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Abstract. Genetically improved Autographa californica (Speyer) multiple nucleopolyhedrovirus (AcMNPV), the
type species of the genus Nucleopolyhedrovirus, was constructed with an insect-selective toxin gene (LghIT,) de-
rived from the venom of the Israeli yellow scorpion, Leiurus quinquestriatus (Ehrenberg). Lghl T, was expressed by
two distinct and temporally regulated promoters. These two promoters were the early promoter p-PCm (a pu-en-
hanced minimal CMV promoter) and the very late p10 promoter, resulting in recombinant viruses named VAPcmIT,
and VAP10IT,, respectively. Western blot and bioassay analysis showed that the toxin gene under the control of the
early p-PCm promoter was expressed 24 h earlier than under the very late p10 promoter control, and vVAPcmIT,
killed faster than VAP10IT,. The EC,, (effective concentration, EC) vaues of wild type ACMNPV, VAP10IT,, and
VAPcmIT, to the 3“-instar larvae of Trichoplusia ni (Hibner) were 1.00, 0.19, and 0.17 polyhedral inclusion bodies
(PIBs)/mm?, respectively. Compared to the very late promoter, the early promoter could shorten the effective time
(ET,,) by 14~17 h. Furthermore, for the 4"-instar larvae, compared to the wild-type virus and vAP10G, a 19~23%
and 30~33% reduction in ET_ were found using vAP10IT, and vVAPcmIT,, respectively. Field trials of these two
viruses showed an effective paralysis of the infected larvae which then stopped feeding, resulting in a decrease in the
leaf area eaten compared to those larvae infected with wild-type virus and another control virus vVAP10G, the GFP-
expression recombinant ACMNPV. Scorpion toxin driven by the early p-PCm promoter shortened the time-to-pa-
ralysis of insect larvae, and thus provided an economical pest control advantage over that driven by the very late p10
promoter.
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I ntroduction

Since chemical pesticides frequently pose environmen-
tal and health risks, carefully selected biological control
agents, like predators, parasitoids, and pathogens, have
become attractive aternatives for the suppression of in-
sect pests in the field. Baculoviruses (Baculoviridae) are
arthropod-specific pathogens that have served as micro-
bial biopesticides for control of many lepidopteran pests
for several decades (Entwistle and Evans, 1985). These
pathogens are characterized by large, circular double-
stranded DNA genomes and rod-shaped virions that are
enveloped within polyhedrin to form polyhedra (Tinsley
and Kelly, 1985; Whitt and Manning, 1988). While
baculoviruses have the potential for insect control, in-
fected lepidopteran larvae still cause considerable crop
damage due to continued feeding for several days after
the initial infection, resulting in reduced efficacy in the
field (Bonning and Hammock, 1996; Tuan et a., 1997; 1998).
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A number of studies have established that the efficacy
of baculovirus for insect pest control is greatly improved
by the insertion of foreign genes into the viral genome.
These include genes encoding the Manduca sexta
(Linnaeus) diuretic hormone (Maeda, 1989), the Heliothis
virescens (Fabricius) juvenile hormone esterase (Hammock
et a., 1990), the Bacillus thuringiensis (Berliner) 6-endot-
oxin (Martens et al., 1990; 1995), mite or spider toxins
(Tomalski and Miller, 1991; Hughes et al., 1997; Priknod’ ko
et a., 1998), proteases (Harrison and Bonning, 2001), and
the scorpion insect-specific neurotoxins (Stewart et al.,
1991; Maedaet al., 1991; McCutchen et al., 1991; Fuxa et
al., 1998; Gershburg et al., 1998; van Beek et al., 2003). All
these studies reveal the significant contribution of exog-
enous gene products to the efficacy of baculovirusin pest
control.

The LghlT, depressant insect toxin, derived from the
Israeli yellow scorpion Leiurus quinquestriatus hebraeus
(Ehrenberg), is a polypeptide of 61 residues (Zilberberg et
al., 1991). Injection of LghIT, toxin into Sarcophaga
falculata (Pendelle) blowfly larvae induced symptoms typi-
cal of the transient excitatory effect that preceeds the on-
set of prolonged flaccidity. The larvae are immobilized and
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paralyzed and become completely flaccid (Zlotkin et al.,
1993; Gershburg et al., 1998; Harrison and Bonning, 2000).
The depressant toxin‘s mode of action involves depolar-
ization of the axonal membrane, blockage of the evoked
action potential, and changes in the amplitude and the ki-
netics of the sodium current. Flaccid properties of the host
insect are attributed to the opening of sodium channels
and inability to inactivate them (Benkhdlifaet a., 1997). The
higher efficacy of the virus expressing the depressant toxin
LghIT, over the excitatory toxin Lghl T, suggests that phar-
macokinetic factors and/or promoter efficiency may play a
role during infection of insect pest larvae by recombinant
baculoviruses (Gershburg et al ., 1998).

