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Abstract
A  recombinant  of  the flleliothisZHTelicoverpa single-enveloped  nucleopolyhedrosis  virus  (RcHzSNPV), car-

rying  a gene encoding  an insect-specific toxin from the scorpion, Leiurus quinquestriatus herbraeus, sig-

nificantly  increased the rapidity  of  kill and  reduced  feeding by larvae of  Heliothis virescens  and  Heticoverpa
zea  over  that of  its parental, wild-type  strain (WtHzSNPV). The RcHzSNPV  at l.O occlusion  bodiesfmm2
killed or  paralyzed Hl virescens  and  H. zea  larvae ca. 1,5-fold and  1.7-fold quicker, respectively,  than the
WtHzSNPV  strain. Larvae not  exposed  to virus  produced  3- to 5-fold more  frass than  larvae exposed  to
RcHzSNPV,  and  ca. 2- to 3-fold more  frass than  larvae exposed  to WtHzSNPV.  Increasing the rapidity  of  kill
and  reducing  larval feeding are  attributes  that enhance  the use  of  recombinant  baculoviruses as  potential
biorational pesticides.
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INTRODUCTION

  Baculoviruses are widely  accepted  as  potential
candidates  for development into environmen-
tally safe,  effective  microbial  insecticides (Grana-
dos and  Federici, 1986). In order  to  optimize  the
field effectiveness of  viral  insecticides, research

effbrts over  the last decade have focused on  ge-
netic  engineering  as a way  to decrease the time
needed  to kill larval pests, and  by doing so, re-
duce the amount  of  feeding damage. A  direct
result  of  this research  is baculoviral constructs

with  foreign genes that encode  insect-specific
toxins, hormones or  enzymes  (Wood, 1991;
Bonning and  Hammock,  1992; Federici, 1993).
Recombinants expressing  insect-specific toxins
have a dual mode  of  action  (pathogenicity and

toxicity) and,  thus are considered  to be poten-
tially more  effective  biocontrol agents. One  of

the more  effective  recombinants  has been the
multiple-nucleocapsidnucleopolyhedrosisofAu-

togrc4)ha  calijbrnica  (AcMNPV) that carries a
gene encoding  a toxin from venom  of  the scor-
pion Ancb'octonus  australis. This AcMNPV  con-

struct reduced  the feeding time of  7)'ichQplusia
ni larvae by ca. 35 to 50%  (McCutchen et al.,

1990; Stewart et al., 1991; Bonning and  Ham-
mock,  1992, 1993; Kunimi et al., 1996). Previ-
ous  recombinant  studies focused primarily on
the use  of  the multiple-nucleocapsid  AcMNPV.
Recently, however, Popham  et al. (1997) report-

ed  genetic enhancement  of  the insecticidal activ-

ity of  a  single-nucleocapsid,  nucleopolyhedro-

virus of  the HetiothisZHelicoveripa complex

(HzSNPV). Fifty-percent paralysis or  death of
neonatal  larvae of  Helicovet;pa zea  was  achieved

within  40h  of  exposure  to the recombinant

HzSNPV.  This new  recombinant  expressed  the
insect  neurotoxic  gene tox34 (from the predatory
mite  Ryemotes triticD under  control  of  an  early

promoter.

  In this paper we  report  results using  a different
recombinant  of  HzSNPV  carrying  a gene
(LqhlT2) encoding  an  insect-specific toxin from
the scorpion,  Leiurus quinquestriatus hebraeus

(Zilberberg et al., 1992). A  previous intra-
hemocoelic-injection experiment  demonstrated
that venom  of  L. quinquestriatus hebraeus was
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125X  more  toxic to HL zea  larvae than was  the

venom  of  A. australis  (Ignoffb, 1995). Our ob-

jectives herein were  to determine: (1) the rate  and

extent  of  paralysis andlor  mortality  of  mid-

stadium  HL zea  and  Helioth is virescens  larvae fed

a wild  (Wt) or  a  recombinant  (Rc) strain of

HzSNPV;  and  (2) the extent  of  potential feeding

damage of  each  larval species fed on  either

virus-treated  (Wt or Rc strain) or  non-treated

diet.

