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S u m m a r y .  - Trichoplusia ni l a rvae  h a v e  been injected w i t h  a mixture  o f  wi ld-type  Autographa califor­
nica mu l t ip l e  nuc l e a r  po lyhedros i s  v i rus  ( A c M N P V )  a n d  a m u t a n t  der ivat ive ,  A c R P 8 . U W l . l a c Z ,  w h i c h  

lacks  t h e  po lyhed r in  gene ,  a n d  h a s  t h e  p l O  g e n e  rep laced  b y  t h e  Escherichia coli be ta-galac tos idase  gene .  

F o l l o w i n g  p l a q u e  as say  o f  t he  haemolymph  and subsequent staining f o r  beta-galactosidase activity and  scoring 

f o r  polyhedra,  recombinant  p laques  w e r e  identified a n d  the  recombination frequency estimated a s  6 .6%.  

K e y  w o r d s :  Autographa californica mul t ip le  nuc lea r  po lyhedros i s  v i rus ;  D N A  recombina t ion  

Introduction 

Baculoviruses have been used as insect pest control 
agents since the last century (Entwistle and Evans, 1985). 
They offer an attractive alternative to the use of chemical 
insecticides because of the narrow host range of particular 
virus isolates, which permits targeting of specific pests. The 
principal disadvantage of baculoviruses, however, is that 
they are slow to kill the insect host; depending on environ­
mental conditions and the size of the insect larva, a week 
may elapse between infection of the insect and death. In this 
period, considerable damage to the crop may result (Entwis­
tle et al., 1988). The delay in killing the host is a conse­
quence of the complex baculovirus life cycle, which has 
evolved to produce large quantities of progeny virus in the 
course of the infection. This process initiates after polyhedra 
are ingested by a susceptible larva. In the alkaline conditions 
of the midgut, the polyhedra dissolve, releasing infectious, 
enveloped virus particles which enter the cells lining the gut. 
Progeny virions bud from these cells and spread the virus 
thoughout the rest of the insect via successive cycles of 
infection. Within virus-infected cells, more polyhedra are 
formed in the nuclei after release of the budded virus. The 
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insect eventually dies when most tissues in the host contain 
virus polyhedra (reviewed by Volkman and Keddie, 1990). 

Considerable efforts are now being devoted to improving 
baculovirus insecticides using genetic modification tech­
niques. The most widely adopted approach has been to 
insert foreign sequences encoding insect-specific toxins, 
hormones or enzymes, under the control of strong virus gene 
promoters, into the virus genome. Subsequent infection of 
the host insect with the recombinant virus results in synthe­
sis of the foreign protein and a reduction in the time taken 
to kill the host insect. The baculovirus commonly used for 
these experiments is the Autographa californica nuclear 
polyhedrosis virus (AcMNPV) (reviewed by Possee et al., 
1993). While laboratory-based studies have been encourag­
ing, they need to be supported by field-trials to confirm the 
effectiveness of the genetically modified baculoviruses in 
the environment. A concern, however, is the possibility of 
recombination between a modified virus and naturally oc-
curing baculoviruses, with unknown potential to affect the 
host range and/or virulence of the virus. Recombination 
between different baculoviruses has been documented in 
cell culture and insects (Smith and Summers, 1980; Sum­
mers et al., 1980; Croizierand Quoit, 1991; Croizier et al., 
1988; Kondo and Maeda, 1991), and one study has observed 
heterologous recombination between baculoviral DNA and 
a transfer vector based on the AcMNPV polyhedrin pro­
moter containing adenovirus 2 DNA (Xiong et al., 1991). 
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However, these studies have not addressed the risk of trans­
ferring foreign genes in vivo from a recombinant bacu-
Iovirus to an uncharacterized baculovirus with a different 
host range. For this to happen, both parental viruses would 
have to co-replicate in the same cell of an insect host. We 
have initiated an experimental programme to assess the 
frequency of this phenomenon. The most likely scenario in 
the field use of viral insecticides is that they will be used in 
areas containing the homologous isolate in the natural popu­
lation. This native virus will probably have an uncharacter­
ized host range, with a concomitant risk associated with the 
introduction of a foreign gene. Therefore, we have initially 
concentrated on recombination between homologous vi­
ruses. In this study, we have estimated the recombination 
frequency between a genetically .modified AcMNPV and 
wild type AcMNPV, in order to assess the risk of recombi­
nation in vivo. The major difficulty in studying the process 
of recombination is how to distinguish recombinant from 
parental viruses. To  solve this problem, we constructed a 
recombinant AcMNPV, designated AcRP8.UW I .lacZ, 
which lacks the complete polyhedrin gene promoter and 
coding region but has the E. coli beta-galactosidase coding 
sequence inserted in lieu o f t he  pi  0 coding region, under the 
control of the plO gene promoter. 

