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Abstract

The administration of baculoviruses to insects for bioassay purposesagwords

carried out, in most cases, by contamination of food surfaces with Baculovirus

known amount of occlusion bodies (OBs). Sipeeosinfectionisthe + ACNPV

natural route of infection, occluded recombinant viruses containindgacillus thuringiensis
crystal protein genesifylAbandcrylAqQ fromBacillus thuringiensis C'y,lA o

were constructed for comparison with the baculovirus prototypd €lots virescens

Autographa californicaaucleopolyhedrovirus (AcNPV). The transfer’ Pieris brassicae

vector pAcUW2B was used for construction of occluded recombinant =~~~ T
viruses. The transfer vector containing the crystal protein genes was
cotransfected with linearized DNA from a non-occluded recombinant
virus. The isolation of recombinant viruses was greatly facilitated by
the reduction of background “wild type” virus and the increased
proportion of recombinant viruses. Since the recombinant viruses
containing full-length and truncated forms of the crystal protein genes
did not seem to improve the pathogenicity of the recombinant viruses
when compared with the wild type AcNPV, and in order to compare
expression levels of the full-length crystal proteins produced by non-
occluded and occluded recombinant viruses the full-lergytiAb
andcrylAcgenes were chosen for construction of occluded recombi-
nant viruses. The recombinant viruses containing full-length and
truncated forms of the crystal protein genes did not seem to improve its
pathogenicity but the size of the larvae infected with the recombinant
viruses was significantly smaller than that of larvae infected with the
wild type virus.

Introduction Bacillus thuringiensisdelta endotoxins or
crystal proteins have also been introduced
Baculoviruses are a potential source adinto the genome of baculoviruses and, al-
biopesticides for the control of insect peststhough highly expressed and immunologi-
Recombinant baculoviruses which expressally similar to their native counterparts, they
toxins have been constructed and shown tid not improve the insecticidal activity of

have an improved insecticidal activity (1-5).the recombinant baculoviruses (6-10). Crys-
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tal proteins are potent insecticides and exibital Company (St. Louis, MO).

avery high degree of insect specificity. They

are produced in large amounts during Sporwrus, cells and insects

lation ofB. thuringiensisnd appear as large

crystals. When they are ingested by a suscep- AcNPV strain C6 (11) and AcRP5Rgal
tible insect the crystal proteins are dissolvedirus (Ribeiro BM, unpublished results) were
and proteolytically cleaved to a smaller acused to infecBpodoptera frugiperddPLB-
tive polypeptide in the alkaline environmentSF-21) cells grown in TC100 medium supple-
of the insect midgut. The activated toxin hasnented with 5% fetal calf serum. Virus was
a cytolytic effect on the midgut cells. Thetitrated by the plaque assay (12).

insect stops feeding and eventually dies. Ina Heliothis virescengndPieris brassicae
previous study, we introduced the full-lengthwere reared under hygienic conditions using
and truncated forms of tleeylAbgene and artificial diets (13,14)H. virescensvas used
the full-length crylAc gene of Bacillus for the bioassays with polyhedra since this
thuringiensidnto the genome of the baculo-insect is susceptible to the ACNPV vires.
virusAutographa californicaucleopolyhe- brassicaewas used to test the Cry protein
drovirus (AcNPV) under the control of theactivity since this insect is not susceptible to
polyhedrin promoter (6). These recombinanAcNPV but is highly sensitive to the CrylA
viruses expressed the toxins and were noiwxins.

occluded. In order to bioassay the virus we

had to inject the budded form of the viruSConstruction of a transfer vector containing

into the hemocele of the insect. In the preshe full-length genes cry1Ab and crylAc

ent paper we report the introduction of the

full-length crylAband crylAc genesfrom The strategy for cloning the full-length
B. thuringiensisnto the genome of ACNPV genesrylAbandcrylAcis shown in Figure
under the control of the p10 promoter. Thel. Ten micrograms of the plasmids pUCBtm
recombinant viruses constructed had thand pUCBt73 (6) was digested wBanH|
polyhedrin gene and consequently producesaind separated on 1% agarose gel. The bands
the occluded form of the virus. Singer os  containing the genes were recovered from
infection is the natural route of infection forthe gel (15) and suspended in a small volume
baculoviruses, the occluded recombinant vief TE buffer. The transfer vector pAcUW2B
ruses containing the crystal protein genewas digested wittBglll, dephosphorylated
were used for comparison with the baculoviand ligated to therylAbandcrylAcgenes.
rus prototype AcCNPV. The expression ofThe ligation mixture was transformed ito
crystal proteins in insect cells and insectoli DH5a cells, and colonies were screened
larvae, and the pathogenicity of recombinanfor the presence of the crystal protein genes.
viruses towards a susceptible insect werghe recombinant transfer vectors pAcOBtm

