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Recombinant influenza viruses made at 25 and 33° in Madin-Darby canine kidney
(MDCK) cells using the cold-adapted A/Ann Arbor/6/60 virus and the wild-type A/
Alaska/6/77 virus were biologically and genetically analyzed. Eight recombinants were
separated into two phenotypic groups based on cold-adapted (ca) and temperature-sen-
gitive (ts) markers: ca and ts, ca and non-ts. The ca recombinants showed different degrees
of cold adaptibility (DOCA) and different patterns of virus growth at 256°. All recom-
binants contained at most three genes from the cold variant A/Ann Arbor/6/60 virus
(triple-gene recombinant) and most contained two or one gene from the cold variant
parent (double-gene and single-gene recombinants, respectively). Further, the same three
genes, RNA2, RNA3, and RNAS5 (NA) were the only ca A/Ann Arbor/6/60 genes found
in the various recombinants. Two clones contained all three A/Ann Arbor/6/60 genes
and were both cold-adapted (ca) and temperature-sensitive (ts). All other recombinant
clones were ca and non-ts, and contained RNA2 and/or RNA5 (NA). Each set of single-
gene ca recombinants correlated with a different, but specific cold-adapted characteristic
exhibited by their growth curves at 25°. Single-gene recombinants containing only the
RNAZ2 of A/Ann Arbor/6/60 virus showed rapid growth early in infection and inter-
mediate final virus yield (between the titer of virus yield for the ca A/Ann Arbor/6/60
virus and the wild-type A/Alaska/6/77 virus; while the single-gene recombinant con-
taining only the RNA5 (NA) of A/Ann Arbor/6/60 virus showed slow growth early in
infection, but a high final virus yield (equivalent to that of the ca A/Ann Arbor/6/60
parent). The double-gene recombinant containing both these genes showed both rapid
growth early in infection and a high final virus yield. Thus, cold adaptation can be
transferred to recombinant viruses by at least two independent genes each of which can
confer the cold-adaptive property by its own pathway. The genetic basis for temperature
sensitivity involves both RNA2 and RNA3, but remains ambiguous in the absence of a
single-gene recombinant containing only RNA3 of the cold variant.

INTRODUCTION

The influenza virus genome consists of
eight distinct RNA segments each of which
codes for at least one polypeptide, the M
and NS genes having been shown to encode
two polypeptides each (Palese and Shul-
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man, 1976; Pons, 1976; Inglis et al, 1976;
Scholtissek et al., 1976; Almond et al., 1977;
Lamb et al., 1978; and Palese et al., 1981).
Recombinant viruses are readily produced
by reassortment of RNA segments when
two influenza viruses are grown together
in the same cells. Thus, it is possible to
develop attenuated influenza recombinant
viruses suitable for use as live vaccines,
using recent epidemic wild type viruses in
combination with an apathogenic master
strain capable of donating genes confer-
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ring attenuation. Using attenuated donor
viruses to produce recombinant live vac-
cine strains has two advantages: (1) the
vaccine lines can be prepared in a short
time period due to the ease of recombi-
nation, and (2) the recombinants can be
assessed for probable attenuation by lab-
oratory characterization of phenotypic and
genetic markers, prior to evaluation in
humans. Confidence that the laboratory
assessment can successfully predict atten-
uation demands a complete understanding
of the relationship between the genetic
markers and attenuation.

A/Ann Arbor/6/60 cold-adapted virus
was produced by serial passages in pri-
mary chick kidney (PCK) cells by gradu-
ally lowering the temperature of incuba-
tion to 25° which is restrictive for growth
of wild-type influenza A viruses (Maassab,
1969, 1970, 1975). After adaptation at the
lower temperature A/Ann Arbor/6/60 vi-
rus was found to have acquired tempera-
ture-sensitive (ts) mutation(s) with shut-
off temperatures at 37 or 38° in PCK cells
and primary rhesus monkey kidney cells
(Maassab, 1967, 1969, 1970, Maassab et al,
1969; Spring et al., 1977a, b) as well as cold-
adaptation (ca) mutation(s). In addition,
the cold-adapted viruses were found to be
attenuated when administered to animals
and humans (Maassab, 1969; Maassab ef
al., 1978; Spring et al., 1977b; Davenport
et al., 1977). Attenuation, ca, and ts prop-
erties can be transferred into recombinant
viruses by gene reassortment between a
wild-type and the cold variant virus. A/
Ann Arbor/6/60 cold variant virus, there-
fore, is used as a donor virus for candidate
live influenza vaccines lines. Studies using
ferrets, hamsters, and human volunteers
have demonstrated that the ca recombi-
nant viruses are antigenic, attenuated,
and genetically stable if the six nongly-
coprotein genes are derived from the A/
Ann Arbor/6/60 cold variant (Murphy et
al., 1979, 1980a, b; Moritz et al., 1980). How-
ever the particular gene(s) of the cold vari-
ant A/Ann Arbor/6/60 virus which func-
tion(s) to confer attenuation, ca and ts
properties have not been unequivocably
identified.

