VIROLOGY 163, 429-443 (1988)

Sequence Comparison of Wild-Type and Cold-Adapted
B/Ann Arbor/1/66 Influenza Virus Genes

DAN C. DEBORDE," ARMEN M. DONABEDIAN, M. LOUISE HERLOCHER,
CLAYTON W. NAEVE,* anD HUNEIN F. MAASSAB?

Department of Epidemiology, School of Public Health, University of Michigan, 109 Observatory St., Ann Arbor, Michigan, 48109, and
*Department of Virology and Molecular Biology, St. Jude Children’s Research Hospital, Memphis, Tennessee, 38101

Received August 10, 1987, accepted November 24, 1987

Consensus sequences for both wt and ca B/Ann Arbor/1/66 viral PB2, PB1, PA, NP, M, and NS genes were directly
determined from vRNA using a combination of chemical and chain-termination sequencing methods. There were 105
sites of difference between the wt and ca sets of these six RNA genes. The differences resulted in 26 amino acid
substitutions distributed over the six proteins. The sequence changes were compared to the sequences of other
known influenza type B wt viruses to pinpoint those changes that were unique to the ca B/Ann Arbor/1/66 virus. Of the
26 amino acid differences, only 11 were unique to the cold-adapted virus. These unique sites were distributed among
five of the six genes. The NS protein had no amino acid substitutions. The sequence changes are discussed in terms of
their probable mode of origin and selection, and in terms of their importance to the cold-adapted, temperature-sensi-
tive, and attenuation phenotypes of ca B/AA/1/66 virus. The sequence and organization of the PB2 gene and predicted
protein are also given. The PB2 gene was 2396 nucleotides long, and it encoded a predicted protein of 770 amino acids
with a molecular weight of 88,035 Da for the wt virus and 88,072 Da for the ca virus. Both proteins were predominantly
hydrophilic, and each had an overall charge of +24.5 at pH 7.0. & 1988 Academic Press, Inc.

INTRODUCTION

The cold-adapted (ca) B/Ann Arbor/1/66 (B/AA/1/66)
influenza virus line was recently chosen for use in the
production of ca reassortant live virus vaccines for
testing in man (Maassab et al., 1985). The rationale
behind the production of these ca reassortant vac-
cines is based on the experience amassed from suc-
cessful triais using influenza type A ca reassortant
vaccines. The optimal vaccine reassortant derives the
viral genes encoding the two surface antigens, the
hemagglutinin (HA) and the neuraminidase (NA}, from
the wild-type (wt) parent. Its other six genes are de-
rived from the ca donor virus, and it is these genes
which carry the characteristic ca, temperature-sensi-
tive (ts), and attenuated (att) phenotypes. Thus, for the
purposes of a safe and effective influenza A virus vac-
cine, all that is required is the assured presence of all
six nonsurface genes from the ca A/Ann Arbor/60
donor virus {for review, Maassab et a/., 1985). Labora-
tory studies have confirmed this phenotypic transfer to
influenza B reassortant viruses by the six nonsurface
genes of ca B/AA/1/66 in primary chick kidney (PCK)
tissue culture and in ferrets (Maassab et al., 1986).
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Human trials have been done and are being done to
extend the validity of this approach for ca influenza B
reassortant vaccine viruses (Davenport et al.,, 1977;
Monto et al., 1982; Reeve et al., 1982; Keitel et al.,
1986). While the transfer of these phenotypes is guar-
anteed by the transfer of all six nonsurface genes, the
total number of mutations which brings about the ca,
ts, and att phenotypes and their locations in the ge-
nome are not known. It is also not clear whether these
phenotypes are engendered only by the mutations that
were selected by the cold-adaptation process, or by
other mutations selected in an unknown manner.
Initial studies used various methods to reveal that
each of the eight genes of the ca A/Ann Arbor/6/60
(AJAA/6/60) donor virus displayed some difference
from the corresponding gene of the wt A/AA/6/60 virus
from which it was derived (Cox et al., 1986). Such
genomic-wide changes are also probable with the in-
fluenza B virus system since just the electrophoretic
comparison of the wt and ca B/AA/1/66 viral RNA
segments demonstrated that changes occur in at least
six of the eight genes (Maassab et a/., 1985). Only the
NA and NS ca and wt gene pairs did not migrate dif-
ferently under the various conditions tested. Other
studies for both influenza A and B viruses (Snyder et
al., 1987; Donabedian et al., 1987) have used a ge-
netic approach in an attempt to analyze the particular
gene(s) associated with the three phenotypes. They
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isolated reassortants containing all wt influenza genes
except for one gene from the ca parent virus. These
“‘single-gene’’ reassortants were then analyzed for
expression of the ca, ts, and att phenotypes. Single-
gene analysis works reasonably well for the ts and att
phenotypes, but less well for the ca phenotype since
the ability to replicate efficiently at 25°, not a normal wt
virus characteristic, can be inhibited by the presence
of any wt gene that does not function well at this sub-
optimal temperature. In addition, some ca viral genes
may act only in concert with one or more of the other
ca donor virus genes to express these phenotypes,
and hence, not be identified by single-gene studies.

In an effort to determine the total extent of the se-
quence changes that were selected in the six nonsur-
face genes during the cold-adaptation of B/AA/1/66 wt
virus, we sequenced both the wt and ca B/AA/1/66
strains’ PB2, PB1, PA, NP, M, and NS genes. These
sequence data provide a complete catalog of the nu-
clectide changes that existed between these two virus
lines, and these changed sites were compared to
other known wt influenza B virus sequences to pin-
point changes unique to ca B/AA/1/66 viral genes.
These data coupled with information derived from the
single-gene reassortment studies mentioned above
will provide a base of knowledge for future experi-
ments which will attempt to link particular mutations to
specific phenotypes. (See following article, Donabe-
dian et al., 1988).

MATERIALS AND METHODS
Chemicals and enzymes

Oligodeoxynucleotide primers were purchased from
the University of Michigan DNA Synthesis Facility or
were made by one of the authors, C. W. Naeve, with
an Applied Biosystems Model 380A DNA Synthesizer.
The deoxynucleoside triphosphates, dimethyldichlo-
rosilane, y-(methacryloxy)propyltrimethoxysilane,
diethyl pyrocarbonate (DEP), and sodium borchydride
were purchased from Sigma Chemical Co., St. Louis,
Missouri. The dideoxynucleoside b'-triphosphates
were obtained from Boehringer-Mannheim, Indianapo-
lis, Indiana. Reverse transcriptase was the standard
preparation derived from avian myeloblastosis virus by
Life Sciences, Inc., St. Petersburg, Florida. Terminal
deoxynucleotidyl transferase (TdT) was either from Life
Sciences, Inc., or from Bethesda Research Laborato-
ries, Gaithersburg, Maryland. T4 RNA ligase and T4
polynucleotide kinase were also from Bethesda Re-
search Laboratories. Dimethyl sulfate and aniline were
from Aldrich Chemical Co., Milwaukee, Wisconsin.
Anhydrous hydrazine was purchased from Fisher Sci-

entific Co., Fair Lawn, New Jersey. [a-3?P]deoxyadeno-
sine 5’-triphosphate, tetra-(triethylammonium) salt was
purchased from Dupont, NEN Research Products,
Boston, Massachusetts, while [y*?Pladenosine 5'-tri-
phosphate was from ICN Radiochemicals, Irvine, Cali-
fornia.

Viruses and tissue culture

The viruses studied in these experiments were wt
and ca B/AA/1/66 strains, and wt B/Metbourne/43 and
B/AA/1/86 viruses. The cold-adaptation of the wt
B/AA/1/66 virus together with the passage histories
for both wt and ca viruses are given in Fig. 1. The
original isolate was cultured in primary chick kidney
cells from a human nasal wash sample (Maassab et
al., 1886). It was not cloned, and therefore the starting
virus was a population of individual viruses probably of
related but varying individual sequences. The produc-
tion of viral stocks for the isolation of vRNA for se-
quencing was performed exactly as presented pre-
viously {(DeBorde et al., 1986).

Preparation of vRNA

The isolation of vRNA was performed as presented
previously (DeBorde et al., 1986}, except that the RNA
from virus grown in 60-100 embryonated eggs was
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Fia. 1. Cold-adaptation and passage history of wt and ca B/AA/1/
66 viruses. The cold-adaptation process is represented by the stag-
gered arrows connecting the top two boxes. The passages were
done in PCK cells at the temperatures indicated above each arrow.
The number below the arrow represents number of passages at
each temperature. The dashed arrows represent a number of repli-
cative steps as follows: ?Consecutive embryonated egg passages of
the wt virus pool at high dilution. ®Consecutive plaguing and egg
amplification of the ca virus pool. °Consecutive embryonated egg
passages of the ca virus pool at high dilution. The bottom two boxes
represent the wt and ca virus pools that were sequenced in this
paper.
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resuspended in a final volume of 50 ul, not 50 ml as
erroneously stated in that paper.

End-labeling of vRNA

Purified vRNA (30 1o 50 rg) and 100 uCi of [32P]cyti-
dine bis-phosphate (pCp) were dried down together in
a vacuum concentrator and resuspended in b ul of 2X
RNA ligase buffer, (100 mM HEPES, pH 7.5, 20 ug/ml
BSA, 6.6 uM ATP, 30 mM MgCl,), 1 ul dimethylsulfox-
ide, and 1 ul 0.5 mM ATP. Thirty to thirty-five pCp
ligation unizs of T4 RNA ligase was added, and the
total volume was adjusted to 10 ul with H,O if neces-
sary. The reaction was incubated at 4° overnight. Two
hundred microliters of 0.3 M sodium acetate was
added to the ligation mixture, followed by 600 ul of
95% ethanol, and the RNA was precipitated at —20°
for at least 4 hr. The RNA was pelleted for 5 min in a
microfuge, washed once with 70% ice-cold ethanol,
pelleted once more, and dried in a vacuum concentra-
tor. The RNA was resuspended in H,O and mixed with
an equal volume of loading buffer (0.2X TBE, 0.2%
SDS, 20% sucrose, and 0.01% bromphenol biue).

Isolation of individual vVRNA segments

For the chemical sequencing reactions, the purified
and [¥P]pCP 3’ end-labeled vRNA was separated into
its eight segments on a 3% polyacrylamide gel in 1X
TBE, (0.09 M Trizma base, 0.09 M boric acid, and 2
mM Na,EDTA) (Peacock and Dingman, 1968) with
0.01% sodium dodecy! sulfate (SDS). This level of SDS
still protected the RNA from any contaminating
RNases during the long electrophoretic run, but did
not preclude visualization of the RNA with ethidium
bromide. These conditions separated all segments
except RNAs 4 and 5 (NP and HA). To separate these
two RNAs, 6 M urea was added to the above gel. The
RNA was electrophoresed at 37° for 16 hr at 200 V,
constant voltage for the nondenaturing gel, and at
37° for 21 hr at 240 V, constant voltage for the 6 M
urea gel. After electrophoresis the vRNA segments
were visualized by immersing the gel in 1 liter of 1X
TBE buffer containing 0.01% SDS and 1 pg/ml ethi-
dium bromide for 256 min at room temperature. The
gel was then removed from the ethidium bromide so-
lution, rinsed with 1X TBE buffer, and placed on a
sheet of plastic wrap on a uv transilluminator. The
desired RNA was excised from the gel with little or no
excess gel material. The end-labeled vRNA segments
were then eluted from the gel slices using an Interna-
tional Biotechnologies, Inc. (New Haven, CT), unidi-
rectional electroeluter. The running buffer was 0.5X
TBE buffer plus 0.01% sarcosine. The high salt re-

tention buffer was 3.0 M sodium acetate with 0.03%
sarcosine and 0.01% bromphenol blue. Elution pro-
ceeded at 100 V, constant voltage, for I-hr intervals.
The smaller segments, NS and M, were completely
eluted in 1 hr; NP, HA, and NA segments took 2 to 3
hr; and the three polymerase segments, PB2, PB1
and PA took 3 to 4 hr. Completion of elution was
monitored by Cerenkov counting of the original gel
slice and hourly samples. Recovery was 70 to 90% of
the original sample. The isolated vRNA segments
were precipitated at —20° overnight with 3 vol of 95%
ethanol.

Chain-termination sequencing reactions and gels

These procedures, including the use of TdT to elimi-
nate ambiguities, were performed exactly as de-
scribed previously (DeBorde et al., 1986). Only one
compression area was encountered. It was in the PB2
gene and was resolved by running the standard se-
guence reaction products on a gel that was a 7 M
urea, 8% polyacrylamide gel modified by the addition
of 40% deionized formamide (Martin, 1987). To deter-
mine the wt and ca sequences, the sequencing reac-
tion products were run side by side on the same elec-
trophoretic gel. Several independent runs, with and
without TdT enzyme treatment, were performed for
each primer.

Chemical sequencing reactions and gels

These procedures were taken from Peattie (1979)
and followed exactly, including the electrophoresis
and autoradiography procedures. Recommendations
given in Peattie (1979} for the safe use and disposal of
sodium borohydride, aniline, DEP, and hydrazine were
followed.

Sequence analysis programs

All sequence analyses, comparisons, manipula-
tions, and calculations were performed using the pro-
grams developed by Queen and Korn (1984) and dis-
tributed by Beckman Instruments, Inc., Palo Alto, Cali-
fornia, as the Microgenie Sequence Software
package.