When the scorpion toxins were tested using recombi-
nant baculoviruses, the insecticidal activity of the very late
p10 promoter was higher than that of the early p35 pro-
moter (Gershburg et a., 1998). These data suggest that pro-
moter efficiency may play arolein the infection of insect
pest larvae by recombinant baculoviruses since an early
promoter should exert an effect earlier than the very late
promoter. If the early promoter is strong enough, it should
show more lethality in the recombinant virus. Previously,
the human cytomegal ovirus minimal (CMVm) promoter, li-
gated in cis with a newly discovered activator, the
polyhedrin upstream (pu) sequence, and the early p-PCm
promoter (pu plus CMVim) was shown to result in high level
expression of foreign genes. In these experiments, although
less luciferase was expressed by the early p-PCm promoter
rather than by the very late p10 promoter, the former ex-
pressed earlier with better total luciferase activity (Wu et
al., 2000; Loetd., 2002).

The Autographa californica nucleopolyhedrovirus
(AcCMNPV) is the type species of the
Nucleopolyhedrovirus (Volkman, 1995). Its broad insect in-
fectivity spectrum of more than 30 species |lepidopteran
also made this virus a more acceptable microbial insecti-
cide (Granados and Williams, 1986). The pathogenicity of
AcMNPV against nine important agricultural pests was
studied previously (Tuan et al., 1997). Recombinant
ACMNPV expressing insect-specific toxins under different
temporally regulated promoters showed various efficacies.
The immediate early iel promoter expressed Aal T earlier
than the very late p10 promoter and significantly reduced
the feeding activity of infected larvae (Jarvis et al., 1996).
The time required for paralysis or death was promoter-
dependent, and the late 6.9K DNA binding protein gene
promoter was generally more effective than Pymays HP70,
and DA26 promoters for expression of Tox34 (Lu et al.,
1996). The hybrid late and very late promoter were gble to
drive expression of atox34 gene and showed superior re-
ductionsin kill times compared to the very late promoter
only (Tomalski and Miller, 1992). The hr5/iel promoter lead
to afaster response than the very late p10 promoter for
expression of either Lghl T, or AalT (van Beek et al., 2003).
In order to further improve the efficacy of recombinant
ACMNPV for earlier insect pest control, anewly developed
early promoter p-PCm (Lo et a., 2002) was used to drive a
scorpion depressant toxin gene, LghlT,. Our results dem-
onstrate that the scorpion toxin is expressed earlier by the
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early p-PCm promoter than the very late p10 promoter and
that insecticidal efficacy of recombinant ACMNPV express-
ing Lghl T, was significantly improved compared to wild-
type ACMNPV.

Materials and M ethods

Cell Cultures and Viruses

The cell line Spodoptera frugiperda IPLB-Sf21AE (SF21,
Vaughn et a., 1977) was maintained at 26°C in amodified
TNM-FH medium that contained 8% fetal bovine serum
(Leeetal., 1998; Linet a., 1999). The GFP-expression re-
combinant virus, VAP10G (Chao et al., 1996) and the C6
strain of wild-type ACMNPV were propagated in the Sf21
cell line. The vVAP10G was here used as control because it
was constructed by the cotransfection with commercial lin-
earized genomic DNA of ACMNPV, and we used the same
material and methodology to construct both neurotoxin-
expressing recombinant viruses vVAP10I T, and VAPcmI T,
At 5~7 days post infection (d p.i.), the infected cells were
pelleted and resuspended in 0.5% SDS solution for 10 min,
and the number of polyhedra were counted by a hemocy-
tometer and stored at 4°C in sterile H,O.

I nsects

The larvae of cabbage loopers, Trichoplusia ni
(Hubner), were collected from Shi-hu or Wu-feng County
in Talwan and reared on an artificial diet (Tuan et al., 1997).
These insects were reared at 25+1°C with 70+5% relative
humidity (RH) and 14:10 h (L:D) photoperiod. All tested
insects were the Shi-hu strain 4"or Wu-feng strain 39in-
star larvae after three generations of rearing. The mass-
rearing artificial diet contained 0.1% sorbic acid and
p-methyl-benzoate for anti-bacteria and anti-fungi purposes.
Pupae and eggs were washed for 10-15 minin 0.5% NaClO
or 4% formalin solution, after which they were rinsed for
15 min with running water followed by air-drying. During
the course of experiments, al precautionsto ensure against
contamination with microorganisms (equipment
autoclaving, surface wiping with 70% ethanol, instrument
flaming, formalin fumigating for all rearing apparatus, and
the use of disposable containers and instruments) were
gpplied. Theinsectsin preliminary work and in all experi-
ments were observed daily and by smears under light or
phase-contrast microscopy to determine if they were
pathogens in origin.

