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S u m m a r y  

Multiplication of swine influenza (SW) virus is inhibited by fowl plague virus 
(FPV) at the level of RNA synthesis when host cells are infected with both 
viruses at a high multiplicity of infection. Under these conditions reassortment 
between the two viruses cannot he detected. The inhibitory effect of FPV is 
highly reduced and recombin~nts between the two viruses could be obtained 
when the cells were superinfected with FPV 1--2 hours after infection with SW 
virus, or after simultaneous infection with a low multiplicity of infection. The 
phenomenon is compatible with the intrinsic interference. 

I n t r o d u c t i o n  

Mammalian and avian influenza viruses can interact genetically at high fre- 
quency following mixed infection in  vitro and in, vivo [for review see WnBSTE~ 
(i5)]. The molecular basis of this interaction lies in the fact that  the genome of 
influenza viruses is segmented, allowing reassortment of the individual genes to 
form "new" viruses [for review see SCHOLTISSEK (7)]. This implies that  under 
appropriate conditions human pandemic viruses could arise by a similar process 
as suggested by ICAS~IVSSE~ T (5) and KILBOVmNE (2). 

A precondition for such a genetic interaction would be that  influenza viruses 
of different origin must be capable of replicating in one and the same cell after 
double infection. In  this paper we present evidence that  this is not always the 
case. After simultaneous infection of cells with swine (SW) influenza and fowl 
plague virus (FPV) the multiplication of SW-virus is inhibited at the level of 
transcription. This phenomenon is in agreement with the intrinsic interference 
- -  an interferon-independent interference - -  as defined by MARCVS and CArveR 
(4) for NDV and other animal viruses (12, 6). 
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Materials and Methods 

Virus Strains 
The following inf luenza A virus strains were used:  P R 8 ,  A / P R / 8 / 3 4  (HON1) ;  

FM1,  A/FM/1/47 ( H 1 N 1 ) ;  Singapore,  A/Singapore~t~57 (H21q2);  F P V ,  A / F P V /  
Ros tock/34  (trIav 1 N 1) ; Dutch,  A/FPV/Dutch/27 (Hay 1 Neq  I) ; v i rus  N, A/chicken/  
Germany /N/49  ( H a v 2 N e q  1); Equ ine  2, A/equine/Miami/t/63 ( H e q 2 N e q 2 ) ;  SW, A/  
swine/1976/31 (Hsw t N  1); SW/Wisc. ,  A/swine/Wiscons in / I /67  (Hsw 1N 1); Duck/Alb. ,  
A/duck/Alber ta /35 /76  ( H s w l l ~ l ) ,  and recombinan t  viruses conta in ing the  haemag-  
glut inin of F P V  and  the  neuraminidase  of SW (FPV/SW) or the  haemagglu t in in  of 
SV~ r and  the  neuraminidase  of F P V  (SW/FPV) .  S W / F P V  possesses t, he RI~A seg- 
ments  i ,  3, 5, a.nd 6 f rom F P V  and  the  o ther  R N A  segments  f rom SVV-virus (ScHoL- 
tissek, unpubl ished data).  Fur the rmore ,  the  following tempera ture-sens i t ive  (ts) 
mutan t s  of F P V  were inc luded:  ts 3 wi th  a ts-lesion in the  R N A  segment  1 (poly- 
merase 1 gene) and ts 19 with  a ts-lesion in the  R N A  segment  5 (nucleoprotein gene) 
(s, l l ) .  

Tissue Culture and Virus Multiplication 
Pr imary  chick embryo  (CE) cells a t  a dens i ty  of 5 × 10~ in Pc t r i  dishes of 5 cm 

d iameter  were infected 24 hours af ter  seeding. I n  some exper iments  M D C K  cells 
were used. The cells were infected wi th  an inpu t  mul t ip l ic i ty  of 10 to 50 P F U / c e l l  
of each virus  and over layed wi th  MEM with  or wi thou t  ~ -FPV haemagglu t in in  anti-  
serum. The an t ibody  con ten t  of the  serum used was such t h a t  under  the  exper imenta l  
condit ions haemagglu t ina t ion  (HA) of the  virus  t h a t  carries the  homologous haem-  
agglut inin  was comple te ly  inhibi ted.  At  the  t imes af ter  the  infection,  as indicated,  
virus yields were de te rmined  by the HA- te s t  in med ium plus cells af ter  t r e a t m e n t  by 
3 cycles of freezing and thawing.  