Initial efforts to relate the ca and ts
properties of the cold variant A/Ann Ar-
bor/6/60 virus to specific genes have led
to limited success, primarily because the
recombinants available for examination
all had multiple genes from the A/Ann
Arbor/6/60 virus parent and a limited di-
versity in their overall gene constellations
of cold-adapted and wild-type derived
genes. In recombinants formed in PCK
cells at 25°, clones which possessed both
the ca and ts phenotypes always contained
two polymerase genes (RNA1 and RNA3)
and the NP gene of the ca A/Ann Arbor/
6/60 parent virus (Cox et al., 1979). Deri-
vation of the other genes varied without
seemingly affecting the ca and ts pheno-
type. Further studies with recombinants
produced at 34 or 38° suggested that no
single gene of A/Ann Arbor/6/60 virus
conferred the ts property, but that RNA1
and RNA7 were required from the ca A/
Ann Arbor/6/60 virus for expression of
the ts phenotype in recombinants formed
between the wt A/Ann Arbor/6/60 and ca
A/Ann Arbor/6/60 viruses (Cox et al.,
1981b). However, a recombinant made
with A/Alaska/6/77 virus, AA-CR 31 C13
(Cox et al., 1979) contained the RNAT of
A/Alaska/6/77 virus and was still ts. The
lack of single-gene recombinants, presence
or absence of other cold variant-derived
genes, and the use of different wild-type
parents have made it difficult to assign
with certainty specific cold-adapted or
temperature-sensitive functions to any
one particular gene of the cold variant A/
Ann Arbor/6/60 virus.

This paper describes recombinant vi-
ruses isolated from mixed infections using
the cold variant A/Ann Arbor/6/60
(H2NZ2) virus and the wild-type A/Alaska/
6/77 (H3N2) virus. By using the permis-
sive temperature of 33° and a different
host cell system, Madin-Darby canine kid-
ney (MDCK) for recombination, single-,
and limited-gene recombinants have been
produced which can be used to link specific
biological traits to the presence of specific
A/Ann Arbor/6/60 genes. Eight recom-
binants were separated into two pheno-
typic groups of ca and ts, and ca and non-
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ts. This paper determines the gene con-
stellation of each isolate, and relates spe-
cific genes with specific phenotypic traits.

MATERIALS AND METHODS

Viruses and tissue culture. The cold-
adapted parent was TPI-A/Ann Arbor/6/
60 virus (Maassab, 1969) and the wild-type
parent was A/Alaska/6/77 (H3NZ2) virus.
Before recombination, the parent viruses
were cloned in MDCK cells (six times at
25° for the cold-variant virus and once at
39° for the wild-type virus). MDCK cells
(Flow Laboratory, Rockville, Md.) were
used between the 62 and 72 passage level.
The cell cultures were maintained in Ea-
gle’s MEM containing 10% heat-inacti-
vated fetal calf serum, and used for mak-
ing viral recombinants and for the
preparation of [**S]methionine-labeled vi-
rus-specific proteins isolated as cyto-
plasmic extracts. PCK cell cultures were
used for the preparation of [*H]uridine-la-
beled viral RNA. The PCK cells (prepared
as described by Maassab, 1969) were grown
in 199 medium, pH 6.8, containing 2000
units/ml penicillin, 0.4 mg/ml strepto-
mycin, and 10% heat-inactivated fetal calf
serum. The cell cultures were fed by a com-
plete change of the growth medium on the
third day after plating and infected with
virus on the fifth day.

Production of recombinants. For the pro-
duction of recombinants between A/Ann
Arbor/6/60 virus and A/Alaska/6/77 vi-
rus, 12 individual culture tubes of MDCK
cells were infected with 0.3 ml of a mixture
of both parent viruses each at a multi-
plicity of infection (m.o.i.) ranging from
5 to 10 plaque-forming units (PFU) per
cell. The virus was allowed to absorb for
90 min at room temperature, the inoculum
was removed, and 1 ml of double-strength
Eagle’s basal medium (2 X Eagle’s), with-
out serum, containing 5 ug/ml of TPCK
trypsin was added into each tube. The in-
fected cells were incubated at 25° for 5
days or at 33° for 3 days postinfection un-
til cell lysis was evident. The progeny vi-
ruses were further passed undiluted two
times in the presence of ferret antiserum

(hemagglutination-inhibition titer—HI
= 1:96) made against A/Ann Arbor/6/60
cold variant virus. The ca recombinants
derived at 33 and 25° were designated as
TA-CR1 and TA-CR2, respectively. The
recombinant viruses were plaque-purified
three times in MDCK cells by plaque to
plaque passages at 25° for TA-CR2, and
33° for TA-CR1. The triple plaque-purified
viruses were then inoculated into 11-day-
old embryonated eggs and incubated at
33° for 72 hr. The egg pools were stored
at —70°.

