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Influenza A virus recombinants derived from "resistant" and "sensitive" paren-
tal viruses were examined for susceptibility to inhibition by amantadine. Corre-
lation of gene constellation and amantadine susceptibility revealed that the gene
coding for M protein influences sensitivity or resistance to amantadine. All
recombinants which derived an M protein from an amantadine-resistant parent
were found to be resistant to amantadine. All amantadine-sensitive recombinants
derived an M gene from the amantadine-sensitive parent. However, a few aman-

tadine-resistant recombinants which derived anM gene from the sensitive parent
were also isolated, suggesting that the expression of amantadine sensitivity in
these recombinants may be influenced by other genes.

Amantadine hydrochloride has been shown to
inhibit the replication of influenza A viruses in
embryonated eggs, tissue culture, experimental
animals, and humans (3-5, 9; H. Wendel, Fed.
Proc. 23:287, 1964). In cell culture, all influenza
A viruses have been found to be sensitive. How-
ever, comparisons of different strains have pro-
vided evidence of considerable variation in
amantadine sensitivity (for a review, see refer-
ence 10). The analysis of recombinant influenza
A viruses generated from "sensitive" and "re-
sistant" parents has suggested that amantadine
susceptibility can be used as a genetic marker
which segregates independently from the genes
coding for the viral neuraminidase and hemag-
glutinin (2, 20).
Recent techniques employing polyacrylamide

gel electrophoresis of proteins and RNAs have
permitted the complete mapping of the genomes
of different influenza viruses and have enabled
us to identify the derivation of each gene in
recombinant viruses (11, 13, 15). Furthermore,
these techniques, as well as analysis of RNAs by
hybridization studies, have provided a basis for
correlating strain-related differences in biologi-
cal properties with differences in specific genes
(1, 12, 16, 17, 17a). The purpose of the present
study was to employ these techniques to identify
the gene(s) responsible for differences in aman-
tadine sensitivity.

MATERIALS AND METHODS
Celis and virus. MDCK (canine kidney) cells were

used for plaque assays and for the determination of
virus yields in liquid overlay (13). The influenza viruses

employed in this study included A/HK/8/68 (H3N2)
virus (HK virus), A/PR/8/34 (HON1) virus (PR8
virus), A/NED/84/68 (H2N2) virus (NED virus), and
A/WSN/33 (HON1) virus (WSN virus). Among the
recombinant viruses employed in this study are several
that have been described previously. These recombi-
nants are summarized in Table 1. Additional recom-
binants derived from HK and PR8 viruses (R4, R6,
R8, and Rll) were isolated and characterized by meth-
ods which have been described previously (11, 13, 15).
Recombinants R13 through R21 were derived from
backcrossing recombinants R9 and R12. Recombi-
nants R22 and R23 were derived from a backcross of
R12 and R10; and R24 was derived from a backcross
of R15 and R19. The gene compositions of recombi-
nants Rl through R24 are given in Tables 2 through
5.
Plaque assays. Titrations were routinely con-

ducted by using MDCK cell monolayers in accordance
with previously described methods (19). Infected
monolayers were incubated for 30 min at 370C to allow
virus adsorption before application of overlays con-
taining different concentrations of amantadine. Com-
parisons of this assay system with titrations conducted
by preincubating cell monolayers with amantadine for
1.5 h before infection indicated that preincubation of
cells with amantadine did not alter 50% plaque reduc-
tion end points.

Chemicals. Amantadine hydrochloride (Symme-
trel, 1-adamantanamine) and rimantadine hydrochlo-
ride were generously provided by C. E. Hoffmann of
Pharmaceutical Research Div., E. I. du Pont de Nem-
ours & Co., Inc., Newark, Del.

RESULTS

Amantadine sensitivities of parental vi-
ruses. Preliminary investigations of the aman-
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TABLE 1. Identification ofrecombinants used in
previous studies

Recombi- Previous designation Reference
nant

Rl Recombinant 10 17a
R2 Recombinant 4 17a
R3 Recombinant 1 17a
R5 #1 15
IV Recombinant 8 17a
R9 #2 15
R10 #2 11
R12 Recombinant 12 17a
RV-5 RV-5 14
RV-6 RV-6 14
RVII-1 RVII-1 14
RVII-2 RVII-2 14
RVII-3 RVII-3 14
RVII-4 RVII-4 14