Production o/ Antigenic Hybrids 
Antigenic  hybr ids  of SW virus  and  F P V  were obta ined  by  isolat ing recombinants  

af ter  double infect ion of CE cells as described in the  "Resu l t s " .  CE cells were kept  
af ter  infect ion in MEM conta in ing 5 ~g/ml of t rypsin.  Mixed virus  yields were di lu ted 
and p la ted  on CE cells for p laque isolation. The agar  over lay  conta ined 10 ~zg/ml of 
t ryps in  (3). Af te r  5 serial p laque  passages the  isolates were tes ted  for thei r  ant igenic 
propert ies .  

Biological Tests 
H A  t i t ra t ion  and H A  inhibi t ion tests were done according to s tandard  procedures 

(1). Neuraminidase  and neuraminidase  inhibi t ion assays using fetuin as a subs t ra te  
were carried out  as previous ly  described (13). P laque  test  was done as described (3) 
and  the  p laque  n u m b e r  expressed as P F U / m l .  

Antisera 
For  most  of the  exper iments  an  ant i serum was used which was obta ined  by  ira- 

muniz ing  chickens wi th  a recombinan t  virus conta ining the  H A  of F P V  and the  
neuraminidase  of virus N. In  exper iments  wi th  virus N an ant i serum from chicken 
was used possessing :c-FPV H A  and  u-Singapore (~  2) neuraminidase .  SW virus  ant i -  
se rum was used for inhibi t ion  of SW virus haemagglut in in .  

Hybridization with [3~P]-Labeled Haemagglutinin Gene o] Swine Influenza Virus 
SW virus  was labeled in vivo with  [82p] as described (11 ). The v R N A  was isolated 

f rom the  purif ied virus,  and the  v R N A  segments  were separa ted  by  po lyacry lamide  
gel electrophoresis  in t he  presence of 6 ~ urea. The haemagglu t in in  gene (segment 4) 
was isolated and  used for hybridizat ion.  The  non- labeled cI~NA was isolated 5 hours 
~fter single or  double  infection f rom the  microsomal  fract ion of CE cells. The  hy- 
br idizat ion technique  has been described elsewhere (11, 9). Al iquots  of 10 ~1 [a2p]_ 
v R N A  were mixed  wi th  increasing amount s  of non-labeled c R N A  in a to ta l  vo lume  
of 110 [xl 2 × SSC, hea ted  overn igh t  at  65 ° C, and  digested at  20 ° C wi th  0.1 m g  RNase  
for 20 minutes .  The  acid-precipi table  rad ioac t iv i ty  was recorded. 
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Results 

Multiplication of Various Influenza A Viruses in Cells Doubly Infected with F P V  

Table  1 shows the  resul ts  of double- infec t ion  of severa l  inf luenza A viruses 
wi th  F P V .  I t  can be seen t h a t  F P V  interferes  to  a cer ta in  e x t e n t  af ter  simul- 
t aneous  infect ion of CE cells wi th  al l  inf luenza viruses  tes ted .  However ,  in ter -  
ference is mos t  d i s t inc t  wi th  viruses  ca r ry ing  the  haemagglu t in in  of S W  virus.  
This became ev iden t  b y  using a r ecombinan t  v i rus  possessing the  H A  of S W  
and  the  neuramin idase  of F P V .  The  r ecombinan t  is inh ib i ted  af te r  s imul taneous  
infect ion wi th  fowl p lague  vi rus  to  the  same e x t e n t  as  the  wild t y p e  S W  virus.  
S W  virus  was also inh ib i ted  b y  D u t c h  v i rus  as well as  b y  a r ecombinan t  v i rus  
car ry ing  the  haemagglu t in in  of F P V  and  the  neuramin idase  of S W  vi rus  (da ta  
no t  shown). I n  the  following the  inh ib i t ion  of S W  virus  b y  F P V  was s tud ied  in 
more  deta i l .  