Plaque assay. Plaque assays were per-
formed in MDCK cells by a procedure sim-
ilar to that described by Appelyard and
Maber (1974). Confluent MDCK monolay-
ers in 25-cm? plastic bottles were infected
with 1.0 ml of virus dilution in 2 X Eagle’s
medium containing 5 ug/ml of TPCK tryp-
sin. Virus was absorbed for 1 hr at room
temperature with continuous, gentle shak-
ing, at which time the virus inoculum was
aspirated off, and 4 ml of overlay media
consisting of medium 199, 1.0% agarose,
and 5 pg/ml TPCK trypsin was added.
After incubation for 48 hr at 33 and 39°,
or for 5 days at 25°, plaques were stained
by adding 4 ml of 1.0% agarose in medium
199 containing 0.007% neutral red and 5
ug/ml TPCK trypsin. The plaques were
counted everyday for 6 days postinfection
for the cultures incubated at 33 and 39°,
or for 12 days for the cultures incubated
at 25°.

Antigenic analysis. The subtype of the
hemagglutinin (HA) antigen of the triple
plaque-purified clones was determined by
the hemagglutination inhibition (HI) test
using A/Texas/7/77 (H3)-equine/Prague/
1/56 (N eq 1) and 7PI-A/Ann Arbor/6/60
(H2N2) antisera as reference antisera pro-
duced in chickens and in ferrets, respec-
tively. The neuraminidase (NA) was de-
termined by neuraminidase inhibition (NI)
test using ferret immune sera to A/
Alaska/6/77 (N2y) and TPI-A/Ann Ar-
bor/6/60 (N2¢,) viruses. The procedure em-
ployed the CDC protocol for the antigenic
analysis (Palmer et al, 1975).

[5-,6-°H Juridine-labeled RNA. [*H]Uri-
dine-labeled viral RNA was prepared from
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ca recombinants and their parent viruses
grown in PCK cells. Confluent PCK cells
in a 150-cm? flask were infected with virus
at a multiplicity of approximately 50 PFU/
cell. The virus was allowed to absorb to
the cells for 1 h at 33°. The inoculum was
replaced with 10 ml of 2 X Eagle’s medium
containing 100 uCi/ml of [*HJuridine for
6 hr at 33°. [5-,6-*H]Uridine was obtained
from the New England Nuclear Corpora-
tion, Boston, Mass. at approximately 37
Ci/mmol. After 6 hr at 33°, 20 ml of fresh
2 X Eagle’s medium was added and the cell
cultures incubated for 40 hr at 33°. The
labeled virus was harvested from the cul-
ture medium and clarified by centrifuga-
tion at 2000 rpm for 20 min at 4°. The virus
was pelleted through a 30% sucrose cush-
ion in STE buffer (0.01 M Tris-HCI, 0.001 M
EDTA, 0.1 M NaCl, pH 7.4) by centrifu-
gation at 22,500 rpm for 150 min in a Beck-
man type 30 rotor and then resuspended
in 0.4 ml of STE buffer. The viral RNA
was phenol-chloroform extracted as des-
cribed previously (DeBorde and Leibo-
witz, 1976), ethanol precipitated, resus-
pended in deionized H,0, and stored under
liquid N,.

[®°S)Methionine-labeled  polypeptides.
Confluent MDCK monolayers grown in 16-
mm petri dishes were infected with vi-
ruses at a multiplicity of approximately
100 PFU/cell for 1 hr at 33°. The inoculum
was then replaced with 0.5 ml of Eagle’s
MEM deficient in methionine and incu-
bated for 8 hr at 33°. To decrease the
initiation of cellular protein synthesis,
the infected cells were treated with
150 mM NaCl for 15 min at 33° before the
addition of radioactive label as described
by Lamb et al. (1978). The medium was
then replaced with MEM deficient in
unlabeled methionine and containing 20
uCi/ml [*S]methionine. L-{**S]Methionine,
was obtained from Amersham, Arlington
Heights, Ill. After a 2-hr incubation at 33°
the medium was removed and the cells
lysed in 150 wl of lysis buffer (Peluso et al.,
1977). Lysates were scraped from the dish,
sonicated, and frozen at —20°.

Polyacrylamide gel electrophoresis
(PAGE).Gene constellations of the recom-

binant viruses were determined by differ-
ential RNA migration on mixed
polyacrylamide-agarose gels. Gels con-
sisting of 3.0% acrylamide, 0.15% bis-
acrylamide, 0.6% agarose, and 0.1% SDS
in 1 X TBE buffer (0.089 M Tris-base, 0.089
M boric acid, and 2.76 mM EDTA) de-
scribed by Peacock and Dingman (1968)
were cast between two glass plates (13
X 75 X 3/16 in) separated by 1.5-mm
acrylic spacers. Polymerization of the gels
was performed at 40°, catalyzed by adding
250 ul of 10% ammonium persulfate and
25 ul of N,N',N'-tetramethylenediamide
(TEMED) for every 100 ml of gel solution.
Standard concentrations of catalysts at
the elevated temperatures caused too rapid
and uneven polymerization of the gels.
After the acrylamide polymerized, the gels
were placed at room temperature over-
night to ensure complete polymerization
of both components. A stacking gel con-
taining the loading wells was formed on
top of the running gel 4 hr prior to use.
It had the same polyacrylamide concen-
tration as the running gel, but it lacked
agarose, and contained only 1/56X TBE
buffer. The gels were warmed to the ap-
propriate running temperature by a water
jacket on the inner side of the gel during
the polymerization of the stacking gel.
Purified [*H]viral RNA in deionized H,0
was mixed 1:1 v/v with 2X loading buffer
(20% sucrose, 1/56X TBE, 0.2% SDS) and
heated at 56° for 2 min. The samples were
loaded and electrophoresed for 24 hr at 37°
or for 18 hr at 30° both at 250 V (constant
voltage) using a running buffer of 1X TBE
buffer with 0.1% SDS. The gels were dried
and fluorgraphed (Laskey and Mills, 1975)
using preflashed X-ray film.