Materials and Methods 

Viruses and cells. Spodoptera frugiperda ce l l s  ( I P L B - S f 2 1 )  

( V a u g h n  el al., 1977),  A c M N P V  ( C 6  strain,  Possee ,  1986; Possee  

el al., 1991),  A c R P 8  (po lyhedr in -nega t ive ,  p lO-pos i t ive ,  M e r r y -

w e a t h e r  el al., 1990)  w e r e  p ropaga ted  a s  descr ibed  previous ly  

( K i n g  a n d  Possee ,  1992).  

Plaque titrations, virus DNA purification and cotransfections 
w e r e  p e r f o r m e d  a s  desc r ibed  K i n g  a n d  Possee  (1992) .  

Trichoplusia ni larvae ma in ta ined  in t he  laboratory o n  s e m i ­

synthe t ic  d ie t  ( H u n t e r  el al., 1984).  

lit'combination experiments. I n f e c t i o u s  v i r u s  D N A ,  p u r i f i e d  

f r o m  A c R l ' 8  w a s  m i x e d  w i t h  t h e  p l ( ) - b a s e d  t ransfer  vector ,  

p A c U W I . I a c Z  ( W e y e r  el al., 1990),  in t he  p resence  o f  l ipofect in  

a n d  used  t o  co t rans fcc t  Spodoptera frugiperda cel ls .  Two d a y s  

pos t - t ransfce t ion ,  t he  p r o g e n y  v i r u s  w a s  harves ted  a n d  titrated in 

a p l aque  as say .  R e c o m b i n a n t  v i ru se s  w e r e  de tec ted  b y  a d d i n g  

X-gal  t o  e ach  cell  cu l tu re  d i sh  b e f o r e  coun te r  s ta in ing  wi th  neutral  

red (Pos see  a n d  H o w a r d ,  1987).  T h e  t r ans fe r  o f t h e  l a c /  c o d i n g  

region to  t he  parenta l  v i rus  w a s  indica ted  by the  produc t ion  o f  a 

b lue ,  po lyhedr in -nega t ive  p l aque .  Represen ta t ive  p l a que s  w e r e  

isolated a n d  ret i t ratcd f o u r  t i m e s  t o  ensu re  gene t ic  homogene i ty ,  

f h e  selected v i rus  w a s  des igna ted  A c R P S . U W  I . l acZ  (po lyhedr in-

negat ive ,  p 10-negat ive/ lacZ pos i t ive )  a n d  ampl i f i ed  i n S .  frugiper­

da ce l l s  t o  p rov ide  w o r k i n g  v i r u s  s tocks .  T h e  gene t ic  organisat ion 

o f  t h i s  v i rus  is s h o w n  in F ig .  I .  