RESULTS

Figures 2-7 present the cRNA (plus strand) se-
quences and the predicted polypeptide sequences
for the PB2, PB1, PA, NP, M, and NS genes. Each
gene sequence was determined by a combination of
chemical and chain-termination sequencing proce-
dures (see Materials and Methods for details and/or



B/AA/1/66 ca PB2 CRNA (+) L S N L T T T T
B/AA/1/66 wt PB2 CRNA (+) 5'-AGCAGAAGCGGAGCGUUUUCAAG AUG ACA UUG GCC AAA AUU GAA UUG UUG AAA CAA CUG UUA AGG GAC AAU GAA GCC AAA ACG GUA UUG AAA  (92)
B/AA/1/66 wt PB2 Protein N-terminus Met Thr Leu Ala Lys Ile Glu Leu Leu Lys GIn Leu Leu Arg Asp Asn Glu Ala Lys Thr Yal Leu Lys (23)
B/AA/1/66 ca PB2 Protein N-TEPMINUS Luv ven ue vae ane soe sen sae 20s aas ase ass sos sse ses oee sae ees ste ses sas

CAA ACA ACG GUA GAC CAA UAU ARC AUA AUA AGA AAA UUC AR ACA UCA AGA AUU GRA AGE AAC CCU UCA UUA AGG AUG AAG UGG GCC AUG UGU UCU AAU UUU CCC 006 GCU (203)
6In Thr Thr Val Asp GIn Tyr Asn Ile Ile Arg Lys Phe Asn Thr Ser Arg lle Glu Arg Asn Pro Ser Leu Arg Met Lys Trp Ala Met Cys Ser Asn Phe Pro Leu Ala  (60)

wee ses esa wes sme eve wns wne 15 ses see ove ens vee oen sas sne oB(256) tit tet ver dit wer een wes wee asu ses et wse sse wee see vra wve eee
CUG ACC AAG GGU GAU AUG GCA AAU AGA AUC CCU UUG GAA UAC AAG GGA AUA CGA CUU AAA ACA AAU GCU GAA GAC AUA GGA_ACC AAA GGC CAA AUG UGC UCA AUA GCA GCA (314)
Leu Thr Lys Gly Asp Met Ala Asn Arg Ile Pro Leu Glu Tyr Lys Gly Ile A;‘g %;g)Lys Thr Asn Ala Glu Asp Ile Gy Thr Lys Gly GIn Met Cys Ser Ile Ala Ala  (97)

vee sae ane aon vae suw vae wee oA (381) 00 vin win won ool (359) 00 wue s tee 0ot eae ten aee e s ses Hew sae ase ses ses bve sue ees swe bes
GUU ACC UGG UGG AAU ACA UAU GGA CCC AUA GGA GAU ACU GAA GGG UUC GAA AAG GUC UAC GAA AGC UUU UUU CUC AGA AAG AUG AGA CUU GAC AAU GCC ACU UGG GGC CGA (425)
val Thr Trp Trp Asn Thr Tyr Gly Pro Ile Gly Asp Thr Glu Gly Phe Glu Lys Yal Tyr Glu Ser Phe Phe Leu Arg Lys Met Arg Leu Asp Asn Ala Thr Trp Gly Arg (134)

s e see ses see sse ses om eee sus won wue wre ooU (B76)0s vie ven eud ean wes sen e sen e84 wee ses ses aus ses sas sen sse ses
uuy GGC GAA AGA GUG AGA AAA AGG GUA CUG CUA AAC CCC CUC ACC AAG GAA AUG CCU CCA GAU GAA GCG AGC AAU GUG AUA AUG GAA AUA LUG UUC CCU (536)
Ite Thr Phe Gly Glu Arg Val Arg Lys Arg Val Leu Leu Asn Pro Leu Thr Lys Glu Met Pro Pro Asp Glu Ala Ser Asn Val Ile Met Glu Ile Leu Phe Pro (171)

ARA GAA GCA GGA AUA CCA AGA GAA UCU ACU UGG AUG CAU AGG GAA CUG AUA AAA GAA AAA AGA GAA ARA UUG AAA GGA ACG AUG AUA ACC CCC AUU GUA CUG GCA UAC AUG (647}
Lys Glu Ala 8Ty ITe Pro Arg GIu Ser Thr Trp Met His Arg Glu Leu Ile Lys Glu Lys Arg Glu Lys Leu Lys Gly Thr Met 1le Thr Pro Ile Val Leu Ala Tyr Met (208)

wer ave wer ene vne eae mae sen oee ane sne J18 (IB3)ir tuu tih wet she tee wie wed eae wme e ee sae wes sas ses e sae eve sen ese ser eue bes

CUU GAG AGA GAA CUG GUU GCC CGA AGA AGG UUC CUG CCA GUG GCA GGA GCA ACA UCA GCC GAG UUC AUA GAA AUG CUA CAU UGC UUA CAR GGU GAA AAU UGG AGA CAA AUA (758)
Leu Glu Arg Glu Leu Val Ala Arg Arg Arg Phe Leu Pro Yal Ala Gly Ala Thr Ser Ala Glu Phe Ile Glu Met Leu His Cys Leu GIn Gly Glu Asn Trp Arg Gin Ile (245)

UAU CAC CCA GGA GGG AAU AAA CUA ACU GAA UCU AGG UCU CAA UCA AUG AUU GUA GCU UGU AGA ARA AUA GUC AGA AGA UCA AUA GUC GCA UCA AAC CCA CUA GAG CUA GCU (869)
Tyr His Pro Gly Gly Asn Lys Leu Thr Glu Ser Arg Ser Gin Ser Met Ile Val Ala Cys Arg Lys Ile Val Arg Arg Ser Ile Val Ala Ser Asn Pro Leu Glu Leu Ala (282)

e De 9) et bee een wre 4ot wee bew ser wes aue sue aee

ser sae nae aas sas nee ves sav wos 0el {B899) 0y wit tet wus wee sue ere ses mee eve ses sas sss ses aes wes sos wes st eee sre tue eve mee ene ens
GUA GAA AUU GCA AAC AAG ACU GUG AUA GAC ACU GAA CCU UUA AAA UCA UGU CUG GCA GCC AUA GAC GGA GGU GAU GUA GCC UGU GAC AUA AUA AGA GCU GCA UUA GGA CUA (980)
Val Glu e Ala Asn Lys Thr Val Ile Asp Thr Glu Pro Leu Lys Ser Cys Leu Ala Ala Ile Asp Gly Gly Asp Val Ala Cys Asp Ile Ile Arg Ala Ala Leu Gly Leu (319)

(983).. vou vve soe ove uve sos CallO0B)uvs vue wve wan eoe see cos son aee oou +0e(1052).U suu oA (1058), vuy vue wuv wew oue +0.(1088).A ...
AAA AUC AGA CAA AGA CAA AGA UUU GGA AGG CUU GAA CUA AAG AGA AUA UCA GGA AGA GGA UUC AAA AAU GAC GAA GAG AUA LUA AUC GGG AAC GGA ACA AUA CAG AAG AUU (1091)
Lys Ile Arg GIn Arg GIn Arg Phe 61y Arg Leu Glu Leu Lys Arg Ile Ser Gly Arg Gly Phe Lys Asn Asp Glu Glu Ile Leu Ile Gly Asn Gly Thr Ile GIn Lys Ite (356)

tee wes ewe ess eas sae sae ses see see o:C (1160), Loooses oJA (1184), .,

G6A AUA UGG GAC GGA GAA GAG GAG UUC CAU GUA AGA DGU GEU GAA UGC AGG GGA AUA UUA ARA AAG AGU AAA AUG AGA AUG GAA AAA CUA CUG AUA AAU UCA GCC ARA AAG (1202)
Gly Ile Trp Asp Gly Glu Glu Glu Phe His Val Arg Cys Gly Glu Cys Arg Giy Ile Leu Lys Lys Ser Lys Met Arg Met Glu Lys Leu Leu ITe Asn Ser Ala Lys Lys (393)

@0 Pea 44 €43 e VEB N HES SR s GE Fe4 PP Y0r S%e PEN 44w F46 Fee G4 TEw 00 S4T BaE N4E Sus ses 46 €8¢ AT usu 40% G44 Hee tee ean 040

GAG GAC AUG AAA GAU UUA AUA AUC UUG UGC AUG GUA UUU UCU CAA GAC ACU AGG AUG LJC
Glu Asp Met Lys Asp Leu Ile Ile Leu Cys Met Val Phe Ser Gln Asp Thr Arg Met Phe

AAU DUU CUD ARD CGA GEA GGC CAA CUU DUA (1313)
Asn Phe Leu Asn Arg ATa Gly Gin Leu Leu (430)

UCU CCA AUG UAC CAA CUC CAA CGA UAU LUU VUG AAU AGG UUU GAU CAA GAG GAA CCA CCC AAA GCA AGU GAA CUA CAU GGG AUA AAU GAA (1424}
Ser Pro Met Tyr GIn Leu Gln Arg Tyr Phe Leu Asn Arg Ser Asn Asp Leu Phe Asp GIn Trp Gly Tyr Glu Glu Pro Pro Lys Ala Ser Glu Leu His Gly Ile Asn Glu (467)

“es eav nue see Sse ese eua “ss wae “ev ses ese sue eer mas See wes wes one ses fes sar wse sue ase sue een

UUA AUG ARD GCA UCU GAC UAU ACG UUG AAR GGG GUU GUA GUA ACA AAR ARU GUG AUU GAU GAC DU AGU UCU ACU GAA ACA GAR AAA GUA UCU AUA ACA AAR AAU CUA AGU (1535)
Leu Met Asn Ala Ser Asp Tyr Thr Leu Lys Gly Val Val Val Thr Lys Asn Val lle Asp Asp Phe Ser Ser Thr Glu Thr Glu Lys Val Ser Ile Thr Lys Asn Leu Ser {(504)

®e% @8e wae seu Ses B Hee ees e8e eme ese S4s ear REe ves aEe w4 ese Lew ass G0v sae 4es ses ses aes Abe eas sas ses ess wes 4 see sea ave was

OUA AUR ARR AGG ACU GEG GAA GUC AUA AUG GGG GCU AAU GAC GUA AGL GAA UDA GAA UCA CAA GCA CAG CUA AUG AUA ACA UAD GAU ACA CCD ARG AUG UGG GAG AUG GGA (1646)
Leu ITe Lys Arg Thr Gly Glu Val Ile Met Gly Ala Asn Asp Yal Ser Glu Leu Glu Ser Gln Ala GTn Leu Met TTe Thr Tyr Asp Thr Pro Lys Met Trp Glu Met Gly (541)

@Se 48s 4ua GeE Ge4 e eeh WEE EBE L €84 Gae ses el wes SeE a4e €44 Sae 4sv 46s ear HES ses e Nas ses S0s ees see uss S0e sea wes wne zae ens

AGA ACC ARR GAR CUG GUG CAA ARG ACC UAC CAA UGG GUG CUA AAA AAD UUG GUA ACA CUG AAG GCU CAG UUU CUU CUG GGA ARR GAR GAC AUG DUC CAR UGG GAD GCA UOU (1757)
Thr Thr Lys Glu Leu Val Gln Asn Thr Tyr GIn Trp Val Leu Lys Asn Leu Val Thr Leu Lys Ala Gin Phe Leu Leu Gly Lys Glu Asp Met Phe Gln Trp Asp Ala Phe (578)

P 4es ses 4re wie wue ssa ses Sae sas ase 4o eae res ses as ses wwn 484 sue eee sue eau sue ses ses sae s @se wes sae ses aes 40 see euws e

soe ese a4 wse sas was was een eae o4 vee wes wEe aes see ena Hes ses sae eve eee S8s ves aes can

GAA GCA UDU GAA AGC AUA AUC CCC CAG AAG AUG GCU GGC CAG DAC AGD GGA OUD GCA AGA GCA GUG CUC AAR CAR AUG AGR GAC CAM GAG GUU AUG AAR ACU GAC CAG UUC (1868)
6lu Ala Phe Glu Ser Ile Ile Pro Gln Lys Met Ala Gly Gin Tyr Ser Gly Phe Ala Arg Ala Val Leu Lys GIn Met Arg Asp Gln Glu Val Met Lys Thr Asp Gin Phe (615)

AUA AAG UUG UUG CCU UYC UGU LUC UCA CCA CCA AAA UUA AGG AGC AAU GGG GAG CCU UAU CAA UUC UUG AGG CUU AUG UUG AAG GGA GGA GGG GAA AAU UUC AUC GAA GUA (1979)
Ile Lys Leu Leu Pro Phe Cys Phe Ser Pro Pro Lys Leu Arg Ser Asn Gly Glu Pro Tyr Gln Phe Leu Arg Leu Met Leu Lys Gly Gly Gly Glu Ksn Phe ITe Glu Val (652)

AGG ARA GGG UCC CCU CUA UUC UCU UAC AAU CCA CAA ACA GAA GUC CUA ACU AUA UGC GGC AGA AUG AUG UCA UUA AAA GGA AAA AUU GAA GAU GAA GAA AGA AAU AGA UCA (2090)
Arg Lys Gly Ser Pro Leu Phe Ser Tyr Asn Pro GIn Thr Glu Val Leu Thr Ile Cys Gly Arg Met Met Ser Leu Lys Gly Lys Ile Glu Asp Glu Glu Arg Asn Arg Ser {689)

AUG GGG AAU GCA GUA UUG GCA GGC UUU CUC GUU AGU GGC AAG UAU GAU CCG GAU CUU GGA GAU UUC AAA ACU AUU GAA GAA CUU GAA AAG CUA ARA CCG GGG GAA AAA GCA (2201)
Met Gly Asn Ala Yal Leu Ala Gly Phe Leu Val Ser Gly Lys Tyr Asp Pro Asp Leu Gly Asp Phe Lys Thr Ile Glu Glu Leu Glu Lys Leu Lys Pro Gly Glu Lys Ala (726)

css ews sae see wes sse sie was 5es sse sse ses ese s2s vas sse ses ses see ove vee avs see 5ol {2273)0 ver vie eer cve eee ere sas wee
AAC AUC UUA CUU UAU CAA GGA AAG CCC GUU AAA GUA GUU AAA AGG AAA AGA UAU AGU GCU UUA UCC AAU GAU AUU UCA CAA GGA AUU AAG AGA CAR AGA AUG ACA GUU GAG (2312)
Asn Ile Leu Leu Tyr GIn Gly Lys Pro Val Lys Val Val Lys Arg Lys Arg Tyr Ser Ala Leu Ser Asn Asp Ile Ser GIn Gly Ile Lys Arg GIn Arg Met Thr val Glu (763)

“as wee ves vew sun sen ees esw wonoesvvaenseal2362).6.C.{2364) 0 uiiueiirenersonnanrencen
UCC AUG GGG UGG GCC UUG AGC UAAUAUAAAUUUAUCCAUUAAUUCAAUAAAUACAAUUGAGUGAAAAAUGCUCGUGUUUCUCAL (2396)
Ser Met Gly Trp Ala Leu Ser C-terminus (770)