Virus polypeptides were analyzed by
high-resolution discontinuous PAGE us-
ing Tris-glycine buffer and SDS (Laem-
mli, 1970). In the present study 13% acryl-
amide gels containing an acrylamide/
bisacrylamide ratio of 28:0.4 in 0.375 M
Tris-HCl (pH 8.8) with 0.1% SDS were
used for resolution of the M proteins.
Stacking gels were 3.0% acrylamide, 0.08%
bisacrylamide, and 0.1% SDS in 0.125
M Tris-HCI (pH 6.8). Samples were pre-
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pared in electrophoresis sample buffer
(Laemmli, 1970) and heated to 100° for 2
min, Electrophoresis was performed for
5 hr at a constant voltage of 120 V and the
gels were then fixed in 10% trichloroacetic
acid, 30% methanol, and 10% acetic acid.
Fluorographs were prepared as described
above.

RESULTS

Phenotypic Analysis of the Recombinant
Viruses

Cold-adapted (ca) recombinants were
produced in MDCK cells between ca A/
Ann Arbor/6/60 cold-variant virus and A/
Alaska/6/77 virus, a recent epidemic
strain. In this study two different tem-
peratures were employed for recombina-
tion: 33°, a permissive temperature for
both parental strains, and 25°, a permis-

sive temperature for the donor virus but
arestrictive temperature for the wild-type
virus. These conditions were used to de-
termine whether or not the recombinant
viruses would possess different phenotypic
and genetic properties depending upon the
incubation temperature. Five clones from
each temperature were randomly selected
and examined by plaque assays at 25, 33,
and 39° in MDCK cells. The results are
shown in Table 1. Two TA-CR1 clones (T,
3-5-1 and T 36-1-1) were shown to be non-
ca and non-ts. The efficiency of plating
(EOP) of these two clones was at least
1000-fold less at 25° than at 33°, and
showed no decrease at 39 compared to 33°.
Upon genetic analysis these clones were
shown to contain all wild-type genes, and
thus were not recombinants, but reisolates
of the wild-type parent. Two other clones,
Te 6-1-1 and Tg 6-2-1 were ca and ts. The

TABLE 1

PLAQUING EFFICIENCY OF RECOMBINANTS DERIVED AT 33° (TA-CR1) AND AT 25° (TA-CR2)

Log 10 reduction of plaque
titer at indicated
temperature from that
observed at permissive
temperature (33°C)

Biological
Clones 25° 39° properties®
TA-CR1
T, 3-5-1 3.0 —0.04 Non-ca and non-ts
T, 31-1-1 0.9 —0.04 ca and non-ts
Ts 36-1-1 5.0 ~0.04 Non-ca and non-ts
Te 6-1-1 0.3 6.0 ca and ts
T 6-2-1 0.3 6.0 ca and ts
TA-CR2
T, 36-3-1 0.8 0.2 ca and non-ts
T, 36-3-2 0.9 04 ca and non-ts
T; 25-1-1 04 -0.2 ca and non-ts
T; 8-7-1-1 0.6 0 ca and non-ts
Ts 31-4-2 0.3 1.0 ca and non-ts®
Parent strains
A/Ann Arbor/6/60 04 6.0 ca and ts
A/Alaska/6/77 4.0 -0.2 Non-ca and non-ts

% ca indicates substantial growth at 25°; non-ca indicates little or no growth at 25°; ts indicates little or
no growth at 39°; non-ts indicates substantial growth at 39°.
®Tiny plaques appeared at 39°, but the size did not increase and also did not grow in eggs.
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plaquing efficiency for each was similar
at 25 and 33°, but with a 6 log drop in titer
at 39°. The final TA-CR1 clone T, 31-1-1
and all of the TA-CR2 clones were ca and
non-ts, since they plaqued equally well at
all three temperatures. These data indi-
cate that in MDCK cells: (1) the two in
vitro markers of A/Ann Arbor/6/60 virus
can be transferred not only at suboptimal
temperature, but also at permissive tem-

perature, as found in PCK cells (Maassab
et al., 1978) and (2) the ca phenotype can
reassort independently of the ts pheno-

type.

