1) 12(6.1) 12(6.1) 18(9.1) 21(10.7) 22(11.1) 24(12.1)
PR/3 4 10(5.1) 12(6.1) 11(5.6) 11(5.6) 11(5.6) 17(8.6) 20(10.1) 21(10.7) 23(11.7)
BEL/42 4(2.0) 5(2.5) 5(2.5) 5(2.5) 12(6.1) 16(8.1) 19(9.6) 21(10.7)
FM/47 5(2.5) 3(1.5) 5(2.5) 12(6.1) 16(8.1) 19(9.6) 21(10.7)
FW/50 2(1.0) 2(1.0) 9(4.5) 13(6.6) 16(8.1) 18(9.1)
DEN/57 2(1.0) 9(4.5) 13(6.6) 16(8.1) 18(9.1)
AA/60 9(4.5) 13(6.6) 16(8.1) 18(9.1)
BERK/68 6(3.0) 11(5.6) 13(6.6)
UDORN/72 5(2.5) 7(3.5)
ALA/77 4(2.0)

198 Aalno acid* compared; residues 1-4 snd those beyond aaino acid 202 are excluded froa analysis 
Number of aaino acid differences between two NSl proteins (I difference)



TABLE 11. AMINO ACID DIFFERENCES BETWEEN
HlNl INFLUENZA A VIRUS NSl PROTEINS

USSR/77 MD/80 HT/84**

FW/50 3(1.3)* 6(2.6) 9(3.9)
USSR/77 3(1.3) 6(2.6)
MD/80 5(2.1)

233 Amino acids compared; residues 1-4 are excluded 
from analysis 
* Number of amino acid differences between two 
NSl proteins (% difference)

**HT/84 and (HI) HT/85 have identical NSl amino 
acid sequences
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TABLE 12. LENGTHS OF NSl PROTEINS OF DIFFERENT 
HUMAN INFLUENZA VIRUSES

Strain NSl Amino Acids

A/FM/1/47 202
A/AA/6/60 217
A/BERK/1/68 220
A/WSN/33 230
A/PR/8/34 230
A/BEL/42 230
A/HT/24269/85 230
A/FW/1/50 237
A/USSR/90/77 237
A/MD/2/80 237
A/HT/18515/84 237
A/HT/23284/85 237
A/DEN/1/57 237
A/UDORN/72 237
A/ALA/6/77 237
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the NSl mRNA. The predicted sizes of the NSl polypeptides 
are in good agreement with their observed mobilities in 
SDS-pclyacrylamide gels (Fig. 12). The smallest NSl 
protein (202 amino acids) of the A/FM/47 strain has the 
greatest electrophoretic mobility. Similarly, if the
virus-infected cell extracts are electrophoresed in SDS- 
polyacrylamide gels containing urea which eliminates 
protein secondary structure, the migrational heterogeneity 
of the NSl protein is still observed (Fig. 13) . It should 
be noted that the 237 amino acid NSl protein of the
A/USSR/77 strain has a greater mobility in this gel system 
(Fig. 12 and 13) than NSl polypeptides of other strains 
which also consist of 237 amino acids.

The size variability of the NSl protein in field 
strains suggests that the NSl can tolerate large deletions 
at its carboxy terminus without apparently compromising its 
functional integrity in the virus replicative cycle. 
Recently, Norton et al. (submitted) have reported that the 
NSl protein of an infectious avian influenza A isolate, 
A/turkey/Oregon/71, contains only 124 N-terminal amino 
acids.

Figure 14 shows an amino acid comparison of the NS2 
proteins of the influenza A viruses. The first ten amino
acids at the N-terminus of the NS2 protein are the same
residues found at the N-terminus of the NSl protein. There 
are 17 positions in the NS2 where amino acid substitutions
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Fig. 12. Electrophoresis of influenza A virus-infected 
cell lysates in a 7-14% gradient SDS-polyacrylamide gel. 
Confluent MDCK cell monolayers were infected with virus and 
pulse-labeled with ["^SJ-methionine at 33°C for 1 h at 8 h 
p.i. as described in the Materials and Methods. Lanes: 1,
A/FM/47 virus-infected colls; 2, A/AA/60 virus-infected
cells; 3, A/BERK/68 virus-infected cells; 4, A/WSN/33 
virus-infected cells; 5, A/PR/34 virus-infected cells; 6,
A/BEL/42 virus-infected cells; 7, (H3) A/HT/85 virus-
infected cells; 8, A/FW/50 virus-infected cells; 9,
A/USSR/77 virus-infected cells; 10, A/MD/80 virus-infected 
cells; 11, A/HT/84 virus-infected cells; 12, (Hi) A/HT/85
virus-infected cells; 13, A/DEN/57 virus-infected cells; 
14, A/UDORN/72 virus-infected cells; 15, A/ALA/77 virus-
infected cells; 16, mock-infected cells. Virus specific
proteins are indicated.
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Fig. 13. Electrophoresis of influenza A virus-infected
cell lysates in a 7-14% gradient SDS-poiyacrylamide gel
containing 7 M urea. Confluent MDCK cell monolayers were

35infected with virus and pulse-labeled with [ S]-methionine 
at 33°C for 1 h at 8 h p.i. as described in Materials and 
Methods. Lanes: 1, A/FM/47 virus-infected cells; 2,
A/AA/60 virus-infected cells; 3, A/BERK/68 virus-infected 
cells; 4, A/WSN/33 virus-infected cells; 5, A/PR/34 virus- 
infected cells; 6, A/BEL/42 virus-infected cells; 7, (H3) 
A/HT/85 virus-infected cells; 8, A/FW/50 virus-infected
cells; 9, A/USSR/77 virus-infected cells; 10, A/MD/80
virus-infected cells; 11, A/HT/84 virus-infected cells; 12, 
(HI) A/HT/85 virus-infected cells; 13, A/DEN/57 virus- 
infected cells; 14, A/UDORN/72 virus-infected cells; 15, 
A/ALA/77 virus-infected cells; 16, mock-infected cells. 
Virus-specific proteins are indicated.
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Fig. 14. Comparison of deduced amino acid sequences of the 
NS2 proteins of 15 human influenza A viruses. The A/WSN/33 
NS2 sequence is the reference sequence and amino acid 
substitutions in the NS2 proteins of the other strains, 
relative to A/WSN/33, are indicated. «, represents amino 
acids which could not be predicted because the nucleotide 
sequence in the region was not determined. The first ten 
residues at the N-terminus of the NS2 protein are the same 
as those located at the N-terminus of the NSl protein 
(Fig. 11).
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are detected. In contrast to the NS1 protein, all NS2 
proteins examined have a deduced length of 121 amino acids. 
The conserved size of the NS2 polypeptides among strains is 
apparent from similar mobilities of the NS2 proteins in 
SDS-polyacrylamide gels without (Fig. 12) and with urea 
(Fig. 13).

The nucleotide sequences corresponding to the coding 
region of the NS1 protein (711 bases) were analyzed for 
silent and amino acid changing base substitutions as 
compared to the A/WSN/33 NS sequence. 9.8% (70/711) of the 
positions display silent base substitutions whereas, at 
7.9% (56/711) of the base positions there are nucleotide
replacements which result in amino acid changes in the 
sequence of the NS1 protein. The ratio of silent to 
nonsilent substitutions is 1.3:1.

1C. Evolutionary Analysis of NS Genes by Maximum Parsimony
The sequence information as presented in Fig. 10 was 

analyzed by maximum parsimony (Fitch, 1971) to determine 
the phylogenetic tree of minimum length. The best tree 
found contains a total of 186 substitutions and is 
illustrated in Fig. 15. The parsimony method alsc yielded 
four alternative trees containing 187 substitutions. These 
alternative trees contain only minor branch perturbations 
of the best tree (data not shown). The numbers defining 
genetic distances in the evolutionary tree in Fig. 15
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Fig. 15. Most parsimonious evolutionary tree for 15 
influenza A virus NS genes containing 186 substitutions. 
The nucleotide sequences shown in Fig. 10 were analyzed by 
the method of Fitch (1971). The length of the trunk and 
side branches of the evolutionary tree are proportional to 
the minimal number of substitutions required to account for 
the differences in sequence. Non-integral numbers arise 
from averaging over all possible minimal solutions. The 
broken line represents the predicted number of additional 
substitutions between the NS genes of FW/50 and USSR/77 
based on the calculated evolutionary rate (see text for 
discussion).
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represent average values calculated by the maximum 
parsimony method using all the NS sequences. Therefore, 
some values in Fig. 15 do not exactly match the pairwise 
comparison data presented in Tables 8 and 9.

Figure 16 shows the number of nucleotide substitutions 
between the origin of the best tree (formed at the point 
where the A/WSN/33 and A/PR/34 branches meet) and the tip 
of each branch (Fig. 15) plotted against the date of 
isolation of the viruses whose NS gene is represented by 
that tip. The major line, derived by linear regression 
analysis, shows that these sequences (solid circles) are 
evolving at the steady rate of 1.73 +/- 0.08 substitutions 
per year or 1.94 +/- 0.09 x 10  ̂ substitutions per
nucleotide site per year. The A/WSN/33 and A/PR/34 strains 
appear to have more substitutions per year than expected 
and therefore, were excluded from the evolutionary rate 
calculation. Since these strains were isolated before 
refrigeration became available in the laboratory, we 
believe that continuous passaging in animal hosts and in 
embryonated eggs (particularly in the first 10-15 years 
following isolation of the strains) may have introduced 
additional mutations not present in the original isolates. 
Fig. 16 also shows that the group of H1N1 subtype strains 
(solid squares), which reemerged in the human population in 
1977 after a 27 year absence (Nakajima et al., 1978) is 
evolving at the same rate. These new HlNl viruses have
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Fig. 16. Linearity with time of number of substitutions in 
the NS genes of influenza A viruses. The abscissa 
represents the year of isolation of the influenza A viruses 
used in the analysis. The ordinate indicates the number of 
substitutions observed in their NS genes between the first 
branching point formed by the WSN/33 and PR/34 sequences in 
Fig. 15 and the tips of all branches of the evolutionary 
tree. A line, generated by linear regression analysis/ is 
drawn through the points. The slope of the line is 1.73 
+/~ 0.08 substitutions per year. In addition to the 
sequences found on the trunk of the evolutionary tree 
(solid circles)/ the NS genes of the four new HlNl viruses 
are also represented in this graph (solid squares). The 
line through the squares is arbitrarily drawn parallel to 
the other line.
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been cocirculating with the H3N2 viruses since 1977 and 
form a separate evolutionary branch (Fig. 15). In reality, 
the HlNl branch should be directly connected to the A/FW/50 
branch of the main tree, since there are c-nly five 
nucleotide differences between the A/FW/50 and A/USSR/77 
virus NS genes. However, the viruses were isolated 27 
years apart and based on the calculated evolutionary rate 
of 1.73 substitutions per year, we would predict 
approximately 46 additional substitutions in the NS gene of 
A/USSR/77 (represented by the broken line in Fig. 15). The 
observed data, thus suggest a unique epidemiology of the 
new HlNl isolates.

Two points can be made following the analysis of the 
data. First, the uniform rate of nucleotide substitution 
in the NS gene suggests that the NS gene of influenza A 
viruses behaves as an accurate molecular clock in nature. 
Calibration of the molecular clock is not affected by 
inaccurate paleontological dates since the time of 
fossilization (isolation) of these strains is recorded. 
Thus, given only the NS gene sequence of a main line 
isolate, one can closely estimate the year of its isolation 
(Fig. 16). Although fewer points are available for 
measuring the rate in the new HlNl strains (1977-1985), the 
data (Fig. 16, solid squares) are compatible with a 
molecular clock ticking at the same evolutionary rate for 
these NS genes. Second, the evolutionary rate of 1.94 +/-
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0.09 x 10 3 substitutions per site per year appears to be 
approximately 106-fold higher than the rate for mammalian 
germ-line genes (Li and Gojobori, 1983). (The difference 
calculated on a per generation basis would be much less.)

ID. Evolutionary Analysis of 03 HA and N? 0A Genes by 
Maximum Parsimopy

To determine an evolutionary rate for the HA gene, 16 
previously published complete HA1 sequences of viruses of 
the H3N2 subtype (1968-1979) were examined by maximum 
parsimony (Verhoeyen et a l ., 1980; Sleigh et al., 1981;
Hauptmann et al., 1983; Both et al., 1983; Newton et al., 
1983). The most parsimonious tree for the 16 HA1 genes 
(1068 bases analyzed) contains 184 nucleotide substitutions 
and is illustrated in Fig. 17. Figure 18 shows the number 
of nucleotide substitutions between the origin of the best 
tree (formed at the point where NT68 and Ai68 are joined) 
and the tip of each branch (Fig. 17) plotted against the 
date of isolation of the viruses whose HA gene is 
represented by that tip. The slope of the line, derived by 
linear regression, indicates that 7.18 +/- C.22
substitutions are occurring in the HA1 gene per year or 
6.72 +/- 0.21 x 10 3 substitutions per nucleotide site per
year. This rapid evolutionary rate of the HAl gene is 
approximately three times higher than the calculated 
evolutionary rate for the NS gene (Fig. 16). In addition, 
the uniform rate of change in the HAl gene over time
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Fig. 17. Most parsimonious evolutionary tree for 16 
influenza A virus H3 subtype HAl genes. The HA nucleotide 
sequences have been published previously (Verhoeyen et al., 
1980; Sleigh et al., 1981; Hauptmann et al., 1983; Both et 
a l ., 1983; Newton et al., 1983). The sequences were
analyzed by the method of Fitch (1971). The length of the 
trunk and the side branches of the evolutionary tree are 
proportional to the minimal number of substitutions 
required to account for sequence differences. Fractional 
substitutions arise from averaging over all most 
parsimonious solutions. The length of the tree is 184 
substitutions.