Construction of Plasmids and Recombinant Virus

We excised a complete LghlT -coding sequence
(included Bombyxin signal sequence and Lghl T, mature
peptide sequence, 250 bp in length) by digestion with Bgll|
and EcoRI (PharMingen) from pBmLghIT, (provided by
Maeda's Lab., Maeda et a., 1991; Gershburg et a., 1998).
The sequence then was inserted into a polyhedrin gene
containing transfer vector pAcUW?21 between a blunt-
ended Bglll site and the EcoRl site. The polyhedrin gene
was useful for later experiments in forming polyhedral in-
clusion bodies for insect infection by feeding. The scor-
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pion depressant toxin gene was expressed under the con-
trol of the very late p10 promoter of ACMNPV, and named
PAP10IT,. For the early expression of scorpion depressant
toxin gene, the very late p10 promoter of plasmid
PAP10IT,was replaced with an early p-PCm promoter,
which contains a CMVm promoter that is activated in cis
by a upstream pu element already situated in the plasmid
(Lo et al., 2002) to generate pAPcmIT, (Figure 1). The
CMVm promoter was excised from the vector pTRE
(Clontech) between Xbal and BamHI sites. The 3’ end of
CMVm promoter fragment was ligated into the Bglll clon-
ing site through the BamHI site. The 5" end of the CMVm
promoter fragment was ligated into Xbal site with the aid
of an Xbal-Xhol (5'-3") adgptor, resulting in the Xbal-Xhol -
CMVm-BamHI (BglI1) linker. Recombinant viruses, that ex-
pressed scorpion depressant toxin, were constructed by
the cotransfection of transfer vectors pAP10IT, or
PAPcmIT, separately with linearized genomic DNA of
ACMNPV (VACRP23.LacZ, PharMingen), using Lipofectin
(Life Technologies). Polyhedra-positive recombinant
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Figure 1. Construction of the transfer vectors pAp10IT, and
PAPcmIT,. The LghlT, gene was excised from the transfer vec-
tor pBmLghIT, by Bgl Il and EcoR | digestion, and inserted into
PAcUW21. The scorpion toxin gene was cloned juxtaposed to
the p10 promoter yielding the vector pAp10IT,. The vector
pApl0IT, was modified by replacing the p10 promoter with
the CMVim promoter using the restriction sites of Xho I, BamH
I, Xba | and Bgl I, and an Xba I-Xho | linker, resulting in anew
plasmid pAPcmI T,

viruses, VAP10IT, and vVAPcmIT,, were isolated by four
rounds of end-point dilution. They were verified by restric-
tion fragment length analysis and then confirmed by PCR
analyses. The sequences of these two primers were prim-
erspolh: 5 CCGATGTAAACGATGGGCTT 3, and Ecol T
5 GAATTCTTATCCACAGGTATTCGT 3.

Western Analysis

| solated recombinant viruses were further confirmed and
the timing of toxin expression was analyzed. ACMNPV-me-
diated expression of Lghl T, under the control of the very
late p10 and early p-PCm promoters in insect cells was
analyzed by Western blotting. The polyclonal antibody
was from rabbits immunized by a sub-dermal multi-injec-
tion of synthetic peptide mixed with adjuvant (amino acid
sequence: H-DGYIKRRDGCDDKTWK-NH,, conjugated
with Keyhole Limpet Hemocyanin as a carrier protein). SF
21 cells in 6-well microplates were inoculated with
VAPI0IT, vAPcmIT,,, and VAP10G recombinant viruses or
with wild-type ACMNPV at amultiplicity of infection (moi)
= 1. Infected cellswere collected at 4, 8, 12, 18, 24, 36, 48,
72 and 96 h post infection (h p.i.), and were centrifuged at
1000 g for 5 min, after which the resulting supernatants
were collected. The cell pellets were resuspended in
double-distilled H,O treated with 0.5% SDS, then vortexed
for 5 min and washed twice. Cell extracts and medium
samples were mixed with equal volumes of sample buffer
and analyzed by SDS-PAGE in 4% stacking gel and 15%
resolving gel. Gels were el ectroblotted onto polyvinylidene
fluoride membranes (PVDF, Millipore) and blocked with
Tris-buffer saline with 0.1% Tween-20 containing 3% skim
milk at 4°C overnight. Subsequently, the membrane was
incubated with polyclonal rabbit anti-Lghl T, antibody for
1 h at room temperature followed by horseradish peroxi-
dase (HRP)-conjugated secondary antibody for 1 h at room
temperature. Finally, the HRP spots on the membrane were
detected by an enhanced chemiluminscence kit (ECL,
Amersham Life Science) following the protocol provided
by the manufacturer.