tadine sensitivity of PR8, HK, NED, and WSN
viruses (viruses which had been mapped previ-
ously) were conducted by titrating each of them
in the presence of different concentrations of
amantadine in an agar overlay. With PR8 and
WSN viruses, 50% reduction of plaque number
was observed at amantadine concentrations of
approximately 25 ,Lg/ml (Fig. 1). In contrast,
both HK and NED viruses were about 100-fold
more sensitive to inhibition by amantadine (50%
reduction of plaque number at approximately
0.2 ,ug of amantadine per ml; Fig. 1). It should be
noted that a few small turbid NED virus plaques
were observed at amantadine concentrations
which were completely inhibitory for HK virus
(2.7 to 24.3,g/ml).
Relationship of hemagglutinin and neur-

aminidase to amantadine resistance in re-
combinants derived from HK virus and
PR8 virus. The data shown in Fig. 1 indicated
that HK and PR8 viruses were sufficiently dif-
ferent in their amantadine sensitivity to permit
analysis of the amantadine resistance of geneti-
cally defined recombinants derived from these
two viruses. Recombinant viruses in which only
the hemagglutinin and/or viral neuraminidase
genes were exchanged were first examined for
sensitivity to amantadine (Table 2). Recombi-
nant 1 (Ri) derives all of its genes from the HK
virus parent with the exception ofthe hemagglu-
tinin gene, which is derived from PR8 virus. This
recombinant was as sensitive to amantadine as
the HK virus parent. The amantadine resistance
of R2, a "reciprocal recombinant" deriving only
its hemagglutinin gene from the HK virus par-
ent, was identical to that of PR8 virus. Thus, for
these two recombinant viruses, amantadine re-
sistance was shown to be not exclusively related
to the viral hemagglutinin.

The gene coding for the viral neuraminidase
was similarly shown to be not exclusively asso-
ciated with amantadine sensitivity by the anal-
ysis of R3 (Table 2). This recombinant derives
its neuraminidase from HK virus and all other
genes from PR8 virus. The amantadine resist-
ance of R3 was found to be similar to that of the
PR8 virus parent. R4, a recombinant deriving
both surface glycoproteins from the HK virus
parent and all other genes from PR8 virus, was
similarly found to be resistant to inhibition by
amantadine. The data obtained when these four
recombinants were used are consistent with the
findings of Tuckova et al. (20) and Appleyard
(2) which suggest that amantadine resistance is
not linked exclusively to either or both of the
surface glycoproteins.
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FIG. 1. Inhibition of influenza A virus plaque for-
mation by amantadine hydrochloride. Symbols: A,

PR8 virus; A, WSN virus; 0, HK virus; and 0, NED
virus. Control dishes contained 40 to 100 plaquesper
dish.

TABLE 2. Relationship of amantadine susceptibility
and glycoproteins in recombinants derived from

PR8 and HK viruses
Gene derivationa Anantadine

Virus H
NA P1, P2, P3 susceptibility'HA NA ~NP, M, NS (p/mi)

HK H H H 0.10 (S)
PR8 P P P 24 (R)
Rl P H H 0.10 (S)
R2 H P P 11 (R)
R3 P H P 20 (R)
R4 H H P 24 (R)
a The derivation of genes for all viruses was estab-

lished by electrophoresis in urea-polyacrylamide gels
(see text). Proteins derived from A/HK/8/68 and
A/PR/8/34 viruses are designated H and P, respec-
tively.

b Amantadine susceptibility was determined by 50%
reduction in plaque number in the presence of aman-
tadine. S, Sensitive (50% reduction in plaque number
at 0.1 to 0.6 ug of amantadine per ml); R, resistant
(50% reduction in plaque number at 8.1 to 24.3 pg of
amantadine per ml).
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Influence of genes coding for NP, M, NS,
and P proteins on amantadine resistance.
A number of other recombinant viruses derived
from HK and PR8 viruses were examined for
sensitivity to amantadine (Table 3). In each
instance the amantadine susceptibility of each
recombinant resembled that of one or the other
of the parental viruses. Examination of the gene
derivation of the three amantadine-sensitive re-
combinants (R5, R6, and R7) indicates that they
possess only two genes in common, the genes
coding for P1 and M proteins, suggesting that
either or both genes are needed to confer aman-
tadine sensitivity. Examination of the gene con-
stellation of five resistant recombinants demon-
strates that four recombinants (R8, R9, R10, and
Rll) derive the gene for P1 protein from the
amantadine-sensitive HK virus parent, indicat-
ing that the P1 gene is most likely not exclusively
associated with amantadine sensitivity. Further-
more, all recombinants which derive the gene
coding for M protein from PR8 virus were found
to be resistant. In particular, Rll, which derives
the gene coding for M protein from PR8 virus
and all other genes from HK virus, was found to
be resistant. This analysis of data presented in
Tables 2 and 3 provides strong evidence linking
amantadine resistance to the gene coding for M
protein. It should be noted, however, that an

exception to this linkage pattern is found in R12.
This recombinant derives the gene coding forM
protein from HK virus but is significantly more
resistant to amantadine than is HK virus (50%
plaque reduction at 12 ,ug of amantadine per ml).