Efficiency of the Cold Adaptation of the
Recombinants

The degree of cold adaptibility (DOCA)
of the ca recombinants was calculated by
the following equation:

EOP 25°/33° of recombinant virus

DOCA =

EOP 25°/33° of A/Ann Arbor/6/60 virus

The DOCA values together with the an-
tigenic subtypes of the recombinants (as
determined by the HI and NI tests de-
scribed under Materials and Methods) are
presented as part of Table 2. The values
given for the DOCA are averages of at
least three experiments and the values for
each recombinant varied within itself by
no more than +6%. The data show that
all recombinants have the A/Alaska/6/77
HA, and five out of the eight recombinants
possessed the A/Ann Arbor/6/60 NA. If
the recombinants are ranked by descend-
ing values of the DOCA it becomes ap-
parent that those values at the top of the
scale have the NA gene of the A/Ann Ar-
bor/6/60 virus while the bottom three re-
combinants have the NA gene of the A/
Alaska/6/77 virus. These results show
that the NA gene of A/Ann Arbor/60 vi-
rus covaries with enhanced cold adapta-
tion when present in ca recombinant vi-
ruses. This relationship will be discussed
further after the section on genotyping,
below.

“Genotype” Characterization of Recombri-
nant Viruses

The parental derivation of each recom-
binant’s eight RNA genes has been deter-
mined “genotyped” by a combination of
protein and RNA PAGE. Using two dif-
ferent temperatures, 30 and 37°, for RNA
PAGE, migrational differences in all eight
RNA segments between both A/Ann Ar-
bor/6/60 and A/Alaska/6/77 parental vi-

X 100 (% ).

ruses could be observed. RNA72 the M
protein gene, can be analyzed if the gel is
overexposed. This RNA band is generally
diffuse and difficult to observe. Therefore,
the parental derivation of the M gene was
also determined using protein PAGE.

Previous genetic analyses of other ca
recombinant viruses have been performed
by Drs. N. J. Cox and A. P. Kendal (in
collaboration with the senior author,
H. F. M., of this publication) at the Centers
for Disease Control, Atlanta, Georgia us-
ing a similar electrophoretic system, but
with a different buffer. They have made
specific gene-protein assignments for the
HA, NA, NP, M, and NS genes of A/Ann
Arbor/6/60 virus using their defined con-
ditions (Kendal et al, 1977; Cox and Ken-
dal, 1978). Functional gene assignments
for the polymerase genes related RNAs 1
and 3 of A/Ann Arbor/6/60 virus to the
fowl plaque virus (FPV) polymerase 3 gene
and FPV polymerase 2 gene, respectively.
Thus RNA 2 of A/Ann Arbor/6/60 virus
was functionally related to FPV polymer-
ase 1 gene (Cox et al., 1981a).

Analysis in this laboratory of ca recom-

3The RNA segments are identified by a number
which gives its migrational position among the other
RNA segments reading from the origin of the poly-
acrylamide gel. RNAs 1, 2, and 3 refer to the largest
RNA segments as separated at 37° as under Mate-
rials and Methods. RN As 4-8 refer to the five smaller
RNA segments as separated at 30° as under Mate-
rials and Methods.
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TABLE 2

GENE CONSTELLATIONS AND SUMMARY OF BIOLOGICAL PROPERTIES OF ca RECOMBINANTS

Type of RNA segments
biological
properties 1(P2) 2(P3) 3(P1) 4(HA) 5(NA) 6(NP) 7(M) 8(NS) Clones Subtype® DOCA?
Group 1
ca and ts wt® AA¢ AA wt AA wt wt wt Te 6-1-1 H3N2g 125.0
Tg 6-2-1 H3N2 1127
Group II
ca and non-ts
(a) wt AA wt wt AA wt wt wt Ty 25-1-1 H3N2 95.0
Ts 31-4-2  H3NZg 130.0
(b) wt wt wt wt AA wt wt wt T, 87-1-1 H3N2g 59.8
(c) wt AA wt wt wt wt wt wt T, 31-1-1 H3N2, 35.0
T, 36-3-1 H3N2, 40.0
T, 36-3-2  H3N2, 325

2 Determined as under Materials and Methods.
b Calculated as described in text.

°wt = RNA derived from A/Alaska/6/77.

4 AA = RNA derived from A/Ann Arbor/6/60.

binants previously genotyped by Drs. Cox
and Kendal has shown that the migration
pattern of A/Ann Arbor/6/60 RNA seg-
ments using the electrophoresis conditions
given under Materials and Methods varies
from theirs by the inversion of two pairs
of RNA segments (data not shown). At
37°, RNA2 and RNA3 represent RNAs 3
and 2, respectively, and at 30°, RNA5 and
RNAG6 represent RNAs 6 and 5, respec-
tively, as defined by Cox et al, (1979,
1981b). Thus, in this paper RNA migration
relates to gene assighments as follows: (at
37°) RNA1 = “FPV P;” RNA 2= “FPV
P,;,” and RNA3 = “FPV P,”; (at 30°) RNA4
= HA, RNA5 = NA, RNA6 = NP, RNA7
= M, and RNAS8 = NS.