Lethal Dose and Time Measurements

Each candidate recombinant virus was screened by a
bioassay of activity against the host larvae. The patho-
genicity of scorpion toxin containing recombinant viruses
(VAP10IT, and VAPcmIT,) and wild-type ACMNPV were
compared. The VAP10G, a recombinant virus containing a
GFP coding region driven by the very late p10 promoter,
was also used as another control. The median lethal con-
centration (LC,)) and median lethal time (LT,) were deter-
mined on the 3- and 4"-instar larvae of T. ni. Molting
larvee at the same age were selected and enclosed indi-
vidually in a 30-well plate overnight, and the next morning
the newly molted larvae were starved for 8 h to synchro-
nize larval growth. These larvae were bioassayed with a
diet-contaminated method (Tuen et a., 1997) and maintained
at 25+1°C, 70+5% RH, and under a 14:10 h photoperiod.
Tested larvae were fed with a set of five serial 10-fold di-
lutions of each virus stock (from 780 to 0.078 polyhedral
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inclusion bodies, PIBS/mm?) on a small plug of artificial
diet. Sixty larvae in three replicates were inoculated in each
treatment. For lethal time or effective time determining
assay, 4"-instar larvae were treated with 78 and 7.8 PIBY/
mm?, and 3“-instar larvae were treated with 78 and 0.78
PIBS/mm? (to obtain ~90-100%, and <75% mortality within
seven days). Larvae that consumed the diet were then fed
another plug diet without virus and examined two or three
times daily for a response. Tested larvae were scored as
responders if they were paralyzed or dead. In doubtful
cases, the larva was touched slightly with a paint brush
five times and scored as responder only if it failed to move
within 30 s. All datawere recorded until the 10" d p.i., cor-
rected with Abbott’s formula, and analyzed using probit
analysis (Finney, 1971) to determine the LC,,
(concentration of PIBS/mm? to kill 50% of the test larvage),
EC,, (concentration of PIBs/mm? necessary to resulting in
50% of the test larvae to paralyze or cease feeding), ET
(mean time at which 50% of test larvae cease to respond
toastimulus), ET,, (time at which 90% of test larvae cease
to respond to a stimulus), and LT, (mean time at which
50% of test larvae are killed) values. All of the bioassays
were performed at least three times with different virus
batches. The resulting values for each virus were aver-
aged and analyzed by one-way ANOVA. The meanswere
separated by the Fisher's Least Significant Difference Test
(Steel end Torrie, 1980)

Field Trial

Newly molted 4"-instar T. ni larvae were starved for 16
h, and then transferred to potted cabbage with 12~14
leaves. Thirty larvae on each pot were confined in afine-
mesh nylon cage. The cabbages were treated individually
with sterile water (as control), recombinant viruses with
(VAP10IT, and VAPcmIT,) or without (vAP10G) scorpion
toxin gene, and wild-type ACMNPV, that were applied at
107 PIBs/ml using a handheld sprayer. Tween 20 (0.05%)
was added to all viral suspensions and control. Three pot-
ted cabbages were tested for each treatment. The insects
were checked twice daily to record signs and symptoms
of disease and calculate mortality. The dead larvae were
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collected and stored at 4°C, then checked by microscopy
at a magnification of 400X. Six days after application, all
larvae, living and dead, were collected from potted
cabbages. The surviving larvae were weighed, reared in-
dividualy on artificial diet at 24+1°C, and checked twice
daily for death or pupation. Larvae failing to respond to
gentle stimulation by the paint brush within 30 s were
scored as dead. Mean |leaf area eaten per cabbage (sum of
12 |eaves) was determined in infested control and virus-
treated cabbage pots at the 6™ day after virus application.
All leaves were removed from the plant and Xeroxed. Each
intact leaf-image was cut out and scanned with a leaf area
meter (Model Li-3100 AreaMeter, Li-Cor, USA). The holes
in each leaf were then trimmed off carefully and scanned
again. The differences between two scans were recorded
as the area consumed for that leaf, and these differences
inall leavesfor each plant were summed up. All field trials
were performed at least three times with different virus
batches. Leaf areas eaten by tested larvae for each treat-
ment group were compared by one-way ANOVA followed
by Fisher’s Least Significant Difference Test (Steel and
Torrie, 1980).