Table 1 

Virus used for H A  units of viruses added 
mixed infection with F P V  0 2 

A0/PR 8 256 t024 
(1024) (t024) 

A1/FM 1 256 512 
(512) (512) 

A2/Singapore 32 64 
(64) (64) 

Equine 2 64 128 
(256) (256) 

Virus N 64 128 
(256) {256) 

SW 2 48 
(64) (64) 

SW/Wisconsin ~ 2 32 
(64) (64) 

Duck/Alber ta  4 64 
(t28) (64) 

SW/FPV 2 32 
(64) (64) 

CE cells were infected with the viruses listed either simultaneously (0) or 2 hours 
before infection with F P V  (2) and overlayed with medium containing FPV-haem- 
agglutinin antiserum, t0 hours after infection virus yield was determined by  the 
HA-test  in the presence of FPV-haemagglut inin  antiserum. Controls in parentheses:  

HA units of the respective virus grown in the absence of FPV 

I f  MDCK cells were used  ins tead  of CE cells, F P V  also inh ib i t ed  S W  vi rus  
mul t ip l i ca t ion  af te r  s imul taneous  infect ion (da ta  no t  shown). Thus  the  effect was 
no t  res t r i c ted  to  chicken cells. 

W h e n  cells infected wi th  S W  virus  were super infec ted  2 hours  l a t e r  wi th  F P V ,  
no  s ignif icant  differences could be seen be tween  s ingly a n d  double  infected cells 
concerning the  y ie ld  of S W  virus.  The  same was the  case when ano ther  inf luenza  
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A virus was used for the first infection (Table 1). As shown in Fig. 1 FPV blocked 
the synthesis of SW virus only when added simultaneously with SW virus. The 
yield of SW virus haemagglut inin increased as the  time period between SW virus 
infection and superinfection with the interfering F P V  was extended until a 
min imum inhibi tory effect was reached at  2 hours. 

lOC X 

'~ 50 
: E  

0 2t0 60 90 120 150 

Addition ot FPV after infecIion with SW- virus (min) 

Fig. 1. Formation of S~V virus haemagglutinin in the presence of FPV. FPV was 
added to SW virus-infected cells at the time indicated. After superinfeetion with 
FPV the cells were overlayed with medium containing FPV-HA antiserum. Assays 
were made 12 hours after infection. As control ( × ) the I~A units without any addition 

of FPV were determined 

Antigenic Hybrids Between FP V and SW Virus 
More than  200 individual plaques obtained after  simultaneous infection of 

CE cells with F P V  and SW virus were cloned serially with 5 plaque passages 
and were tested for the composition of their surface antigens. The progeny of 
all these plaques possessed the viral glycoproteins of F P V  and neither SW virus nor  
antigenic hybrids were obtained, a l though trypsin was present in the agar over- 
lay (3). When, on the other hand, CE cells were infected with SW virus 2 hours 
prior to superiniection with FPV,  antigenic hybrids were produced at  a f requency 
of about  15 per cent with the haemagglut inin or the neuraminidase of F P V  and 
the other corresponding antigen from SW virus. Similarly, when CE cells were 
infected with a mixture,  both  viruses with a total  multiplici ty of infection of 
0.003, and the virus progeny was plaqued 40 hours later, antigenic hybrids of 
both kinds eoutd be isolated. Under  these conditions bo th  viruses were synthe- 
sized as shown in Table 2. 

Requirement of Active FPV for the Inhibition of SW Virus 

FPV inact ivated with UV light to a survival level of 5 × t0  a P F U / m I  was 
compared with active virus (3 × 108 PI~U/ml) in its capaci ty  to prevent  SW virus 
multiplication. The results presented in Table 3 show t h a t  infectivity of F P V  is 
essential to  inhibit  the  growth of SW virus. 

When  CE cells were infected with a mixture  of SW virus and the ts 3 m u t a n t  
of FPV,  the latter with a ts-defect affecting R N A  replication (8), SW virus 
growth  was no t  affected a t  the  non-permissive tempera ture  (41 ° C). On the other  
hand, tsl9, with a ts-defect in virus maturat ion,  inhibited SW virus multiplica- 
t ion (Table 4). 
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T a b l e  2. Growth o / S  W virus after mixed in/ection o[ CE cells with tz p V at low multiplicity 

H A  u n i t s  d e t e r m i n e d  i n  t h e  p r e s e n c e  
of  a n t i s e r u m  a g a i n s t  

V i r u s  u s e d  W i t h o u t  
for  i n f e c t i o n  F P V  SW" a n t i s e r u m  

F P V  < 2 32 64 
S W  16 < 2  16 
F P V  + S W  16 16 64 

C E  cel ls  w e r e  m i x e d l y  i n f e c t e d  w i t h  F P V  a n d  S W  v i r u s  w i t h  a m u l t i p l i c i t y  of  0 .003 
a n d  i n c u b a t e d  i n  t h e  p r e s e n c e  of 10 ~g  t r y p s i n  p r o  m l  c u l t u r e  m e d i u m  for  24 h o u r s .  