The following abbreviations (NT68, Ai68, HK71, ENG69,
QU70, MEM71, ENG72, MEM72, PC73, ViC75, ViC76, AC76, TEX77, 
ENG77, BK179, BK279) are used for influenza viruses
A/Northern Territory/60/68, A/Aichi/2/68, A/Hong
Kong/107/71, A/England/878/69, A/Queensland/7/70,
A/Memphis/1/71, A/England/42/72, A/Memphis/102/72, A/Port 
Chalmers/1/73, A/Victoria/3/75, A/Victoria/112/76,
A/Allegheny County/29/76, A/Texas/1/77, A/England/321/77,
A/Bangkok/1/79, A/Bangkok/2/79, respectively.
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Fig. 18. Linearity with time of number of substitutions in 
the H3 HAl genes of influenza A viruses. The abscissa 
represents the year of isolation of the influenza A viruses 
used in the analysis. The ordinate indicates the number of 
substitutions observed in their HAl genes between the first 
branching point formed by the NT68 and Ai68 sequences in 
Fig. 17 and the tips of all branches of the evolutionary 
tree. A line, generated by linear regression analysis, is 
drawn through the points. The slope of the line is 
7.18 +/- 0.22 substitutions per year.
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represents an accurate molecular clock in nature, similar 
to what has been described for the NS gene.

Six previously published N2 subtype NA sequences (1466 
bases) of viruses isolated between 1957 and 1979 were also 
examined by maximum parsimony (Van Rompuy et a l ., 1982;
Markoff and Lai, 1982; Bentley and Brownlee, 1982; Elleman 
et al., J982; Martinez et al., 1983; Lentz et al., 1984). 
The best-fit evolutionary tree contains 165 nucleotide 
substitutions and is presented in Fig. 19. A plot of the 
number of nucleotide substitutions from the origin of the 
tree (the point where the RI57 branch intersects the
vertical axis) to the tip of each branch versus the year of 
isolation of the strain represented at each tip is shown in 
Fig. 20. An evolutionary rate for the N2 NA gene was
calculated from the slope of the line, derived by linear 
regression. The rate of change in the NA gene is 4.65 +/- 
0.30 substitutions per NA gene per year or 3.17 +/- 0.20 x 
10  ̂ substitutions per nucleotide site per year. Similar
to the results obtained for the NS and H3 HA genes, a 
linear accumulation of changes over time is observed in the 
N2 NA gene, although only six strains were analyzed.

2. Evolution of Influenza C Viruses
Variation in the genes of influenza C viruses was

investigated by comparative nucleotide analysis of the HA 
and the NS genes of influenza C strains isolated over 36 
years.
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Fig. 19. Most parsimonious evolutionary tree for six 
influenza A virus N2 subtype NA genes. The NA nucleotide 
sequences have been published previously (Van Rompuy et 
al., 1982; Markoff and Lai, 1982; Bentley and Brownlee, 
1982; Elleman et al., 1982; Martinez et al., 1983; Lentz et 
al., 1984). The nucleotide sequences (1466 bases) were 
analyzed by the method of Fitch (1971). The evolutionary 
tree contains 165 nucleotide substitutions. The length of 
the trunk and side branches of the tree are proportional to 
the minimal number of substitutions required to account for 
sequence differences. Fractional substitutions are 
generated from averaging over all possible minimal 
solutions. For calculation of the side branch of the RI57 
virus, see legend to Fig. 20.

The following abbreviations (RI57, TOK67, NT68, 
UDORN72, ViC75, BK79) are used for influenza viruses 
A/RI/5-/57, A/Tokyo/3/67, A/Northern Territory/60/68,
A/Udorn/72, A/Victoria/3/75, A/Bangkok/1/79, respectively.

170



BK79

25-5

ViC75»- 165 2.01 UOORN72

42.3

TOK67*

NT68

115

12.5 5.3

366

9.2 ■•RI57

171



Fig. 20. Linearity with time of number of substitutions in 
the N2 NA genes of influenza A viruses. The abscissa 
represents the year of isolation of the viruses used in the 
analysis. The ordinate indicates the number of nucleotide 
substitutions observed in their NA genes between the origin 
of the tree in Fig. 19 and the tips of all branches of the 
evolutionary tree. The line drawn through the points was
derived by linear regression analysis and it has a slope of 
4.65 +/- 0.30 substitutions per year. The side branch of
RI57 in Fig. 19 was arbitrarily assigned to be 9.2, so that 
RI57 would fall on the line determined by the remaining 
five data points.
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2A. Nucleotide Sequences of the HA Genes in Human
Influenza C Viruses

The nucleotide sequences of the HA genes derived from 
six human influenza C strains isolated during the period of 
1947-1983 were determined by the dideoxy sequencing method 
using synthetic oligonucleotides as primers. A comparison 
of these HA gene sequences including those from the 
previously published C/JHG/66 and C/CAL/78 viruses (Pfeifer 
and Compans, 1984; Nakada et al., 1984a) is shown in
Fig. 21. Using the C/TAY/47 gene as the prototype
sequence, the C/Cal/78 virus appears to lack three 
nucleotides in positions 270, 278, and 279, resulting in
the effective deletion of one codon. Another deletion in a 
coding region has to be postulated for the C/MS/8C gene, 
which also leads to the loss of one amino acid in the HAl 
region of the molecule (nucleotide positions 641-643) . In 
addition, several deletions/insertions were observed in the 
3' noncoding region of the genes. The C/GL/54 and C/MS/8C 
genes lack one (position 2051) and two nucleotides
(positions 2051 and 2059), respectively. In the case of 
the C/CAL/78 gene, we suggest an insertion in nucleotide 
position 2052. It should be noted that the nucleotide 
comparisons do not include the 58 bases at the 5' terminal 
ends of the genes.
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Fig. 21. Nucleotide sequences of eight human and three 
swine influenza C virus HA genes. The C/TAY/47 HA gene is 
used as the prototype sequence and only nucleotides which 
are changed relative to that sequence are indicated. Since 
most of the sequences were obtained by the dideoxy 
sequencing method using primers, the 5' end nucleotide 
sequences are not available. Thus, sequences excluding 
positions 1 to 58 are compared in this analysis. It should 
be noted that the C/JHG/66 and C/CAL/78 virus HA sequences 
were reported previously (Pfeifer and Compans, 1984; Nakada 
et al., 1984a). Nucleotide deletions and nucleotides at 
the 5' end which were not determined are indicated by - and 
*, respectively. Initiation and termination codons are 
enclosed within rectangles and the start of the mature HAl 
chain (minus signal peptide) and of the cleavage site 
between HAl and HA2 are indicated by arrows.
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Nucleotide changes in the HA genes are seen throughout 
the molecules and analysis of these mutations shows that 
the nucleotide changes in these genes are noncumulative. 
In fact, most of the mutations (129 out of 203) are only 
found once in any of the genes and are thus unique. In 
those nucleotide positions in which some genes retain a 
specific nucleotide and others show differences, the 
changes do not appear at a specific time. For example, a
nucleotide change in position 1390 from T to C is observed
in HA genes from strains isolated in 1954, 1978 and in
1983, but not in strains isolated in 1947, 1950, 1966, 1980 
or in 1981. Analysis of all genes derived from human 
influenza C viruses thus suggests that the circulating 
strains are not related through evolutionary changes 
accumulating with time.

A similar conclusion can be reached by pairwise 
comparison of different HA genes. Again, the total 
difference between two genes does not always increase when 
strains are compared which were isolated at increasing time 
intervals (Table 13). The extent of nucleotide variation 
between HA genes derived from human C isolates varied 
between 0.1 and 6.8%.

It is surprising that only two nucleotides (positions
237 and 2046) are different between the C/AA/50 and C/YA/81
HA genes, which are derived from strains isolated 31 years 
apart (Fig. 21 and Table 13). Furthermore, only a 1.8%
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TABLE 13. NUCLEOTIDE DIFFERENCES BETWEEN INFLUENZA C VIRUS HA GENES

AA/50 GL/5* JHG/66 CAL/78 HS/80 YA/81 ENG/83 P/10/81

TAY/47
*

27(1.3) 36(1.8) 58(2.9) 71(3.5) 110(5.5) 29(1.4) 54(2.7) 58(2.9)
AA/50 49(2.4) 54(2.7) 74(3.7) 112(5.6) 2(0.1) 61(3.0) 57(2.8)
CL/S* 73(3.6) 49(2.4) 112(5.6) 49(2.4) 36(1.8) 38(1.9)
JHG/66 91(4.5) 128(6.3) 56(2.8) 84(4.2) 84(4.2)
CAL/78 134(6.6) 74(3.7) 33(1.6) 31(1.5)
HS/80 114(5.7) 117(5.8) 121(6.0)
YA/81 61(3.0) 57(2.8)
ENG/83 12(0.6)

Nucleotide* 1 to 58 are excluded fro* analysis and nucleotide deletions/insertions 
are counted as changes in this comparison.
*, Number of nucleotide differences between 2 HA genes (4 differences).
Since the C virus isolates from pigs show a high degree of homology, only one swine 
virus HA gene (C/P/10/81) is included in the analysis.



difference is observed between the genes of the C/GL/54 and 
C/ENG/83 viruses, which were isolated 29 years apart. On 
the other hand, variations of HA genes between viruses 
isolated one (1980 and 1981) and two (1978 and 1980) years 
apart are 5.7% and 6.6%, respectively.

2B. Deduced Amino Acid Sequences of HA Genes in Human 
Influenza C Viruses

The predicted amino acid sequences of eight HA genes 
derived from human influenza C viruses are shown in
Fig. 22. Only one deletion in the HA1 portion of the
C/CAL/78 and C/MS/80 HA is required to permit alignment of 
all eight sequences. The HA1 polypeptide chains, except 
those of the C/CAL/78 and C/MS/80 strains, are 432 amino 
acids long and the HA2 portions all show a length of 209 
amino acids. It should be noted that the amino acid 
comparisons do not include the signal peptide regions.

As shown in Fig. 22, like the nucleotide changes, the 
amino acid variation in the HA proteins of the human 
strains does not appear to be cumulative with time. Amino 
acid differences of the HA proteins are summarized in 
Table 14. The extent of differences among the HA proteins 
is independent of the year in which these viruses were 
isolated. For instance, the differences in the HA proteins 
derived from viruses isolated one (1980 and 1981) and two
(1978 and 1980) years apart are 3.6% and 4.5%,
respectively. In contrast, the HA proteins of a 1950 and a
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Fig. 22. Comparison of deduced amino acid sequences of C 
virus HA proteins. The HA sequence of C/TAY/47 virus is 
shown as prototype and changes in the HAs of the other 
strains are indicated. Arrows show (possible) cleavage 
sites in the HA precursor molecules. Amino acid deletions 
which are found in the HA proteins of C/CAL/78 and C/MS/80 
viruses are indicated by and amino acid positions which 
were not identified are indicated by *. The C/JHG/66 and 
C/CAL/78 virus HA sequences were published previously 
(Pfeifer and Compans, 1984; Nakada et a l ., 1984a).
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TABLE 14. AMINO ACID VARIATION OF HA PROTEINS IN INFLUENZA C VIRUSES

AA/50 GL/54 JHG/66 CAL/78 MS/80 YA/81 ENG/83 P/10/81

TAY/47
*

11(1.7) 13(2.0) 23(3.6) 26(4.1) 21(3.3) 11(1.7) 18(2.8) 23(3.6)

AA/50 20(3.1) 20(3.1) 25(3.9) 23(3.6) 0 21(3.3) 18(2.8)
GL/54 24(3.7) 23(3.6) 22(3.4) 20(3.1) 15(2.3) 20(3.1)
JHG/66 25(3.9) 26(4.1) 20(3.1) 25(3.9) 26(4.1)
CAL/78 29(4.5) 25(3.9) 12(1.9) 13(2.0)
HS/80 23(3.6) 21(3.3) 23(3.6)

YA/81 21(3.3) 18(2.8)

ENG/83 7(1.1)

Comparison of the HA proteins includes the HA1 and the HA2 regions, but not the signal 
peptide regions. Amino acid deletions are counted as changes in this analysis.
*, Number of amino acid differences between two HA proteins (4 differences).
Since the swine C virus HAs are similar to each other, only one swine C virus HA protein 
(C/P/10/81) is included in thi6 analysis.



1981 strain do not show any amino acid differences and the 
C/TAY/47 and C/ENG/83 HA proteins differ by only 2.8% 
(Fig. 22 and Table 14).