Results

Construction and Expression of LghlT, by Re-
combinant ACMNPV

Transfer vectors that contained the ACMNPV
polyhedrin gene and the scorpion toxin gene Lghl T, un-
der the control of the very late p10 or the early p-PCm
promoters (Lo et a., 2002) were constructed (Figure 1). The
production of 6 kD LghIT, toxin proteins by individual iso-
lates was subsequently examined. Western analysis
showed that LghlT, was first detectable in vAPcmI T ,-in-
fected cellsat 12 h p.i. Expression of Lghl T, peaked at 36
h p.i. in vAPcmIT,-infected cells and subsequently de-
clined by 48 h p.i. The scorpion toxin expressed by
VAP10IT, was first clearly detectable at 36 h p.i., reached
aplateau around 48 ~ 72 h p.i., and declined to 96 h p.i.
(Figure 2). Based on size (6 kDa) and its specific expres-
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@ T 2 34 5 6 7 8 9 10 11 12 13 14 15 16

180 — — P

64—

=2 8 & & .-

Figure 2. Time course expression of LghlT, in insect cells. Sf21 cells were infected with vAPcmIT,, vVAP10IT, and ACMNPV at
moi = 1. Immunoblot analysis of scorpion toxin expression was assayed at various times p.i. Cell extracts were prepared at the
indicated times (h), separated by 15% SDS-PAGE, and immunoblotted with anti-LghI T, polyclonal antibody. Lanes 1, 2, 4, 6, 8, 10,
12, and 14 were cell extracts from vAPcmIT -infected Sf21 cells. Lanes 3,5, 7, 9, 11, 13, and 15 were cell extracts from vAP10IT,-
infected Sf21 cells, and lane 16 was cell extracts from AcMNPV-infected Sf21 cells at 48 h post infection. Kaleidoscope pre-stained
standards (Bio-Rad, catalog 161-0324) were bovine serum albumin 85 kDa, carbonic anhydrase 41.8 kDa, soybean trypsin inhibitor
31.8 kDa, lysozyme 18 kDa, and gprotinin 6.4 kDa.
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sion in infected cells (vs wild-type AcMNPV-infected
cells), we feel confident that LghI T, is recognized by the
antibody used in this experiment (Figure 2, lane 16). Even
though the detectable level of LghlIT, toxin in the
VAPcmIT -infected cells was not as abundant as in
VAP10IT,-infected cells after 48 h p.i., the efficacy of in-
sect killing was faster and higher for the former than for
the latter viruses. This might be due to the better secre-
tion of the toxin protein by the p-PCm promoter early in
the viral infection. Since the vast volume of medium is 50
x greater than that of the cells, we tried and failed to probe
the Lghl T, toxin from the medium of the cellsinfected with
recombinant viruses by Western blotting.

Dose- and Time-Mortality Responses of Infected
I nsect

Bioassays were carried out to measure the insecticidal
efficacy of the recombinant viruses against T. ni. The lar-
vae infected with the scorpion toxin-containing recombi-
nant viruses showed a prolonged flaccid paralysis, and
they were effectively immobilized, rather than swollen and
liquefied as with the wild-type ACMNPV and vVAP10G. The
LC,, vauesof wild-typeAcMNPV, VAP10G, VAP10IT,, and
VAPcmIT, to the early 4"-instar T. ni larvae were 1.43,

2.76, 1.40, and 1.36 PIBSmm?®, respectively, and differenc-
es were not significant (Table 1). Although toxin-express-
ing recombinant viruses killed insect larvae much more
quickly than non-toxin-expressing viruses, the host LC_,
values of their 4"-instar larvae were not significantly
different. However for the 3“-instar larvae, the EC_ val-
ues of wild-type ACMNPV, VAP10IT,,, and vVAPcmIT,, were
1.00, 0.19, and 0.17 PIBs/mm?, respectively (Table 2). This
isamore than fivefold difference in virulence between the
recombinants and wild-type ACMNPV. In addition, the ET
values against the 3-instar larvae of T. ni at a concentra-
tion of 78 PIBs'/mm? were 80, and 66 h, respectively for
VAP10IT,, and VAPcmI T, For either lower or higher con-
centrations as 0.78 or 78 PIBs/mm?, vAPcmI T, resulted
18% (17 h) or 12% (14 h) reductions, respectively, in ef-
fective time compared to VAP10IT, (Table 2). The time of
paralysis of the 4" instar T. ni fed with the recombinant
baculoviruses (measured by immobility of the larvae) was
determined. In general, the effective time (ET, ) was 9~12
h earlier then the lethal time (LT,). Insects infected with
VAPcmIT, and VAP10IT, provided significantly lower ET
values, 83.2 and 87.1 h, respectively, and they were 19~41
h earlier than those of larvae infected with wild type Ac-
MNPV and VAP10G. The ET, values also demonstrated
that toxin-expressing recombinants resulted in 36~61 h ear-

Table 1. LC_ comparison of Trichoplusia ni 4™-instar larvae infected with recombinant or wild-type baculoviruses.- 2

LC,, (PIBYmm®)

Virus

95% Confident limits

Mean
Lower Upper
ACMNPV 1.43a 0.91 2.07
VAP10G 2.76a 1.75 4.08
VAP10IT, 1.40a 0.74 2.25
VAPCcmIT, 1.36a 0.71 2.20

YPolyhedral inclusion bodies (PIBs)/mm? of contaminated diet. LC,_, value was calculated from the cumulative mortalities up to 10
days post infection. 180 tested larvae were assayed in each treatment.