Analyses of these recombinants using riman-
tadine, an amantadine derivative, demonstrated
that susceptibility to rimantadine was linked in
an identical manner to the gene coding for M
protein. Although these recombinants were
found to have the same relative sensitivities, the
absolute concentration of rimantadine needed
for 50% plaque reduction was about five times
less than that needed for amantadine.
Analysis of recombinants derived from

R12. To determine whether the amantadine

resistance of R12 was due to a mutation (possi-
bly in the M gene) or reflected a particular
combination of genes, backcrosses were made of
R12 and two other amantadine-resistant viruses,
R9 and R10 (Table 3). Among the recombinant
viruses obtained from these two mixtures, eight
recombinants which derived the gene for M
protein from PR8 virus were isolated and found
to be resistant to amantadine (only recombi-
nants with new gene compositions, R20 and R21,
are shown in Table 4). Conversely, eight of nine
recombinants which derived anHKM gene from
the amantadine-resistant R12 parent were found
to be sensitive to amantadine (R13 through R18,
R22, and R23; Table 4). In the case of the
amantadine-resistant recombinant possessing an
HK virus M gene, R19, the only gene of HK
virus origin was the gene coding for the M pro-
tein. After recombination of R19 with R15 (Ta-
ble 4), an amantadine-sensitive recombinant,
R24, was obtained which was identical to R19
with the exception of the presence of an NA
gene of HK virus origin. These results suggest
that the amantadine resistance of R12 and R19
is probably not due to a mutation in the M gene
but rather is due to the effects of certain other
genes.

Effects of amantadine on virus yields. To
exclude the possibility that assays of plaque
reduction might not accurately reflect the effect
of amantadine on virus replication, we compared
virus yields of MDCK cell cultures infected with
influenza viruses (multiplicity of infection, 0.005)
in the presence of amantadine. Figure 2 dem-
onstrates that HA yields obtained from PR8
virus-infected cells were not reduced in the pres-
ence of 25 ,ug of amantadine per ml. In contrast,
a significant delay in the appearance of peak HA
titers was observed with HK virus in the pres-
ence of the same concentration of amantadine.
The virus yields obtained from two representa-
tive recombinants were also examined. R11,
which was found to be resistant to amantadine
when examined by the plaque reduction assay,
was also found to be resistant in this system.

TABLE 3. Association of amantadine susceptibility with the genes coding for NP, M, NS, and P proteins
Gene derivationa

Virus Gene derivation' Amantadine suscep-
P1 P2 P3 HA NA NP M NS tibilityb (yg/Ml)

R5 H H H H H H H p 0.25 (S)
R6 H P P P H P H P 0.10 (S)
R7 H H H P P P H P 0.30 (S)
R8 H H H P P P P P 13 (R)
R9 H H H P H H P H 26 (R)
R10 H P H P H P P P 20 (R)
Rll H H H H H H P H 23 (R)
R12 P p p H P P H P 12 (R)
a,b See footnotes a and b, Table 2.
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TABLE 4. Relationship of amantadine susceptibility and gene composition of recombinants derived from
R12

Gene derivationa Amantadine suscep-

P1 P2 P3 HA NA NP M NS tibility (g/m)

R13 H H H P P H H H 0.10 (S)
R14 H H H P P H H P 0.25 (S)
R15 P P P H H P H P 0.20 (S)
R16 H H P H H P H P 0.20 (S)
R17 H P H P P H H P 0.25 (S)
R18 NIC NI NI H H P H P 0.20 (S)
R19 P P P P P P H P 18 (R)
R20 H P P H H H P P 18 (R)
R21 H H H P P H P H 24 (R)
R22 H P P P P P H P 0.6 (S)
R23 H P P H H P H P 0.1 (S)
R24 P P P P H P H P 0.2 (S)
a, b See footnotes a and b, Table 2.
eNI, Not identified.
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FIG. 2. Virus yields (HA) ofparental and recom-
binant viruses in the presence and absence of aman-
tadine. Monolayers ofMDCK cells were infected at
multiplicity of infection of 0.005, and liquid overlays
containing 1.0 pg of trypsin per ml were applied after
an adsorptionperiod of30 min. Symbols: 0, no aman-

tadine; 0, 25 pg of amantadine per ml.