MATERIALS  AND  METHODS

 Viral strains. The parental WtHzSNPV  was  a

strain  originally isolated from field-collected H.
                                  .

zea  larvae infesting a  cotton  field near  San Beni-

to, TX  (Ignoffo, 1965; Ignoffo and  Couch,

1981). The  recombinant  RcHzSNPV  is a  poly-
hedrin-positive construct  of  this parental iso-

Iate. A  synthetic  modified  version  of  the  toxin

gene (Zilberberg et al., 1992) was  made  using

synthetic  oligonucleotides.  The synthetic  gene
was  modified  by replacement  of  the native  signal

peptide sequence  of  the LqhlT2 toxin with  the

Bombyxin signal peptide sequence  (Kawakami et

al., 1989). The  oligonucleotides  were  annealed

and  ligated in optimum  conditions  and  subse-

quently PCR  amplified.  The PCR  product con-

taining the modified  LqhlT2  synthetic gene was

cloned  into a  pBluescript vector  and  confirmed

by DNA  sequence  analysis. The  peptide se-

quence of  the modified  LqhlT2  contains  the fol-

lowing amino  acid  sequence:  MKILLAIALML-

STVMWVSTDGYIKRRDGCKVACLIGNEG-
CDKECKAYGGSYGYCWTWGLACWCEGL-
PDDKTWKSETNTCG.  The promoter  hr5IEI

was  used  for the expression  of  modified  LqhlT2

gene. This promoter  contained  the AcMNPV  hr5

enhancer  element  inserted in front of  the IEI

promoters, as described by Jarvis et al. (1996).
The HzSNPV  transfer vector  was  constructed  by

restriction digestion of  the HzSNPV  genomic
DNA  of  the Ignoffb strain  HzSNPV-I  with  Jthal

and  EtoRV.  A  7.2 kb restriction  fragment con-

taining the polyhedrin gene was  cloned  into

pBluescript vector. The DNA  fragment contams
a  unique  EtoRI  site and  was  used  as  the site of

insertion of  a foreign gene. Liposome mediated

cotransfection  was  performed  in the BCIRL-Hz-
AMI  cell  line (Mclntosh and  Ignoffb, 1983) to

generate the recombinant  HzSNPV.  Recom-

binants were  plaque purified and  restriction ana-

lyzed to ensure  the purity of  the isolates. Occlu-

sion  bodies (OB) of  both the Wt  and  Rc  strains

were  propagated in H. virwseens larvae and

purified by centrifugation  on  a sucrose  gradient

(Cline et al., 1972). The final concentrate,

refrigerated  at 50C, contained  5.9× 109 OBIml

for the RcHzSNPV  stock  and  8.1 × 109 OB/ml

for the WtHzSNPV  stock.

  Larval specieslbioassay  procedure. The rate

and  extent  of  paralysis/mortality and  feeding-

potential experiments  were  conducted  using  3

to 4day-old (2nd-3rd stadium)  Iarvae of  H.

virescens  or  H. zea  that were  individually fed on

non-treated  or  OB-treated diet. Both larval spe-

cies were  obtained  from cultures  continuously

maintained  at  the Biological Control of  Insects

Research Laboratory (Columbia, MO).  Larvae

of  HL virescens  (averaging 20.9± O.4 mgllarva)

or  Hl zea  larvae (aveTaging 22.2± O.3 mgllarva)

were  continuously  fed on  diet-surface treated at

1.00B/mm2  (Ignoffb and  Boening, 1970; Ig-

noffo  and  Garcia, 1996). Preliminary bioassays

indicated that this OB  concentration  would  pro-
duce ca. 90%  to 95%  mortality  within  7 days of
rearing  at 30± 10C. Larval paralysis and/or

mortality  was  recorded  daily for 7 days after ini-

tial exposure  to virus. By  the 7th day most  of  the

larvae had either died, prepupated, or  pupated.
Mortality was  defined as no  movement  after  a

larva was  prodded, and  paralysis as  movement

after prodding but that the larva was  unable  to

turn back to its normal  feeding position when

placed on  its back or  side. Percent paralysisf
mortality  was  based upon  use  of  25 larvaelcon-

centration  (Wt, Rc and  control)  × 3 replicates for

each  Iarval species.  Average percent mortality

(± SEM)  was  calculated  using  the Sigma StatTM

statistical software  program  (Jandel Scientific

Software, 1995).