2LC,, values were calculated using probit analysis. Means followed by the same letter were not significantly different by the analy-
sis of variance at P<0.05. F value = 2.11<F (3, 8, 0.05); thus, a hypothesis of no difference among treatments is not rejected.

Table 2. EC, and ET, comparisons of Trichoplusia ni 3“-instar larvae infected with recombinant or wild type baculoviruses. -39

Time and dose to paralysis and/or death response

Virus EC,, (PIBYmm?®)? ET,, (h)® ET,, (h)?
Mean+SD Mean+SD Mean+SD
AcCMNPV 1.00 £ 0.47b — —
VAPLO0IT, 0.19 + 0.08a 141.7 + 5.0b 80.4+5.4b
VAPCmIT, 0.17 + 0.07a 124.7 + 5.1a 66.0 + 4.7a

YMedian effective concentration (EC,) and median effective time (ET, ) values were calculated using probit analysis with 95%
confident limits. Means within a column labeled with different letters are significantly different at P<0.05, Least Significant Difference.
SD, stendard deviation.

2Polyhedral inclusion bodies (PIBs)/mm?® of contaminated diet. EC_ value was calculated from the cumulative mortalities and pa-
ralysis until 10 days post inoculation. F value= 8.7>F (2, 6, 0.05).

3Time in hours since larvae were placed on the contaminant diet. The concentration given is 0.78 PIBs/mm?. F value = 44.9>F (2, 6,
0.05).

“The concentration given is 78 PIBs/mm?. F value = 44.5>F (2, 6, 0.05).
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Table 3. Lethal and effective time comparisons by paralysis/death responses of Trichoplusia ni 4"-instar larvae infected with recom-

binant or wild-type baculoviruses.V: 234

Time to paralysis and/or death response?

Virus

LT, (h)? LT, (h)¥ ET,, (h)? ET,, (h)¥
AcMNPV 132.7b 112.2c 107.6b 136.5b
VvAP10G 173.3c 130.4d 124.3c 159.7¢c
VAPI10IT, 115.7a 98.6b 87.1a 98.9a
VAPCcmIT, 100.0a 92.9a 83.2a 100.7a

YTime in hours from when larvae were placed on the contaminant diet.
2Median lethal time (LT, ), median effective time (ET,,), and effective time to paralyze or kill 90% of tested larvae (ET,) values
were calculated using probit analysis with 95% confidence limits. Means within a column labeled with different letters are signifi-

cantly different at P<0.05, Least Significant Difference.

3The inoculate concentration is 7.8 PIB/mme. F value= 42.9>F (3, 8, 0.05).
“The inoculate concentration is 78 PIB/mm?. F values of LT, , ET,, and ET,, were 43.6, 24.0, and 41.0, respectively, and all >F (3,

8, 0.05).

lier response times than the non-recombinant viruses. The
LT, values against the 4™-instar T. ni at a high concentra-
tion of 78 PIBYmm?3 were 112.2, 130.4, 98.6, and 92.9 h, for
infection by ACMNPV, vVAp10G, VAP10IT,, and VAPcmIT,,
respectively (Table 3). The LT, of these viruses was also
significantly different at 7.8 aswell asat 78 PIBS/mm?3. A
20-73% reductionin LT, or effectivetime (ET, ) was found
using VAPcmI T, compared to wild-type ACMNPV (Table
3). The baculoviruses expressing the depressant toxin
showed improved insecticidal efficacy (faster paralysis)
compared to the toxin-negative viruses (Figure 3). At 60
to 84 h p.i. of the 4" instar larvae, 10~20% higher mortality
resulted from vVAPcmI T, compared to VAP10IT,. At 96 h
p.i., more than 85% of tested insects were killed by either
VAPcmIT, or vVAP10IT, while only 10% of the larvae were
killed by either vAP10G or wild-type ACMNPV at the same
incubation time. It took 156 h for vAP10G and wild type
AcCMNPV to kill 85-98% of theinsect larvae (Figure 3).