U n m o d i f i e d  A c M N P V  (polyhedr in-pos i t ive)  p r o d u c e s  dis t in­

c t ive  crys ta l l ine  occ lus ion  b o d i e s  (po lyhcdra )  in v i rus- infected  

cells .  H o w e v e r ,  it w a s  necessa ry  in th i s  expe r imen t  t o  h a v e  a 
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Fig. i 
Gcnelic organization of  AcMNPV and AcRP8.UWl.lacZ 

PH, polyhedrin locus, promoter and gene: p 10, plO locus, promoter and 
gene; lacZ, beta-galactosidase gene; (+) - positive; (-) - negative. 

polyhedrin-negative phenotype to s e r v e  a s  a genetic marker. T h e  
inability o f t h e  A c R P 8 . U W l . l a c Z  t o  produce polyhedra prevented 
u s  us ing  the oral route to initiate infection in susceptible insects; 
instead, w e  coinjected  T. ni larvae  wi th  a mixture o f  budded, 
non-occluded A c R P 8 . U W  1 .lacZ and A c M N P V .  This  compromise 
s imply  by-passed the gut  barrier and placed the v i rus  particles 
directly into the haemocoel,  which  i s  their normal target after  
release f rom gut cel l s  infected with occluded v i rus  released f r o m  
polyhedra  in the midgut.  

Infectious,  budded v i r u s  s tocks  o f  A c R P 8 . U W l . l a c Z  and 
A c M N P V  w e r e  mixed  in appropriate proportions to provide a 
secondary stock with equal  titers o f  both viruses.  This  w a s  confir­

m e d  b y  t i trat ion in S. frugiperda cel ls .  Therea f t e r ,  2 x 104  P F U  o f  

t he  mixture ,  o r  v i rus - f ree  cell  cu l ture  m e d i u m ,  w e r e  injected into 

t h e  haemocoe l  o f  2 0  late 3 rd  instar  T. ni larvae.  F ive  d a y s  a f t e r  

inject ion,  m o s t  insec ts  d i sp layed  s y m p t o m s  w h i c h  w e r e  typica l  o f  

v i rus  infect ion (c ream coloura t ion  a n d  so f t en ing  o f  t h e  cuticle).  

H a e m o l y m p h  w a s  ext rac ted  f r o m  these  insects  a n d  ana lyzed  f o r  

t he  p resence  o f  in fec t ious  v i rus  u s i n g  a p l aque  assay.  Recombinan t  

p l aques  w e r e  identif ied b y  s ta in ing  wi th  X-ga l  a n d  neutral  red .  

isolated a n d  reti tratcd tw ice  t o  c o n f i r m  the i r  phenotype .  

Results and Discussion 

The results of the co-infection experiment are shown in 
Table 1. Parental viruses were readily identified as polyhe-
drin-positive/colourless plaques (212) or polyhedrin-nega-
tive/blue plaques (133). Putative recombinant plaques were 
identified as polyhedrin-positive/blue plaques (35) or poly-
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Table  1. Numbers of  plaques obtained f rom mixed infection of  T. ni larvae and plaque purification 

Initial Before Results of plaque purification Recombination 
plaque plaque 
phenotype purification Mixed phenotype Unstable Recombinant Frequency 

PH+/plO+(lacZ-) 212 

PH+/plO-(lacZ+) 35 12 13 10 2.5% 

PH-/plO-(lacZ+) 133 

PH-/plO+(lacZ-) 26  3 6 17 4.2% 

PH, polyhedrin; plO, plO gene; lacZ, beta-galactosidase; (+) - positive; (-) - negative. 

hedrin-negative/colourless plaques (26). To ensure that the 
polyhedrin-positive/blue plaques were not simply cells co-
infected with both parental viruses, they were isolated and 
retitrated twice in insect cells. Table 1 shows that of the 35 
plaques originally isolated, 12 were a consequence of mixed 
parental virus infection, 10 were true recombinants, and 13 
were not viable and would not plaque on retitration. These 
viruses may have been the result of a single crossover event 
between two viral genomes, thus representing two virus 
genomes essentially joined together, which would be unsta­
ble. The 26 polyhedrin-negative/colourless plaques were 
retitrated to ensure that their phenotype was not a conse­
quence of failure to recognize immature polyhedra, or due 
to insufficient beta-galactosidase in virus-infected cells to 
give a blue colour. Only 3 of the recombinant plaques were 
subsequently confirmed as being of parental phenotype; 6 
plaque isolates were unstable and lost on retitration. The 
genetic organization of the baculovirus recombinants de­
rived by co-infection of insect larvae was confirmed by 
analysis of DNA isolated from virus-infected cells (data not 
shown). 