  Extent of  larval feeding. Experiments to deter-
mine  the extent  of  potentiai feeding damage fol-
lowed the same  procedures we  used  for our  bio-

assays.  Frass collected from the  cell  of  each  larva

was  the basis for estimating  feeding damage. A
replicate  for each  larval species  included the Wt

and  Rc  strain of  HzSNPV  as well  as a control.

Individual cells  of  a plastic tray containing

solidified diet (Ignoffo and  Boening, 1970), after

surface  treatment with  OB  of  either  the Wt  or  the
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Rc strain, were  infested with  one  mid-stadium

larva of  HL  virescens  or  HL zea. After 7-days of
incubation (30± 1OC) the frass of  each  larva was
collected,  oven-dried  (70± 50C) for 24h, and

then weighed.  Each treatment was  replicated  3
times. The average  (± SEM)  frass weight  and

ANOVA  were  calculated  using  the Sigma  StatTM
statistical software  prograrn (Jandel Scientific
Software, 1995).

RESULTS  AND  DISCUSSION

  Paralysislmortality of  H. virescens  or  HL zea

larvae fed the Rc strain occurred  significantly

earlier  than when  either species was  fed the Wt
strain  of  HzSNPV  (Table 1). Symptoms  of  an

LqhlT2  toxin-induced paralysis were  initially
observed  on  day-2 for both Iarval species, how-
ever  more  than  50%  of  H.  zea  1arvae were  either

paralyzed or  dead by that time. No  similar sym-

ptom  of  paralysis on  day-2 was  ever  observed  in
larvae exposed  to the Wt  strain. Initial mortality

of  both Hl virescens  and  H. zea  larvae, exposed
to the Wt  strain, was  not  detected until  day-3

(Table 1). By  day-5, however, no  difference in
mortality  of  H'. zea  or Hl virescens  1arvae could
be detected between the Rc  or  Wt  strain. This
early  difference in 1arval mortality,  followed by
no  difference later, was  also observed  when

T)'ichQplusia ni  larvae were  fed a  Wt  or  the
AcAalT  recombinant  of  AcMNPV  (Kunimi et

al., 1996; Ignoffo and  Garcia, 1996, 1997).

  The Rc strain of  HzSNPV  killed or paralyzed
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H  vinescens  larvae ca. 1.5-fold quicker and  U
zea  larvae ca. 1.7-fold quicker than  the Wt
strain.  With H  virescens larvae the average

(± SEM)  STso for the Rc and  Wt  strains was

2.8± 02days  or  4.1± O.ldays, respectively

(Table 1). With H. zea Iarvae the average

(± SEM)  STso for the Rc and  Wt  strain  was

1.9± O.2 days and  3.3± O.1 days, respectively.

  There was  significantly  more  feeding (based on

collected frass) by larvae not  exposed  to OB  than
by HL virescens  or  H. zea  1arvae exposed  to OB  of

either the Wt  or  Rc  strain of  HzSNPV  (Table 2).
Also, larvae of  HL virescens or  HL zea  exposed  to
the Wt  strain fed significantly more  than larvae
exposed  to  the Rc  strain. Untreated I]it zea  1arvae

produced  3.1-fold more  frass than larvae ex-

posed to the Wt  strain and  5.4-fold more  frass
than 1arvae exposed  to the Rc strain. Also, HL zea

larvae fed the Wt  strain  produced  1.7-fold more
frass than those fed the Rc strain. There was  also