Field Experiments

In the field, both toxin-expressing recombinant viruses
killed the 4-instar larvae of T. ni faster than the parental
or the GFP-expression recombinant viruses. Toxin expres-
sion by the recombinant virus induced larval paralysisin

the field, resulting in many larvae ceasing to feed and fall-
ing off the plants before death. Over 20% of larvee treated
with vAPcmIT,, were found paralyzed/dead on the soil,
compared to none in wild-type treatments at the 3 day
post application (p.a.) treated at 107 PIBs/ml. On the 6 day
p.a., more than 80% of larvae infected with vVAPcmIT, and
VAP10IT, fell off the plants before death while most lar-
vee infected with vAp10G and wild-type ACMNPV kept eat-
ing and grew into 5"-instar larvae. The mortality and
average body weight of larvae on the 6" day p.a. were sig-
nificantly different between toxin-expressing recombinant
viruses and non-toxin viruses. By 6 days p.a., the mortali-
ties of larvae infected with wild-type ACMNPV, vAp10G,
VAPI0IT,, and VAPcmI T, were 96.7, 67.4, 96.7, and 95.1%,
respectively (Table 4).

Virus treatment significantly reduced insect damage
compared to the untreated controls, but vAPcmIT, and
VAP10IT, showed no significant difference. Larvae fed
toxin-expressing recombinants ate less than larvae treated
with wild-type ACMNPV, resulting in a 22% reduction of
body weight (Table 4). Untreated larvae caused 842 cm?
lossin leaf areawhilethe VAPcmIT, and VAP10IT -treated
plots exhibited a dramatic reduction in cabbage plant
damage, with up to 64% less leaf area consumed compared

Table 4. Comparison of mortality and body weight of Trichoplusia ni 4th-instar larvae infected with recombinant and wild-type

ACMNPV 1:2.9.9.9

Mortality (%)

Treatment Average body weight? (mg)
(120" PIBS/m) 6" dp.ad Final® Mean® SD
AcCMNPV 36.7° 96.72 107.3° 13.6
VAP10G 16.7¢ 67.4° 134.7¢ 8.6
vAP10I T2 84.32 96.72 84.22 3.2
vAPcmlI T2 80.22 95.12 83.72 4.6
Control 2.2d 10.0¢ 146.2¢ 11.8

YMeans |abeled with different letters are significently different at P<0.05, Least Significent Difference.

2All viral suspensions used were 107 polyhedral inclusion bodies (PIBs)/ml. Adjuvant was dissolved in 2,000-fold diluted Triton®.
9Data were calculated at the 6™ day post application (d p.a.). F value= 292.9>F (4, 10, 0.05).

“Final mortality was recorded up to pupation of tested insects. F value= 376.9>F (4, 10, 0.05).

9Average body weight was recorded at the 6™ day post application (d p.a.). F value= 32.9>F (4, 10, 0.05).
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Figure 3. Cumulative percentage of T. ni 4™-instar larvae that
had ceased to respond to stimuli after inoculation with recom-
binant or wild type ACMNPV at a concentration of 78 polyhe-
dral inclusion bodies (PIBs)/mmg.

to control (Figure 4). Toxin-expressing recombinant-treated
plots had significantly less crop damage, about 16~18%
less than those treated with the wild-type ACMNPV, which
resulted in about 50% less loss compared to VAp10G.
Most insects infected with vVAPcmIT, and VAP10IT, fell
onto the ground while other insects infected with wild-
type ACMNPV and vAp10G usualy remained on the plant
after death, where they liquefied and released of large
guantities of viruses (Figure 5).

Discussion

The scorpion toxin-expressing recombinant viruses al-
ways killed host larvae more quickly than the wild-type
AcCMNPV regardless of larval size, and the maximal effi-
cacy would occur in the early stages of pest development
(Smitsand Vlak, 1988; McCutchen et al., 1991; Hoover et
al., 1995; Ignoffo and Garcia, 1996; Hughes et al., 1997;
Ignoffo and Garcia, 1997; Gershburg et al., 1998; Milks et
al., 1998; Harrison and Bonning, 2001). To speed up the
time required to kill or paralyze pest insects, however de-
pends upon the action of the toxin and on the species and
instars of the tested insects. The timing and efficacy of
the promoter used to drive the toxin geneis also very im-
portant (Lu et al., 1996; Prikhod' ko et al., 1998; Harrison
and Bonning, 2000). The appropriate choice and combina-
tion of different signal sequences or promoters could maxi-
mize the efficacy of insect-selective toxin-expressing
recombinant viruses (van Beek et al., 2003). Furthermore,
the speed of kill of toxin-expressing recombinant could be
further reduced by coproducing synergistic toxins
(Prikhod’ko et al., 1998; Regev et al., 2003).