analyzed. and pAcOBt73 respectively containing the
crylAbandcrylAcgenes were then isolated
Material and Methods from a large-scale plasmid DNA preparation

and stored at -2C.
Restriction enzymes and reagents
Co-transfection of Spodoptera frugiperda
All restriction enzymes used in the cells and isolation of recombinant viruses
present study were obtained from Gibco-
BRL (Gaithersburg, MD). The reagentswere DNA of the recombinant transfer vectors
obtained from Gibco-BRL and Sigma ChempAcOBtm and pAcOBt73 was co-transfected
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with linearized DNA from the non-occluded Bioassay of occluded recombinat viruses

AcRP5[3gal virus. The non-occluded AcRP5

765

3gal virus was constructed by introducing The droplet feeding method (17) was
the Escherichia coli3-galactosidase geneused for the bioassay of the occluded recom-
into the AcNPV genome in place of thebinant viruses. The amount of OBs ingested
polyhedrin gene (Ribeiro BM, unpublishedby the larvae df. virescenavas calculated
results). In this study, DNA from AcRP53galindirectly by the determination of the in-
was digested witBsuB6! which hydrolyzes gested volume by fluorescence spectroscopy

the viral DNA at only one location (5"-end of (18). Mean lethal concentrations ({fowvere

the [3-galactosidase gene). Linear viral DNAestimated by probit analysis. Homogenates

(500 ng) was co-transfected with 1-2 pg ofrom insects K. virescens)infected with

transfer vector DNA int&. frugiperdecells  AcOBtm and AcOBt73 were serially diluted
using the liposome-mediated transfectiomnd incorporated into the artificial diet.

method (16). After 48 h the whole mediumTwenty newly hatchedP. brassicadarvae

from transfected cells was mixed with 1 xwere incubated with the diet for 5 days and
10 S. frugiperdaells and seeded onto a 964wo parameters of insect mortality, mean

well plate. The plate was incubated at@7
for 5 days and the wells were screened fc
the presence of polyhedra by light micros
copy and by dot blot hybridization (data nof
shown). Medium from strongly positive wells
was mixed and passed twice in 96-well plate:
Medium from single positive wells from the
later passage was then used to inféett
virescendarvae. After insect death, polyhe-
dra were purified and the DNA isolated. The
purity of the recombinant viruses was
checked by restriction endonuclease dige:
tion of viral DNA (Figure 2).

Expression of crystal proteins in insect larvae
by the occluded recombinant viruses

Insect cells were infected with AcOBtm
and AcOBt73 (10 pfu/cell) and 3rd-instar
insect larvae were infected by spreading 10
to 1000 occlusion bodies on small cabbag
leaf discs. After the liquid dried, the leaf
discs were given to individual larvae anc
incubated at 2 overnight. Insects which
consumed all the leaf disc were transferre
to replica dishes containing a plug of artifi-
cial diet and incubated at 7 until they

Ligation
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Figure 1 - Construction of transfer vectors pAcOBtm and pAcOBt73. Plasmids pUCBtm and

succumbed to the virus. The expression @UcBt73, containing the crylAb and crylAc genes, respectively, were digested with
the crystal proteins in insect larvae was ang&amH! and the fragments containing the genes were cloned into plasmid pAcUW2B

lyzed by SDS-PAGE (Figure 3) and immu-
noblotting (data not shown).

previously digested with Bgl/ll. The large arrows in pUCBtm, pUCBt73 and pAcUW2B
represent the open reading frames of the crylAb, crylAc and polyhedrin (P) genes,
respectively. The small arrow in pAcUW2B represents the p10 promoter.
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Figure 2 - Analysis of the DNA
from the recombinant viruses.
Electrophoresis on 1% agarose
gel of an EcoRI digest of DNA
from the occluded recombinant
viruses AcOBtm and AcOBt73.
Arrowheads indicate the extra
DNA fragment bands corre-
sponding to the insertion of the
toxin gene constructs into the
AcNPV genome.
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lethal dose (LEy) and lethal half-time (Ldy), dard error of the mean were analyzed by
were estimated by probit analysis (Table 1)ANOVA.