Fic. 2. PB2 gene. The ca nucleotide sequence differences are presented above the wt sequence and the amino acid changes are presented
below the wt sequence. Each site is followed or preceded by its position number in parentheses and, again, at the end of each line. The position
(and unless otherwise noted) the sequence of each oligodeoxynucleotide primer is indicated by underlining of the wt sequence. A (—) in the
sequence represents the deletion of the nucleotide in the corresponding sequence.
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B/AA/1/66 ca PBL CRNA (+) 5'- ee an

B/AA/1/66 wt PBL CRNA {+) 5'-AGCAGARGCGGAGCCUUUAAG AUG AAU AUA ARU CCU UAD UDU COC UUC AUA GAU GUA CCC AUA CAG GCA GCA AUU UCA ACA ACA UUC CCA (90)
B/AA/1/66 wt PBl Protein N-terminus Met Asn Ile Asn Pro Tyr Phe Leu Phe Ile Asp Yal Pro Ile Gln Ala Ala Ile Ser Thr Thr Phe Pro {23)
8/AA/1/66 ca PB1 Protein N-terMINUS suy tot cor wee eve eus ten ase 26 eos s0a nen see aue ses sne aos wae sar ses arn ese ses

UAC ACC GGU GUU CCC CCU UAU UCC CAD GGA ACG GGA ACA GGC UAC ACA AUA GAC ACC GUG AUD AGA ACA CAU GAG UAC UCA AAC AAG GGA ARA CAR UAC AUL UCU GAD (198)
Tyr Thr Gly Val Pro Pro Tyr Ser His Gly Thr Gly Thr Gly Tyr Thr Ile Asp Thr Val Ile Arq Thr His Glu Tyr Ser Asn Lys Gly Lys Gin Tyr Ile Ser Asp (59)

GUU ACA GGA UGL GCA AUG GUA GAU CCA ACA AAU GGG CCA UUA CCC GAA GAU ARU GAG CCG AGU GCC UAU GCA CAA UUG GAU UGC GUU CUG GAG GCU UUG GAU AGA AUG (306)
val Thr Gly Cys Ala Met Val Asp Pro Thr Asn Gly Pro Leu Pro Glu Asp Asn Glu Pro Ser Ala Tyr Ala Gln Leu Asp Cys Val Leu Glu Ala Leu Asp Arg Met {95)

@44 sas she Nes es sae ses s ams 24e sas e Ses mex Sas ses tea evs Sse see eev Les 404 S sas wte ees EEE sen eed Mex eve 40s sue wew een

cer was bre wes see see sew see ves evs wen wee +oB (38500 fii see Ll dee ses are cve ses nen ene ses ene see ooR (399)00 Lil ool

GAU GRA GAA CAU CCA GGU CUG UUD CAA GCA GCC UCA CAA AAU GCC AUG GAG GCA CUA_AUG GUC ACA ACU GUA GAC ARA UUA ACC CAG GGE AGG CAG ACU UUU GAU UGG (414)
Asp Glu Glu His Pro Gly Leu Phe Gln Ala Ala Ser GIn Asn Ala Met GTu ATa Leu Met Val Thr Thr Val Asp Lys Leu Thr Gln Gly Arg Gln Thr Phe Asp Trp (131}

484 mes wee vea ses Sue sa eas ves sae e o 494 eas Ees eae ses wes 44s Ses wes B4 VEs S0 ea are ses ess M mad see see evs mee ses Hen sea

ACA GUG USC AGA AAC CAA CCU GCU GCA ACG GCA CUG AAC ACA ACA AUA ACC UCU UOU AGE UUG ARU GAU UUG AAU GEA 6CC GAC AAG GGU GGA UUA GUA CCC UDU UGC (522)
Thr ¥al Cys Arg Asn Gln Pro Ala Ala Thr Ala Leu Asn Thr Thr Ile Thr Ser Phe Arg Leu Asn Asp Leu Asn Gly Ala Asp Lys Gly Gly Leu Val Pro Phe Cys (167)

€44 aes 1me eaa 4ee €as 4es s e84 ees ses see ass Sea Shs SEe Se4 e8e ABE ses SaE BEe €ee Bus GUe S8h ses S4v s 4es wue see ave sse aer eve

CAR GAU AUC AUU GAC UCA UUG GAC ARA CCU GAA AUG ACU UDC UUC UCA GUA AAG AAU AUA AAG ARA AAA UG CCU GCU AAR ARC AGA AAG GGU UUC CUC AUA AAG AGA (630)
GIn Asp Ile ITe Asp Ser Leu Asp Lys Pro Glu Met Thr Phe Phe Ser Val Lys Asn Ile Lys Lys Lys Leu Pro Ala Lys Asn Arg Lys Giy Phe Leu Ile Lys Arg {203)

=3

AUA CCA AUG ARG GUA ARR GAC ABA AUA ACC AGA 60G AR UAC AUC UUA UCA UUA AAC ACA AUG ACA ARA GAU GCU GAA AGA GEC_ARA CUA AAR AGA AGA {738)
Ile Pro Met Lys Val Lys Asp Arg Ile Thr Arg Val Glu Tyr Ile Lys Arg Ala Leu Ser Leu Asn Thr Met Thr Lys Asp Ala Glu Arg GTy Lys Leu Lys Arg Arg (239)

GCA AUD 6CC ACC GCU GGG AUA CAR AUC AGA GGG UUU GUA UUA GUA GUU GAA RAC UUG GCU ARG AR AUC UGU GAA AAU CUA GAG CAA AGU GGU UUG CCA GUA GGU GEA (846)
Ala Ile Ala Thr Ala Gly Ile Gln Ile Arg Gly Phe Yal Leu Val Yal Glu Asn Leu Ala Lys Asn Ile Cys Glu Asn Leu Glu GIn Ser Gly Leu Pro Yal Gly Gly {275)

AAC GAG ARG ARG GCC AAR CUG UCA AAU GCA GUG GCC AAA AUG CUC AGU ARC UGC CCA CCA GGA GGG AUC AGC AUG ACA GUG ACG GGA GAC AAU ACU ARA UGG AAU GAA {954)
Asn Glu Lys Lys Ala Lys Leu Ser Asn Ala Val Ala Lys Met Leu Ser Asn Cys Pro Pro Gly Gly Ile Ser Met Thr Val Thr Gly Asp Asn Thr Lys Trp Asn Glu (311)

#ee ebe 490 mes ees sae ane eau wes ehe sse eaa mes see a4 4ss eee sea ©8S sen e4e Gas exs see 4s SEv 44 eme 4ee e%e ned S84 Geu ses tes sue

UG DDA ARD CCA AGA AUC UUU UGG GCU AUG ACU GAR AGA AUA ACC AGA GAC AGC CCA AUD UG6 GUC C& GAU UDD UGD AGU AUA GCA CCG GUC UUG UUC UCC AAU ARA (1062)
Cys Leu Asn Pro Arg Ile Phe Leu Ala Met Thr Glu Arg Ile Thr Arg Asp Ser Pro Ile Trp Phe Arg Asp Phe Cys Ser Ile Ala Pro Val Leu Phe Ser Asn Lys {347)

ces ses see ane ses ves ere wss o0 (1098), ... ... s nee sue ses vas ase ses sov soe ser ool (1186)0 it vie eer wee eve gae

AUA GCC AGA UUG GGA AAA GAG UDC AUG AUA ACA AGU AAA ACA ARA AGA CUG ARG GCU CAA AUA CCU UGU CCC GAU CUG UOU AAC AUA CCA UUA GAA AGA UAU ARU GAA (1170)
TTe Ala Arg Leu Gly Lys Gly Phe Met Ile Thr Ser Lys Thr Lys Arg Leu Lys Ala Gin Ile Pro Cys Pro Asp Leu Phe Asn Ile Pro Leu Glu Arg Tyr Asn Glu (383)

GAR ACA AGG GCA AAA UUG AAA AAG CUG AAA CCA UUC UUC ARU GAA GAA GGA ACG GCA UCU UUG UCG CCU GGG AUG AUG AUG GGA AUG UUU AAU AUG CUA UCU ACC GUG (1278)
Glu Thr Arg Ala Lys Leu Lys Lys Leu Lys Pro Phe Phe Asn Glu Glu Gly Thr Ala Ser Leu Ser Pro Gly Met Met Met Gly Met Phe Asn Met Leu Ser Thr val (419)

s ese s0e ses eew wes sus v ewe sse oee o (1319).A. .. L.C (1326). .0 ... ... 4ss sse dus aes mau 4se 24s eas 440 see ebs ses sas Sae sen
UUG GGA GUA GCC GCA CUA GGG AUC AAA AAC AUU GGA AAC AGA GAA UAU UUA UGG GAU GGA CUYG CAA UCU UCU GAU GAU UUU GCU CUG UUU GUU AAU GCA AAA GAY GAA (1386)
Leu Gly Val Ala Ala Leu Gly Ile Lys Asn Ile Gly Asn Arg ((ﬂu 1;yr Leu Trp Asp Gly Leu Gin Ser Ser Asp Asp Phe Ala Leu Phe VYal Asn Ala Lys Asp Glu (455)
cen vee vae e .o Lys {433)..

ese ase ses eua e S8 eus wes esa wes sss aes eme ses eus e @8t sas sse s eve wes sue

GAG ACA UGU AUG GAR GGA AUA AAC GAU UDU ACA UG ARG CUA UUG GGA AUA RAC AUG AGC AAR RAG AAA AGU UAC UGU AAU GAA ACU GGA AUG DUU GAA UUU (149¢)
Glu Thr Tys Met Glu GI TTe Asn Asp Phe Tyr Arg Thr Cys Lys Leu Leu Gly ITe Asn Met Ser Lys Lys Lys Ser Tyr Cys Asn Glu Thr Gly Met Phe Glu Phe (491)

ACA AGC AUG UUC UAC AGA GAU GGA UUU GUA UCU AAU UUU GCA AUG GAA CDU CCU UCA UUU GGG GUU GCU GGA GUA AAU GAA UCA GCA GAU AUG GCA AUA GGA AUG ACA (1602)
Thr Ser Met Phe Tyr Arg Asp Gly Phe Val Ser Asn Phe Ala Met Glu Leu Pro Ser Phe Gly val Ala Gly Val Asn Glu Ser Ala Asp Met Ala lle Gly Met Thr (527)

tie eve ees sve see saa wvy sus wes sna wos vas sen see oA (IBAT)0 it weu wue sev wes was e sas ees ess ses sse wes 000 (1695), Lit wis W

AUA AUA ARG ARC AAU AUG AUC AAC AU GGG AUG GGD CCA GCA ACG GCA CAA ACA GCC AUA CAA UUA DUC AUA GCU GAU UAU AGR UAC ACC UAU AAA UGC CAC AGG GGA (1710)
Ile Ile Lys Asn Asn Met Ile Asn Asn Gly Met Gly Pro Ala Thr Ala Gln Thr Ala Ile Gln Leu Phe Ile Ala Asp Tyr Arg Tyr Thr Tyr Lys Cys His Arg Gly (563)

GAD UCC ARA GUG GAA GGA ARG AGA AUG AAA AUU AU AAG GAG CUA UGG GAA AAC ACU ARA GGA AGA GAU GGC CUG UUA GUA GCA GAU 66U GGG CCU AAC AUU UAC AAU (1818)
Asp Ser Lys Val Glu Gly Lys Arg Met Lys Ile Ile Lys Glu Leu Trp Glu Asn Thr Lys Gly Arg Asp Gly Leu Leu Val Ala Asp Gly Gly Pro Asn Ile Tyr Asn (599)

UUG AGA AAC UUG CAU AUU CCA GAA AUA GUA UUAR AAG UAC AAC CUA AUG GAC CCU GAA UAC AAA GGG CGG UUA CUG CAU CCU CAA AAU CCC UUU GUA GGA CAU UUG uCu (1926)
Leu Arg Asn Leu His Ile Pro Glu Ile Val Leu Lys Tyr Asn Leu Met Asp Pro Glu Tyr Lys Gly Arg Leu Leu His Pro Gln Asn Pro Phe Val Gly His Leu Ser {635)

san wav ees wea wve wee sue ses eos sua ave oos ave son var Bel1972)0ue w0e ver tue ses c0n see beu tew 440 see verw Sss see ses wes seu 4ee wes

AUU GAG GGC AUC AAA GAG GCA GAU AUA ACC CCA GCA CAU GGU CCA AUA AAG AAA AUG GAC UAU GAU GCG GUA UCU GGA ACU CAU AGU UGG AGA ACC AAA AGG AAC AGA (2034)
Ile Glu Gly Ile Lys Glu Ala Asp Ile Thr Pro Ala His Gly Pro Ile Lys Lys Met Asp Tyr Asp Ala Val Ser Gly Thr His Ser Trp Arg Thr Lys Arg Asn Arg (671)

P £ LI 13 5 W tes ees aes ses ase ae “ een see aue aes ned sae ses ane

cae aes ses sme see ses ses ses esn ses e swe ses exs wves svs oee sea o (2112)0 L., ...

AG AGG AAC AUG AUU CUD GAG GAA CAA UGC UAC GCU AAG UGU UGC AAC CUU UUU GAG GCU UGU UUU AAC AGU GCA UCA UAC AGG ARA CCA (2142)
1n Arg Asn Met Ie Leu Glu Glu GIn Cys Tyr Ala Lys Cys Lys Asn Leu Phe Glu Ala Cys Phe Asn Ser Ala Ser Tyr Arg Lys Pro {707)

UCU AUA CUA AAC ACU GAU C
Ser Ile Leu Asn Thr Asp ¢

GUA GEU CAG CAC AGC AUG CUD GAG GCU AUG GCC CAC AGA UUA AGA AUG GAD GCA CGA CUA GAU UAU GAR UCA GGA AGA AUG UCA AAG GAU GAU UUU GAG ARA GCA AUG {2250)
Val Gly GIn His Ser Met Leu Glu Ala Met Ala His Arg Leu Arg Met Asp Ala Arg Leu Asp Tyr Glu Ser Gly Arg Met Ser Lys Asp Asp Phe Glu Lys Ala Met (743)

o | 24 3 S Nt = 1))
GCY CAC CUU GGU GAG AUU GG G CAC AUA UAAGCUUCGAAGAUGUCUAUGGGGUUAUUGGUCAUCAUUGAAUACAUGCGGUACACAAAUGAUUAARALUGAAAAAAGGCUCGUGUUUCUACU-3" (2369)
Ala His Leu Gly Glu Ile Gly His Ile C-terminus (752)
..(751{ Tyr ... C-terminug {752)

Fic. 3. PB1 gene. The ca and wt sequences are presented as in Fig. 2, with identical conventions for numbering and prime: location and
seguences.