Figure 1 shows the RNA migration for
both parent viruses and five representa-
tive recombinants after electrophoresis at
30°. RNAs 1-3 are not clearly defined at
this temperature, but differences between
the remaining RNA segments can be seen.
For example, lane 4, clone T; 25-1-1 derives
RNAs 4, 6, 7, and 8 from the A/Alaska 6/
77 parent and RNA5 from A/Ann Arbor/
6/60 parent. It can be noted that funec-
tionally, A/Ann Arbor/6/60 RNA5 must
correspond to A/Alaska/6/77 RNA5 and
not to A/Alaska/6/77 RNAG, because if

the latter were true, a single band at the
RNAS5 and 6 position as seen for Ty 25-1-
1 would not be possible for a viable recom-
binant, virus.

The parental origin of the M gene was
also determined using protein PAGE as
seen in Fig. 2. It is clear from these data
that not only the M, but NS, and HA pro-
teins in all the recombinants resemble the
corresponding A/Alaska/6/77 proteins and
not those of the A/Ann Arbor/ 6/60 virus.
The RNA data from Fig. 1, for the HA and
NS genes, RNA4 and RNAS, respectively,
agree with the protein data, that all re-
combinants derive these genes from the
wild-type, A/Alaska/6/77 parent.

Figure 3, RNA PAGE at 37°, distinctly
separates the three polymerase genes.
Thus, recombinants T 36-1-1 and T, 8-7-
1-1 have all three A/Alaska/6/77 poly-
merase genes; recombinant T4 31-1-1 has
RNAs 1 and 8 from the A/Alaska/6/77
virus and RNA2 from the A/Ann Arbor/
6/60 virus; and recombinant Tg 6-1-1 has
A/Alaska/6/77 RNA1 and A/Ann Arbor/
6/60 RNA2 and 3. These four recombi-
nants showed the total range of variation
among all the recombinants in the three
polymerase genes.

Table 2 presents a summary of the ge-
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Fic. 1. RNA PAGE of selected recombinants and
their parent viruses at 30°. Electrophoresis condi-
tions were as described under Materials and Meth-
ods. Samples on lanes are: 1 = A/Alaska/6/77, 2
= A/Ann Arbor/6/60, 3 = Ts 36-1-1, 4 = Ty 25-1-1,
5 = T, 8-7-1-1, 6 = Tg 6-1-1, 7 = A/Ann Arbor/6/60,
8 = T, 31-1-1. (It should be noted that at 30°, the
actual order of A/Ann Arbor/6/60 RNAs 1-3 as de-
fined at 37° is RNA1 and 3 followed by RNAZ2))

notype data derived from Figs. 1-3 to-
gether with the biological ca and ts marker
data from Table 1 and the DOCA values.
The biological data originally classified
the recombinants into two groups; Group
I = ca and ts and Group II = ca and non-
ts. Group II, ca and non-ts contained re-
combinants of three different gene con-
stellations: (IIa) has two A/Ann Arbor/6/

60 genes, RNA2 and RNA5 (NA), and the
other six genes are from A/Alaska/6/77
virus: (IIb) has only one A/Ann Arbor/6/
60 gene, RNA5S(NA); and (IIc) also has only
one A/Ann Arbor/6/60 gene, RNA2. Group
I, ca and ts recombinants, all contained
three A/Ann Arbor/6/60 genes RNAZ,
RNAS3, and RNA5(NA). Thus, both RNA2
and RNA5 could individually enable
growth at 25° for single-gene recombi-
nants. Furthermore, a change in gene con-
stellation from Group Ila to Group I (an
addition of just one A/Ann Arbor/6/60
gene—RNA3) caused a change in pheno-
type from non-ts to ts.

Virus Growth Patterns at 25°

Growth curves of the parents and all
eight recombinant viruses were analyzed

e i
bt il

FiG. 2. Protein PAGE of selected recombinants and
their parent viruses. Electrophoresis conditions were
as described under Materials and Methods for a 13%
polyacrylamide separation gel. Samples on lanes are:
1="T,31-1-1,2 = A/Ann Arbor/6/60,3 = A/Alaska/
6/77,4 =T, 8-7-1-1, 5 = Tg 6-1-1, and 6 = A/Ann Ar-
bor/6/60. Samples were from MDCK cell lysates,
electrophoresed without g-mercaptoethanol in the
loading buffer.
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at 25°. MDCK cells were infected using an
m.o.i. of 10 PFU/cell. Aliquot samples
were taken every 24 hr up to 6 days postin-
fection. The samples were titrated by
plaque assay at 33°. Figure 4 shows the
extent of variation present in the growth
curves of four clones representative of the
four different gene constellations present
in the eight recombinant viruses. Three
types of growth curves are readily appar-
ent: fast growth rate early in infection and
high virus yield (Figs. 4A and B—gene con-
stellations I and IIa); fast growth rate
early in infection and intermediate virus
yield (Fig. 4C—gene constellation IIc); and
slow growth rate early in infection and
high virus yield (Fig. 4D—gene constel-
lation IIb). Thus it appears that the two
single-gene recombinants IIb and Ilc con-
fer the cold-adaptive property by different
mechanisms: the single-gene recombinant
containing A/Ann Arbor/6/60 RNA 2
polymerase gene acting early in the growth
curve, while the A/Ann Arbor/6/60 NA
gene acts at the end of the growth curve,
clearly representing two different pro-
cesses.