T h e  H A - t e s t  w a s  d o n e  i n  t h e  p r e s e n c e  of F P V -  o r  S W  v i r u s - a n t i s e r u m  

T a b l e  3. Simultaneous injection o] S W  virus with UV-light-inactivated F P V  

F P V  a n t i s e r u m  
a d d e d  H A  u n i t s  

S W  - -  128 
-4- 256 

F P V  - -  128 
+ < 2  

F P V  (UV)  - -  < 2 
+ < 2  

SX¥ + F P V  - -  128 
+ < 2  

S ' i¥  + F P V  (UV)  - -  t 28  
-+ 256 

C E  cel ls  w e r e  i n f e c t e d  w i t h  S W  v i r u s  a n d  U V - I i g h t - i n a e t i v a t e d  F P V  s i m u l t a n e o u s l y  
a n d  i n c u b a t e d  for  10 h o u r s  i n  t h e  a b s e n c e  ( - )  o r  p r e s e n c e  ( + )  of  F P V - h a e m a g g l u -  

t i n i n  a n t i s e r u m  

T a b l e  4. Growth of S W  virus in the presence o/ts-mutants o / F P V  

F P V -  H A  u n i t s  
a n t i s e r u m  a f t e r  i n f e c t i o n  a t  

a d d e d  33 ° C 41 ° C 

S'~V - -  64 32 
+ 64 32 

ts 3 - -  6~ < 2  
+ < 2  < 2  

S W + t s  3 (0) - 128 16 
+ < 2  16 

S W + t s  3 (2) - -  128 16 
+ 32 16 

ts  19 - -  64 16 
t < 2  < 2  

S~¥+ts 19 (0) - 64 16 
+ < 2  < 2  

SVV+ts 19 (2) --- 64 16 
+ 32 16 

C E  cel ls  w e r e  i n f e c t e d  w i t h  S W  v i r u s  s i m u l t a n e o u s l y  (0) w i t h  o r  2 h o u r s  (2) b e f o r e  
a d d i t i o n  of t s 3  o r  Is 19 of  F P V  a n d  i n c u b a t e d  for  16 h o u r s  a t  33 ° or  41 ° C  i n  t h e  

a b s e n c e  ( - - )  o r  p r e s e n c e  ( + )  of  F P V - h a e m a g g l u t i n i n  a n t i s e r u m  
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Synthesis of Complementary RNA (cRNA) in Singly and Doubly Infected Cells 

Afte r  hyb r id i za t i on  of [a2P]-labeled R N A  segment  4 (haemagglu t in in  gene) 
of swine inf luenza v i rus  wi th  a surplus  of non- labeled  eR.NA of F P V  the  R N a s e  
p ro t ec t ion  is only  30 per  cent.  Therefore,  i t  is possible to e s t ima te  the  a m o u n t  
of S W  virus  el~NA in doub ly  infected cells b y  s a tu ra t i on  hybr id iza t ion .  Fo r  th is  
purpose  109 chick embryo  cells were ei ther  infected concomi tan t ly  wi th  SW virus  
and  FPV,  or pre infec ted  wi th  S W  virus  and  2 hours  la te r  super infec ted  wi th  
FPV,  or t h e y  were infected s ingly wi th  e i ther  S W  virus  or FPV.  The cRI~TA 
isola ted 5 hours  l a te r  f rom the  microsomes was dissolved in 1 ml 2 × SSC, each. 
Increas ing  amoun t s  were used for hyb r id i za t ion  wi th  a l iquots  of [a2p]-labeled 
v R N A  segment  4 of the  SW virus.  As can be seen in Fig.  2, a b o u t  t0  t imes  more  
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× 
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4~¸  