434 DE BORDE ET AL.

B/AA/1/66 ca cRNA (+) 5'-........... wesenne ceeresas T (o X ve wen ees
B/AR/1/66 wt CRNA (+) 5'-AGCAGAAGCGGUGCGUUUGAUUUGCCAUA AUG GAU ACU UUU AUU ACA AGA AAU UUC CAG ACU ACA AUA AUA CAA AAG GCC AAA AAC ACA AUG GCA (95)
B/AA/1/66 wt PA Protein N-terminus Met Asp Thr Phe Ile Thr Arg Asn Phe GIn Thr Thr Ile Ile GIn Lys Ala Lys Asn Thr Met Ala (22)
B/AR/1/66 ta PA Protein er eee ees Gee sea eea sae sen aes ees aas wee s W eee wae eee ees aes see see aee ees

GAA UUU AGU GAR GAU CCU GAA LUA CAA CCA GCA AUG CUA UDC AAC AUC UEC GUC CAU CUG GAG GUC UGC UAU GUA AUA AGU GAU AUG AAU DUU CUU GAD GAA GAR GGA (20
Glu Phe Ser Glu Asp Pro Glu Leu GIn Pro Ala Met Leu Phe Asn Ile Cys Val His Leu Glu Val Cys Tyr Val Ile Ser Asp Met Asn Phe Leu Asp Glu Glu Gly (5

ARA ACA UAU ACA GCA UUA GAA GGA CAR GGA ARR GAA CAR AAC DUG AGA CCA CAA UAU GAA GUG AVU GAG GGA AUG CCA AGA ARC AUA GCA UGG ADG GUD CAA AGA UEC (311)
Lys Thr Tyr Thr Ala Leu Glu Gly GIn Gly Lys Glu GIn Asn Leu Arg Pro GIn Tyr Glu val lle Glu Gly Arg Asn Ile Ala Trp Met Val Gln Arg Ser (94)

st sna bee see wse see e tes ese sea eme ees ese sus ene ete ems aee bwa esr asa eme 4 ced ene e v oeee e ¢ tee ses een eer sue

UUA GEC CAR GAG CAU GGA CCA AGE UAU UG 6CU GAU DUG UUC GAU UAU AAA ACC ARG AGG UD AUA GAA 60U GGA AUA ACA AAG GEA UG GCU GAC GAU (419)
Leu Ala G1n Glu His Gly Ile Glu Thr Pro Arg Tyr Leu Ala Asp Leu Phe Asp Tyr Lys Thr Lys Arg Phe Ile Glu Val Gly Ile Thr Lys Gly Leu Ala Asp Asp (130)

UAC UUU UGG AAA AAG AAA GAA AAG CUG GGG AAU AGC AUG GAA CUG AUG AUA UUC AGC UAC AAU CAA GAC UAU UCG UUA AGU AAU GAA CAC UCA UUG GAU GAG GAA GGA (527)
Tyr Phe Trp Lys Lys Lys Glu Lys Leu Gly Asn Ser Met Glu Leu Met 1le Phe Ser Tyr Asn GIn Asp Tyr Ser Leu Ser Asn Glu His Ser %eu Asp Glu Glu Gly (166)
. . ce wen mes wus eee oos SEr (160, L.l oel Lee wen

AMA GGG AGA GUG CUA AGC AGA CUC ACA GAA CUU CAG GCU GAG UUA AGD CUG AAA AAU CUA UGG CAR GUU CUC AUA GGA GAR GAA GAU AUU GAR ARA GGA AUU GAC UUC (635)
Lys Gly Arg Val Leu Ser Arg Leu Thr Glu Leu GIn Ala Glu Leu Ser Leu Lys Asn Leu Trp GIn Val Leu Ile Gly Glu Glu Asp Ile Glu Lys Gly Ite Asp Phe (202)

Wev ame aws aee ete mea ess mes sse ses Ter ees Sra ses sex eAe sew ets G 64 Sew S48 mea 484 wes 4es mes Gee ses tes et bes ess ses sav sen

AAA CUU GGA CAA ACA AUA UCU AAA CUA AGG GAC AUA UCU GUU CCA GCU GGU UUC UCC AAU UUU GAA GGA AUG AGG AGC UAC AUA GAC AAU AUA GAU CCU AAA GGA GCA (743)
Lys Leu Gly GIn Thr Ile Ser Lys Leu Arg Asp Ile Ser Val Pro Ala Gly Phe Ser Asn Phe Glu Gly Met Arg Ser Tyr Ile Asp Asn Ile Asp Pro Lys Gly Ala (238)

@sr 4es see seu ase sas eas ssw eus ses ene o4 Ea see ess e8s ees eee Gme 44 ers Sea sas S aes eas sss SEe es ehe sev acs wer 2ae ses ere

wet wee ven sue ses wes ane sae sue see ses sss nae sue ves ool (791)et oG (BO0)is ver weu ses e see wes wew oes ses wee ses JA{881).4. L.
AUA GAG AGA AAU CUA GCA AGG AUG UCU CCC UUA GUA UCA GUU ACA CCC AAA AAG UUA AAA UGG GAG GAC CUA AGA CCA AUA GGG CCU CAC AUU UAC AGC CAU GAG CUA (851)
TTe Glu Arg Asn Leu Ala Arg Met Ser Pro Leu Val Ser Val Thr Pro Lys Lys Leu Lys Trp Glu Asp Leu Arg Pro Ile Gly Pro His Ile Tyr Ser }(Hs ();'lu Leu (274)

CCA GAA GUU CCA VAU AAU GCC UUU CUU CUA AUG UCU GAU GAG UUG GGG CUG GCU AAU AUG ACY GAA GGG AAG UCC AAG AAA CCA AAG ACC UUA GCC AAAR GAA UGU CUA (959)
Pro Glu Val Pro Tyr Asn Ala Phe Leu Leu Met Ser Asp Glu Leu Gly Leu Ala Asn Met Thr Glu Gly Lys Ser Lys Lys Pro Lys Thr Leu Ala Lys Glu Cys Leu {310)

@ eee ses eee 4vs sae bee eas svs wae Ses ses Sse madt See ses e4s mes see uEe Aes Aee ses e was 244 see eem ere ves ses wss ess eae see sse

GAA AAG UAC UCA ACA CUA CGG GAU CAA ACU GAC CCA AUA UUA AUA AUG AAA AGC GAA AAA GCU AAC GAA AAC UUC UUA UGG AAG UUG UGG AGG GAC UGU GUA AAU ACA (1067)
Glu Lys Tyr Ser Thr Leu Arg Asp GIn Thr Asp Pro Ile Leu Ile Met Lys Ser Glu Lys Ala Asn Glu Asn Phe Leu Trp Lys Leu Trp Arg Asp Cys Val Asn Thr (346)

“ ses ses eas ses wae ses “he Mee sae mew sse Ses wes sas sse ees ese Rea BUe Ges ess 44s Ses ses C4e ses G Ses Ses ses ere abe sas

AUA AGD AAD GAG GAA ACA AGL AAC GAA DUA CAG AAR ACC AAU UAD G6CC ARG DGG_GCC ACA GGA GAU GGA UUA ACA UAC CAG ARA AUA AUG AAA GAA GUA GCA AUA GAU (1175)
Ile Ser Asn Glu Glu Thr Ser Asn Glu Leu GIn Lys Thr Asn Tyr Ala Lys Trp Ala Thr Gly Asp Gly Leu Thr Tyr GIn Lys Ile Met Lys Glu Val Ala Ile Asp (382)

45 mes se4 sme ess mme aes swe Ses eas Bes ens ses 4es mes se 4sa 4se Ees e8e Ses e%a Mes Bar sve a4 sas S04 sss ses ees tes see eas s wae

GAC GAA ACA AUG UAC CAA GAA GAG CCC AAA AUA CCU AAU AAA LGU AGA GUG GCU GCU UGG GUU CAA ACA GAG AUG AAU CUA UUG AGC ACU CUG ACA AGU AAA AGG GCC (1283)
Asp Glu Thr Met Tyr Gln Glu Glu Pro Lys Ile Pro Asn Lys Cys Arg Val Ala Ala Trp Val Gln Thr Glu Met Asn Leu Leu Ser Thr Leu Thr Ser Lys Arg Ala {418)

@68 eme sse 4ns 48s wes ses vee Ges sse BRe ese sS04 4we ses ese 4a4 see BEs e8s eas see bes Sia aee ess sev S40 wea e8e ees ees see res ae€s wes

ses vue wes san eee ovs ooe ses ses sne vov vee Pell1320} 00 cur eue et wer wev sed war bee Her ses bee ves a0s wae seu s1s ses sve see sen

CUG GAU CUA CCA GAA AUA GGG CCA GAC GUA GCA CCC GUG GAG CAL GUA GGG AGU GAA AGA AGG AAA UAC UUU GUU ABU GAA AUC AAC UAC UGU AAG GCC UCU ACC GUU (1391)
Leu Asp Leu Pro Glu Ile Gly Pro Asp Yal Ala Pro Val Glu His Yal Gly Ser Glu Arg Arg Lys Tyr Phe Yal Asn Glu Ile Asn Tyr Cys Lys Ala Ser Thr Val (454)

T T A 1 3

AUG AUG ARG UAU GUA COU D CAC ACU UCA UUA UUA AL GAA AGC AAU GCC AGC AUG GGR ARA UAU AAA GUA ADA CCA AUA ACC ARC AGA GUA GUA AAD GAA ARA GGA (1499)
Met Met Lys Tyr Val Leu Phe His Thr Ser Leu Leu Asr Glu Ser Asn Ala Ser Met Gly Lys Tyr Lys Val Ile Pro Ile Thr Asn Arg Val Val Asn Glu Lys Gly {490}

ves sve woal1518)06 cus ColI51B)uuy wue sen wae nes sue ses aue mes ess ses sse ses ses sbu sbe ses ves ses sve ses ses bes ses eas ses sre ses
GAA AGU UUU GAC AUA CUU UAU GGY CUG GCG GUU AAA GGG CAA UCU CAU CUG AGG GGA GAU ACU GAU GUU GUA ACA GUU GUG ACU UUC GAA UUU AGU AGU ACA GAU CCC (1607)
Glu Ser Pm(aaég Ile Leu l?i,r ‘(;157%“ Ala Val Lys Gly GIn Ser His Leu Arg Gly Asp Thr Asp Val Val Thr Val Val Thr Phe Glu Phe Ser Ser Thr Asp Pro (526)

ver 4ee men eee wre eve ees soe cxr sne ven vee sae 00l (1656)0 qit st vue wae sxs ces see eee wes nes sas see wee ses aes ses ses

AGA GUG GAC UCA GGA AAG UGB CCA AAA UAU ACD GUA UUU AGA AU GGU UCC UUA ULU GUG AGU GGA AGE GAA ARA UCU GUE UAC CUA UAU UGC CGA GUG AAU 66U ACA (1715)
Arg Val Asp Ser Gly Lys Trp Pro Lys Tyr Thr Val Phe Arg Ile Gly Ser Leu Phe Val Ser Gly Arg Glu Lys Ser Val Tyr Leu Tyr Cys Arg Val Asn Gly Thr (562)

3% G4 eMe See 98 e4s wee wsa See tas e mae Ses sas Ses Bes ebe ses ses EPe SAs s4s Bes ser sse 4es eee ses Gee See sws ses ses ees wes oue

..U {(1718). . seu ee eus srs aee tes vee ses aus sse ser see ses see een sos sve ooA (1796), ... ses sae ser ees s

PAC ARG AUC CAR AUG AAR UGG GGBA AUG GAA GCU AGA AGA UGU CUG CUI CAA UCA AUG CAA CAA AUG GAA GCA AUU GUU GAU CAA GAR UCA UCG AUA CAA GBA UAU GAC (1823)
Asn Lys Ile GIn Met Lys Trp Gly Met Glu Ala Arg Arg Cys Leu Leu GIn Ser Met GIn Gln Met Glu Ala Ile Val Asp ((;ln Glu Ser Ser Ile GTn Gly Tyr Asp (598)
v ire vee vrn men wee BTU (590)es vt vae ee vee een re ans

Kes see 4es s4s wed ses wsu ees ses ses ebe ber Bee wae Ses wes bes ses s

AUG ACC ARA GCU UGD UUC AAG GGA GAC AGA GUG AAU AGD CCC ARR ACU UUC AGU AUU GGG ACU CAA GAA GGA AMA CUA GUA AAA GBA UCC UDU GGG AAA GCA CUA AGA (1931)
Met Thr Lys Ala Cys Phe Lys Gly Asp Arg Val Asn Ser Pro Lys Thr Phe Ser Ile Gly Thr &1n Glu &1y Lys Leu Val Lys Gly Ser Phe Gly Lys Ala Leu Arg (634)

tae aws eme s “oe ven ave w eoe ses ece ses ses eee san eme ee “es sue see s « see see eas see T TR T ]

GUA AUA UUC ACC AAA UGU UUG AUG CAC UAU GUA U GBA ARU GCC CAA UUG GAG GGG UUU AGU GCC GAR UCU AGE AGA CUD CUA CUG UUA AU CAG GCA UUA ARG GAC (2039)
Val Ile Phe Thr Lys Cys Leu Met His Tyr Val Phe Gly Asn Ala GIn Leu Glu Gly Phe Ser Ala Glu Ser Arg Arg Leu Leu Leu Leu Ile GIn Ala Leu Lys Asp (670)

AGA ARG GG CCU UGS GUA UDC GAC UDA GAG GGA AUG UAU UCD GGA AUA GAA GAA UGU AUD AGL AAC AAC CCU UGG GOA AUA CAG AGD GCA UAC UGS UUU AAU GAA UGG (2147)
Arg Lys Gly Pro Trp Val Phe Asp Leu Glu Gly Met Tyr Ser Gly ITe Glu Glu Cys Ile Ser Asm Asn Pro Trp Val Ile GIn Ser Ala Tyr Trp Phe Asn Glu Trp (706)

BAS Su0 4ed ees AU 64 BED G0N PEE 80 968 S48 S04 bae B44 ses Yes ses ase ses ees ase ess sew was wve vas Pes ere See sre ves wne e4s mes eue

YUG GGC UUU GAA AAA GAG GGG AGU AAA GUA UUA GAA UCA AUA GAU GAA AUA AUG GAU GAA UGAAAGAAGGGCAUAGCGCUCAAUUUGAUACUAUUUUGUUCAUUAUGUAUCUAAACAUCUCAA (2270)
Leu Gly Phe Glu Lys Glu Gly Ser Lys Val Leu Glu Ser Ile Asp Glu Ile Met Asp Glu C-terminus (726)

ARAAAGAAUUGAGRAUUAAAARUGEACEUGUUUCUACE-3" (2308)
Fic. 4. PA gene. The ca and wt sequences are presented as in Fig. 2, with identical conventions for numbering and primer location and
seguences.