Although the total number of amino acid changes is 
small when all HA proteins are compared, three clusters of 
amino acid substitutions (positions 67-98, 180-214, and
331-346) can be observed. Specifically, the region between 
amino acids 204 and 214 appears to be a site which is 
characterized by multiple amino acid changes.

2C. Variation of the HA Gepes and Proteins in Swine 
Influenza £ Viruses

Influenza C/P/10/81, C/P/115/81, and C/P/439/82 strains 
were obtained from pigs in an abattoir in Beijing, China. 
Influenza C/P/115/81 and C/P/439/82 strains were obtained 
one and 18 months, respectively, following the isolation of 
the C/P/10/81 virus (Guo et al., 1983; Guo and 
Desselberger, 1984). As the sequence analysis shows, the
HA genes of all three strains are closely related. For 
example, only three nucleotides of the C/P/115/81 
(positions 122, 427, and 1393) and six nucleotides of the
C/P/439/82 (positions 122, 171, 427, 642, 1758, and 1994)
HA genes are different from those found in C/P/10/81 
(Fig. 21).

This nucleotide difference translates into only a three 
amino acid difference between the C/P/10/81 and C/P/439/82
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genes (Fig. 22). Interestingly, only one of these amino 
acid changes is located in a region of high variation 
which was identified in the human C virus HA genes.
Comparison of the swine virus HA genes with those of the
human viruses reveals that the C/ENG/83 HA gene is most 
closely related to the swine virus HA genes. On the other 
hand, the HA gene of a 1980 strain (C/MS/80) shows the
highest nucleotide difference when compared to the three 
porcine HA genes (Table 13).

2D. Frequency of Variation in the Firsts Second., and Third 
Codon Position

The HA gene of the C/TAY/47 virus was compared pairwise
to those of the other human C viruses with respect to
changes in the first, second, and third codon position. 
This analysis revealed that first and second position 
changes occurred at a frequency of 17-33% and of 11-21%, 
respectively (Table 15). In contrast, a much higher value 
of 52-72% was found for changes occurring in the third
position of the coding frame.

Additionally, the HA sequence (HA1 and HA2 domains) of
the C/TAY/47 virus was compared to those of the other human
C viruses to examine silent and amino acid changing 
nucleotide substitutions. We observed that 6.4% (124/1923) 
of the base positions exhibit silent changes, whereas only 
3.2% (62/1923) of the sites display nucleotide changes
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TABLE 15. FREQUENCY OF CHANGES IN CODON POSITION: 
COMPARISON OF THE HA GENE OF C/TAY/47 
VIRUS WITH THOSE OF OTHER STRAINS

Positions
First Second Thi rd

AA/50
*

9 (33) 4 (15) 14 (52)
GL/54 7 (21) 7 (21) 19 (58)
JHG/66 13 (25) 11 (21) 28 (54)
CAL/78 18 (27) 11 (17) 37 (56)
MS/80 17 (17) 11 (11) 73 (72)
YA/81 9 (32) 4 (14) 15 (54)
ENG/83 15 (29) 7 (14) 29 (57)
P/10/81 15 (27) 9 (17) 31 (56)

Signal sequences were excluded from analysis.
*, Numbers of nucleotide changes between the HA gene of C/TAY/47 
virus and that of other strains (% differences).



which cause amino acid changes in the HA 
The ratio of silent to nonsilent changes

protein sequences, 
is exactly 2:1.
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2E. Nucleotide Sequences of NS Genes of Human Influenza C
Viruses

The nucleotide sequences of the NS genes of seven 
influenza C viruses isolated between 1947 and 1983 were 
determined and compared with the sequence of the previously- 
reported CAL/78 virus NS gene (Nakada et al., 1985). The 
sequence data are shown in Fig. 23. Base differences in 
the NS sequences relative to the earliest isolate, TAY/47, 
are indicated. In the sequenced region, there were no 
deletions/insertions detected in any of the NS sequences. 
Thus, all NS sequences examined appear to have the same 
length. Nucleotide substitutions in the C virus NS genes 
are observed throughout the segment. Of the 45 substituted 
positions, 25 sites are uniquely substituted in a single 
virus strain. Although the remaining substituted positions 
show the same base change in several strains, most of the 
changes do not correlate with the time of isolation of the 
virus. That is, once a nucleotide change is observed in a 
virus isolate, it is not consistently present in all later 
isolates. This is further illustrated when pairwise 
comparisons among the viruses are made (Table 16). For 
example, the TAY/47 and ENG/83 viruses isolated 36 years 
apart differ by only 2.1% in their NS sequences, whereas 
the 1978 (CAL/78) and the 1981 (YA/81) isolates possess NS 
genes with an overall difference of 3.0%. In addition, 
the NS genes of TAY/47 and JHG/66 viruses (isolated 19
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Fig. 23. Nucleotide sequence comparison of influenza C 
virus NS genes. Nucleotide differences with respect to the 
TAY/47 strain are presented. All nucleotide sequences are 
presented in the plus sense strand. Asterisks represent 
the 5' forty bases that were not determined in the 
analysis. The arrowheads indicate the putative splice 
sites where NS1 mRNA is spliced to generate NS2 mRNA. The 
boxed nucleotides represent the following: ATG (27-29)
initiation codon for NS1 and NS2 proteins; TGA (703-705) - 
termination codon for NS2 protein; TAA (885-887) 
termination codon for NS1 protein.

The sequence of the CAL/78 NS gene was generated by 
Nakada et al. (1985). The remaining NS sequences were 
determined by the dideoxy method using oligonucleotide 
primers. Nine primers were needed to obtain complete NS 
sequences for all strains. These primers correspond to the 
following nucleotide positions of the NS gene: 22-35; 115-
130; 180-198; 356-370; 356-375; 495-509; 667-683; 667-684;
815-829.
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TABLE 16

NUCLEOTIDE DIFFERENCES BETWEEN INFLUENZA C VIRUS NS GENES

AA/50 GL/54 JHG/66 CAL/78 MS/80 YA/81 EN5/83

TAY/47 5(0.6)* 10(1.1) 0 19(2.1) 12(1.3) 16(1.8) 19(2.1)
AA/50 9(1.0) 5(0.6) 18(2.0) 7(0.8) 17(1.9) 20(2.2)
GL/54 10(1.1) 19(2.1) 12(1.3) 20(2.2) 21(2.3)
JHG/66 19(2.1) 12(1.3) 16(1.8) 19(2.1)
CAL/78 19(2.1) 27(3.0) 26(2.9)
MS/80 18(2.0) 23(2.6)
YA/81 13(1.5)

N u c l e o t i d e s  1 t o  40 a r e  e x c l u d e d  f r o m  a n a l y s i s .
N u m b e r  o f  n u c l e o t i d e  d i f f e r e n c e s  b e t w e e n  2 NS g e n e s  (2 d i f f e r e n c e )



years apart) show no nucleotide differences. Clearly, the 
extent of nucleotide differences among the NS genes does 
not correspond to the isolation dates of the strains.

2F. Predicted Amino Acid Sequences of the NSJ. and NS2 
Proteins of Human Influenza C Viruses

The NS gene of influenza C viruses has recently been 
shown to code for two nonstructural proteins, NS1 (Nakada 
et al., 1985) and NS2 (Nakada et al., 1986). The NS1 
protein consists of 286 amino acids and is translated from 
a mRNA colinear with the virion RNA segment. The predicted 
amino acid sequences of the NS1 proteins of the eight human 
influenza C viruses are shown in Fig. 24. The first five 
amino acids at the N-terminus of the NS1 protein could not 
be deduced because the nucleotides in this region were not 
determined. Excluding the first five residues, all the 
NS1 proteins appear to have conserved amino acid length. 
A pairwise comparison of the NS1 proteins is shown in 
Table 17. As previously observed on the nucleotide level, 
amino acid differences among NS1 proteins are not always 
greater when viruses isolated farther apart in time are 
compared. In fact, the greatest amino acid difference of 
4.3% is seen with the CAL/78 and ENG/83 strains which were 
isolated five years apart (Table 17). The NS1 protein of 
the TAY/47 virus and that of a virus isolated 36 years 
later, ENG/83, only show a 2.5% difference.
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Fig. 24. Comparison of deduced NS1 protein sequences of 
eight influenza C viruses. Amino acid differences are 
presented with respect to the TAY/47 sequence. The 
asterisks represent amino acids at the N-terminus which 
could not be deduced because the nucleotide sequence in 
this region was not determined. The 62 amino acid sequence 
to the left of the arrowhead is the shared N-terminal 
region of the NS1 and NS2 proteins.
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TABLE 17
AMINO ACID DIFFERENCES BETWEEN INFLUENZA C VIRUS NS1 PROTEINS

AA/50 GL/54 JHG/66 CAL/78 MS/80 YA/81 ENG/83
TAY/^7 2(0.7)* 1(0.4) 0 5(1.8) 4(1.4) 6(2.1) 7(2.5)
AA/50 3(1.1) 2(0.7) 7(2.5) 2(0.7) 8(2.8) 9(3.2)
GIV54 1(0.4) 6(2.1) 5(1.8) 7(2.5) 8(2.8)
JHG/66 5(1.8) 4(1.4) 6(2.1) 7(2.5)
CAL/78 7(2.5) 9(3.2) 12(4.3)
MS/80 6(2.1) 9(3.2)
YA/81 7(2.5)

Am i n o  a c i d s  1 t o  S a r e  e x c l u d e d  f r o m  a n a l y s i s .
•Nu m b e r  o f  a m i n o  a c i d  d i f f e r e n c e s  b e t w e e n  2 NS1 p r o t e i n s  (Z d i f f e r e n c e ).



The NS2 protein of influenza C viruses is translated 
by a spliced mRNA (Nakada et al., 1986). The N-terminal 62 
amino acids of the NS2 protein are shared with those of the 
NS1 protein. The remaining 59 residues of NS2 are 
translated in a different reading frame from that of NS1 as 
a result of the splicing event. The putative splice sites, 
indicated by arrowheads in Fig. 23, and the putative 
branching point (positions 483-489) are conserved in the C 
virus NS sequences analyzed (Fig. 23). The deduced unique 
sequence of the NS2 protein from amino acid 63 to 121 is
shown in Fig. 25. All NS2 proteins examined appear to have
the same length and very few amino acid differences among 
strains are observed in the region unique to the NS2 
protein.

The NS sequence of the C/TAY/47 virus was compared 
pairwise to those of the other influenza C viruses with
respect to silent and nonsilent base substitutions in the 
NS1 coding region. 3.2% (27/847) of the nucleotide
positions display silent substitutions while only 2.0% 
(17/847) of the sites show nucleotide changes in some
strains which alter the amino acid sequence of the NS1 
protein. The ratio of silent to nonsilent substitutions is 
1.6:1.

2G. Evolutionary Analysis of NS and HA Genes of Eight 
Influenza C Viruses by Maximum Parsimony

The influenza C virus NS gene sequences presented in
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Fig. 25. Comparison of the unique region of the predicted 
NS2 protein sequences of eight influenza C viruses. Amino 
acid differences with respect to the TAY/47 strain are 
indicated. The open triangle denotes the 62 amino acids at 
the N-terminu8 of the NS2 proteins that are identical to 
those at the N-terminus of the NSl proteins (see Fig. 24).
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Fig. 23 were examined by the maximum parsimony procedure 
(Fitch, 1971). For the C virus NS sequences, three equally 
parsimonious trees of 54 substitutions can be constructed. 
These different tree structures are presented in Fig. 26A. 
The differences among the trees arise in the placement of 
the GL/54 strain. In addition, one evolutionary tree 
containing 55 and three trees containing 56 substitutions 
were examined. All of these trees have different structures 
from those presented in Fig. 26A (data not shown). 
However, none of these evolutionary trees constructed for 
the C virus NS genes are even remotely compatible with a 
single gene lineage passing on its accumulated nucleotide 
changes to subsequent isolates. We therefore conclude that 
multiple NS genes coexist in nature. It should be noted 
that the numbers defining genetic distances in the 
evolutionary trees in Fig. 26 represent average values 
calculated by the maximum parsimony method involving all 
the strains used for the tree. Thus, some values in 
Fig. 26 do not precisely match the pairwise comparison 
data shown in Tables 13 and 16.

For comparison, the HA sequences of the same eight 
human influenza C virus strains (Fig. 21) were also 
analyzed by the maximum parsimony method. Fig. 26B 
illustrates the two equally parsimonious trees of 241 
substitutions which were generated using the HA sequences. 
The two trees have similar structures and only differ in
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the placement of the TAY/47 strain. Four alternative HA 
trees containing 242, 245, 246, or 251 substitutions were
also analyzed (data not shown). Once again, none of the 
trees is compatible with a single gene lineage passing on 
its accumulated nucleotide substitutions to subsequent 
isolates. In addition, trees obtained for the HA genes 
differ in a significant way from those constructed for the 
NS genes (Fig. 26).