When considering the outcome of the recombination 
experiments the potential recombination events have to be 
evaluated. The polyhedrin and p 10 gene loci are separated 
by 114319 an 19575 nucleotides (Ayres et al., 1994). Re­
combination could occur on both sides of these loci, thus 
transferring both the defective polyhedrin and lacZ genes 
from AcRP8.UWl.lacZ to AcMNPV and the intact polyhe­
drin and plO genes in the other direction. These events 
would not be recognized in our screening procedure. Alter­
natively, the intact polyhedrin gene could be transferred 
from AcMNPV to AcRP8.UWl.lacZ, producing a polyhe-
drin-positive/lacZ-positive virus phenotype; lacZ could also 
be transferred to AcMNPV to derive the same phenotype. 
Calculating the recombination frequency as the number of 
recombinant plaques expressed as a percentage of the total 
number of plaques observed, we  determined that 2.5% of 
the virus progeny had undergone this modification. Finally, 
the defective polyhedrin gene in AcRP8.UWl.lacZ could 

recombine at the polyhedrin locus in AcMNPV to produce 
a polyhedrin-negative phenotype also lacking the lacZ gene; 
the same phenotype would be generated if the intact plO 
gene replaced lacZ in AcRP8.UWl.lacZ. It was determined 
that 4.2% of the virus plaques had undergone either of these 
recombination events, and the overall recombination fre­
quency was 6.6%. Table 1 shows that 212 progeny of the 
wild-type phenotype were observed, and 133 progeny of the 
AcRP8.UWl.lacZ phenotype, following plaque assay of 
haemolymph from infected larvae. 

Huang et al. (1991) found that during serial passage in 
tissue culture of a mixture of wild-type AcMNPV and an 
engineered, polyhedrin-negative virus expressing lacZ from 
the polyhedrin promoter, the titer of the wild-type AcMNPV 
reached approximately 1.7-fold higher titer than the poly­
hedrin-negative recombinant per passage. These results sug­
gest that selection pressure operates in favour of the wild 
type virus compared with the polyhedrin-negative, lacZ-
positive recombinant. The ratio from Table 1 of wild type 
to engineered virions is 1.6, which concurs with that ob­
tained by Huang etal. (1991). If positive selection pressure 
operates on wild type AcMNPV, there would be a tendency 
for viruses to retain the polyhedrin gene. However, as 
discussed above, polyhedra do not apparently play a part in 
infection of tissue culture or insect tissues other than the gut. 
While occluded virus is far more efficient at infecting larvae 
when administered per os, there is no reason to assume that 
the presence of polyhedrin will confer any advantage to 
budded virions when injected into the haemolymph of a 
larva, or in tissue culture. However, the data presented in 
Table 1, and the results of Huang et al. (1991) suggest that 
selection, either for polyhedrin-positive virus or against 
recombinant virus, is in operation, both in T. ni larvae 
following injection of budded virions, and in tissue culture. 
The increase in titer of wild type AcMNPV over polyhe-
drin-negative, lacZ-expressing virus may indicate a nega­
tive selection pressure acting against the genetically engi­
neered recombinant producing lacZ, as opposed to a positive 
selection pressure acting in favour of polyhedrin-positive 
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wild type virus, in insect haemolymph or tissue culture. The 
actual process of  genetically engineering a baculovirus may 
be responsible Tor a reduction in fitness resulting in negative 
selection against a recombinant. It is commonly seen in our 
laboratories that viruses expressing foreign genes have 
slightly elevated LD50 values compared with those of  their 
wild-type counterparts (unpublished data). Moreover, 
Wood et al. (1993) report that the presence of the E. coli 
beta-galactosidase gene in polyhedrin-negative AcMNPV 
considerably increases the STso- Obviously, more extensive 
experiments would be necessary in order to comment sig­
nificantly on selection pressure in insect larvae, but these 
results provide initial evidence that latent or persistent 
infections of wild type viruses in insects infected with 
recombinant baculoviruses may have considerable selective 
advantage over the genetically engineered insecticides, and 
this must be investigated. It should be noted that in initial 
release experiments o f  recombinant viral insecticides, it 
could be considered advantageous that the potentially unpre­
dictable genetically engineered virus may be selected against. 