B/AA/1/66 wt AND ca GENE SEQUENCES 435

B/AA/1/66 ca NP CRNA {+) 5'~.

Ses Bea ses 4su ser Sse eae ess Bes o

B/AA/1/66 wt NP CRNA (+) 5' -AGCAGMGCACAGCAUUUUCUUGUGMCUUCAAGUACCAACMAMCUGAMAUCAAA AUG UCC ARC AUG GAU AUU GAC GBC AUC ARC ACU GGA ACA AUU GAC ARA (106)

B/AA/1/66 wt NP Protein
B/AA/1/66 ca NP Protein

tee ese sau wes ses ses wee sen wer ses wsa see ses wes see sus aor ooA {160),,
ACA CCA GAA GAA AUA ACU UCC GGA ACC AGU GGG GCA ACC AGA CCA AUC AUC AAG CCA GCA
Thr Pro Glu Glu Ile Thr Ser Gly Thr Ser Gly Ala Thr Arg Pro Ile 1le Lys Pro Ala

G(221). o.v o U(232)..U GAL{238-240)u00 ser eee woe wau ses sen ase ses avs gee
ACC ACA AGC AGC GAA GCG AUU GUC GGA AGG AGA ACC CAA AAG AAA CAA ACC CCG ACA GAG

r Ser Ser Glu Ala Ile Val Gly Arg Arg Thr Gln Lys Lys Gln Thr Pro Thr Glu
A1a (55)cns vee wue wee ASP {B1)ius ver woe vae sun sae oos sas ser vas woe sus

€84 4es aes sas Ses aes see ems ses ses s6s aud dee esu Ses ses een

m

AUG AUG GUC ARA GCU GGA CUC AAC GAU GAC AUG GAG AGA AAC CUA AUC CAA AAU GCA CAU
Met Met Val Lys Ala Gly Leu Asn Asp Asp Met Glu Arg Asn Leu Ile Gln Asn Ala His

S68 a8 Aes BB Sas 08 S48 PSS aea ssu 2se FeE s4s Gna SRR Bes 4eR wes a5 sus

4 4ee 266 a4 @se 4es Ve was Sey see S8 G4 Sme E6s Eee CEF 444 G ae S8

ARG AAA ARG AAU GCC AGA GAU GUC ARA GAR GGG AAR GAA GAA AUA GAC CAC AAC AAR ACA
Lys Lys Lys Asn Ala Arg Asp Val Lys Glu Gly Lys Glu Glu Ile Asp His Asn Lys Thr

AUA AGA AUU ACC UUU UUA AAA GAR GAG GUG ARA ACA AUG UAC AAG ACC ACC AUG GGG AGU
Ile Arg Ile Thr Phe Leu Lys Glu Glu Val Lys Thr Met Tyr Lys Thr Thr Met Gly Ser

ces sem ves ses sie evr ses 4ee see sea ses SR4 wes ebe 4se ses ter ase ese was

GUC UGU UUC CAA AGA UCA AAG GCA CUA AAA AGA GUU GEA CUU GAC CCU UCA UOA AOC AGU
Val Cys Phe Gln Arg Ser Lys eu Lys Arg Val Gly Leu Asp Pro Ser Leu lle Ser

“ea mee wes see sus ese see e84 see Gea sed Ss eed Sae ebs Sra 40P eer Sen s

AAA GGA GGU GGA ACU UUA GUG GCA GAR GCC AU CGA OU AUA GGA AGA GCA AUG GCA GAC
Lys Gly Gly Gly Thr Leu Val Ala Glu Ala Ile Arg Phe Ile Gly Arg Ala Met Ala Asp

@8e wee aes wes the es4 wes eeH Bee ses ecw Pae aes Eas sEE See ees esa sve san

AAD CUG ARR AAC AAG UGC UCU GCG CEC CAA CAA AAG GCU CUA GUU GAU CAA GUG AUC GGA
Bsn Leu Lys Asn Lys Cys Ser Ala Pro Gln Gln Lys Ala Leu Val Asp Gin Val Ile Gly

€ae @86 saa eas 4k aer eas ee4 sus S84 see sur ses eee e8s ae sE ese Ges asw

AUG GUC GUU GUC AGG CCC UCU GUA GCG AGC ARA GUG GUG CUU CCC AUA AGC AUU AAU GEU
Met Val val Val Arg Pro Ser Val Ala Ser Lys Val Val Leu Pro Ile Ser Ile Asn Ala

ass sws o« wrs ses wenw s ses ene 9es sae ess esm ses s

GCC AUG GCU CUU UAU ARG AUG GCA ACA CCU GUU UCC AUA UUA AGA AUG GGA GAC GAU GCA
a Met Ala Leu Tyr Asn Met Ala Thr Pro Val Ser Ile Leu Arg Met Gly Asp Asp Ala

ver eon wes wos soe sev wee ooA (12700, siv wie cee JA{I2BT).. bir b wee e
CAA AGA GUU UUG UCU GCA CUA ACC GGC ACA GAA UUC AAG CCU AGG UCA GCA UUA AAG UGC
Gln Arg Val Leu Ser Ala Leu Thr Gly Thr Glu Phe Lys Pro Arg Ser Ala Leu Lys Cys

Voo ese ves san see see see snr e ose wee ses see HiS (410}00 ser soe ere ue

wee see aes wee sas wew vee wes ooU (13870 il tee we wee we. WU {1410) L.,
AUG_UCC AUC AAG CUC CAG UUU UGG GCC CCA AUG ACC AGA UCU GGG GGG AAC GAA GUA GGU
Met Ser ITe Lys Leu Gln Phe Trp Ala Pro Met Thr Arg Ser Gly Gly Asn Glu Val Gly

eae est ssa ene sae ses wes ese saa see esr tee

s sas see sae ser ese sus see

€8s eaa ses 8E ssa ses esa abs sme Che GRE Ses saE ess 246 ses S45 aee wes o

CCU AUU GCU CUA AGC ARG CAA GCU GUA AGA AGA AUG CUG UCA AUG AAU AUD GAG GGA CGU GA

Pro Ile Ala Leu Ser Lys GIn Ala Val Arg Arg Met Leu Ser Met Asn Ile Glu Gly Arg

@84 @8 sea wes sa4 BeN ses see sss ehE see Per ees wes 4Es see et eae sre wes

eee sea ses ane ses ae ess vas sen ses ees 4o

L vee eas wes ere . ..(1650).C.
AAA ACC AAU GGA AAU GCU UUC AUV GGG AAG AAA AUG UUU CAA AUA UCA GAC AAA AAC AAA AUC
Lys Thr Asn Gly Asn Ala Phe Ile Gly Lys Lys Met Phe Gin Ile Ser Asp Lys Asr(\sls.)ﬁ %;'e
.. r

N-terminus Met Ser Asn Met Asp Ile Asp Gly Ile Asn Thr Gly Thr Ile Asp Lys (16)

©se eue Sas s8s 4ee ssd B4 AT 4es ses Ate ses wau ses cue ses

eae sas sar exn sen 000 (187)0 i ves wos aes ese LoB (211).. L.,
CUU GCC CCA CCA AGC AAU AAA CGA ACC CGA AAC CCA UCC CCA GAA AGG GCA (22
Leu Ala Pro Pro Ser Asn Lys Arg Thr Arg Asn Pro Ser Pro Glu Arg Ala (54

Sed s4s ese G0N sEs 6. see Gk4 ees Se4 Ses Nis SES eve Ses sas ses

0)
)

ses sas ses sas as see sus ses ses ses ese wae ese oo

AUA RAG ARG AGC GUC UAC ARD AUG GUA GUG AAA CUG GGU GAA UUC UAC AAC CAG (334)

Lys Lys Ser Val Tyr Asn Met Val Val Lys Leu Gy Glu Phe Tyr Asn Gln (92)

88 S04 sS4 a4 see sse 4se SNE ees Gas Ere ers mab sse sas ase mae

00399 00s tor wue ses wes owe mus see sas ses ses eos see oU.(444)
GUG GAA AGA AUU CUA UUG GCU GCU ACU GAU GAC AAG AAA ACU GAA UAC CAA (448)
val Glu Arg Ile Leu Leu ATa Ala Thr Asp Asp Lys Lys Thr Glu Tyr Gln (130)
Ala (118). vou vus sue vus nus aus ses sas ves ess oae wun Phe {129)

GGC ACC UUU UAU AAG AUG GUA AGA GAU GAU AAA ACC AUC UAC UUC AGC CCU (562)
Gly Thr Phe Tyr Lys Met Val Arg Asp Asp Lys Thr Ile Tyr Phe Ser Pro (168)

Iy 4 see 484 sea cee Eae eau 204 ses S06 a4 Ses wes o

660 UUC AGD GGA CUA AAU CAC AUC AUG AUU GGG CAU UCA CAG AUG AAC GAU (676)
Gly Phe Ser Gly Leu Asn His Ile Met Ile Gly His Ser GIn Met Asn Asp (206)

“ee es4 as eea 4eu Sau sas Gae snE Gse sse wis tee ses see ens wee

s san ese ses rEe Fas ses G4 S0s 6E4 46 444 VS B4 Ses sae GEY

UUU GCA GGA AGC ACA CUC CCC AGA AGA UCA GGU GCA ACU GGU GUU GCG AUC (790)
Phe Ala Gly Ser Thr Leu Pro Arg Arg Ser Gly Ala Thr Gly Yal Ala Ile (244)

FA8 e8s eev ste ese Em4e ©88 Buu Ses M. 464 era wse ens sEe sss eon

evs sen wes ses wae e4a sae #es ess e4s ees Bea wme

GGG CUA UG AGA GAC AUC AGA GCC AAG ACG GCC UAU GAA AAG AU CUD CUG (904)
Gly Leu Leu Arg Asp Ile Arg Ala Lys Thr Ala Tyr Glu Lys IT€ Teu Leu (282)

AGA RAC CCA GGG AUU GCA GAC AUA GAA GAC CUA ACC CUG CUU GCC CGA AGC (1018)
Arg Asn Pro Gly Ile Ala Asp Ile Glu Asp Leu Thr Leu Leu Ala Arg Ser (320)

Mes 444 aas ese sse Hus ees Sae ses sev S8 wra Ses aea see ses ee

AAA AUA CCU CAA CUA GGG UUC AAU GUU GAA GAA UAC UCYU AUG GUY GGG UAU GAA (1132)

Ie Pro Gin Ley Gly Phe Asp Val Glu Glu Tyr Ser Met Val BTy Tyr Glu (358)

ece 444 mse a0 ers cus s4e Bes avE 2se ees sie bas sav HEE ess ees

wae eve aas wes asa vae aor son soe seo 200 (1228)0 e wus vee w0
GAU AAA UCA CAA UUA UUC UUC AUG UCU UGC UUU GGA GCU GCC UAU GAA GAC (1246)
Asp Lys Ser GIn Leu Phe Phe Met Ser Cys Phe Gly Ala Ala Tyr Glu Asp (396)

@ed 24s ees aaa PEe Bae ebe Aes 494 aes 4be sre Ae ses 408 esa oo

aes . een see saa ase vas auw s ses ees sss ees eau was

GGU UUC CAC GUU CCA GCA AAG GAG CAA GUG GAA GGA AUG GGG GCA GCU CUG {1360)
Gly Phe His Val Pro Ala Lys Glu GIn Val Glu Gly Met Gly Ala Ala Leu (434)

@85 Ees 80 Geb EeP Gae BES NI SNV see E8E ess SEs ees Tim sse eas

ve ees vee wes sse ses evs sus see ess ooA (1471)

GAC GGA GGG UCU GGU (EAA AUA AGU UGC AGC CCC GUG UUU GCA GUA GAG AGA (1474)
Asp Gly Gly Ser Gly Gin Ile Ser Cys Ser Pro Val Phe Ala Val Glu Arg (472)

. .{1583)
GCA GAU GUC ARA GGA RAU CUA CUC AAG AUG AUG AAU GAL UCA AUG GCU AAG (1588)
Ala Asp Val Lys Gly Asn Leu Leu Lys Met Met Asn Asp Ser Met Ala Lys (510)
J{1658) Aci 2uB (1663)s veu eue wen coa ses crs ses ses san sen vas
AAU CCC GUU GAU AUU CCA AUU AAG CAG ACC AUC CCC AAU UUC UUC ULV GGG (1702)
Asn Pro Yal Asp Ile Pro Ile Lys GIn Thr Ile Pro Asn Phe Phe Phe Gly (548)
2o(538) 11@ GTU (535)ur ven ave vee san vus ane son noe san cae oas

U.(1804)..

e S ess ree )
GG GAC ACA GCA GAG GAU UAU GAU GAC CUC GAU UAU UAMGCMCMMUAGACACUAUGGCUGUGACUGUUUCAGUACGUUUGGAAUGUGGGUGUUUACUCUUAUUGMAUAMUGUAAMMUGCUGUUGUUUCUACU 3 (1842)

Arg Asp Thr Ala Glu Asp Tyr Asp Asp Leu Asp Tyr C-terminus (560)