Similarly, Rl, which had previously been deter-
mined to be sensitive, followed the same kinetics
of growth that were observed with the HK virus
parent. When R12, an amantadine-resistant re-
combinant possessing an HK virus M protein,
was examined by the same procedures, it was
again found to be much more resistant to aman-
tadine inhibition than the HK virus parent (data
not shown). It should be noted that, although
the onset of HA production of amantadine-sen-
sitive viruses is delayed, amantadine-treated and
control monolayers eventually yield nearly
equivalent HA titers.

Amantadine sensitivity of recombinants
derived from WSN and NED viruses and
WSN and HK viruses. To confirn the rela-
tionship between amantadine sensitivity and the
gene coding for M protein, we employed the
plaque assay system to determine the amanta-
dine sensitivity of other genetically defined vi-
ruses. Table 5 summarizes the results obtained
with three recombinants derived from amanta-
dine-resistant WSN virus and amantadine-sen-
sitive NED virus. RVII-4, which derives only
the genes coding for P1 and M proteins from
NED virus, was found to be amantadine sensi-
tive. Analysis of two amantadine-resistant re-
combinants, RV-5 and RV-6, also suggests that
amantadine susceptibility is determined by the
gene coding for M protein. Both of these aman-
tadine-resistant recombinants derive the gene
coding for M protein from the amantadine-re-
sistant parent (WSN virus).

Similarly, analysis of recombinants derived
from WSN and HK viruses (Table 6) is in accord
with the hypothesis that amantadine sensitivity
is influenced by the M gene. All three recombi-
nant viruses derive only the gene coding for M
protein from HK virus and are sensitive to
amantadine. It should be noted that all aman-
tadine-sensitive recombinants derived from
WSN virus demonstrated the persistence of a
few very small turbid plaques at high amanta-
dine concentrations (2.1 to 24.3 pg of amantadine
per ml). Furthennore, these amantadine-sensi-
tive recombinants were less inhibited under liq-
uid overlay medium than was the amantadine-
sensitive HK virus parent (data not shown).
These results suggest that in recombinants de-
rived from crosses of HK and WSN viruses, the
quantitative expression of amantadine sensitiv-
ity may be influenced to some degree by genes
other than the M protein gene.
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TABLE 5. Amantadine susceptibility of recombinant viruses derived from NED and WSN viruses
Gene derivation' Amantadine suscepti-

VirUs Aman+,btadm sscet1
P1 P2 P3 HA NA NP M NS UiLt l5g/niui

WSN W W W W W W W W >24 (R)
NED N N N N N N N N 0.30 (S)
RVII-4 N W W W W W N W 0.25 (S)
RV-5 N N N W W N W N >24 (R)
RV-6 N N N W W N W N >24 (R)
'The gene derivation of these viruses has been reported previously (see text). Proteins derived from

A/WSN/33 and A/NED/84/68 viruses are designated W and N, respectively.
b See footnote b, Table 2.

TABLE 6. Amantadine susceptibility of recombinant viruses derived from HK and WSN viruses
Gene derivationa Amantadine suscepti-

Virus P1 P2 P3 HA NA NP M NS bilityb (Ag/Ml)

WSN W W W W W W W W >24 (R)
HK H H H H H H H H 0.10 (S)
RVII-1 W W W W W W H W 0.30 (S)
RVII-2 W W W W W W H W 0.30 (S)
RVII-3 W W W W W W H W 0.45 (S)
a The gene derivations have been reported previously (see text). Proteins derived from A/HK/8/68 and

A/WSN/33 viruses are designated H and W, respectively.
b See footnote b, Table 2.

Mutation of HK virus to amantadine re-
sistance. Next, a study was undertaken to ex-
amine the frequency of emergence of amanta-
dine-resistant HK virus variants. Two amanta-
dine-sensitive HK virus clones were initially ob-
tained by plaque isolation and then passaged in
embryonated eggs. MDCK cells were then in-
fected with 5 x 103 PFU/dish with each of these
cloned viruses, and an agar overlay medium
containing 10 ,ug of amantadine per ml was
added. Normal-sized plaques were selected and
plaqued again in the presence of 10 ,ug of aman-
tadine per ml. These isolates were found to be
about 100 times as resistant to amantadine as
the HK virus parent. Furthermore, after four
passages in embryonated eggs in the absence of
amantadine, these viruses were again found to
be highly resistant to amantadine. Based on the
ratio of normal-sized plaques in the presence
and absence of amantadine, a crude estimate
was obtained for the frequency of emergence of
amantadine-resistant mutants, indicating that
there were four amantadine-resistant variants
per 10,000 PFU. These results are slightly lower
than those obtained by Appleyard, who ob-
served the emergence of approximately 0.1%
amantadine-resistant mutants in a population of
amantadine-sensitive influenza A/Bel/42 virus
(2).