a greater difference in average  frass weight  (for
H. virescens  larvae) between the Rc strain  and

untreated  1arvae than between the Wt  strain  and

the untreated  1arvae (Table 2). Untreated IL
virescens  produced 3. 1-fold more  frass than  lar-
vae  exposed  to the Rc, and  ca. 1.8-fold more

frass than larvae fed the Wt  strain. H. virescens

fed the Wt  produced  ca. 1 .7-fold  more  frass than
didlarvae fed the Rc, Also larvae of  H. virescens

produced ca. 1.5-fold more  frass than Hl zea

larvae when  both species  were  fed the Rc strain

(Table 2) .

Table1.  Daily average  (± SEM) percent paralyzed and!or  dead larvae of  Hbliothis vireseens or

Hblicoverpa zea  fed a  recombinant  (Rc) or wild  strain (Wt) of  Baculovirus heliothts 
a

Days of  exposure
Hkitiothis virescens Hblicoverpa zea

Rc wt Rc W-,7,.

Percent mortality

1234567 o,oILI
± 3.8

66,7± 7.5

80,7± 4,5

81.9± 3.2
84.7± 2,5

84.7± 2.5

2,8± O.2

o,oo.o2.7

± 1.3
52.0±8.0
76.0± 2.3

77,3± 1.3

77,3± 1.3
Survival timeso, days
    4,1± O,1

o.o54,O

± 3.8

64.0±4,3

74,O±2,6
81.0± 3,5
85.0±2,5

87.0± 1,9

1.9±O.2

o.oo.o25.0

± 6.4
89.0± 1.9

92.0± 2,6

93.0± 2,5

93.0± 2.5

3,3± O,1

aViral
 concentration  1.0 OBImm2.  Average of  25 mid-stadium larvae/replicate×  3 replicates

trol mortality  never  exceeded  2%,
. Con-
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Table 2, Ayerage (± SEM) milligram  dry weight  of

frassflarva for Heliothis virescens and  Heticoverpa zea

larvae fed a wildtype  or recombinant  strain of  HzSNPV"

TreatmentHeliothis  virescensb  Helicoverpazeab

RecombinantC

Wildtype"

Control

98.8± 10.4a 68,O± 13,5a

168,8±  6,9b 118,O± 5,6b

306.6±  4.9c  363,8± 15.8c

aAverage
 of 16 to 25 mid-stadium  larvae/treat-

ment/replicate  × 3 replicates,
bValues

 with  different letters, within  each  larval spe-
cies, are significantly different (p<O.05).

C

 Larvae exposed  at  1 ,O OBImm2,

 Results from our  experiments  clearly  demon-
strated  an  increase in insecticidal activity

(paralysisfmortality) of  the RcHzSNPV  strain

expressing  the LqhlT2  scorpion  gene. Also, total
feeding (based upon  frass weight)  of  H. zea or  H.
virwscenslarvaefedRcHzSNPVwassignificantly

reduced  when  compared  to larvae not  exposed  to

virus or to larvae exposed  to the Wt  strain of

HzSNPV.  Frass weight,  in our  experiments,  was

abetter  indicator of  insecticidai enhancement  of

the recombinant  than either percent paralysis/
mortality  or  survival  time. Our results  also  indi-
cated  that H. virescens  larvae may  be less affected
by the LqhlT2-toxin than  are  H. zea  larvae.
Differences in species  susceptibility  should  alert

us  to possible future problems when  mixed-field

popu}ations of  pest larvae are exposed  to a  spe-

cific strain of  baculovirus (Ignoffb and  Garcia,
1979).

 Names  are necessary  to report  factually on

available  data; however, the USDA  neither

guarantees nor  warrants  the standard  of  the

product, and  the use  of  the name  by USDA  im-

plies no  approval  of  the product to the exclusion

of  others  that may  also be suitable.

 All programs and  services of  the U.S. Depart-
ment  of  Agriculture are offered on  a non-

discriminatory basis without  regard  to  race,

color, national  origin, religion,  sex, age, marital

status, or handicap.
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