Fiac. 5. NP gane. The ca and wt sequences are presented as in Fig. 2, with identical conventions for numbering and primer location, with one
exception. The primer sequence starting at position 221 is actually ACC ACA AGC AGT GAA (see text).

references). Both methods were applied directly to
vRNA isolated from purified virus. Thus, the deter-
mined seguences represent CONSeNsus sequences
based on the population of vRNA segments. The
chemical sequencing method identified the first
50-90 nucleotides of each gene and overlapped the
first primer-determined sequence by at least 15 nu-
cleotides. Therefore the sequences on the 5’ side of
the first primer positions were determined exclusively
by the direct chemical sequencing method. Oligo-

deoxynucleotide primers were usually 15 nucleotides
in length and the sequence from each preceding
primer overlapped the next determined sequence by
at least 15620 nucleotides. Their positions in the se-
guences are shown by underlining of the wt cRNA
sequence of each gene. Only the differences are pre-
sented for the ca RNA and predicted ca polypeptide
sequences, and these are shown above and below
the corresponding wt sequences, respectively. The
results for each individual gene are presented below.
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B/AR/1/66 ca M CRNA (+) 5'-.\ousuuisnnesisanasens oo aes

B/AA/1/66 wt M CRNA (+) 5' -AGCAGAAGCACGCACUUUCUUMA AUG_UCG CUG UUU GGA GAC
B/AA/1/66 wt M1 Protein -terminus Met Ser Leu y Asp
B/AA/1/66 ca Mi protein N-terminus sue eee sne ane see vee

ACA AU GCC DAC CUG CUU UCA CUA ACA GAA GAU GGA GAA GGC AAR GCA GAA CUA
Thr Ile Ala Tyr Leu Leu Ser Leu Thr Glu Asp Gly Glu Gly Lys Ala Glu Leu

(96)
(24)

tre ere aee T ee4 eee wae see war eNe sav wes alr van

GCA GAA AAA UUA CAC UGL UGG UUC 6GU GGG AAA GAA LUU GAC CUA GAC UCU GCU UUG GAA
Ala Glu Lys Leu His Cys Trp Phe Gly Gly Lys Glu Phe Asp Leu Asp Ser Ala Leu Glu

UGG AUA ARA AAC AAR AGA UGC CUA ACU GAU AUA CAR ARA GCA CUA ALU GEU
Trp Ile Lys Asn Lys Arg Cys Leu Thr Asp Ile GIn Lys Ala Leu Ile Gly

480 sas wse ses een

(207)
(61)

CCC CUG UCA GGA AUG GGA ACA ACA GCA ACA AAG AAG AAA GGC CUG AUU CUA
Pro Leu Ser Gly Met Gly Thr Thr Ala Thr Lys Lys Lys G1y Leu Ile Leu

wes sre esa sea sve sed ses s

WU (213),. . eas
GCC UCC AUC UGC U0 UOA AAA CCC AA GAC CAA AGA AAA AGA AGA UUC AUC ACA
A1a Ser 11e Cys Phe Leu Lys Pro Lys Ksp Gln GIu Ir Lys Arg Arg Phe Ile Thr

ese o

GAG
Gl u

‘E

..... cee ces oo ees ens

weB {385)0s woe ven was ser srs ese
GUA AGU UUU CAU GAA GCA UUU GAA AUA GCA GAA
Val Ser Phe His Glu Ala Phe Glu Ile Ma Glu

cee ves

CAU GAA AGC UCA GCA CUA CUA UAU UGU CUU AUG GUC AUG UAC CUG AAC CCU
His Glu Ser Ser Ala Leu Leu Tyr Cys Leu Met Val Met Tyr Leu Asn Pro

G6C
Gly

GAG AGA AAA AUG AGA AGA (&
6lu Arg Lys Met Arg Arg Cys

66l
Ala

A (501} ee vns wou woe cou wse ses owe wus soe os
UCA CAU UCA CAC AGA 6CU CAU AGC AGR GEA GCA AGA UCU UCA GUG CCU GGA
Ser His Ser g;s A(\;‘ggl)\la His Ser Arg Ala Ala Arg Ser Ser Val Pro G]y
ees oee GIN
B/AA/1/66 wt 20RF- G'ln Ser Ser Lys Ile Phe Ser A’Ia Trp Ser {10)
B/AA/1/66 ca 20RF- . .

----- s ase ves see eon e aee see wen o res o see see

U {435)s wew suu voc aoe oas see soe eaC (465)0e tus vor seu ave eee
MC UAU UCA AUG CAA GUA AAA CUA GEA ACG CUU UGU GCU UUA UGC GAG AAA CAR
Asn Tyr Ser MEE El Val Lys Leu Gly Thr Leu Cys Ma Leu Cys Glu Lys GIn

eer tas

ese

GGA
Gly

GEA U
Ala

eae “e sse ees css ees

..... © sse sve ase

G.(571) .
GUG AG6 CGA GAA AUG CAG AUG GUU UCA GCU AUG AAC ACA GCA AAA ACA AUG ARU GGA AUG GGG AAG GGA GAA GAC GUC CAA AAA CU6 6CA GAR GAG cUG CAA AGC AAC ADU {651)
val Arg Arg Glu Met Gin Met Val Ser Ala lse']c ﬁgaThr Ala Lys Thr Met Asn G]y Met Gly Lys Gly Glu Asp Val GIn Lys Leu Ala Glu Glu Leu Gln Ser Asr ITe {209)
a
“alu Ala Arg Asn Ma Asp G'Iy phe” Ser Tyr (‘;lu)ihs Ser Lys Asn Asn Glu Trp Asn G'ly Glu Gly Arg Arg Arg Pro Lys The Gly Arg Arg ‘Aa A’ Lys ‘Gin’ Hus Trp (47)
. . Cys .

sen see .« aee o ven ees eas see ses wee sne efe see onm ses cav ses brs ese

A (702)..
GGA GUA UUG AGA UCU CUG GGG GCA AGU CAA AAG AAU GGA GAA GGA ALU GCC AAG GAU GUA AUG GAA GUG CUA AAG CAG AGC UCU AUG GGA ARU UCA 6CU CUU GUG ARG AAA (762)
y a rg er Leu Gly Ma Ser GIn Lys Asn Gly G'Iu Gly I'Ie Ma Lys Asp Va1 Met Glu Val Leu Lys G]n Ser Ser Met G'Iy Asn Ser Ala Leu val Lys Lys (246)

s ees e aes aes ses e6e sss see eve ses ses ves ena ess LYS IDR),.. ol 8% ses sed eas Se4 maa see wes ees ewe eae

UAC CUA UMUG CUC GAA CCA UUU CAG AUU CUU UCA AUU UGU UCU UUC AUU UUA UCA GCU CUC CAU UUC AUG GCU UGG ACA AUA GGG CAU UUG AAU CM AUA AAA AGA GGA GUA (875)
Tyr Leu M1 C-terminus (248) —
..... . M1 C-terminus (248}

Pro Ile Met Leu Glu Pro Phe Gln Ile Leu Ser Ile Cys Ser Phe Ile Leu Ser Ala Leu His Phe Met Ala Trp Thr Ile Gly His Leu Asn G]n Ile Lys Arg Gly Val (121)

............... « see v see aae see Cue ese was sa see aes are sae wes o vee wae sse see

A (97
AAC CUG ARA AUA CGA AUA AGA AAU CCA AU AAR GAG ACA AUA AAC AGA GAG GUA UCA AUU UUG AGA CAC AGU UAC CAA ARA GAR AUC CAA GCC AAA GAA ACG AUG AAG GAA (986)
Asn Leu Lys 1le Arg Ile Arg Asn Pro Asn Lys Glu Thr Ile Asn Arg Glu Val Ser Ile Leu Arg His Ser Tyr GIn Lys Glu ITe Gin Ala Lys Glu Thr Met Lys Glu (158)

ve wen es wes mes wes ees wve eas wes wee 4as ess Ses see vas sas mer et res ses eve veo oG (1082).
GUA CUC UCU GAC AAC AUG GAG AUA UUG AGU GAC CAC AUA GUA AUU GAG GGG CUU UCU GCU GAA GAG AUA AUA_AAA AUG GGU GAA ACA GUU UUG GAA GUA GAA GM UUG CAG (1097}
Yal Leu Ser Asp Asn Met Glu Ile Leu Ser Asp His Ile val Ile Glu Gly Leu Ser Ala Glu GTu ITe ITe Lys Met Gly Glu Thr Val Leu Glu Val Glu Glu Leu GIn (195)

s eta ves eae ess con sss sas ses s

WA{1099) . UUL{1309) e ueesuunosanososossonsnesssasasnraeuensasserornsosstnsnsasoassnsooes (1190)
UGAACCCAAUU-~CACCRUAUUUCUUGCUAGCAUUUAAGC ARAUUGUAAUCRAUGUCAGC ARAUARAC UGGAARARGUGC GLUGUUUCUACT-3" (1188)
20RF C-Terminus
20RF C-Terminus

FiG. 6. M gene. The ca and wt sequences are presented as in Fig. 2, with the addition the second open reading frame (2 ORF) presented as
two additional lines as indicated in the figure.

PB2 gene and 3 were indentical to sequences noted in other wt
influenza B virus PB2 genes (B/Melbourne/43 and
B/AA/1/86), see Fig. 8. A reassortant containing the

PB2 gene of ca B/AA/1/66 virus, and all other genes

Both wt and ca influenza B/AA/1/66 PB2 genes were
2396 nucleotides long. They encoded polypeptides of

770 amino acids. The first methionine codon in the
open reading frame began at position 24 (in from the &'
end of the cRNA) and the first termination codon began
at position 2334. A consecutive run of five adenosine
residues began at position 2375 and was the probable
polyadenylation site. The predicted wt and ca PB2 pro-
teins had molecular weights of 88,035 and 88,072 Da,
and both had a net charge of +24.5 at pH 7.0, with no
targe hydrophilic domains. The ca PB2 gene varied from
the wt gene by 26 base substitutions. Of these
changes, 24 occurred in the coding region. Only 4 of
these changes were reflected in amino acid changes.
Of these 4 changes, 1 was unique to the ca PB2 gene,

from a wtvirus, B/Houston/76, is non-ts, non-ca, and as
virulent as the wt virus (Donabedian et a/., 1987).
Hence, the PB2 gene of the ca donor virus apparently
contributed to none of the three phenotypes of interest
in an independent manner. it is possible that it may be
involved in any of these phenotypes in combination with
one or more other ca B/AA/1/66 genes, especially
those involved in the replication complexes.

PB1 gene

The general characteristics of the influenza B PB1
gene have been previously described by Kemdirim and
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colleagues (1986) for B/Lee/40 virus and by DeBorde
and colleagues {1987) for B/AA/1/66 wt virus. The ca
B/AA/1/66 PB1 gene varied from the wt PB1 gene by
21 base substitutions all within the coding region of
the gene, which resulted in a total of three predicted
amino acid changes. By comparison of the ca B/AA/1/
66 gene sequence to that of B/Lee/40 (Kemdirim et a/.,
1986) only one of these amino acid changes remained
unique to the cold-adapted virus (Fig. 8). From the
reassortment analysis of Donabedian and colleagues
(1987), PB1, like PB2, apparently played no significant
independent role in the establishment of the three phe-
notypes.

PA gene

The PA gene sequence has been reported for wt
B/AA/1/66 virus (DeBorde et al.,, 1987) and is also
known for B/Singapore/79 (Akoto-Amanfu et a/., 1987).
Our laboratory has also sequenced the PA gene of
B/Houston/76 virus. The ca PA gene varied from the

B/AA/1/66 ca NS CRNA 5' .........................................

wt gene by 17 base substitutions, one of which was in
the cRNA 3'-noncoding region. The 16 changes in the
coding region resulted in six amino acid changes be-
tween the wt and ca PA polypeptides. Comparison
with the PA sequences of B/Houston/76 and B/Singa-
pore/79, showed that only two of the six amino acid
changes were unique to the ca B/AA/1/66 virus. As
shown in the following article (Donabedian et al.,
1988), the codon of one of these unique positions
(position 1320) underwent a change resulting in the
reversion of both ts and att phenotypes.

NP gene

The NP gene has the largest number of base sub-
stitutions per nucleotide of any of the six gene pairs
examined. Of the 25 changes in the RNA, 24 of them
were in the coding region, accounting for nine amino
acid changes from wt B/AA/1/66 NP protein to ca
B/AA/1/66 NP protein. Comparison of these nine
changes with the known NP gene sequences of

...... ., ...’ WA (80)e0s oua e

B/AA/1/66 wt NS CRNA 5' -AGCAGAAGCAGAGCAUDUGUUUAGUCACUGGCARACGRAARARA AUG GCG GAC MC Al ACC ACA ACA CAA AUD GAG GUG GGU CCG GGA GCA ACT AAU GCC (101)

B/AA/1/66 wt and ca NS1 Protein
B/AA/1/66 wt and ca NS2 Protein

N-terminus Me

a Asp Thr Thr Thr GIn [le Glu Val Gly Pro Gly Ala Thr Asn Ala (19)
N-terminus Met Ala Asp Asn Met Thr Thr Thr GIn Ile Glu-

ACC AUA AAC DUD GAA GCA GGA AUU CUG GAG UGC UAD GAA AGG COU UCA UCG CAA AGA GEC CUD GAC DAC CCU GGU CAR GAC CGC CUA AAC AGA CUA AAG AGA ARR LUA GAA (212)
Thr Ile Asn Phe Glu Ala Gly Ile Leu Glu Cys Tyr Glu Arg Leu Ser Ser Gin Arg Ala Leu Ksp Tyr Pro Gly GIn Asp Arg Leu Asn Arg Leu Lys Arg Lys Leu Glu (56)

e aes ees ess vee sae sen see ves osf
UCA AGA AUA AAG ACU CAC AAC AAA AGU GAG CCU GAA AGU AAA AGG AUG UCU CUU GAA GAG AGA AAA GCA AUU GGG GUA AAA AUG AUG AAA GUG CUC CUA UUU AUG AAU CCC (323)
Ser Arg Ile Lys Thr His Asn Lys Ser Glu Pro Glu Ser Lys Arg Met Ser Leu GIu GIu Arg Lys Ala Ile Gly Val Lys Met Met Lys Yal Leu Leu Phe Met Asn Pro (93)

o4 wes eve een ess wes Saa

UCU GCU GGA AUU GAR GAG UUU GAG CCA UAC UGD AUG AAR AAD DEC UCA AAU AGC AAC 08D €CA AAC UGC AAL UGE ACC GAU UAC CCU SCA ACA CCA GGA AAG UBC DU GAU (434)
Ser Ala Gly Ile Glu Gly Phe Glu Pro Tyr Cys Met Lys Asn Ser Ser Asn Ser Asn Cys Pro Asn Cys Asn Trp Thr Asp Tyr Pro Pro Thr Pro Gly Lys Cys Leu Asp (130)