DISCUSSION

The cold-variant A/Ann Arbor/6/60 vi-
rus has been used as a donor virus for the
production of live attenuated recombinant
influenza virus vaccines. When the six
nonglycoprotein genes of the A/Ann Ar-
bor/6/60 donor virus are transferred into
cold-adapted (ca) recombinant viruses,
these viruses are attenuated for humans
and are genetically stable. (Murphy et al,
1979; Spring et al., 1977b; Massab et al,
1981).

Recent investigations have attempted to
identify which A/Ann Arbor/6/60 gene(s)
confer cold adaptation, temperature sen-
sitivity, and attenuation (Maassab et al,
1977; Kendal et al., 1977, 1978; Reeve et al.,
1980; Murphy et al., 1981). Such efforts so
far have been only partially successful.
One difficulty has been that the ca recom-
binant viruses produced in the PCK cells
at 25° possessed a limited variation in

1 2 8 4 5
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Fi1G. 3. RNA PAGE of selected recombinants and
their parent viruses at 37°. Electrophoresis condi-
tions were as described under Materials and Meth-
ods. Samples on lanes are: 1=T; 36-1-1, 2= A/
Alaska/6/77, 8 = T, 31-1-1, 4 = A/Ann Arbor/6/60,
5 =T, 8-7-1-1, 6 = A/Alaska/6/77, and 7 = Tg 6-1-1.

gene compositions and only rarely was
segregation of the ca and ts phenotype
observed. In addition, recombinants with
the same gene constellations, but a differ-
ent wild-type parent virus, may show vari-
ations in their biological properties be-
cause each gene does not act independently
but in concert with at least some of the
other genes. This study has been limited
to evaluation of recombinants derived in
MDCK cells using A/Ann Arbor/6/60 cold
variant and A/Alaska/6/77 wild-type vi-
ruses. The 33° incubation temperature (a
permissive temperature for both parents)
and a new host system, MDCK cells, were
used in an effort to generate a wider va-
riety of gene constellation and avoid
selective advantage for either ca or ts*
property. Due to selective pressure the re-
combinants made at 25° could contain new
cold-adapted mutations on the wild-type
genes and thus findings with these recom-
binants may be ambiguous. However, in
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FIG. 4. Growth curve analysis of cold-adapted recombinants at 25° in MDCK cells. Infection and
sampling were performed as described under Materials and Methods. Each curve is an average of

three experiments.

the context of this paper it can be noted
that one genotype (IIc) has recombinants
of both 25 and 33° origin, and that these
recombinants showed no variation in their
biological behavior which would necessi-
tate the mechanism of an unknown ca
mutation on one of their wild-type genes.
Further, during a backcross experiment
at 39° between Tg 6-6-1 (a recombinant
isolated at 33°) and A/Alaska/6/77 wild-
type parent both gene constellations Ila
and ITb were derived. These recombinants
behaved phenotypically identical to those
derived at 25° in the original experiment,
again showing no evidence requiring a hid-
den ca mutation on the wild-type genes.
Recombinants separated into two groups
based on their cold-adaptive and temper-

ature-sensitive properties: Group I, ca and
ts; and Group I, ca and ts; and Group II,
ca and non-ts. Gene constellations of re-
combinant clones were determined by
PAGE of viral RNA and proteins. Group
I recombinants were all the same genotype
deriving three A/Ann Arbor/6/60 genes
RNA 2, 3, and 5 from the cold-variant par-
ent, while Group II recombinants showed
three different gene constellations: (IIa)
having A/Ann Arbor/6/60 RNA 2 and 5,
and two single-gene recombinants; (IIb)
having only A/Ann Arbor/6/60 RNAS;
and (Ile) having only A/Ann Arbor/6/60
RNA2.

These data are the first observations in
which only a single gene of A/Ann Arbor/
6/60 virus has been transferred to a re-
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combinant and confers cold adaptability.
Most ca recombinants produced in PCK
cells at 25° possess predominantly A/Ann
Arbor/6/60 genes and not those of the
wild-type parent, whether A/Alaska/6/77
virus or some other virus (Kendal et al,
1978; Cox et al., 1979; Murphy et al., 1980c).
Thus, these single-gene recombinants can
directly establish the presence or absence
of cold-adaptive properties of the specific
A/Ann Arbor/6/60 gene present in the
recombinant.

The extent of cold adaptability of the ca
recombinants examined on a basis of ef-
ficiency of plating between 25 and 33° in-
dicated that the neuraminidase (NA) gene
of the A/Ann Arbor/6/60 enhances the
degree of cold adaptability (Table 2). Fur-
ther, the recombinants which possessed
the A/Ann Arbor/6/60 NA gene grew to
higher virus yield at 25° than those which
possessed A/Alaska/6/77 gene from wild-
type virus (Fig. 4). These results suggest
that the NA gene of the cold variant donor
virus can function to increase the virus
yield at 25°. The A/Ann Arbor/6/60 NA
gene is not absolutely required to confer
the ca property as shown by the second
type of single-gene recombinants: those
viruses with only RNA 2 from the A/Ann
Arbor/6/60 virus. In addition many other
recombinants made between A/Ann Ar-
bor/6/60 cold variant virus and wild type
viruses (A/Alaska/6/77 virus among them)
lack the A/Ann Arbor/6/60 NA gene, but
are also cold adapted.