Although the NS and HA evolutionary trees have
distinct structures, there are similarities in gross 
topology. The NS and HA trees shown in Fig. 26A and 26B 
were drawn so as to illustrate the similarities in their 
topology. Comparison of the branching order of strains on 
both the NS and HA trees reveals the same relative 
placement of the CAL/78, GL/54, MS/80, TAY/47, JHG/66 and
YA/81 strains (represented by solid squares in Fig. 26). 
The ENG/83 and AA/50 viruses (represented by open squares 
in Fig. 26) occupy very different positions on the NS and
HA trees. These data indicate that the ENG/83 virus as well
as the AA/50 strain may have arisen through reassortment
among the other lineages.

A possible model illustrating the derivation of the 
ENG/83 strain is shown in Fig. 26C. The construction of 
this tree is described in detail in the legend to Fig. 26C. 
The evolutionary model suggests that the ENG/83 virus 
received its HA gene from a recent ancestor of the CAL/78
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Fig. 26A and 26B. Evolutionary relationships of NS and HA 
genes of eight influenza C viruses. The three most 
parsimonious NS gene trees of 54 nucleotide substitutions 
each (26A) and the two most parsimonious HA gene trees of 
241 nucleotide substitutions each (26B) are shown. The data 
were obtained using the maximum parsimony method for 
determining evolutionary relationships (see Materials and 
Methods). Branch lengths are proportional to the number of 
nucleotide substitutions between branch points. The C 
viruses represented by the solid squares at their branch 
tips have a similar branching order in both the NS and HA 
trees. The viruses represented by the open squares at 
their branch tips occupy very different positions in the NS 
and HA trees. The major nodes, X, Y and Z, defined by the 
taxa with the solid squares are indicated.
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Fig. 26C. Phylogenetic model suggesting the reassortment of 
genes in the influenza C/ENG/83 virus. The phylogenetic 
tree is based on the two topologically most congruent sets 
of trees for the NS and HA genes (the left-most trees of 
the sets in 26A and 26B). The branch lengths of this tree 
were obtained by summing the corresponding numbers of 
nucleotide substitutions on the trees for the NS (26A) and 
HA (26B) genes. The branch lengths are not proportional to 
the indicated genetic distances. The major nodes X, Y and 
Z in 26A and 26B are also indicated in this tree. The 
ENG/83 virus is shown as a reassortant that derives its HA 
gene from the CAL/78 line and its NS gene from the YA/81 
line. On the CAL/78 side, the ENG/83 lineage is attached 
at a distance proportional to its distance on the 
corresponding HA branch in 26B. For example, the sum of the 
distance of CAL/78 to node X in 26A (13.5) and 26B (33.9)
equals 47.4. This is also the total distance of CAL/78 to 
node X in 26C. In the HA tree (26B), the ENG/83 branch 
intersects the CAL/78 to node X branch at a distance of 
19.7 (19.7/33.9 - 0.58). Therefore, in 26C, ENG/83
intersects the CAL/78 to node X branch at 0.58 x 47.4 =
27.5. On the YA/81 side, the ENG/83 lineage descends at a 
distance proportional to its distance on the corresponding 
NS branch in 26A. The divergence of the reassortant equals 
the sum of its branch lengths on the trees in 26A and 26B. 
The root of the tree is arbitrarily placed by assuming the
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Fig. 26C continued.

MS/80 lineage is the oldest by virtue of its being the most 
distantly related to the other strains. Ancestral nodes 
are placed at a height corresponding to the weighted 
average of the number of substitutions on each of its two 
lines of descent. Because TAY/47 is ambiguously located in 
the various trees, its descent from node Z is indicated by 
a broken line suggesting that it could equally well be 
attached above that node or on either of the two branches 
descending from it. The genetic distance for the TAY/47 
branch is not calculated.
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strain and its NS gene from a recent ancestor of the YA/81 
virus (based on the position of ENG/83 on the HA and NS 
trees). One can also state that the HA gene of the ENG/83 
strain is most closely related to that of the CAL/78 virus 
(Table 13) and that the NS gene of the ENG/83 strain is 
most closely related to that of the YA/81 virus (Table 16). 
Assuming constant evolutionary change over time, 
reassortment between lineages is thus a likely mechanism to 
explain the origin of the ENG/83 lineage.

3. Analysis of an Influenza A Virus Mutant with a Deletion 
in the NS Segment

The defect of an NS mutant virus that exhibits a 
restricted host range phenotype that is not temperature 
dependent was characterized by nucleotide sequencing of 
cloned cDNAs. The influenza virus host range mutant, CR43- 
3, was accidentally generated in a recombination experiment 
in PCK cells at the nonpermissive temperature of 38° with 
A/ALA/6/77 and the cold-adapted (ca) and temperature- 
sensitive (ts) A/AA/6/60 viruses as parents (Maassab et 
al., 1981). CR43-3 virus displays a host range phenotype
different from that of either parent. The mutant virus 
forms plaques in PCK cells, but not in MDCK cells, whereas 
the parent viruses and an isogenic recombinant virus (CR43- 
7) plaque equally well in both cell systems (Maassab and 
DeBorde, 1983) . Previous analysis of the RNA gene
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constellation of CR43-3 virus by electrophoresis in 
polyacrylamide gels showed that CR43-3 possesses an NS 
segment with an aberrant gel migration.

The precise defect in the NS gene of the CR43-3 virus 
was examined by nucleotide sequencing. In addition, viral 
protein synthesis and cellular localization of the NS1 gene 
product in both permissive and nonpermissive cells was 
investigated.

3A. cDNA Analysis of NS Segments
Polyacrylamide-urea gel electrophoresis of the 

glyoxalated RNAs of many influenza A virus strains has 
shown identical gel migration for the NS segments 
(Desselberger and Palese, 1978). These data indicate a 
size conservation among NS genes which is supported by 
nucleotide sequence data (Baez et al., 1980; Baez et a l ., 
1981; Krystal et al., 1983a; Lamb and Lai, 1980; this 
work) . In contrast, the NS segment of CR43-3 virus 
migrates faster than that of other influenza A viruses (D. 
DeBorde, personal communication). Similar results were 
obtained when the cDNAs of A/ALA/6/77, A/AA/6/60, and CR43- 
3 viruses were compared on polyacrylamide gels. Figure 27 
shows the analysis of both single- and double-stranded cDNA 
copies of the A/AA/6/60 and CR43-3 viral genomes. The cDNA 
products of the first and second strand reverse 
transcriptase reactions were treated with Sl-nuclease and 
electrophoresed in parallel on the gel. From the relative
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Fig. 27. Electrophoresis of the reverse-transcribed cDNA 
copies of A/AA/60 and CR43-3 viral genes in a 5% 
polyacrylamide gel. Lanes: 1, A/AA/60 single-stranded
cDNA; 2, A/AA/60 single-stranded cDNA after Si nuclease
treatment; 3, A/AA/60 double-stranded cDNA; 4, A/AA/60
double-stranded cDNA after SI nuclease treatment; 5, CR43-3 
single-stranded cDNA; 6, CR43-3 single-stranded cDNA after 
SI nuclease treatment; 7, CR43-3 double-stranded cDNA; 8,
CR43-3 double-stranded cDNA after SI nuclease treatment. 
The proteins coded by the double-stranded cDNA transcripts 
are indicated. The faster migrating, NS-specific cDNA of 
CR43-3 virus is indicated by the arrowhead.
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mobilities and known sizes of the double-stranded cDNAs on 
the gel, we calculated that the CR43-3 NS segment is 
approximately 40 bases shorter than the NS segment of 
A/AA/6/60 virus. This suggested that the CR43-3 NS gene 
has a deletion. It should also be noted that the CR43-3 NS 
cDNA consistently showed a decreased intensity relative to 
the other viral gene segments. This could indicate that 
either the amount of RNA 8 in the viral preparation is ]ow 
or that cDNA transcription of this segment is not 
efficient. The migration of the NS cDNA of the A/ALA/6/77 
virus was identical to that of the corresponding segment of 
the A/AA/6/60 virus (data not shown).

3B. Nucleotide Sequences of cDNAs
To confirm that the CR43-3 virus NS gene contained a 

deletion mutation and to localize the exact nucleotide 
position of this defect, the complete nucleotide sequence 
of a full-length NS gene of CR43-3 virus, cloned into 
pBR322, was determined (Fig. 28). This NS gene was found 
to be 854 nucleotides long, which is 36 bases shorter than 
that reported for NS genes of all other influenza A viruses 
(Baez et al., 1980; Baez et al., 1981; Krystal et al., 
1983a; Lamb and Lai, 1980; this work). Comparison of the 
CR43-3 NS sequence with other known NS gene sequences 
indicated that the deletion occurred around nucleotide 
position 220. To precisely define the deletion junctions
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Fig. 28. Nucleotide sequence of the cloned NS genes of 
influenza A viruses A/ALA/77 and CR43-3. The deduced amino 
acid sequences of the NSl and NS2 polypeptides, 
respectively, are shown below the nucleotide sequence. The 
region of the A/ALA/77 NS gene which is deleted in the 
CR43-3 NS gene is denoted by brackets. The arrowheads 
indicate the nucleotide positions where the NSl mRNA is 
spliced to generate the NS2 mRNA. Base positions 400, 403, 
and 415 in the CR43-3 NS gene and position 521 in the 
A/ALA/77 NS gene were not unambiguously identified.
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and to determine the parental origin of the CP43-3 NS gene, 
it was necessary to obtain sequence information of the NS 
genes of the parent viruses. We compared the CR43-3 NS 
sequence to the previously obtained partial sequence of the 
NS gene of the wild-type A/AA/6/60 virus (Parvin et a l . , 
1983) . In the region sequenced, 6 out of 55 nucleotides 
differed from those in the CR43-3 NS sequence. More 
recently, the complete nucleotide sequence of the wild type 
A/AA/6/60 virus NS gene has been determined (this work). 
There are 45 nucleotide differences in the NS genes of the 
A/AA/6/60 and A/ALA/6/77 viruses. These base differences 
make it very unlikely that CR43-3 derives its NS gene fion 
the A/AA/6/60 parent. Therefore, we proceeded to clone and 
sequence the NS gene of A/ALA/6/77 virus. Excluding the 
area of the deletion (positions 222 through 257), the NS 
gene sequences of A/ALA/6/77 and CR43-3 viruses were 
identical, indicating that CR43-3 derived its NS gene from 
the A/ALA/6/77 parent (Fig. 28).

3C. Direct RNA Sequencing
To eliminate the possibility that the deletion in the 

NS-specific cDNA of CR43-3 virus was an artifact generated 
in the cloning procedure, RNA 8 of CR43-3 was directly 
sequenced by the dideoxy method in the region corresponding 
to nucleotides 166-290 of the A/ALA/6/77 NS gene (Fig. 29) .
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Fig. 29. Direct sequencing of RNA 8 of CR43-3 virus. The 
primer used to generate this sequence was an EcoRI-Ddel 
restriction fragment corresponding to nucleotide positions 
1 through 153 of the cloned NS gene of A/ALA/77 virus. The 
bases indicated extend from nucleotide position 217 of the 
CR43-3 NS segment. Beyond nucleotide position 221, the 
CR43-3 virus NS sequence is different from that of A/ALA/77 
virus. The dideoxy nucleotide-terminated DNA chains were 
fractionated in an 8% polyacrylamide-7 M urea sequencing 
gel.
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3D. Amino Acid Sequences
The deduced NSl and NS2 amino acid sequences of the

A/ALA/6/77 and CR43-3 NS genes are also presented in 
Fig. 28. The NSl protein of A/ALA/6/77 consists of 237
amino acids, whereas the NSl of CR43-3 virus consists of 
only 225 amino acids. The deletion in the NSl protein of 
CR43-3 virus corresponds to positions 66 through 77 of the 
A/ALA/6/77 NSl protein. The deduced length of the NS2 
polypeptides of both A/ALA/6/77 and CR43-3 viruses was 
found to be 121 amino acids, which is identical to that 
reported for all other NS2 proteins of influenza A viruses
(Baez et al., 1980; Baez et al., 1981; Krystal et a l .,
1983a; Lamb and Lai, 1980; this thesis).

3E. Viral Protein Analysis
Since CR43-3 virus shows a restricted host range 

phenotype, [35S] methionine-labeled proteins of MDCK and 
PCK cells infected with CR43-3 and its parent viruses were 
analyzed on SDS-polyacrylamide gels (Fig. 30A). No major 
differences in protein synthesis patterns could be detected 
in A/AA/6/60 virus-infected MDCK and PCK cells at 8 h p.i. 
(Fig. 30A, lanes 2 and 3). Similarly, cell extracts from 
A/ALA/6/77 virus-infected MDCK and PCK cells showed 
comparable protein patterns after polyacrylamide gel 
electrophoresis (Fig. 30A, lanes 6 and 7). This result was 
not unexpected, since neither virus displays a growth
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restriction in the two host cells. Analysis of MDCK and 
PCK cells infected with CR43-3 virus (8 h p.i.) revealed 
that the NSl protein is synthesized in comparable amounts 
in both cell systems (Fig. 30A, lanes 4 and 5). However, 
from this and other gels (data not shown) it was found that 
the Ml protein is reduced by approximately 50% relative to 
the NSl polypeptide in the nonpermissive MDCK cells as 
compared with the permissive PCK cells infected with CR43-3 
virus. This finding was obtained by quantitating 
densitometer tracings of different autoradiographs and was 
confirmed by time course experiments.