GAC AUA GAA GAA GAA CCG GAG AR GUU GAU GAC CCA ACU GAA AUA GUA UUG AGG GAC AUG AAC AAC AAA GAU GCA AGG CAR RAG AUA AAG GAG GAA GUA MG ACU CAG ARA (545)

Asp Ile G

=

u Glu Glu Pro Glu Asn Val Asp Asp Pro Thr Glu Ile Val Leu Arg Asp Met Asn Asn Lys Asp Ala Arg Gin Lys Ile Lys u va

r GIn Lys (167)

GAA GGG ARG UUC CGU UUG ACA AUA AAA AGG GAU AUA CGU ARD GUG UUG UCC UUG AGA GUG UUG GUA AAC GGA ACA UUC CUC ARG CAC CCU AAU GGA UAC ARG UCC UUA UCA (656)
Glu Gly Lys Phe Arg Leu Thr Ile Lys Arg Asp Ile Arg Asn Val Leu Ser Leu Arg Val Leu Val Asn Gly Thr Phe Leu Lys His Pro Asn Gly Tyr Lys Ser Leu Ser (204)

ACU CUG CAU AGA UUG ARD GCA UAU GAC CAG AGU GGG AGE CUD GUU CU ARA CUU GUU GCU ACD GAU GAD CUU ACA GUG GAG GAU GAA GAA GAU GGC éiu] C68 AUC CUC AAC (767)

Thr Leu His Arg Leu Asn Ala Tyr Asp Gln Ser Gly Arg Leu Val Ala Lys Leu Val Ala Thr Asp Asp Leu Thr ¥al Glu Asp Glu Glu Asp

€ Leu Asn (241)

Yy
B/AA/1/66 wt and ca NS2 Protein -Trp Arg Met Lys Lys Met Ala Ile G?y Ser Ser Thr (23}

UCA CuC UUC GAG CGU UUU MU (.AA GGA CAU UCA AAG CCA AUU CGA GCA GCU GAA ACU GCG GUG GGA GUC UUA UCC CAA UUU GGU CAA GAG CAC CGA UUA UCA CCA GAG GAG (878)
Ser Leu Phe Glu Arg Phe Asn Glu Gly His Ser Lys Pro Ile Ar? Ala Ala Glu Thr Ala Val Gly Val Leu Ser Gin Phe Gly GIn Glu His Arg Leu Ser Pro Glu Glu (278)
Glu

His Ser Ser Ser Val Leu Met Lys Asp Ile GIn Ser GIn Phe

Gly Asp Asn [-Terminus NS1 (281)

Gin Leu Lys Leu Arg Trp Glu Ser Tyr Pro Asn Leu Val Lys Ser Thr Asp Tyr His Gln Arg Arg (60)

Glu Thr Ile Arg Leu Val Thr Glu Glu Leu Tyr Leu Leu Ser Lys Arg Ile Asp Asp Asn Ile Leu Phe His Lys Thr Val Ile Ala Asn Ser Ser Ile Ile Ala Asp Met (97)

11e val Ser Leu Ser Leu Leu Glu Thr Leu Tyr Glu Met Lys Asp Val Val Glu Val Tyr Ser Arg GIn Cys Leu C-Terminus NS2 (122)

Fic. 7. NS gene. The two nucleotide substitutions in the ca virus NS gene sequence are shown above the wt gene sequence. Because neither
base change resulted in an amino acid change, the ca and wt NS1 and NS2 proteins are shown together rather than separately as in the other
sequence figures. The arrows represent the presumed splicing sites based on the sequence data given for B/Lee/40 virus (Briedis and Lamb,

1982).
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PB2 Gene
Pos. Mel wt ca AA

PBl Gene
. Lee wt ca
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PA Gene
Pos. wt ca

HN Sing

14

15

16

17

18

19

20

21

22

23

24

Fig. 8. Unigue and nonunique wt to ca changes. The sequence differences between the wt and ca B/AA/1/66 nonsurface genes are
compared to sequences of other known influenza type B viruses. They are presented as part of the codon of which they are a member, rather
than just a single nucleotide difference. The encoded amino acid is listed below the codon. Below each gene the sites are arranged as follows:
changes unigue to ca B/AA/1/66 followed by changes that match the sequence in one or more other influenza type B virus. These nonunique
changes have been further grouped by matching to one or another known viral sequence. The columns labeled Pos. refer to the nucleotide
position of the change as found in Figs. 2-7. Those nucleotide differences that result in amino acid differences have been enclosed in boxes.
The viruses listed are as foliows: Mel, B/Meibourne/43; Lee, B/Lee/40; HN, B/Houston/76; Sing, B/Singapore/222/79; AA, B/Ann Arbor/1/86;

1913 AGC[AGC AGA]AGC
Ser|[Ser Arg|Ser

2362 A A G A
3'~-NONCODING

1334 CAA CAA CAG CAA
Gn GIn GIn GIn

256 CAA[CGA CAA|CAA
GIn{Arg GIn|GIn

828 AUC|GUC AUC[AUC
Nefval Ile|lle

50 UUA UUG UUA UUA
Leu Leu Leu Leu

626 ACU ACC ACU ACU
Thr Thr Thr Thr

1008 AGA AGG CGG CGG
Arg Arg Arg Arg

1052 GAU GAC GAU GAU
Asp Asp Asp Asp

1088 AAG AAG AAA AAG
Lys Lys Lys Lys

2003 UCC UCu ucc ucc
Ser Ser Ser Ser

572 AUGJAUG AUA}AUA
Met(Met Ile|lle
1160 GGC AGU AGC AGC
Gly Ser Ser Ser

341 CCC CCC CCA CCA
Pro Pro Pro Pro

359 GGG GGG GGU GGU
GLY GLY GLY GLY

476 CCC CCC Ccu ccu
Pro Pro Pro Pro

728 CAU CAU CAC CAC
His His His His

899 GAC GAC GAU GAU
Asp Asp Asp Asp

983 AAA AAA AAG AAG
Lys Lys Lys Lys

1058 GAG GAG GAA GAA
Glu Glu Glu Glu

1184 UUG CUG CUA CUA
Leu Leu Leu Leu

2081 AGA AGA AGG AGG
Arg Arg Arg Arg

2138 GAU GAU GAC GAC
Asp Asp Asp Asp

2141 CCG CCG CCA CCA
Pro Pro Pro Pro

2273 GAU GAU GAC GAC
Asp Asp Asp Asp

2364 U U C C
3'-NONCODING

1 1972 AUA|AUA GUA
Ile[lle Val

2 1319

3 2272

Arg Arg Arg

6 537 GAU GAC GAU

Asp Asp Asp

7 801 AAA AAG AAA

Lys Lys Lys

8 930 ACA ACG ACA

Thr Thr Thr

9 1146 AAU AAC AAU

Asn Asn Asn

10 1326 UAC UAU UAC
Tyr Tyr Tyr

11 1557 GGA GGG GGA
Gly Gly Gly

12 1695 UAC UAU UAC
Tyr Tyr Tyr

Thr Ser Ser
15 822 GAG GAG GAA
Glu Glu Glu
16 846 GGA GGA GGG
Gly Gly Gly
17 1098 AGU AGU AGC
Ser Ser Ser
18 1647 ACG ACG ACA
Thr Thr Thr
19 1836 AuU AUU AUC
Ite Ile Ile
20 2112 GCU GCU GCC
Ala Ala Ala
21 1188 CUG UUG UUA
Leu Leu Leu

wt, wt B/AA/1/66; and ca, ca B/AA/1/66.

10

11

12

13

14

15

|GUG GUG
val val

VAU UAU
Tyr Tyr

1796 |GAU GAA|GAA GAA

Asp Glu|Glu Glu

53 AAU AAC AAC AAC
Asn Asn Asn Asn

668 GAC GAU GAU GAU
Asp Asp Asp Asp

791 €CC CCU CCu cCu
Pro Pro Pro Pro

800 UUA UUG UUG UUG
Leu Leu Leu Leu

935 CCA CCG CCG CC6
Pro Pro Pro Pro

1044 LuG CuG CUG CuG
Leu Leu Leu Leu

1214 AAU AAC AAC AAC
Asn Asn Asn Asn

1655 GGU GGC GGC GGC
Gly Gly Gly Gly

1718 AAC AAU AAU AAU
Asn Asn Asn Asn

2235 A G 6 G
3'-NONCODING

10

11

12

13

ACC|ACC
Thr{Thr

GUG|{GUG
Val|val

CCu(ccu
Pro|Pro

GCAIGCU
AlajAla

GCC
Ala

GCG
Ala

CAU
His

ACY
Thr

ACC
Thr

GUG
Val

CCu
Pro

GCU
Ala

GCU GCU
ALA ALA

c ¢

GCC
ALA

u

GCU
ALA

c

3'-Non-coding

GAU
Asp

GAG
Glu

AUU
Ie

GAU
Asp

GAG
Glu

GULY

val

AAC
Asn

AGU
Ser

uuc
Phe

AAU
Asn

GAA
Glu

AAC
Asn

AGU
Ser

uuc
Phe

AAU
Asn

GAA
Glu

16

17

18

19

20

21

22

23

444

1650

160

238

211

523

607

973

1270

1387

ACC GCG
Thr Ala

CCA CCA
Pro Pro

UAU UAU
Tyr Tyr

AAG AAG
Lys

AAC AAC
Asn Asn

ACG ACC
Thr Thr

GCC 6CC
Ala Ala

AAA
Lys

GCU
Ala

CCG
Pro

UAC
Tyr

ARA
Lys

AAU
Asn

ACA
Thr

GCU
Ala

uuc
Phe

ACC
Thr

GAA
Arg

GCU
Ala

cca
Pro

UAC
Tyr

AARA
Lys

AAL
Asn

ACA
Thr

GCU
Ala

10

11

12

501
M1

571
M1

571
20RF

977 ACA ACG ACA ACA
20RF Thr Thr Thr Thr

1082 GAG GAA GAG GAG
20RF Glu Glu Glu Glu

Insertion
11077 YU -- UU WU
3'-noncoding

300 AAG AAG AAA AAA
Ml Lys Lys Lys Lys

345 GUA GUA GUG GUG
Ml VAL VAL VAL VAL

408 CUU CuY CUC CuC
Ml Leu Leu Leu Leu

435 AAC AAC AAU AAU
M1 Asn Asn Asn Asn

702 GCC GCC GCA GCA
M1 Ala Ala Ala Ala

702 CAA m ARAA
20RF GIn Lys
1099 UGA UGA UAA UAA
20RF End End End End

NS Gene
Pos. Lee wt ca Yama

80 GUG GUG GUA GUG
NS1 val val val Val

323 CCC CCC CCA CCA
NSI Pro Pro Pro Pro
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B/Lee/40 (Briedis and Tobin, 1984) and B/Singapore/
72 (Londo et al., 1983) left only four of these changes
as unigue to the ca NP gene (Fig. 8).

The primer sequence starting at position 221 is ac-
tually ACC ACA AGC AGT GAA. Thus its seguence
varies from that of the wt sequence at position 232,
and from that of the ca sequence at position 221. This
primer was made based on B/Lee/40 sequences, but
despite the one nucleotide difference for each
B/AA/1/66 virus, it worked well. (All other primers
which were made prior to actual B/AA/1/66 viral se-
guence knowledge and which were later shown to
vary by even one nucleotide, would not function.)

M gene

There was a total of 12 nucleotide substitutions be-
tween wt and ca B/AA/1/66 M RNA. In addition, the ca
B/AA/1/66 M gene had an insertion of two uridine nu-
cleotides within positions 1107-1110. The insert po-
sition was ambiguous due to the presence of two uri-
dine nucleotides at positions 1107-1108 in the wt
B/AA/1/66 M gene. This insertion was in the 3'-non-
coding region for M; protein and was also beyond the
conserved second open reading frame (2 ORF) pre-
viously described for both B/Lee/40 (Briedis et al.,
1982) and B/Singapore/222/79 (Hiebert et al., 1986) M
genes. In tact, both of these viruses have a run of four
uridine nucleotides at this position like the ca M gene.
There were two amino acid changes in the M, protein
region, and two predicted amino acid changes in the
possible product of the 2 ORF. None of the M,
changes are found in the other known influenza B M
gene sequences, while one of the changes in the 2
ORF is also seen in B/Singapore/222/79 M gene (Hie-
bert et al., 1986). Thus, at this time only the two
changes in the M, protein and possibly one in the 2
ORF appeared to be unique to the cold-adapted virus
(Fig. 8).

NS gene

The NS gene had the lowest number of changes
between wt and ca B/AA/1/66 viruses. Only two base
substitutions were present, both exclusively in the NS,
coding region, and neither of these resulted in amino
acid changes in the NS, protein. One change, at po-
sition 80, occurred in the 5-donor-splice region, but it
was an acceptable change based on the consensus
signal from Mount (1982). Unless the wt NS gene itself
was inherently attenuating, cold-adapted, or tempera-
ture-sensitive, we would predict that this gene contrib-
utes little to the overall phenotypes of the ca B/AA/1/
66 virus.