Analysis of the growth pattern demon-
strated that there were three types of
growth curves based on the growth rate
early in infection and the final virus yield
(Fig. 4). The ts property did not directly
affect the early growth rate or the virus
yield at 25°. High virus yield was clearly
demonstrated (by both analyses of cold
adaptability and growth pattern) to be
linked to the presence of the NA gene from
the cold variant, however, it did not affect
the early virus growth rate at 25°. This
finding is consistent with the concept that
the neuraminidase may function late in
infection during maturation of the virus
particle (Klenk et al, 1970), or in virus

release (Webster and Laver, 1967). The
three growth patterns correlated with the
genotypes as follows: (IIa), RNAs 2 and 5
from A/Ann Arbor/6/60 had a fast growth
rate early in infection and a high virus
yield; (IIb), RNA5(NA) from A/Ann Ar-
bor/6/60 had a slow growth rate early in
infection, but a high final virus yield; and
(Ilc), RNA2, from A/Ann Arbor/6/60 had
a fast growth rate early in infection and
lower final virus yield. Thus, while both
single-gene recombinants containing ei-
ther RNA2 or RNA5(NA) of A/Ann Ar-
bor/6/60 were cold adapted, the two A/
Ann Arbor/6/60 genes conferred this
property through different mechanisms.
From correlation with the data of Cox et
al. (1981a) the gene product of RNA2 is
involved in ¢RNA synthesis and should
show its action early in infection. Thus,
the presence of a cold-adapted cRNA poly-
merase could enhance the rate of virus
production by functioning at a higher rate
at 25°, than a nonadapted cRNA poly-
merase and show a higher virus yield early
in the growth curve. Similarly, the pres-
ence of a cold-adapted NA protein might
enhance the release of virus at 25° com-
pared to a non-cold-adapted NA protein
and have no effect on the early growth rate
of the virus.

The type (IIa) gene constellation showed
an additive phenotype due to the presence
of both genes, but showed no enhancement
of one another’s effects, i.e., the final yield
was similar to that of the (IIb) viruses,
and the fast growth rate early in the in-
fection appeared no sooner, nor was it
much faster than in (Ilc) viruses.

Group I recombinants, ca and ts, had
three A/Ann Arbor/6/60 genes, RNA2
and RNA5(NA) (which by themselves or
together conferred growth at 25° but not
temperature sensitivity in MDCK cells),
and A/Ann Arbor/6/60 RNA3 which in
combination did cause these recombinants
to become temperature sensitive. Back-
crosses using the wild-type parent and Tg
6-1-1, a Group I recombinant, did not gen-
erate any different gene constellations
from the three Group II types already de-
scribed in the original recombination ex-
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periments upon examination of eight
backrecombinants This lack of new con-
stellations could be due to cellular or viral
controls on the recombination process, le-
thality of certain gene combinations, or
just to chance in selecting the particular
isolates for examination. Secreening of
more backcross isolates is in progress. All
isolates of the backeross experiments had
lost RNA3 of A/Ann Arbor/6/60 and were
no longer temperature sensitive (data not
shown). Whether a temperature-sensitive
lesion is present on A/Ann Arbor/6/60
RNAS3 or whether ts lesions on either A/
Ann Arbor/6/60 RNA2 and RNAS5 are in
a state of extragenic supression when in
the presence of A/Alaska/6/77 RNAS3 is
not known. Bearing on this issue, the sin-
gle-gene recombinants, (Ile) containing
A/Ann Arbor/6/60 RNA2, have been found
to be temperature sensitive, if plaqued in
PCK cells (manuscript in preparation).
The single-gene recombinants (IIb), con-
taining A/Ann Arbor/6/60 RNA5(NA),
remained ca and non-ts in PCK cells. Thus,
RNA2 and, possibly, RNA3 of A/Ann Ar-
bor/6/60 virus contain ts lesions which
seem to be under a complex control in-
volving either extragenic suppression, host
cell controls, or both. Kendal and co-work-
ers (1978) suggested that the ts property
results when RNAs 1 and 3 (RNAs 1 and
2 of this paper) of A/Ann Arbor/6/60 are
present in the recombinants. Subse-
quently they found that RNA1 and RNA7
(M) were required for the ts property in
different ca recombinations (Cox et al,
1981b). As with the data of this paper,
their results suggest that the ts property
is polygenic and complex in expression
varying with the precise gene constella-
tion, wild-type parent and host cell sys-
tem. The data in this paper demonstrate
the usefulness of single-gene recombi-
nants in unraveling polygenic and complex
phenotypic markers, and the need for sin-
gle-gene recombinants covering the entire
range of the eight RNA segments. Once
single-gene recombinants are character-
ized, then contributions of individual genes
can be examined in more complex recom-
binants to study interactions between viral

genes: no effect, suppression, or enhance-
ment.
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