Figure 30B shows that Ml protein synthesis in CR43-3 
virus-infected MDCK cells was reduced throughout the 
infection cycle relative to that in the parental virus- 
infected MDCK cells. Time points were taken at 3, 6, 9,
and 12 h p.i. (Fig. 30B, lanes 2 through 13). This time 
course experiment further suggests that the NSl defect in 
CR43-3 virus causes a reduction in Ml protein synthesis. 
It should be noted that the A/ALA/6/77 HA (H3 subtype) 
produced in MDCK or in PCK cells does not form a sharp 
band under the gel conditions used and thus cannot be 
identified on the autoradiogram. In contrast, the 
A/AA/6/60 HA, belonging to the H2 subtype, forms visible 
bands on gels obtained with extracts from infected PCK and 
MDCK cells (Fig. 30A and 30B).
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Fig. 30. SDS-PAGE of viral proteins synthesized in PCK and 
MDCK cells. (A) Cells were infected with viru3 at 34°C and 
pulse-labeled for 1 h at 8 h p.i. with l^5S]-methionine as 
described in the Materials and Methods. Lanes: 1, mock-
infected PCK cells; 2, A/AA/60 virus-infected PCK cells; 3, 
A/AA/60 virus-infected MDCK cells; 4, CR43-3 virus-infected 
PCK cells; 5, CR43-3 virus-infected MDCK cells; 6, A/ALA/77 
virus-infected PCK cells; 7, A/ALA/77 virus-infected MDCK 
cells; 8/ mock-infected MDCK cells. Virus-specific 
proteins are indicated. (B) MDCK cells were infected with 
virus at 34°C and pulse-labeled for 1 h at the indicated 
times. Lanes 2, 6, and 10 were infected for 3 h; lanes 3, 
7, and 11 were infected for 6 h; lanes 4, 8, and 12 were
infected for 9 h; lanes 5, 9, and 13 were infected for
12 h. Lanes: 1, mock-infected MDCK cells; 2 through 5,
A/AA/60 virus-infected MDCK cells; 6 through 9, CR43-3
virus-infected MDCK cells; 10 through 13, A/ALA/77 virus- 
infected MDCK cells. Virus-specific proteins are 
indicated.
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3 F . Indirect Immunofluorescence Analysis of Virus-infected 
Cells

MDCK cells infected with CR43-3 and its parent viruses 
were acetone-fixed 3 h p.i. and stained by using 
monospecific rabbit antiserum against NSl and fluorescein- 
conjugated goat anti-rabbit antibody. Both parents, as 
well as CR43-3 virus, induced the synthesis of NSl, which 
was found localized in the nucleoplasm of MDCK cells 
(Fig. 31). This indicates that the mutant protein 
accumulates in the same cellular compartment in which the 
wild-type protein is found during the course of infection. 
At later time points (6, 9, and 12 h p.i.) CR43-3 and
A/AA/6/60 virus-infected MDCK cells continued to display 
intense nucleoplasmic staining. Uninfected cells treated 
with the anti-NSl rabbit antiserum and fluorescein- 
conjugated goat anti-rabbit antibody did not exhibit any 
positive immunofluorescence (data not shown). It should be 
noted, however, that the A/ALA/6/77 virus-infected MDCK 
cells exhibited NSl-specific nucleolar staining at later 
time points (6, 9, and 12 h p.i.). Previously, it had been 
observed that some influenza virus strains, but not others, 
display nucleolar staining specific for NSl late in 
infection. This observation, however, could not be 
correlated with any biological activity of these strains 
(Young et al., 1983). It thus appears that the 
immunofluorescence studies do not point to an unusual
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Fig. 31. Indirect immunofluorescent staining of NSl 
protein in influenza virus-infected MDCK cells. MDCK cell 
monolayers were adsorbed with virus for 1 h at 34°C. At 
3 h p.i., the cells were acetone-fixed and incubated with a 
monospecific rabbit anti-NSl antibody followed by an anti­
rabbit fluorescein-conjugated antibody. Shown are MDCK 
cells infected with (A) CR43-3 virus, (B) A/ALA/77 virus, 
and (C) A/AA/60 virus. Cells infected with any of the three 
viruses show intense nucleoplasmic staining at this early 
time point.
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behavior of the mutant NSl polypeptide in the MDCK cells 
nonpermissive for CR43-3 virus. Control studies with PCK 
cells, which are permissive for all three viruses, showed 
the same staining pattern for NSl as observed in MDCK cells 
(data not shown).

4. Analysis of an Influenza B Virus N£ Deletion Mutant
Influenza virus clone 201 was generated in the

laboratory by repeated backcrosses of influenza virus
A/Aichi/2/68 (H3N2) with B/Yamagata/1/73 (B/YA/73) in MDCK 
cells (Tanaka et a l ., J 984) . Clone 201 (B serotype) forms 
sharp plaques in MDCK cells and induces severe cell lysis 
early in infection. Parallel fractionation in
polyacrylamide gels of the RNAs of clone 201 along with 
those of the parent viruses revealed that the genes of
clone 201 had identical mobilities to those of the B/YA/73 
parent, except for RNA segment 8 (NS). The NS gene of 
clone 201 migrated faster than the corresponding segment of 
B/YA/73. Analysis of the proteins synthesized in MDCK 
cells infected with B/YA/73 and clone 201 viruses showed 
that in clone 201-infected cells, a nonstructural protein 
having a similar mobility to the NSl of B/YA/73 virus could 
not be detected. Instead, the predominant nonstructural 
protein (NSl) of clone 201 migrated much faster in the gel, 
near the position of the NS2 protein of B/YA/73.
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To characterize the possible defect in the NS gene of 
clone 201, the nucleotide sequences of the NS genes of the 
B/YA/73 and clone 201 viruses were generated by the dideoxy 
method using oligonucleotide primers. A comparison of the 
NS sequences is shown in Fig. 32. A 13 base deletion was 
detected in the NS gene of clone 201, corresponding to 
nucleotide positions 374-386 in the B/YA/73 NS gene. The 
autoradiogram of the nucleotide sequence in this region is 
presented in Fig. 33. Except for the deletion, no other 
nucleotide differences were detected in the NS genes of 
B/YA/73 and clone 201 (Fig. 32). It appears, therefore, 
that clone 201 derives its NS gene from the B/YA/73 parent 
virus.

The NS deletion of clone 201 alters the NSl coding 
region of the gene (Fig. 32). At the deletion point, the 
NSl reading frame is shifted and an early amber termination 
codon is reached at nucleotides 437-439 (18 codons
downstream of the deletion). The deduced NSl protein of 
clone 201 consists of 127 amino acids, the last carboxy- 
terminal 17 of which are encoded in a different reading 
frame than that which codes for the wild type NSl protein. 
In contrast, the predicted NSl polypeptide of the B/YA/73 
parent strain contains 281 amino acids, more than twice as 
many as the NSl of clone 201. The deduced NS2 proteins of 
B/YA/73 and clone 201 are identical in amino acid sequence 
and consist of 122 amino acids (Fig. 32).
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Fig. 32. Comparison of nucleotide and deduced NSl and NS2 
amino acid sequences of influenza B/YA/73 and clone 201 
viruses. Nucleotide sequences (plus sense strand) were 
obtained by direct RNA sequencing using synthetic 
oligonucleotide primers and reverse transcriptase. The 
primers were initially based on the published sequence of 
the NS gene of B/Lee/40 virus (Breidis and Lamb, 1982). 
The primers correspond to the following nucleotide 
positions of the NS gene: 13-26; 86-101; 293-307; 645-660;
965-980. Sequences at the 5' end of the NS gene (bases 1- 
42) could not be determined. The ATG initiation codon for 
the NSl and NS2 polypeptides is at nucleotide positions 43- 
45. Arrows indicate the putative splice sites generating 
the NS2 mRNA. The dashed line indicates a 13 nucleotide 
deletion of clone 201, resulting in a frame shift in the 
NSl coding region as indicated by the amino acid sequence 
below the nucleotide sequence. Asterisks represent stop 
codons in the reading frames of the NSl and NS2 proteins.

227



n -* «**■* •* •» #•r* r- r* « o 4 4» i- r* 4 «• <*• M M4 «* — «A 4 «« 4 4-I 4 4 4 4 4 4 4 r» 4 r» 4 4 4 4^4 4 4 4 n m <*■ 4 n 4

kE

«- 4 <

-g
■3u* 3

-3
-3
-3

■3
-3
4

-+ «• —•

-3
-3
-3

«■» ̂

*6
-3
-3

-* 4

-3
*3
*8

r* 4

>E
-E
-3

r% *•

J-E
*-2
"-3

r% 4 

“-2 

°*8

n 4

- 3
- 8
- 8
- 4

— 4

° 3
- 3
. t-4

-« O

4 -3 °& 4 •- ►4 -3 j8 u3 "-E H -3 U“ 3
-s .3o -3 U 4 4 4 °3 " -t4 >8 -2 •-8 "-3 4

• 34

44 4 44*3 “3 -E -5U °5 “3 .34 oSu "-2 “»3 - 8U4 i.' 4 °3 -8 -3 u °3 -8 °3 4 W*3 *»§ D 54 - 34
<8 ►°s 4 -E -3 -2 -s "-8 J“E ° 3 

- t - 3
-3 u .84 °3 U 4 M 4 4 -3 -8 --J!4 “°3 4

■ 3
- 3
- 2 
. 2

•> 8o •>. uu u-c ■3 “3 “ 3 “ °3 >*o -3 °-8 4 <J"H j £ c
-s u“3 4 O 4 -C4 -2 ° -3 4*3 "-3 4 4 4* a £4
>g ut -3 °3 4 a 4 u 4 u*3 .5O 4 34 “>H(J - £
-3 u«3 *su -S .3 °U U“3 -54 -5 K 4“3 J t

j EH
- 2 e

-t< .34 -3 -C Ju 4 4“3 -8 “-3 ’>8 * 6 %

°3 o5u «• & 4 •.3U u 4*" £ (-»“3 .34 -2 “-3 “-8 *• s
- E
- 3
- 3

o

- t4 4
-3 -2 -3 u“3 °5 «34 -3 -2 S 4“3 -vc4 < * 4 |
-3 -3 u*3 «*4 v *•••a j £ -S4 j £ 4 U“3 “ -3 W“ 3 E4
- 3 j fcu -3 -E - 2  u > ? »-34 u-* J <2 “ S • 2. £4 .84 -C4 ■•6 “ 3 ~ * 4 -8 “3 O 4 *8 4

> Ej E
- s4 - 8

- 3 -3 -3 * -3 « &u j E “-3 4- 4 4 o 2
-3 4-c 4 >E - a : " -t4 -8 -3 “3 - - t4 u4 " 2 a 2 u
-8 .34 -3 .31u • *3V -3 4*3 “3 O 4 4 UU ‘•3 " 2 . 34
4 -3 -2 4 «8 i “ 3 *Cu *•2 « o“3 N 4B3 u* 3 - 34

-8 -3 m t4 *3: “3 “ 3 u*3 *2 ° - 2 4 U“3 « s U- f
mr-s -t4 j E -3 .8: 4 >ta -3 o“3 >to - 4 X 4U “ “ 3 - t4 * 8s•*> *4 ° 3 -3 4> V*o 4“ 3 4 X 4 4 o04U ->*u o • o“ 3 4> 4O - 34 O»«3:»■ oSH« u

*•8 .34 « 8 »x -3 H&4 “t -3 ‘ -3 x o“3 44 U 4 * E
- 3 O“3 -C4 V*Si a oo w*3 ► 34 <co ■ 4*3 O 4 X uu - 3 > 8

228



Fig. 33. Sequence at the deletion site of the NS gene of 
influenza B virus clone 201. The NS genes of clone 201 and 
B/YA/73 viruses were determined by the dideoxy method. The 
deletion site in the NS gene of clone 201 virus (right 
side) was compared to the B/YA/73 virus NS gene sequence 
(left side). Numbers correspond to nucleotide positions 
shown in Fig. 32. The arrows at position 373 indicate the 
nucleotide juxtaposed to the deletion site in the NS gene 
of clone 201. The nucleotides underlined in the sequence 
of the B/YA/73 virus NS gene are not found in the NS gene 
of clone 201 virus.
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Norton et al. (submitted) have demonstrated that the 
nonstructural protein of altered mobility synthesized in 
clone 201 virus-infected cells is indeed the NSl protein 
through immunoprecipitation with monospecific rabbit anti- 
NS1 antiserum made against the purified NSl polypeptide 
(281 amino acids) of B/Lee/40 virus. Additionally, Norton 
et al. (submitted) have shown by immunofluorescence assay 
that the NSl protein of B/YA/73 and clone 201 viruses is 
localized in the nucleus of infected cells. Thus, the 
karyophilic pattern of the NSl protein of influenza F 
viruses is similar to that observed for the NSl of 
influenza A viruses (Young et al., 1983; Greenspan et al. 
1985) .
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DISCUSSION

1. Evolution of Influenza ft Viruses

1A. Evolutionary Rate of Influenza ft Virus Genes
The evolution of human influenza A viruses was 

investigated by comparative nucleotide sequence analysis of 
the NS gene derived from viruses isolated over five 
decades. The NS genes of the 15 viruses belong to a common 
evolutionary lineage, indicated by the fact that the NS 
gene has accumulated sequential nucleotide changes over 
time. A phylogenetic tree was constructed using the 
maximum parsimony procedure of Fitch (1971) which 
subsequently allowed us to calculate an evolutionary rate 
for the NS gene. The rate of nucleotide substitution in

_3the NS gene is 1.94 x 10 substitutions per site per year. 
Evolutionary rates were also calculated for the H3 HA and 
N2 NA genes by maximum parsimony analysis of previously 
published HA and NA nucleotide sequences. The nucleotide
substitution rates for the H3 HA (HA1 domain) and the N2 NA

-3 -3genes are 6.72 x 10 and 3.17 x 10 substitutions per
site per year, respectively. The higher evolutionary rates
for the HA and NA genes may be due to immune selective
pressure exerted on the HA and NA surface proteins of the
virus. Immune pressure may not play a significant role in
the evolution of the nonstructural gene products, found
only inside of the virus-infected cell.
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One point to be made on the evolutionary pattern 
observed for influenza A virus genes is that there appears 
to be a linear accumulation of base substitutions in the 
viral genes over time. This near constant rate of 
evolution for influenza virus genes has also been reported 
by Hayashida et al. (1985) and is consistent with the 
molecular clock model of evolution (for review, Wilson et 
al., 1977) .

