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Variability in Rice Stem Borer Populations in Their Response to
Bacillus thuringiensis Strains and Endotoxins and Its Implications in
the Development, and Possible Release of Bf-Engineered Rice
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Ahstract

This study was conducted to determine the existence of variability in rice stem horer
populations in their response to an array of Bacillus Thuringicnsis (Bf) strains and
endotoxins. The results showed variations in response witlin, hetween and among popu-
lations of the rice pests. Likewise, selection experiments revealed a wide range of response
of insects from generation to generation indicafing a great range of genetic diversity
within population of the rice pests. Implication of the study in the development and
possible release of the Bt-engineered rice are discussed.
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Introduction

The striped stem borer Chilo suppressalis (WIk) and yellow stem borer Scirpophaga
incertulas (WI1k) are among the many insects that cause significant yicld reduction through-
out the rice growing world.

Controlling stem borers with biological, cultural, and chemical techniques is difficult.
The use of insecticides, for example, was once perceived to have provided the only
immediate, practical, and effective method of control. However, its rising cost. adverse
ccological effects by indiscriminate use, and the evolution of resistance have led to world-
- wide concern regarding its importance (o pest control (National Research Council 1986,
Knight and Norton 1989. Utilization of resistant rices on the other hand cannot be relied
upon. At IRRI, breeding for resistance to stem borers which started in 1973 has yet to come
up with a variety which will show strong resistance to the pests (Khan et al 1991, Bernardo
1969). Continuing efforts to produce resistant rices through classical breeding and genetic
engineering of pest resistant genes are still being explored at [RRI and other rice research
institutes.
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Qllc Qf the most innovative approaches for developing resistant rice involves eng,
necring rice plants to express genes from the bacterium Baciltus thuringiensis (B), m,‘;
code for insccticidal proteins, This strategy, while novel, has rcceived some concern,
particularly on the possibility that rice resistance (o stem borers based on B/ toxins coulq
break down quickly if varictics expressing the toxins are planted as monocultures over larg,
geographical arca (Bottrell ct al 1992). Many workers have argued a number of genery|
stratcgics that could slow down the rate at which pests adapt to classically bred or engi.
neered plants (Gould 1988a, 1991, Raffa 1989, McGaughey and Whalon 1992). These strate.
gies make an excellent choice of an optimal strategy for a specific crop/pest situation but is
highly dependent on the genetic structure of the populations (Gould 1986a,b). Genetic
population structure refers to the extent and range of population subdivision and/or inter-
mixing. Forexample. large movements of susceptible individuals of stem borers into treated
regions of resistant individuals will influence the development of resistance. Even the most
limited gene flow may spread genes conferring resistance from one population to another. If
movement among populations is small, then populations are likely to differ in many traits tha
directly determine pest severity. Some of these traits that may show differences among
populations are the ability to survive, grow, and reproduce on different rice varieties and
become resistant to insecticides including B toxins.

While there is no direct information on the ability of stem borers to adapt to the Bt
toxins, there is evidence that other species of lepidoptera can adapt. Work on the Indian
meal moth (Plodia) demonstrated limited field resistance to a strain of 8¢ that was being used
to control this grain pest. When the partially resistant strains of this pest were further
selected with the Bt in the laboratory (McGaughey 1985 and McGaughey and Johnson
1988), they developed over 200 fold resistance to the bacteria (i.e.. it took 200 timncs the
concentration of the bacteria to kill the adapted meal moths as it took to kill the unadapted
moths). Laboratory selection on the tobacco budworm, a major pest of cotton, soybean.
tobacco and vegetables in North and South America, has lead to 70 fold resistance to a Bt
toxin (Stone et al, 1989). This pest has also been successfully selected for adaptation to
tobacco engineered to produce a Bttoxin (Gould et af 1991). The Colorado potato beetle.
Leptinotarsa decemliniata has also developed resistance (30 fold) in response to laboratory
selection (Miller et af 199]).

More significant than these findings has been the discovery that populations of the
diamondback moth treated extensively with formulations of the bactcria itself have
developed 30 fold resistance in less than five growing seasons (Tabashnik et al 1990). Ina
recent study, one of the resistant field populations were subjected to intense sclection in the
laboratory (Tabashnik et al 1991) and subsequently showed increased resistance in the
field from 30 fold to 800 fold in less than 20 generations (i.¢. approx. 10 months). _

I rice stem borers possess genetic flexibility for adapting to Bt toxin similar to that of the
species described above, then widespread use of rice that expresses a Bt toxin could lead (o
its rapid adaptation. It is therefore important to assess just how genetically flexible the stem
borers are before molecular geneticists and plant breeders move much further toward
relcasing Bi-engineered rice. If it turns out that siem borers are unlikely to adapt (o the Bt
toxins then there will be reason to proceed as planned with guarded optimism and cageful

surveillance for possible problems. If, on the other hand, it turns out that stem borers appear
to have the flexibility to adapt to the toxins, then thereis a need to implement alternative
strategies for the development of rice with Bf genes that would not cause strong selection
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for adaptation by the stem borers,

A (heoretical framework for the development and deployment of crops in ways that will
not select for rapid pest adaptation is available (Gould 1988. 1989). This framcwork is limited
however. since it is a general framework and must be carcfully examined and adjusted to fit
the specific crop and pests in question. To make the necessary adjustments require studies
to answer specific questions about the ccology and genctics of the organisms in the
cropping syvstems ol concern.