Having determined the frequency of recombinants be­
tween two AcMNPV viruses with different phenotypes, we 
intend to investigate the frequency between AcMNPV and 
other viruses, particularly those which have a different host 
range to that of AcMNPV. Summers  et al. (1980) observed 
a recombination frequency in excess o f  7 %  between 
RoMNPV and AcMNPV following mixed infection of  T. ni 

cells in culture, mapping crossover sites using 21 restriction 
enzyme sites as markers. This is of the same order of 
magnitude as our value of 6 .6% for the  in vivo recombina-
t i o n  f r e q u e n c y  o f  A c M N P V  a n d  i t s  m u t a n t  
AcRP8.UWl. lacZ.  Croizer and Quoit (1981) observed 
somewhat higher recombination f requenc ies  o f  over  5 0 %  
between A c M N P V  a n d  G m M N P V  f o l l o w i n g  a s ing le  
p a s s a g e  by  i nocu l a t i on  o f  a mixture of the viruses into 
G. mellonella larvae, and between 80 - 90% after 5 pas­
sages through insects, using 7 restriction enzyme sites as 
markers to map sites of recombination. In both studies, the 
recombinants were the result of crossover of genetic mate­
rial in two sites only, so that only a single fragment of 
"foreign DNA" was acquired by each virus. The naturally 
occuring AcMNPV-RoMNPV recombinants extracted by 
Smith and Summers (1980) from wild isolates o f R o M N P V  
were the result of recombination events between 4 and 6 
sites. Summers  et al. (1980) found that in 6 out of 7 
AcMNPV-RoMNPV recombinants analyzed, crossover 
had occurred at a site within the polyhedrin gene and 
flanking regions. This was  also true of both recombinants 
described by Smith and Summers (1980). These results 
suggest that there may be preferred sites or hot spots for 
recombination. Neither o f  the two AcMNPV-GmMNPV 
recombinants mapped by Croizier and Quoit (1981) was the 
result of a crossover event in this region. 

This is the first documented evidence of exchange of 
foreign genes between baculoviruses in vivo, since all other 
studies have involved either naturally occurring virus mu­
tants or recombinants, or  cell culture (Smith and Summers, 
1980; Summers  el al., 1980; Croizier and Quoit, 1981; 

Croizier et al., 1988; Kondo and Maeda, 1991; Xiong  etal., 
1991). Our motivation for performing this research is to 
determine the likelihood of  a naturally occuring virus ac­
quiring a foreign gene, expressed by a genetically engi­
neered baculovirus insecticide, following a recombination 
event. That there is a need for  such information is demon­
strated by the apparent existence of a region exhibiting an 
increased tendency to recombination in the £coRI I frag­
ment (Summers  et al., 1980), considering that this region 
containing the polyhedrin promoter is commonly chosen for 
the insertion of insecticidal genes into the viral genome. 
Future studies will concentrate on recombination at or  be­
tween the loci at which the foreign genes are to  be inserted, 
usually the polyhedrin or  plO sites. This will enable a 
compar i son  o f  r ecombina t i on  f r e q u e n c i e s  be tween  
AcMNPV and other baculoviruses with the results pre­
sented here. This will provide us with data on recombination 
frequencies which are relevant to an assessment of the risks 
involved in releasing genetically engineered insecticides 
into the environment, and bring us a step closer to determi­
ning the probability of the genetically engineered insecti­
cide losing its foreign gene in a recombination event with 
other baculoviruses. 
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