The possibility that eukaryotic macromolecular 
sequences evolved at constant rates was first recognized by 
Zuckerkandl and Pauling (1965) . Fitch and Langley (1976) 
published a rigorous examination of the rates at which 
different mammalian genes evolve. They estimated 
phyletically the minimum number of nucleotide substitutions 
required to account for amino acid sequence differences 
found between various polypeptides of selected mammalian 
species. The study included cytochrome C, myoglobin, 
hemoglobin alpha-chain, hemoglobin beta-chain, insulin C 
peptide, fibrinopeptide A, and fibrinopeptide B. The 
results of this study showed that each protein has its own 
characteristic evolutionary rate, but there appeared to 
have been an approximately constant rate of fixation of 
those nucleotide substitutions which resulted in amino acid 
changes over the past 120 million years (the time since the 
most distantly related mammals diverged from a common 
ancestor).

233



More recently, Hayashida and Miyata (1983) and Miyata 
et al. (1982) have provided evidence that the rate of 
nucleotide substitution at silent positions in protein 
coding regions and in introns (for various mammalian genes) 
is approximately uniform (clock-like) for different genes. 
This result is in contrast to the rate of protein evolution 
which varies greatly for different mammalian proteins.

Reliable evolutionary rate calculations depend on 
reliable estimates of divergence times between species. 
Divergence requires the separation of one species into two 
non-interbreeding species (time since two species had a 
common ancestor). Estimates of divergence times depend on 
the existence of an abundant and properly interpreted 
fossil record. A source of error in the evolutionary rate 
calculations, which are the basis of the molecular clock, 
may thus be attributed to uncertainties involved in 
estimating time of divergence.

In contrast, the NS gene of influenza virus behaves as 
a verifiable and accurate molecular clock in nature. The 
clock is verifiable because its calibration does not have 
to rely upon inaccurate fossil dates since the time of 
isolation of the virus strains is known precisely. The 
evolutionary rate calculation for the NS gene is not 
plagued by errors introduced by virtue of unreliable 
divergence time estimates.
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The evolutionary rates of the H3 HA and N2 NA genes 
also appear to by clock-like over time. However, 
evolutionary change in the HA gene is only examined over a 
12-year period (1968-1980), a much shorter time span than 
the 53 years over which the NS gene was studied. The 
evolutionary data for the N2 NA gene was generated using 
only six strains isolated over 22 years. Clearly, more 
sequence information is needed to assess with greater 
confidence the clock-like behavior of this viral gene.

A second point concerns the extremely rapid nucleotide
substitution rates for influenza A virus genes. This
observation has also been reported by other laboratories
(Air and Hall, 1981; Hayashida et al., 1985; Saitou and
Nei, 1986). The rapid evolution of the influenza virus
genome appears to be a million-fold higher than that of
chromosomal genes of the eukaryotic host (Table 18).
Evolutionary rates for mammalian genes are on the order of 

-910 substitutions per site per year (Li and Gojobori, 
1983). It should be noted that these values do not take 
into account the high rate of somatic mutation (10-^ 
mutations per base per division) reported for 
immunoglobulin variable region genes (Clarke et al., 1985). 
Somatic mutation arises following germ-line gene 
rearrangements required to generate antibody secreting B 
cells.
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TABLE 18. EVOLUTIONARY RATES (SUBSTITUTIONS/SITE/YEAR)*

Influenza A Virus: NS 1.94 X 10-3
* *H3 HA 6.72 X 10-3

N2 NA 3.17 X 10'3

Hemoglobin: M p h a  Chain 4.50 X 10~9
Beta Chain 3.83 X 10-9

Interferon: Alpha-1 4.94 X 10-9
Beta-1 8.09 X 10"9
Gamma 11.39 X 10"9

Histone: H4 6.16 X 10~9

* Mammalian gene values from Li et al., 1985
* * HA1 domain

236



The influenza virus system provides a unique 
opportunity to study evolutionary processes in viral genes 
which are manifested over a relatively short time frame 
(decades). In contrast, the eukaryotic chromosomes of the 
host cell take millions of years to achieve the same extent 
of molecular variation that viral genes can attain in just 
a few human generations.

Influenza A viruses also appear to evolve more rapidly 
in nature than other RNA or DNA containing viruses. One 
explanation for the extreme variability of influenza 
viruses may be that they have a higher mutation rate than 
other viruses. However, many other viruses, including 
vesicular stomatitis virus (Holland et a l ., 1982; Spindler
et al., 1982; O'Hara et al., 1984), parainfluenza virus 
(Portner et al., 1980), foot and mouth disease virus 
(Sobrino et al., 1983), RNA tumor viruses (Zarling and 
Temin, 1976; Darlix and Spahr, 1983; Gojobori and Yokoyama, 
1985), and herpesviruses (Holland et al, 1983), have also 
been shown to possess the potential to undergo rapid 
genetic change. Furthermore, the mutability of these viral 
genomes has been assessed mainly by replicating viruses in 
tissue culture systems. For most viruses, passage 
conditions (temperature, multiplicity of infection, host 
cells) can be found which can lead to the generation of 
mutant viral genomes at high frequency.
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It has been reported that viruses containing RNA
genomes have higher mutation frequencies than their host
chromosomes and viruses which possess their genetic
information in the form of DNA (Holland et al.r 1982). It
is thought that RNA polymerases exhibit less fidelity of
genome replication than DNA polymerases, due in part, to a
lack of proofreading enzymes. The proofreading exonuclease
activity of DNA polymerase is able to remove
misincorporated bases from newly synthesized DNA strands so

—  8that errors in DNA replication average as low as 10 to
10-*1 per incorporated nucleotide. In contrast, studies of
the bacteriophage QB by Domingo et al. (1978) have shown
that the error level per genome doubling at given base

-3 -4positions in the RNA genome is between 10 and 10
Previous attempts to calculate and compare mutation

rates for RNA viruses have indicated that the mutation rate
for the influenza A virus does not appear to be higher than
that of other viruses. One technique to assess mutation
rates of viruses is to measure the frequency of antigenic
variants resistant to neutralization by a selecting
monoclonal antibody. It has been reported that the
frequency of resistant mutants is similar for influenza
virus, Sendai virus, vesicular stomatitis virus,

-4poliovirus, and Coxsackie virus and is in the range of 10 
to 10 ® (Portner et al., 1980; Prabhakar et al., 1982; 
Lubeck et al., 1980; Emini et al., 1983; Minor et al.,
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1983). This approach, however, is limited in that only a 
small region of the genome can be probed for changes using 
the monoclonal antibody selection. The target size for 
mutant selection is frequently unknown and may often 
include more than one gene. Additionally, differences in 
mutation frequencies generated from resistant mutant 
selection experiments, may by explained by differences in 
avidity of the discriminating monoclonal antibodies.

Steinhauer and Holland (1986) have quantitated
polymerase error frequencies for vesicular stomatitis virus
at one highly conserved nucleotide site using both in vivo
and ip vitro assays. The extremely high frequency of base

-4misincorporation is approximately 10 substitutions per 
base incorporated at the site in both assays. One 
shortcoming of this assay is that the substitution 
frequency at a single nucleotide site may not be 
representative of all the nucleotide positions of the 
genome RNA.

Recently, Parvin et al. (in press) have assayed the 
mutation rate in tissue culture for the NS gene of 
influenza A virus and for the VP1 gene of type 1 
poliovirus. Each gene was directly sequenced in over one 
hundred randomly selected viral clones which had arisen 
from a single virion in one plaque generation. The VP1 
gene encodes one of the structural proteins comprising the 
capsid of the poliovirus. The results of this experiment
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are quite surprising in light of the earlier data on 
mutation rates of RNA viruses. Seven mutants of the 
influenza A virus NS gene were detected, whereas, no VP1 
gene poliovirus mutant was observed. The calculated 
mutation rates are 1.5 x 10-5 and less than 2.1 x 10-6 
mutations per nucleotide per infectious cycle for the 
influenza A virus and the poliovirus-1, respectively. 
These values represent "neutral" mutation rates since the 
viral mutants were not compromised in their replication 
(compared to wild type virus) as judged by the ability to 
form a plaque in tissue culture.

The mutation rate of influenza A virus was found to be 
significantly higher than that of poliovirus-l. It is 
suggested that the absence of poliovirus VP1 mutants may be 
the result of not only greater functional constraint on the 
VP1 gene, but also may be a reflection of a viral RNA 
polymerase with enhanced fidelity of replication. These 
data suggest that the higher mutation rate of the influenza 
A virus genome is a contributing factor in the extreme 
variability these viruses display in nature.

However, a high mutation rate does not provide an 
adequate explanation for the unusual shape of the NS, HA, 
and NA genealogical trees. The evolutionary tree of the NS 
gene, for example, has a long, slender structure. The side 
branches of the tree do not greatly diverge from the main 
tree vertical axis (the average age of the side branches is
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only three years). This appears to be a consequence of the 
short life span of any lineage other than the one that
gives rise to the future generations. This is very
reminiscent of periodic selection in chemostats (Atwood et 
al., 1951) where the number of accumulated mutants in E . 
coli suddenly drops to zero when a new favorable mutant 
replaces the older strains, so that at any point in time
all coexisting strains are recently diverged from the main
lineage. Animal genes and genes from viruses, except 
possibly those of enterovirus 70 (Tanimura et al., 1985), 
do not follow this pattern. Rather, they appear to have 
multiple surviving lineages undergoing slower change, for 
example, the influenza C viruses in man (see section on 
influenza C virus in discussion) . In addition, the length 
of time a vaccine is effective against a viral pathogen may 
correlate with the evolutionary rate of the virus. 
Vaccines for all three poliovirus types are made with 
isolates obtained approximately five decades ago. 
Similarly, the yellow fever virus vaccine was developed 
more than 50 years ago and current isolates have not 
sufficiently changed to warrant a new vaccine formula. 
Also, the currently used rabies virus vaccine strain goes 
back to Pasteur's time, whereas the influenza A viruses 
used for vaccine manufacture are changed every two to three 
years (even in the absence of a subtype shift) to 
accomodate changes in the prevalent strains.
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An explanation for the unusual pattern and rapid rate 
of NS gene evolution may be found in positive selection of 
influenza A virus variants. There is no evidence for 
immune surveillance of the NS gene products nor have other 
selectional forces on the NS gene been identified. It may 
be that only one influenza virus gene (most likely the 
hemagglutinin) needs to be subject to selection. In the 
brief time before immunity develops to a new (antigenic) 
variant, that strain may sweep through the population, 
carrying with it whatever variant of the NS gene happens by 
chance to be present. In this way, the NS gene's phylogeny 
may be linked (hitch-hiking) to that of another gene 
undergoing extensive positive selection. The fixation of 
substitutions in the NS genes is not, therefore, simply the 
result of random genetic drift and one probably cannot 
calculate a "neutral mutation rate" for the A virus NS gene 
from these data.

The neutralist theory (Kimura, 1983) asserts that most 
of the evolutionary changes occurring at the molecular 
level are neither beneficial nor deleterious, but neutral 
in terms of fitness of the organism. Evolution, therefore 
proceeds by the random fixation of selectively neutral 
mutations. The neutralists do not deny the occurrence of 
advantageous alleles that are subject to Darwinian natural 
selection, but believe that these adaptive changes are 
extremely rare. The neutral theory also does not deny the
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occurrence of deleterious mutations which are subject to 
negative selection (functional constraint), but neutralists 
assert that it occurs more frequently than positive 
selection.