5 10 25 50 )Jl cRNA I00 

Fig. 2. Saturation hybridization of [a2p]-labeled segment 4 of the swine influenza 
virus with cRNA of singly or doubly infected cells. Increasing amounts of cRNA 
isolated 5 hours after infection, either singly with swine influenza virus, or with 
swine virus and F P V  concomitant ly or ~dth swine virus and superinfected 2 hours 
later  with FPV,  were hybridized with 10 izl aliquots of [a2P]-labeled segment 4 of 
swine influenza virus in a to ta l  volume of 110 ~1 2 × SSC. The RNase-protected radio- 
ac t iv i ty  is recorded in dependence of the amount  of cRNA used. The values obtained 
with cRNA of FPV were substracted. ® cells were infected with swine virus alone; 
o swine virus-infected cells were superinfected with FPV 2 hours later;  × cells were 

infected concomitant ly with swine virus plus FPV 

e R N A  of doub ly  infected cells are needed t han  of cells s ingly  infected with SW 
virus  in order  to  ob ta in  the  same degree of g N a s e  pro tec t ion .  There  is no sig- 
n i f icant  difference be tween the  cl~NA of cells e i ther  s ingly  infected wi th  the  
8 W  virus  or super infee ted  2 hours  la te r  wi th  FPV.  This  indica tes  t h a t  in doub ly  
infected cells synthes is  of c g N A  of the  S W  virus  is h ighly  suppressed,  while 
there  is no inhibi t ion  when the  SW virus- infected cells were super infected wi th  
F P V  2 hours later .  
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Discussion 

I t  has been shown that  after simultaneous infection of chicken embryo cells 
with FPV and SW virus only FPV multiplies to normal yields while the produc- 
tion of SW virus is highly suppressed. The suppression of SW virus was found 
to depend upon the integrity of the genome of the interfering virus, since UV 
light-inactivated FPV had no inhibitory effect. Furthermore, when cells were 
doubly infected with SW virus and ts-mutants of FPV it became evident that  
only those mutants with a late defect (ts 19) were able to interfere, but not those 
with an early defect (ts3). These data demonstrate that  interference does not 
become effective at  the level of adsorption and penetration, but at a step in 
virus multiplication immediately thereafter, inhibiting SW virus RNA synthesis. 

If cells were infected with SW virus and superinfected with FPV later than 
one hour thereafter, the suppressing effect of FPV is greatly diminished. Because 
of these considerations the phenomenon described is in agreement with intrinsic 
interference and it demonstrates that  it does not only occur between viruses of 
different groups, but also within one and the same virus group. 

Intrinsic interference was found to be strongest with all virus strains carrying 
the haemagglutinin I I swl  and was negligible with all other influenza A virus 
subtypes tested. Even a virus recombinant possessing RNA segments 1, 3, 5, 
and 6 of FPV and the others of the SW-virus was suppressed in its mul- 
tiplication by FPV. Further studies with reeombinants with different gene 
constellations should settle the question of which genes are involved in the 
phenomenon and whether the HA-gene alone is important in this context. 

As a consequence of intrinsic interference, no recombinants could be isolated 
from cells infected simultaneously with high multiplicities of FPV and SW virus. 
This observation does not contradict the results obtained by WEBSTER et al. (14), 
who were able to isolate recombinants from swine doubly infected with these 
two viruses. I t  might be assumed that  in  vivo most permissive cells are not in- 
fected at the same time with both viruses. These in  vivo conditions have been 
mimicked experimentally by infecting cultured cells with both viruses at low 
multiplicity. Here both viruses have been synthesized to normal yields and re- 
combinants were obtained as well. These results demonstrate that  the failure to 
obtain recombinants between FPV and SW virus after simultaneous infection 
with high multiplicity is not due to incompatibility of such newly reassorted 
viruses to grow on the host cells used, as found with certain recombinants be- 
tween FPV and the influenza virus strain Hong Kong (H3N2) (10). 

One may conclude from the results presented that  intrinsic interference 
might indirectly affect reassortment of the influenza virus genome in  vitro and 
the isolation of respective recombinants by inhibiting the RNA synthesis of the 
SW virus. However, it is highly improbable that  intrinsic interference has any 
significance in the formation of influenza virus rceombinants under natural 
conditions. 
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