Unique changes of ca B/AA/1/66 virus

The total nucleotide and amino acid changes be-
tween the six nonsurface genes of wt and ca B/AA/1/
66 viruses are given in Fig. 8 showing a comparison to
the corresponding site in other known influenza B se-
guences. Except for those changes which occur in the
noncoding regions of the genes, the sites are pre-
sented in their codon, with their encoded amino acid.
Where possible the changes have been divided into
groups: (1) those nucleotide changes that were unique
to ca B/AA/1/66 virus (the top group for each gene),
and (2) those changes that were also seen in one or
more other wt viruses (the bottom two groups for each
gene). Sequences for PB2, NP, M, and NS genes have
been determined from viral isolates that occurred both
earlier and later in time than the B/AA/1/66 viruses.
Only one other sequence for the PB1 gene has been
reported to which B/AA/1/66 viral PB1 sequences can
be compared, and it was determined from an earlier
virus isolate (B/Lee/40). Therefore, the group of
changes, PB1 positions 14-21, may contain some
unique ca nucleotide changes even though no amino
acid change results. The PA gene has two other PA
sequences to which it can be compared, but both
genes are from later viral isolates. The nucleotide
changes that result in amino acid changes are en-
closed in boxes. Out of 15 unigue nucleotide changes,
10 of these resulted in 11 unique amino acid changes.
{(One change in the M gene caused a unigue amino
acid change both in M; and in the 2 ORF.) The 89
remaining nonunigue nucleotide changes resulted in
only 15 additional amino acid changes.

Total changes

Table 1 presents a summary of the total numbers of
nucleotide and amino acid changes that were selected
in the cold-adaptation of wt B/AA/1/66 virus. The lack
of changes occurring in the 5-noncoding regions was
probably not indicative of an active conservation of
seqguence, since overali, only one or two changes
would have been predicted by the observed, average
rate of change: i.e., 199 nucleotides/5-noncoding re-
gion X 0.0094 changes/nuclectides = 1.88 changes/
5-noncoding region. More disturbing is the lack of
change in the NS gene. While all other genes range
around 0.1 change/nucleotide, that of the NS gene is
fivefold less. The reasons for this difference are not
known. Only 26 amino acid changes are predicted to
occur from a total of 105 nucleotide changes. This
indicates a high degree of functional constraint, since
on a random basis, 105 changes should result in ap-
proximately two-thirds as many amino acid changes,



440 DE BORDE ET AL.

TABLE 1

SUMMARY OF B/AA/1/66 wt TO ca SEQUENCE CHANGES

cRNA

bt Coding region -3 Total %
PB2 0/23 24/2310 2/63 26/2396 (t.11)
PB1 0/21 21/2256 0/92 21/2369 (0.89)
PA 0/29 16/2178 1/101 17/2308 (0.74)
NP 0/68 24/1680 1/104 25/1842 (1.36)
M 0/24 12/10732 2/93 14/1190 (1.18)
NS 0/44 2/1021° 0/33 2/1098 (0.18)
Total  0/199 99/10,518 6/486 105/11,203  (0.94)

Protein
Total changes/length Unigue changes/length

PB2 4/770 {0.52%) 1/770 (0.13%)
PB1 3/752 (0.40%) 1/752 (0.13%)
PA 6/726 (0.83%) 2/726 (0.28%)
NP 9/560 (1.61%) 4/560 (0.71%)
M1 2/248 (0.81%) 2/248 (0.81%)
2 ORF® 2/195 (1.03%) 17195 (0.51%)
NS1 0/281 (0%) 0/281 {0%)
NS2 0/122 (0%) 0/122  (0%)
Total 26/3654 (0.7 1%) 11/3654 (0.30%)

2.5 Coding region length includes both open reading frames.
¢2 ORF, Second open reading frame, and length is given for
second open reading frame.

i.e., 71. Of the 26 total amino acid differences that
exist between the six pairs of wt and ca genes, only 11
are unigue to ca B/AA/1/66 virus.,

DISCUSSION

As seen in Fig. 1, the initial CK, isolate of wt
B/AA/1/66 virus had not been cloned by plaquing prior
to the cold-adaptation process. Therefore, it was most
likely a pool of viruses whose individual genomic se-
guences were highly related, but to some extent dif-
ferent for each virus. This assumption is based on the
data of Parvin and colleagues (1986) which give a mu-
tation rate of 1.5 X 1078 mutations/nucleotide/genera-
tion for influenza A virus. At this rate of mutation, they
estimate that every virion in a virus pool will vary by an
average of one mutation per genome after five genera-
tions. The further removed in time a virus line is from
its last plaquing step, the more diverse its individual
viruses. Thus, when a virus pool is sequenced directly
using either dideoxynucleotide chain-termination or
chemical methods and purified vRNA, it is a con-
sensus sequence that is determined and not the ab-
solute sequence of a particular virus.

It should be noted that mutations which occur dur-
ing every generation of the virus become fixed in the
dominant line {(and hence appear in the consensus
sequence) only if they are in the infecting virus se-
lected by a plaguing step, or if they confer a very great
growth advantage compared to the standard popula-
tion. Mutations which confer growth advantages at
suboptimal temperatures have a better chance of pre-
dominating in the population in the cold adaptation
process, and hence a better chance of becoming se-
lected during plaguing. In addition to these selected
mutations, nonlethal mutations may also be selected
at random by each plaquing step. Thus, in comparing
the final two populations of ca and wt B/AA/1/66 vi-
ruses, the sequence changes that exist will primarily
represent (1) sequence differences existing between
the particular wt virus, that was the progenitor of the
ca virus, and the wt virus consensus sequence, (2)
cold-selected mutations (these differences may have
already existed in the wt pool or have occurred sponta-
neously during the cold-adaptation process and then
been selected, and (3) other spontaneous nonlethal
mutations that occur randomly with each generation,
and become fixed by the mechanism of plaguing as
part of the final ca virus consensus sequence.

Thus the cold-adaptation procedure and the plaqu-
ing procedures not only selected changes that re-
sulted in the ca, ts, and att phenotypes, but also at the
time of the first plaquing, a particular individual virus
was selected from the mixed wt pool that would inher-
ently contain a number of sequence differences from
the consensus sequence of the wt virus pool, which
probably have no bearing on these three phenotypes.
It is conceivable that a change in the nucleic acid
sequence might enable the expression of the ca phe-
notype without a corresponding amino acid change,
but it is more likely that the cold-adaptation procedure
operates by selecting viruses whose proteins function
better at the low temperature. Thus, those nucleotide
changes that were cold-selected should most likely be
reflected in an amino acid change. This condition cer-
tainly fits the set of 15 unigue nucleotide changes,
since they were responsible for 11 of the 26 total
amino acid changes. The other 15 amino acid
changes were encoded by a subset of the other 90
nonunique nuclectide changes. While it is impossible
to go back now and determine which changes oc-
curred at which stage in the cold adaptation process,
it is very likely that a large part of the unique changes
represented cold-selected changes, while most non-
unigue changes represented nonlethal random site
differences that existed between the wt consensus



B/AA/1/66 wt AND ca GENE SEQUENCES 441

sequence and an individual wt virus that was the pro-
genitor of the ca virus.

The nonunigue changes can be ordered into groups
as mentioned earlier, in which the ca sequence re-
mains the same as that of another wt virus. Sequences
for the PB2 , NP, M, and NS genes have been deter-
mined from isolates which bracket the B/AA/1/66 se-
quences in time. Thus in these genes it can be deter-
mined if the ca virus sequence change resembles that
of an earlier or later virus. It should be mentioned that
in those sites where the ca sequence is identical to an
earlier virus, except in one instance (NP gene, position
1658) it is identical to a later virus as well, with the wt
B/AA/1/66 sequence being unique. There are 22 sites
in which the ca seqguence is identical to an earlier
virus, and 33 sites in which the ca sequence resem-
bles that of a later virus for these four genes. Because
B/AA/1/66 ca virus is not an evolutionary progenitor to
the later viruses, these changes either existed be-
tween the sequence of the individual wt virus that was
to be the progenitor of the ca virus and the wt con-
sensus sequence prior to the cold-adaptation pro-
cess, or there is some unknown mechanism which
causes convergent changes at specific sites. This lat-
ter possibility is unlikely for two reasons: (1) Conver-
gent changes might appear to happen if some sites
have a higher than normal rate of mutation and simply
switch back and forth between purine to purine, or
pyrimidine to pyrimidine, manifesting either as one or
the other depending upon the isolate sequenced.
However, if this were the case, then out of the 22 sites
in which the ca virus sequence is identical to the ear-
lier virus sequence, a good number should show the
wt B/AA/1/66 site identical to the later virus isolate’s
sequence. As mentioned above, this sequence config-
uration actually occurred only once in 22 times. (2)
True convergent change implies that all the changes
that appeared in the ca virus sequence occurred as
mutations to the wt sequence. Based on the mutation
rate determined previously for influenza A virus (Parvin
et al., 1986), the 55 differences for these four internal
protein genes could not have arisen during the limited
number of passages that occurred during the cold-ad-
aptation and plaquing process. From the original wt
isolate there were seven chick kidney passages, nine
egg passages, and seven plaguing steps to arrive at
the virus pool responsible for the ca consensus se-
guence. Estimating five generations for each of these
steps as in Parvin and colleagues (1986), we would
calculate 23 steps X & generations/steps = 115 gen-
erations. Using the mutation rate of 1.5 X 107° muta-
tions/nucleotide/generation (Parvin et al., 1986), and a
total of 6526 nucleotides for the PB2, NP, M, and NS

genes, we can determine the total number of muta-
tions expected to have arisen during the cold-adapta-
tion procedure: 1.5 X 107° mutations/nucleotide/gen-
eration X 6526 nucleotides X 115 generations
= 11.26 mutations expected to have occurred during
the ca selection and plaquing procedure, not 55
changes. This mutation rate was determined for influ-
enza A virus. Comparison of the rate of change for
influenza A and B viruses had previously indicated that
influenza A has a higher rate of change than influenza
B virus, by as much as fivefold for known HA gene
sequences (Palese and Young, 1983). Thus, it is even
more unlikely that all 55 mutations occurred during the
cold-adaptation process. Thus, while some of the
nonunique nucleotide changes that exist between the
wt and ca B/AA/1/66 viruses may be accounted for by
mutations that occurred during the ca process, they
would be predicted to account for only a small per-
centage of the number actually observed. The mecha-
nism of convergent mutation cannot be entirely ruled
out, however, since the number of viral generations in
man prior to isolation are not known, and the conver-
gent changes could have occurred then.

Of the six genes examined, the NS gene was quite
restricted in the rate of change/nucleotide from the
other five genes. If this restriction were due to a func-
tional constraint inherent to the NS gene, then a similar
restriction might be observed between wt NS genes as
well. The NS gene of B/Lee/40 is 1096 nucleotides
long. Both ca and wt B/AA/1/66 NS genes had an
additional two nucleotides due to the insertion of two
additional adenosine residues within a run of three
existing adenosine residues at positions 39 to 41 of
the B/Lee/40 sequence. This two-nucleotide insertion
occurred in the 5-noncoding region of mRNA and
does not affect the NS1 and NS2 protein sequences.
In addition to the two unmatched adenosine residues,
there are 61 base mismatches between the B/AA/1/66
wt virus and B/Lee/40 virus. This amount of change is
roughly the same as that found between the other
known genes of B/Lee/40 and B/AA/1/66 viruses (De-
Borde et a/., 1987), indicating that the minimal nucleo-
tide change occurring between wt and ca B/AA/1/66
NS gene pair is probably not due to an inherent func-
tional restriction in the NS gene, but to some other
reason. Whether it is specific to cold-adaptation or
random chance is not known.

Genetic studies utilizing reassortants that were
made between ca B/AA/1/66 and wt B/HN/76 have
indicated that the PA gene is the primary determinant
of the ts and att phenotypes (Donabedian et al., 1987).
A combination of other ca B/AA/1/66 genes (without
the PA gene) could also contribute to attenuation. A
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reassortant that contained the NP gene from ca
B/AA/1/66 virus and all other genes from B/Texas/1/84
was shown to be ca and ts in PCK cells, and partially
attenuated in ferrets (unpublished data, this labora-
tory). In the study of Donabedian and colleagues
{1987) no single-gene NP reassortant was isolated,
but reassortants containing the NP and other genes
from B/AA/1/66 ca virus, without the PA gene, were
shown to have a 2-log,, reduction in growth at 39°
compared to growth at 33°. One of these reassortants
is also restricted for viral growth in ferret lungs, a prob-
able marker for attenuation (Donabedian et a/., 1987).
Thus the NP gene may also carry mutations involved in
the final level of ts and att phenotypes of ca B/AA/1/66
virus and its ca vaccine reassortants. From the studies
of the reassortants made with the wt B/HN/76 virus,
the ca marker appears to arise from a combination of
the genes of ca B/AA/1/66, since no individual gene
conferred this phenotype. However, with the wt B/
Texas/1/84 parent, as mentioned above, a single-gene
NP reassortant did become cold-adapted in PCK cells.
In addition to being tested in PCK instead of MDCK
cells, one other possible reason for this inconsistency
is that because the ca mutations enable growth, any
wt gene which cannot function efficiently at 25° wiill
abrogate the appearance of the ca phenotype, ob-
scuring any number of ca enabling genes. In our stud-
ies, all genes except the NS gene, showed at least one
unique amino acid change in its predicted protein se-
quence. Thus, every ca viral gene which has been
implicated in the direct expression of one or more of
the three phenotypes, by the above genetic studies,
was shown to contain nucleotide and amino acid
changes from those of the wt gene. Recently, a non-ts
revertant of the PA gene was isolated and sequenced,
and the sequence reversion has been shown to in-
volve the codon position, 1320, PA gene (Fig. 8). The
experiments detailing this revertant gene are pre-
sented in the companion paper (Donabedian et al.,
1988).

We have presented a catalog of changes that ex-
isted between the wt and ca B/AA/1/66 viruses that
should provide a valuable basis for understanding the
mechanisms by which the ca donor virus confers the
ca, ts, and att phenotypes to new ca vaccine reassor-
tants. The changes that have occurred in the se-
quences of genes from phenotypic revertant viruses
can be compared to those of the wt and ca B/AA/1/66
viruses in order to link specific mutations to specific
phenotypes. This sequence information also provides
a basis for the design of site mutagenesis experiments
aimed at establishing directly the importance of some
sequence sites to phenotypes not amenable to sin-

gle-gene or revertant analysis (like the ca phenotype).
Finally, understanding which of the six nonsurface
genes of ca B/AA/1/66 are essential for the stability
and attenuation of the ca reassortant live virus vac-
cine, and which genes are not, can lead to the labora-
tory creation of more effective ca reassortant donor
viruses.
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