If neutral changes are randomly fixed in the NS gene, 
we would expect to see many variants cocirculating. This 
is not the case for influenza A viruses, where a single 
lineage predominates at one time. Therefore, it appears 
that the evolution of influenza A virus genes is shaped by 
selectional forces. The high mutation rate of influenza A 
viruses may provide the raw material upon which selection 
is operative, that is, the generation of multiple genetic 
variants. In such a diverse pool of variants, maybe only 
one will be successful in replication and transmission in 
the face of host immunity, and thus be positively selected. 
We suggest that positive selection represents a significant 
factor in the unusual pattern and high rate of influenza A 
virus evolution in man.

IB. NSl and NS2 Protein Sequences
The NSl and NS2 proteins of the 15 influenza A virus 

strains display a great deal of amino acid sequence 
heterogeneity, as would be predicted based on the
corresponding nucleotide sequences. Amino acid
substitutions are distributed throughout the NSl and NS2 
molecules and many of the changes appearing in the earliest 
virus isolates examined are retained in the protein
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sequences of viruses isolated at later dates (Fig. 11 and 
Fig. 14) .

In the NSl polypeptide, 21.1% of the amino acid 
positions show amino acid changes among the viruses, 
whereas only 14.0% of the NS2 sites are substituted. It 
then appears that the NS2 protein sequence is subject to 
greater constraint than that of the NSl. Additionally, 
there is heterogeneity in the size of the NSl proteins of 
the viruses (202-237 amino acids) as summarized in 
Table 12. The size differences have been mapped to the 
carboxy terminus of the NSl protein, where the NSl 
molecules of some strains have deleted some amino acids. 
These data suggest that the carboxy terminus of the NSl may 
not be a critical region with respect to the proper 
function of the protein in viral replication.

In contrast, the NS2 proteins of the viruses all 
possess 121 amino acids. There have been no reports of an 
A virus field strain which appears to code for an NS2 
polypeptide whose amino acid length deviates from 121 
residues. It may be that any deletion in the NS2 protein 
cannot be tolerated, since such an alteration may disrupt 
proper folding of the protein, and thus render the 
polypeptide nonfunctional. The NS2 protein may exert its 
effect by an intimate interaction with another viral or 
host protein or RNA and any slight perturbation of the 
secondary structure (through amino acid substitution or
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deletion) might preclude this necessary interaction. It is 
difficult at this time to assess the functionally important 
sites of the NSl and NS2 proteins because the precise roles 
of these proteins in the influenza virus life cycle have 
not been elucidated.

1C. Reemerged H1N1 Subtype Viruses
The nucleotide sequence comparison of the NS genes of 

the HlNl A/FW/50 virus and the reemerged HlNl A/USSR/77 
prototype strain revealed that only five base changes 
accumulated in 27 years (Table 9). These data confirm 
previous results suggesting that the HlNl epidemic strains 
reintroduced in 1977 are closely related to HlNl viruses 
which circulated around 1950 (Nakajima et al., 1978; Kendal 
et al., 1978; Scholtissek et al., 1978b). Similarly, the 
Hi HA proteins of the A/FW/50 virus and the A/USSR/77 
strain only possess four amino acid differences in the 239 
residues of the HAl domain compared by Raymond et al. 
(1986) .

The evolutionary changes in the NS genes of the 1950- 
1957 HlNl viruses were compared to those in the NS genes of 
the new HlNl viruses of 1977-1985. The data revealed that 
nucleotide substitutions in the NS genes of viruses of the 
1950-1957 period (A/FW/50, A/DEN/57) were quite distinct
from those detected in the NS sequences of the reemerged 
HlNl strains of 1977-1985 (A/USSR/77, A/MD/80, A/HT/84,
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A/HT/85). These results suggest that the NS gene of the 
HlNl subtype has evolved along two divergent lineages in 
the two periods of its circulation in man. Raymond et a l . 
(1986) have published similar findings which involved 
comparing both nucleotide and amino acid changes in the HAl 
domain of the HA molecules of five HlNl viruses of the 
1950-1957 epidemic period and 14 isolates of the 1977-1983 
HlNl epidemic period. They concluded that the HAs of the
earlier and later HlNl period have followed two different
evolutionary pathways. It is not surprising that divergent 
evolution is observed for the HI subtype HA. In the two 
periods of HlNl circulation, it is not difficult to imagine 
that environmental conditions were different, especially 
the immune status of the population. During the 1950s, the
HlNl viruses circulated in the presence of high levels of
population immunity (most people have anti-Hl antibodies). 
In the subsequent 1977 to the present era, HlNl viruses 
circulated in young people born after 1957, many of whom 
had no preexisting antibody. Immune pressure in the two 
periods probably exerted different influences on the virus, 
causing the HlNl virus to evolve in dissimilar ways.

The observations on the evolution of the HlNl subtype 
demonstrate the extreme flexibility of the virus in its 
capacity to change and what may be an unlimited potential 
of the influenza virus to evolve successfully in many 
directions and escape the host immunity. These results
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suggest the improbability that one can predict the 
molecular makeup of future epidemiologically important 
influenza A viruses based on information on the nature of 
epidemic variants of the past.

2. Evolution of Influenza Q Viruses
One specific goal of this thesis was to better 

understand the molecular basis of the epidemiology of 
influenza C viruses and to compare it with that of 
influenza A viruses. Earlier evidence suggested that 
influenza C viruses are antigenically more stable over time 
than A type viruses (Chakraverty, 1978; Meier-Ewert et al., 
1981b} and that in this respect C viruses resemble other 
RNA viruses such as polio or parainfluenza viruses. 
Furthermore, oligonucleotide mapping analysis of the 
genomes of different influenza C viruses (Meier-Ewert et 
al. 1981b; Guo and Desselberger, 1984) also suggested less 
variation than was observed for influenza A viruses. 
Genetic variation of influenza C viruses was investigated 
by comparative nucleotide analysis of the BA and NS genes 
of eight human viruses isolated over approximately four 
decades (1947-1983).

A quantitative analysis of the HA genes of eight human 
influenza C virus strains revealed that both on the 
nucleotide and amino acid levels changes can be observed 
but they do not appear to accumulate with time. For 
example, as shown in Table 13 and Fig. 21, strains isolated

247



31 years apart (C/AA/50 and C/YA/81) may possess almost 
identical BA genes whereas strains isolated only one or two 
years apart may differ by many changes (e.g. C/MS/80 and
C/YA/81 or C/Cal/78 and C/MS/80). This suggests that the 
strains of influenza C viruses examined do not directly 
share the same evolutionary pathway with respect to the HA 
genes. Rather, it appears that multiple evolutionary 
pathways exist and C virus variants of different lineages 
may cocirculate in nature for extended periods of time.

Variation on the nucleotide level is observed 
throughout the genes of the C virus HAs, including the 
portions coding for the HAl and HA2 chains. It is 
interesting, however, that changes in the third position of 
codons are much more frequent (52-72%) than the first and 
second position substitutions taken together (Table 15). 
This finding suggests that nonsynonymous changes in the HA 
gene are subjected to negative selection, as has been 
observed for many other evolutionary systems (Nei, 1983; 
Kimura, 1983).

Variation among the different C virus HA proteins is 
limited, with a maximum of 4.5% overall amino acid 
difference observed for the HA genes of C/Cal/78 and 
C/MS/80 viruses (Table 14). In all of the C type HAs 
analyzed, the highly hydrophobic regions at the amino and 
carboxy termini of the HA2 portion and the arginine at the 
potential cleavage site between the HAl and HA2 subunits
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are preserved. Since the cysteine residues also remain 
conserved among the C virus HAs examined, it is likely that 
the different C virus HA molecules retain the same overall 
protein structure. In addition, all eight potential 
glycosylation sites identified for the C/Cal/78 virus HA 
(Nakada et a l ., 1984a) remain conserved in the other HA
variants which were examined.

Amino acid comparison of all HA variants reveals three 
clusters of amino acid substitutions in the HAl portions of 
the molecules centering on regions around amino acid 
positions 80, 205 and 340 (Fig. 22). Since there are no
comparable clusters of amino acid changes in the HA2 
portion of the proteins, it is tempting to speculate that 
these three clusters in the HAl region are associated with 
antigenic characteristics of the influenza C virus HAs. 
However, in the absence of further studies, which may 
include the selection of antigenic variants through the use 
of monoclonal antibodies, the precise antigenic structure 
of the C virus HA remains unknown.

Recently, influenza C viruses were isolated from pigs 
in China (Guo et al., 1983). These swine C viruses were 
shown to be closely related to recent human C virus strains 
by protein and peptide mapping analysis (Elliott et al., 
1984) . A more detailed analysis based on oligonucleotide 
mapping data revealed differences between the human and 
swine C virus isolates, with the genomes of swine C virus
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isolates of 1981 being the ones most closely related to 
each other (Guo and Desselberger, 1984). A comparison of
the nucleotide and predicted amino acid sequences of the HA 
genes derived from the human and swine influenza C virus 
isolates confirms these results. Based on our sequence 
data it is impossible to draw conclusions as to the origin 
of the swine C viruses. Since at any one time different 
influenza C virus variants cocirculate in the human 
population, it is as probable, based on our results, that 
these swine viruses have recently passed from the human 
into the animal population as it is that C viruses have an 
animal reservoir from which the virus gets transmitted to 
the human population. Epidemiologic data and serologic 
analyses, however, suggest that the latter possibility is 
less likely (for review: Palese and Young, 1983).

Variation in the NS genes of eight human influenza C 
viruses was also examined. As shown in Fig. 23, nucleotide 
changes appearing in earlier viruses are not found in all 
later isolates. In addition, viruses isolated only three 
years apart can show 0.6% difference in their NS sequences 
(TAY/47 and AA/50) or 3.0% difference (CAL/78 and YA/81). 
Similarly, viruses isolated thirty years apart can also 
exhibit few NS differences (0.8% - AA/50 and MS/80) or many 
changes (2.3% - GL/54 and ENG/83) as illustrated in
Table 16. These results suggest that the NS gene of 
influenza C viruses has multiple different representatives
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occurring in the population at any one time. We believe 
that these genetic variants belong to different 
evolutionary lineages coexisting in nature. Thus, the C 
virus NS sequence data further support our conclusion of 
multiple lineages for influenza C viruses based upon HA 
sequences.

Analysis of the C virus NS gene sequences by the 
maximum parsimony method yielded three equally plausible 
evolutionary trees (Fig. 26A) which had very different 
structures from those constructed using the HA genes 
(Fig. 26B) from the same eight influenza C viruses. This 
would by expected if there is reassortment of influenza C 
virus genes in man. As shown in Fig. 26C, we speculate 
that the ENG/83 strain is the result of a reassortment 
event occurring across lineages of influenza C viruses. 
Reassortment of influenza A virus genes has been postulated 
to take place in man (Laver and Webster, 1973; Young and 
Palese, 1979; Bean et al., 1980; Cox et al., 1983) and 
animals (Desselberger et al., 1978) and recently it has 
been suggested that this process may also occur with 
influenza C viruses in pigs (Guo and Desselberger, 1984). 
Additional sequences, either of the NS and HA genes from 
other strains or of other genes from these isolates, can 
test this hypothesis. Specifically, a comparison of the NS 
genes with other genes which are also not subject to direct 
immune selection should be warranted.
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The examination of genetic variation in the NS gene of 
influenza C viruses allows us to further compare the 
genetic stability over time of influenza A and C viruses. 
An extensive study on the evolution of influenza A viruses 
isolated over long periods of time through comparative 
sequence analysis of NS genes has been described in this 
thesis. These data reveal that influenza A viruses undergo 
rapid evolutionary change with time. Excluding the 
reemergent H1N1 strains from 1977 (Nakajima et al.r 1978; 
Kendal et al., 1978), NS genes of influenza A viruses 
isolated 35 years apart show sequence differences of 
approximately 7.5% (Table 8). In contrast, the C viruses, 
TAY/47 and JHG/66, which were isolated 19 years apart 
possess identical NS genes and NS genes of viruses isolated 
in 1950 (AA/50) and in 1980 (MS/80) show only 0.8%
difference (Table 16). These data suggest that C virus NS 
genes possibly evolve more slowly and that genes belonging 
to the same lineage may not exhibit mutations over a period 
of only one or two decades.

The nucleotide data obtained for the C virus HA and NS 
genes then allows us to propose the following evolutionary 
model for the propagation of influenza C viruses in nature. 
We suggest that influenza C virus variants derived from 
multiple evolutionary pathways may cocirculate at any one 
time. This is schematically represented by showing three
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separate evolutionary trees for influenza C viruses 
(Fig. 34}. Sampling of several influenza C viruses 
isolated at one or two year intervals may thus yield 
viruses which have many changes. The second part of the 
model suggests that evolutionary changes during the passage 
of influenza C viruses may be less frequent than observed 
in influenza A viruses. Figure 34 illustrates this point 
by the short branches of the evolutionary trees of the 
influenza C viruses. One would postulate that the C/AA/50 
and the C/YA/81 viruses (at least with respect to the HA 
genes) belong to the same evolutionary tree since only two 
nucleotide (and no amino acid) changes had been detected 
between their HA genes. Similarly, the C/TAY/47 and 
C/JHG/66 viruses may by part of the same lineage since no 
nucleotide differences were detected in their NS genes.