For the measurement of L) serially di-

luted OBs from the recombinant and wildResults

type virus were given to the insects (25-50

newly hatched larvae). Mortality was re-Construction of a transfer vector containing

corded 10 days post-infection. For the meashe full-length genes  cry1Ab and crylAc

urement of LT, 300 OBs/nl were used,

mortality was recorded at 8-h intervals from  Figure 1 shows the strategy for the clon-
day 4 to day 10, and the bioassays repeatedwy of the full-length crylAb and crylAc
times. Calculated mean values and their stagenes. TherylAbandcrylAcgenes frors.
thuringiensiswere removed from the plas-
mids pUCBtm and pUCBLt73 (6) and cloned
into the transfer vector pAcUW2B. The re-

Lambda BstEIl

% § ; sulting plasmids pAcOBtm and pAcOBt73
g 2 & g were used for the construction of the recom-
binant viruses.
141 — - . )
Co-transfection of Spodoptera frugiperda
8.4 — cells and isolation of recombinant viruses
Zz N The plasmids pAcOBtm and pAcOBt73
5.6 — were used together with linearized DNA
from the non-occluded AcRP5Rgal virus for
48— the co-transfection of IPLB-SF-21 cells. Af-
4.3 —
ter 48 h, the cell supernatant was collected
36 — and used for the isolation of the recombinant
viruses by a combination of the end-point
dilution method and Southern-blot (16). The
purified recombinant virus was amplified in
. IPLB-SF-21 cells and the DNA extracted
' (16). The DNA was subjected to restriction
19 — enzyme analysis and compared to the DNA
of the wild type virus (Figure 2). The purity
of the recombinant virus was confirmed by
. the appearance of new bands of the expected
12 sizes for each gene (Figure 2, arrowheads),

and by Southern-blot (data not shown).

Expression of crystal proteins in insect larvae
by the occluded recombinant viruses

The full-length crystal proteins produced
by the occluded recombinant viruses
AcOBtm and AcOBt73 were similar in size
(as determined by SDS-PAGE) to the au-
thentic crystal proteins expressed by Bie
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thuringiensigFigure 3). They also proved to
be immunologically similar since they re-
acted with antiserum raised against authen-
tic CrylAc crystal protein (data not shown).
The levels of expression of theylAb

andcrylAc proteins in insect cells infected
with the occluded viruses AcOBtm and
AcOBLt73 were shown to be at least 1/5 of the
expression of the same proteins in insects
infected with the non-occluded viruses
AcBtm and AcBt73 (see Tables 1 and 2 in
Ribeiro and Crook (6)).

Biological activity of the crystal proteins
expressed by the occluded recombinant
viruses
P

Crystal protein genes expressed in insect
larvae were shown to be biologically active
againsP. brassicaglnsect suspensions from
insects infected with AcOBtm and AcOBt73
were serially diluted and incorporated into
the artificial diet. Twenty newly hatchdl
brassicaelarvae were incubated with the
diet for 5 days and insect mortality was
analyzed by probit analysis (Table 1). The
proteins expressed by the two recombinant
viruses showed the same level of toxicity
towardsP. brassicadarvae.

Bioassay of occluded recombinat viruses

The mean volume ingested by larvae of
H. virescendy the droplet feeding method

was 14.48 nl, with a standard error of 6.88. AcoBtm
The results of the LI bioassays using the AcOBt73

susceptibleH. virescengTable 2) showed
that the L3, of AcOBtm and of AcOBt73
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containing the full-length cry1Ab and crylAc genes.
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Figure 3 - Expression of
crystal proteins in insect
larvae. Polyacrylamide gel
electrophoresis (PAGE) of
extracts prepared fromin-
sects infected with the
occluded recombinant vi-
ruses containing the
crylAb and crylAcgenes.
The arrowheads show
the position of the crystal
proteins (C) and polyhe-
drin (P).

Table 1 - LCgy values for the crystal proteins produced by the occluded viruses

C.L. = Confidence limits, CHI-SQ = residual chi-square, d.f. = degrees of freedom,
SEM = standard error of the mean. The residual chi-squares are not significant.

Virus CHI-SQ d.f. slope SEM LCso C.L.
(slope)  (ug insect/g diet
suspension)
2.12 2 1.2 0.2 0.08 0.04 +0.13
4.19 2 1.6 0.3 0.05 0.03 +0.08

were at least 2 times greater than that of the Table 2 - LDsg values for the occluded recombinant viruses AcOBtm and AcOBt73

wild type virus. The L, bioassays (Tables

using H. virescens.

3 and 4) showed that the values for ACOBtmM c L. = confidence limits, CHI-SQ = residual chi-square, d.f. = degrees of freedom,
and AcOBt73 were significantly higher than SEM = standard error of the mean. The residual chi-squares are not significant.

the values for ACNPV.