DISCUSSION
The analysis of 24 recombinants derived from

HK and PR8 viruses indicated that differences

in susceptibility to amantadine are most closely
associated with differences in the gene coding
for M protein. Our results indicate that all re-
combinants deriving an M gene from PR8 virus
are resistant to amantadine. Of particular inter-
est is Rll, an amantadine-resistant recombinant
deriving only the M gene from PR8 virus. Com-
parison of the gene compositions of R8 and R7
demonstrates that these recombinants are iden-
tical with respect to the derivation of all genes
with the exception of the gene coding for M
protein. R8, which derives the M gene from PR8
virus, was found to be resistant, and R7, which
derives the M gene from HK virus, was found to
be sensitive. Identical results are obtained from
comparisons of four other pairs of recombinants:
Rl and R9, R3 and R24, R4 and R15, and R13
and R21 (Tables 2, 3, and 4).

Although all amantadine-sensitive recombi-
nants were found to contain an HK virus M
gene, two amantadine-resistant recombinants
(R12 and R19; Tables 3 and 4) were isolated
which also derived the M gene from HK virus.
R19 derived all other genes from PR8 virus, and
R12 derived all other genes from PR8 virus with
the exception of the HA gene. These results
indicate that in the presence of a preponderance
of other genes derived from the resistant parent,
amantadine sensitivity in recombinants contain-
ing an HK virus M gene may not be expressed.
Comparison of the recombinants R19 and R24,
both of which derive the M gene from HK virus
and which are identical with respect to all other

J. VIROL.
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genes except the NA gene (Table 4), indicates
that under these conditions the HK virus neur-
aminidase may influence the expression of
amantadine sensitivity. Comparison of other
paired viruses, such as R15 and R19, similarly
suggests that under certain conditions the HK
virus neuraminidase may influence the expres-
sion of amantadine sensitivity. On the other
hand, comparison of recombinants R12 and R19
suggests that, under similar conditions, the HK
virus hemagglutinin most likely does not influ-
ence amantadine sensitivity in recombinants
with an HK virus M gene. Comparison of R19
and R22, recombinants which are identical with
respect to all genes except the P1 gene, indicates
that in combination with an HK virus M gene,
the P1 gene also influences amantadine sensitiv-
ity. It shoud be noted that R22 appears to be
significantly less sensitive to amantadine than
does HK virus, indicating that susceptibility to
amantadine is not always transferred as an all-
or-none character. As recombinants represent-
ing all possible gene combinations are not avail-
able, it is at present not possible to identify each
gene or gene combination which may influence
the amantadine sensitivity of recombinants con-
taining an HK virus M gene. However, it should
be emphasized that, whatever influences other
genes or combinations of genes exert, the pres-
ence of an M gene from a sensitive parent is
required for amantadine sensitivity to be ex-
pressed.
The analysis of recombinants derived from

crosses of WSN virus and HK or NED viruses
provides additional data linking the M gene and
susceptibility to amantadine. A direct associa-
tion of amantadine susceptibility and the gene
coding for M protein was observed in the anal-
ysis of these recombinants.
Our results suggest that amantadine resist-

ance in R12 and R19, two recombinants contain-
ing an M protein from HK virus, is not due to
mutation. However, it appears that the fre-
quency of mutation to amantadine resistance is
surprisingly high. Our data and those of Apple-
yard (2) suggest that amantadine-resistant mu-
tants are found at a frequency of about 0.04 to
0.1%.
The mechanism by which amantadine inhibits

influenza virus replication has not been fully
elucidated. However, there is considerable evi-
dence (5-8, 18) that amantadine inhibits an early
event in the virus replication cycle, either by
preventing virus penetration (5) or virus uncoat-
ing (7) or by blocking primary transcription (6).
From the present results, the possibility cannot
be excluded that amantadine acts by inhibiting
primary transcription and that differences in M

protein determine the rate at which amantadine
reaches its possible target in the ribonucleopro-
tein complex. It would appear more likely, how-
ever, that amantadine inhibits either virus pen-
etration or virus uncoating and that differences
in the M protein directly determine the extent
to which amantadine inhibits this event.

Previously, it has been shown that the capac-
ity of recombinants for high yield in eggs re-
quires the presence of the genes coding for M
and NP proteins from high-yielding parents
(17a). Thus, the relationship of strain-associated
differences in amantadine susceptibility to M
protein represents an additional example of dif-
ferences in biological properties associated with
differences in M proteins.
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