The evolutionary model postulated for influenza C 
viruses is quite different from that suggested for 
influenza A viruses. For the latter viruses it has been 
demonstrated that antigenically dominant variants emerge 
rapidly with time (Palese and Young, 1982; Webster et al, 
1982b; Both et al., 1983). The hemagglutinins of subtype H3 
and Hi viruses change so that successive variants emerge 
which accumulate mutations found in the HA genes of 
variants circulating in earlier years (Both et al., 1983; 
Daniels et al., 1985a; Saitou and Nei, 1986; Raymond et 
al., 1986). Evolutionary trees for influenza A viruses
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Fig. 34. Evolutionary model for the propagation of 
influenza A and influenza C viruses. The length of the 
branches indicates relative genetic distances. Dots lying 
on a horizontal line represent influenza virus isolates 
obtained in the same season (year). The left part of the 
cartoon shows the emergence of influenza A virus variants 
lying on the same evolutionary tree. Dominant variants 
appear to emerge which show an accumulation of changes. 
The right part of the diagram depicts the cocirculation of 
influenza C virus variants derived from multiple 
evolutionary pathways. Variation appears to be slower than 
in the case of influenza A viruses, as demonstrated by the 
shorter length of the branches on the different 
evolutionary trees. For both influenza A and influenza C 
viruses an arbitrary number of seven seasonal cycles is 
shown on the diagram.
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have also been proposed utilizing the NS gene (Krystal et 
al., 1983a; Saitou and Nei, 1986; this thesis) and 
accumulating changes have been observed in the NA (Martinez 
et al, 1983; Saitou and Nei, 1986) and M genes (Ortin et 
al., 1983; Saitou and Nei, 1986) of influenza A virus 
variants isolated in successive years.

A similar picture is also found with respect to 
nucleotide changes in influenza B virus HA genes (Krystal 
et al., 1982, 1983b; Verhoeyen et al., 1983; Berton et a l .,
1984). However, in the case of influenza B virus genes, 
fewer data are available and fewer changes appear to occur 
with time so that a definitive answer has not yet been 
obtained regarding the emergence of variants with 
cumulative changes. It is thus suggested that influenza A 
viruses— and possibly influenza B viruses— emerge through a 
series of successive variants whereby only dominant viruses 
survive and less successful variants disappear. (It should 
be noted that the model in Figure 34 represents an 
idealized evolutionary tree of strains, which does not take 
into account the occasional reassortment of genes among 
different influenza A viruses or the reemergence of old 
strains.) In contrast, influenza C viruses do not rapidly 
accumulate changes with time and strains of different 
lineages cocirculate.

What could be the nature of these differences? First, 
we may speculate that influenza A viruses induce an immune
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response which favors selection of antigenic variants, 
whereas influenza C viruses do not. This would provide an 
explanation for the presence of different influenza C virus 
variants which continue to circulate in man. In addition, 
the polymerase of influenza A viruses may be more error-
prone than that of influenza C viruses. These two factors
could explain why successive variants (with many nucleotide 
substitutions) emerge during influenza A virus propagation 
and why influenza C viruses may not change much with time. 
Clearly, these speculations do not allow elimination of 
other factors which may contribute to this situation. For 
example, influenza A and C viruses may differ in their mode 
of transmission in that one or many particles are actually 
involved during the infection process. If transmission of 
the virus is the result of infection with a single
infectious particle, the virus would in effect be cloned
whenever it is transmitted from one person to the other. 
On the other hand, infection with many particles during 
each transmission cycle would allow for a slower selection 
of viral variants (Brand and Palese, 1980). Alternatively, 
influenza C viruses may have a long replication cycle in 
vivo which results in a decreased number of infection 
cycles per unit time for C viruses. Also the number of 
infected individuals worldwide may influence the genetic 
variation of these viruses. Influenza A virus infections 
may be more prevalent throughout the population than are
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influenza virus infections caused by C viruses. All or 
some of these factors may lead to an altered 
epidemiological pattern and to an increased number of
sequence changes in the genomes of influenza A viruses as
compared to those of influenza C viruses.

3. Analysis of NS Deletion Mutants of Influenza A and B 
Viruses

The defect in the NS segment of the influenza A virus 
host range mutant, CR43-3, was examined. Sequence data from 
cloned cDNAs revealed that the CR43-3 NS gene derived from 
the NS gene of the A/ALA/6/77 parent by a deletion of 36 
nucleotides. Dideoxy sequencing of RNA 8 confirmed the 
sequence data obtained from the cloned cDNA, indicating 
that the deletion of the NS clone was not an artifact. The 
CR43-3 virus NS deletion is in the NSl-coding region 
(Fig. 28). Consequently, the CR43-3 NS1 protein is 12 
amino acids shorter than that of the A/ALA/6/77 parent. 
The stretch of 12 amino acids (66-77) not found in the 
CR43-3 NS1 protein is conserved among NS1 proteins of 15 
human influenza A virus isolates (Fig. 11) with the
following exceptions. In position 67 of the NS1 of 
A/Udorn/72, A/ALA/6/77, and (H3) A/HT/85 viruses, an amino 
acid change was detected which resulted in a conservative 
arginine to lysine substitution. In the NS1 polypeptide of 
the A/BERK/68 strain, a glutamic acid to glycine change was
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noted at position 71. However, in the NS genes of the 
A/FPV/Rostock/34 (Baez et al., 1980), A/duck/Alberta/60/76 
(Baez et al., 1981), and A/svine/Iowa/15/30 (Nakajima et 
al., 1984) viruses, multiple substitutions are observed, 
indicating that functional NS proteins may not require a 
high degree of amino acid conservation in this region.

The mutant NS1 protein of CR43-3 virus appeared to be 
synthesized in approximately equal amounts in the 
nonpermissive (MDCK) and in the permissive (PCK) cell 
system (Fig. 30). In the restrictive MDCK cells, the NS1 
protein of CR43-3 virus accumulates in the nuclei as shown 
by specific NS1 immunofluorescence of acetone-fixed MDCK 
cells (Fig. 31). The NS1 nucleoplasmic staining pattern 
displayed by CR43-3 virus-infected MDCK cells was similar 
to that observed for A/AA/6/60 virus-infected MDCK cells. 
An identical NS1 staining pattern has previously been noted 
for several wt influenza virus stains (Young et a l ., 
1983). It should also be noted that a similar pattern of 
nucleoplasmic staining was exhibited in permissive PCK 
cells infected with CR43-3 virus.

Although the NS mutant CR43-3 did not show aberrant NS1 
synthesis in the nonpermissive MDCK cells, a reduction in 
Ml protein of approximately 50% was observed in MDCK cells 
as compared with that in PCK cells infected with CR43-3 
virus. Reduced synthesis of Ml protein has been reported 
for three NS mutants of fowl plague virus: ts47 (Almond et
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a l ., 1977; Wolstenholme et al., 1980; Robertson et a l .,
1983), tsmN3 (Wolstenholme et al., 1980), and ts412 
(Koennecke et al., 1981). Since Ml protein is synthesized 
late in infection, NS1 may be required for efficient 
expression of late viral functions. Although, ts47, tsmN3, 
and ts412 are all defective in the NS segment, they do not 
exhibit identical phenotypes at the nonpermissive 
temperature. In addition to a common defect in Ml 
synthesis, ts47 and tsmN3 show defects in viral RNA 
synthesis, whereas ts412 displays reduced hemagglutinin 
production at the nonpermissive temperature. The variable 
phenotypic characteristics exhibited by these NS mutants 
could be attributed to the fact that it has not yet been 
determined whether the temperature-sensitive lesion in 
RNA 8 of ts47, tsmN3, and ts412 affects NS1, NS2, or both 
polypeptides. Recently, Smith and Inglis (1985) have 
identified a point mutation in RNA 8 of tsmN3 which results 
in an amino acid change in the NS1 protein. It is not 
known, however, if this nucleotide substitution is the ts 
lesion of this virus. Thus it will be interesting to study 
the RNA phenotype of CR43-3 virus, which appears to have a 
defect in the NS1 only. At this time, however, no data are 
available regarding the synthesis of virus-specific vRNA 
and cRNA in CR43-3-infected permissive or nonpermissive 
cells.
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The study of temperature-sensitive mutants of influenza 
virus has greatly aided in the assignment of functional 
roles to specific viral proteins. Through nucleotide 
sequence analysis, we have now determined that the defect 
of the CR43-3 virus mutant is a deletion mutation in the NS 
gene. It appears likely that this deletion in the NS1 
polypeptide is associated with the restricted host range of 
the virus. With the possible exception of variants with 
deletions or insertions in the HA or NA genes (Blok and 
Air, 1982b; Caton et a l ., 1982; Krystal et al., 1983b),
there is no precedent for a conditional lethal mutant of 
influenza virus with a defined deletion. Further analysis 
of the CR43-3 mutant may be valuable for determining the 
function of the NS gene products in influenza virus 
replication.

3 B . Clone 201
The NS gene of the influenza B virus clone 201 has a 

deletion of 13 nucleotides in the NS1 coding region. The 
deletion causes a shift in reading frame of the NS1 protein 
so that a premature termination codon is reached 16
triplets downstream of.the deletion site. The NS1 protein
of clone 201 is comprised of 127 amino acids, and only the 
first N-terminal 117 residues are found in the NS1 protein 
of the parent virus B/YA/73. The NS1 polypeptide of
B/YA/73 virus consists of 281 amino acids, more than twice
the size of that of clone 201. Although the NSl protein of
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clone 201 is truncated, virus replication and protein 
synthesis do not appear to be hampered as compared with the 
wild type B/YA/73 virus. Additionally, the karyophilic 
character of the NSl protein of clone 201 is retained.

It thus appears that only the N-terminal portion of the 
NSl protein is required for functional activity. In this 
respect, the NSl of influenza B virus may be similar to 
that of influenza A virus. As reported in this thesis, the 
NSl proteins of influenza A virus field isolates are very 
heterogeneous in size (202-237 residues) and can tolerate 
large deletions in the carboxy terminus. An extreme 
example is the A/turkey/Oregon/71 virus which codes for an 
NSl protein of only 124 amino acids (Norton et al., 
submitted).

An alternative speculation is that the NSl protein 
may not be critical for virus replication. It may be that 

the other gene product encoded by RNA 8, NS2, plays a more 
significant role in the virus life cycle and therefore, 
there is greater constraint to preserve the sequence of 
NS2. Clone 201 has an NS2 protein of 122 amino acids, wild 
type length. The influenza A virus CR43-3 mutant also 
encodes an NS2 protein of normal length (121 residues). 
Even though influenza A viruses show a wide range of NSl 
protein lengths, there have not been any reports of an 
influenza A or B virus (field or laboratory isolate) which
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codes for an NS2 polypeptide, of variable size, 
in the NS2 protein may be lethal for virus growth

Deletions
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SIGNIFICANCE
The evolutionary patterns of influenza A and C viruses 

in nature were examined and compared. To assess 
evolutionary rates, nucleotide sequences of the NS, H3 HA, 
and N2 NA genes of influenza A viruses isolated over time 
were analyzed by the maximum parsimony procedure. 
Evolutionary trees were constructed which allowed us to
calculate evolutionary rates for these genes which are 
approximately 10~^ substitutions per site per year. The 
rate of nucleotide substitution in influenza A virus genes 
is extremely rapid, a million times faster than that of 
mammalian genomes. In addition, the sequential nature of 
nucleotide changes in the influenza A virus NS gene is
consistent with an evolutionary model for influenza A 
viruses where a single variant predominates at a given time 
and subsequent variants emerge successively along a common 
lineage. We believe that positive selection of virus 
variants contributes significantly to the rapid and unusual
pattern of evolution that influenza A viruses display in
nature.

The extreme variability of influenza A viruses is 
clearly a stumbling block for the development of an 
effective vaccine to control virus infection. The data 
presented in this work significantly expand our 
understanding of genetic drift in influenza A viruses. The 
genetic changes which have occurred in previously
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circulating epidemic strains may provide clues on 
evolutionary pathways which may give rise to 
epidemiologically important strains of the future. The 
examination of molecular changes in the influenza virus 
genome may thus aid in the design of better vaccines or 
alternative strategies to protect man from this respiratory 
pathogen.

The influenza C viruses are generally associated with 
mild respiratory infections and the epidemiology of these 
viruses in man has not been well characterized. This 
thesis presents the first extensive study of genetic 
variation in influenza C viruses at the level of the 
nucleotide sequence. The HA and NS genes of human 
influenza C viruses isolated over approximately four 
decades were examined. The pattern of nucleotide changes 
observed in the influenza C virus genes is very different 
from that of influenza A viruses in that nucleotide 
substitutions in these genes do not accumulate sequentially 
over time. It appears that multiple variants of distinct 
lineages of influenza C viruses coexist in nature and these 
variants may evolve less extensively over time than the 
type A viruses. Although the epidemiology of influenza C 
viruses appears to be quite different from that of 
influenza A viruses, it is typical of most other RNA and 
DNA viruses.
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