The very late p10 promoter is apopular choice for driv-
ing a high-level of foreign gene expression in
baculoviruses. Although it is slightly weaker than the
polyhedrin promoter, it activates foreign gene expression

10000 d
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Leaf area eaten (cmz)

8000 c

7000 610.7
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5000 a a

w00 | 3713 2104 2038
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2000

1000

0.0 . . . .
AcMNPV vAPI10G(L) vAP10IT2 vAPcmIT2 Control
Treatment

Figure 4. Comparison of leaf area eaten by T. ni 4™-instar lar-
vae infected with recombinant and wild-type ACMNPV at the
6" day post application. All viral suspensions were adjusted to
a concentration of 107 polyhedral inclusion bodies (PIBs)/ml
with 2,000 fold-diluted Triton®. Means labeled with different
letters are significantly different at the 5% level analyzed at P
<0.05, Least Significant Difference. F value = 102.6>F (4, 10,
0.05).

Figure 5. Treatment of T. ni larvae with wild-type or recom-
binant ACMNPV. Figures showed the infection of larvae with
different viruses. A: wild-type ACMNPV; B: vVAP10G; C:
VAP10IT2; D: vVAPcmIT2; E: uninfected larvae as a control.
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earlier (Roelvink et al., 1992). In the experiment on toxin
protein expression by two distinct, temporally regulated
viral promoters for pest control using recombinant
baculoviruses, Gershburg et al. (1998) revea ed advantages
for the use of the very late p10 promoter over the early
p35 promoter. In afurther experiment, we showed that the
early p-PCm promoter could be better than the very late
p10 promoter for controlling insect pests. This is prob-
ably due to an early and sufficient level of LghlT, scor-
pion depressant toxin protein expression by the former
promoter resulting in an earlier cessation of feeding.

Bioassays on the 2-instar larvae of Heliothis virescens
(Fabricius) with recombinant virus expressing Aal T, an ex-
citatory neurotoxin from Androctonus australis hector
(Ewing) controlled by the very late p10 promoter, demon-
strated a significant 30% decrease in the time to kill (LT,
88 hrs) compared to wild-type ACMNPV (LT, 125 hrs)
(McCutchen et a., 1991). Compared with Aal T, the depres-
sant neurotoxin Lghl T, causes qualitatively different neuro-
physiological effects and different symptoms when injected
into blowfly larvae (Zlotkin et al., 1993). Expression of
LghlI T, reduced survival times of Heliothis zea (Boddie)
and H. virescens to a significantly greater extent than ex-
pression of Aal T, and recombinant viruses expressing toxin
from the late p6.9 promoter killed larvae faster than are-
combinant virus utilizing the very late p10 promoter
(Harrison and Bonning, 2000). Furthermore, better results
could be achieved most recently by the combined expres-
sion of the excitatory toxin, LghlT, and the depressant
toxin, LghlIT, than if each had been applied alone using
recombinant viruses (Regev et a., 2003).

In our studies, we demonstrated that the early p-PCm
promoter provides for earlier and relatively effective
expression. At 12 h p.i., expression of LghlIT, by the early
p-PCm promoter was evident, and expression by the very
late p10 promoter can only be observed beginning by 36
h p.i. Although the very late p10 promoter expressed sig-
nificantly more proteins at the peak of toxin expression,
the expression of the early p-PCm promoter was sufficient,
so that early expression proved to enhance the control of
pest insects. Furthermore, although the total amount of
the engineered luciferase protein produced by the early
p-PCm promoter in our previous study was less than that
produced by the very late p10 promoter, significantly less
protein degradation and higher total luciferase enzymatic
activities were both found by using the early p-PCm pro-
moter (Wu et al., 2000; Lo et a., 2002). The better quality
of the protein produced by the early p-PCm promoter was
further reflected in bioassay tests. Both the effective time
and the lethal concentration (EC,, in Table 2) data demon-
strated that the control efficacy of vVAPcmIT, was supe-
rior to that of VAP10IT, against middle instars of T. ni.
We also found more significant differences between ET
and EC_ occurred in the 3° -instar T. ni larvae then in the
4"-instar (Table 2 and data not shown). Larvae always be-
came less susceptible to baculoviruses with age for ten-
to thousand-fold differences of susceptibility between
younger and elder larvae (Smite and Vlak, 1988; Tuan et
al., 1994; 1995; 1999). Therefore, these experiments sug-
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gested that viruses, whether recombinants or wild type,
should be applied at early stages of pest development to
maximize the bioinsecticidal activity and plant protection
efficacy.

All the recombinant viruses used in our studies were
derived from linear commercial viral DNA rather than the
genome of wild-type baculovirus. As the bioassay data
showed, the highest LC,; for the larvae (Table 1), the high-
est rate of |eaf area eaten by the treated larvae (Figure 4),
and the lowest level of larval mortality with the highest
body weight (Table 4) were al performed by the vVAP10G.
The efficacy of vVAP10G was not only worse than our toxin-
gene containing viruses, it also significantly
underperformed the wild type virus. This suggests that if
afield-collected wild type virus were used for the inser-
tion of LghIT, in later experiments, significant better con-
trol of pest insects would be achieved using the same
p-PCm promoter.
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