Discussion

Occluded recombinant viruses contain-

Virus CHI-SQ d.f. slope SEM (slope) LDsg (OBs) C.L.

AcNPV 0.81 2 1.8 0.3 168 114 + 253
AcOBt73 1.76 2 1.8 0.4 453 305 + 820
AcOBtm 10.0 2 0.7 0.14 380 155 + 1258
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Table 3 - LTsp values for the occluded recombinant viruses AcOBtm and AcOBt73 in 4 separate assays (letters
A-D).

SEM = Standard error of the mean. LTsg is in hours.

Virus Bioassay A SEM Bioassay B SEM Bioassay C SEM BioassayD SEM
(300 OBs) LTs0 LTso LTso LTs0

AcNPV 112 10 115 17 110 12 115 20
AcOBtm 138 25 159 25 154 31 149 35
AcOBt73 131 35 169 27 177 40 153 38

toxic to insects (10). The crystal protein
fromB. thuringiensisubspkurstakiHD-73

Table 4 - LTsg analysis of the 4 bioassays for the
occluded AcOBtm and AcOBt73 recombinant vi-

ruses. was expressed in insect cells by a recombi-
nant baculovirus and also showed biological

SEM = Standard error of the mean. activity (7)

Virus LTso SEM Despite the fact that the crystal proteins

were expressed at high levels in insects, the

AcNPV 12 2 pathogenicity of the recombinant occluded

AcOBtm 148 5 . .

ACOBL73 158 6 viruses was not improved by the presence of

either crystal protein. The Lpvalues for

ing the full-length genesrylAbandcrylAc the occluded recombinant viruses AcOBtm
from B. thuringiensisvere constructed. The and AcOBt73 were about 2 to 3 times higher
crystal proteins produced in insect larvae byhan for the wild type virus. This result is in
the recombinant occluded viruses weraccordance with the data obtained by
shown to be immunologically similar to theMerryweather et a7). They also obtained
authentic crystal proteins produced B. an LDspabout 2 times higher for an occluded
thuringiensis Furthermore, they proved to recombinant baculovirus expressing the HD-
be biologically active again®. brassicae 73 crystal protein. The levels of expression
We have shown previously (6) that the exefthe CrylAband CrylAc proteins in insect
pression of full-length and truncated formsells infected with the occluded viruses
ofthecrylAbgene and the full-lengtirylAc  AcOBtm and AcOBt73 were shown to be at
gene in insect cells and insects by recombieast 1/5 of the expression of the same pro-
nant non-occluded baculoviruses producetkins in insects infected with the non-oc-
proteins biologically and immunologically cluded viruses AcBtm and AcBt73 ((6),
similar to their native counterparts. Martenslables 1 and 2). This lower expression could
et al. (8,9) also reported the expression dfe due to the simultaneous expression of the
different forms of the CrylAb crystal pro- polyhedrin gene, since they might compete
tein from B. thuringiensisin insect cells, for the same resources inside the cell. The
showing that the expressed proteins werkilure to improve the insecticidal activity is
biologically active. Full-length (72 kDa) and not due to the production of the protein
truncated (61 kDa) Cryl1lAa proteins frominside the cell. Martens et §0) showed that
B. thuringiensiswere also expressed in in-the production and or secretion of the Cry1Ab
sect cells by recombinant baculovirusesprotoxin or the mature toxin by the recombi-
These proteins formed cuboidal crystals andant baculoviruses did not increase insecti-
only the full-length protein was shown to becidal activity. They postulated that the
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protoxins produced are inactive and not likelyeins in insect cells could be useful for the
to be activatedin vivo, secretion of the study on the mode of action of such proteins
protoxins is poor and production of the masince they assemble in crystals similar to
ture toxins results in cytotoxicity. Although those found in bacteria and have been shown
the expression of crystal proteins froBr to be biologically active (6,10).
thuringiensisin insect cells by recombinant

baculovirus does not increase pathogenicityAcknowledgments

as measured by the bioassay results, we noted

that the size of the larvae infected with the We thank Dr. Robert D. Possee for pro-
recombinant viruses was significantly smallewiding the AcNPV wild-type virusSpodop-
than that of larvae infected with the wildtera frugiperda cells and transfer vector
type virus. This is probably due to contamipAcUW2B, Paul Jarret for trewylAbgene,
nation of the OBs with crystal proteins. TheDr. Doreen Winstanley for therylAcgene,
expression ofB. thuringiensiscrystal pro- and John Fenlon for statistical advice.
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