It is fclt therefore, that prior to deployment of rice varietics with engineered and/or
classically bred resistance to stem borers, it is important to know more about the nature of
the pests' populations. While there has been a lot of studies on the ccology and
management of stem borers, there is almost no information available on geographic variation
in ecological characteristics of these pests. Studies with other rice pests have demonstrated
that management programs for a specific pest developed in one area may not be appropriate
for managing the same pest in a different area since local pest populations differ genetically
in ecological traits relevant to control tactics. There is therefore an urgent need to asscss if
the same situation occurs in stem borers. Ecological traits such as response of various stem
borer populations on different Bt endotoxins is an important characters which could be
utikized in such evaluation studies. This study will help pest and crop managers to gain
insights regarding geographical scale and pattern of variation in ccologically relevant char-
acteristics of the stem borers.

Two species of stem borers were studicd based on variation in sensitivity to an array of
Bt endotoxins. Specifically, the study assessed the variability among local strains of the
stem borers in their response to an array of B strains and endotoxins and determined its
implication in the development and deployment of Br-engineered rice’ :

Materials and Methods

L  Assessing Geographic Patterns of Variation in Susceptibility

to Bacillus thuringiensis Toxins

Preparation of Bt samples for toxicity evaluation. The selected strains which con-
tained specific crystal proteins and used in this study were: strains 83 (Crv111X). 92 (SDSCPS).
99 (Cry111X). 1035 (CrylA/Cry1C), 231 (undetermined), 261 (Cry1B). and HD73 (CrylAc).
The growing strains were scraped from agar culture platcs and dissolved in phosphate
bufler saline (PBS). The suspension was then centrifuged for 15 min ag3.000 rpm. The pellet
was resuspended in PBS, this was done three times. The spore/crystal profcin mixture
(pellet) was suspended in alkaline buffer (50 mM Na,CO, and 10mM Dithiothreitol adjusting
the pH to 10 with HCI) and incubated overnight at 37°C. The supernatant containing solubi-
lized toxin was harvested and since estimated potency depends on dose and dilution of
samples. protein content of the samples was determined by spectrophotometric analysis
using Commasic Brilliant Bluc (Bradford. 1976). Bovine scrum albumin was used as stan-
dard. The protcin concentration was determined by regression analysis. The pH of the
sample was adjustcd before trypsinization by adding 1/10 volume of 0.5M HCIL. Trypsin (1mg
trypsin/ml water) was added to the solubilized crystal proteins (1 ug of trypsin/20 pg of
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protein), mixed and incubated overnight at 37°C.

The purified endotoxins of the Cry1 (Cryl Aa, Crylc, CrylB, CrylD, Cry1E) toxins were
supplied by the Plant Genetics Systems (PGS) of Gent, Belgium and Department of Ento.
mology, North Carolina State University (NCSU) while Cry 1 Ab, Cry1C and Cry 1A toxins
were supplied by Dr. William Moar of Auburn University. Auburn, Alabama, USA.

Bioassay. Since potencics of test strains and endotoxins can vary widely. it is noy
possible to give an exact procedure for preparation of the final diluted samples to be incorpo-
rated into the diet. However, the first (least dilute) sample was prepared to be at 50 pg. The
final concentrations utilized in this study were 50 pg. 10 pg. 2 pg, 0.40 pg. and 0.08 pg. These
concentrations were prepared by scrial dilutions, cach dilution being 1:5 of the preceding
one In cases where the toxin or strain do not show any effect on (hesc doses, the initial
concentration was increased up to 250 pg. The LD30 should then fall into the mid-range of
the curve.

The diet was prepared according to the protocol established by Angeles and Demayo
(accompanying paper). It was cooled to about 65°C and maintained at that temperature until
use. Thirty seven (37) ml diet was poured into 50 ml beaker after which a 3ml Bf sample
containing the first diluent (50 pg) was poured into the diet and mixed thoroughly using a
food mixer. Mixing of the sample into the diet was accomplished by sciting the blender under
low speed at first and soon increased. Mixing was done for at least Imin or until complete
uniformity of the final blend was achieved. Froma 40 ml preparation. 8 ml was dispensed to
another beaker and 32 ml diet was again added. The mixture was again blended until unifor-
mily was attained.

The mixture of the diet and the Br samples was dispensed using a ketchup dlSptilSCl‘
Separate ketchup dispensers were used for each concentration and were properly washed,
drained, disinfected, rinsed with distilled water, again drained and used. The containers
used in this study were disposable cups obtained from BIOSERV. The mixture of the diet and
samples was dispensed on these cups. allowed to solidify and dry for 1h before each cup
was infested with 6 larvae. Eight cups were prepared for each dilution made. After infcs-
tation, each cup was covered with cither waxed lids or plastic covers also obtained [rom
BIOSERV. Forty-cight larvae were used for cach dilution of sample and control at the
beginning and end of the assay. To avoid contamination of the diet by the matcrials used.
- some precautionary measures were observed: such as, allowing the larvac to climb a plastic
loop and when they were found hanging on the loop the webs were cut offby a camel's brush
previously disinfected by 5% chlorox. This method allows the collection of the larvac from
the culture cup without touching the body of the larvac. After infestation, the containers
were incubated for four days in the rearing chamber at 28°C,

Mortality was observed daily for four days to determine which specific loxin has caused
“fast-killing effect” compared with others. A microscope was used to carefully examine the
physical features of the larvae. When in doubt whether the larvae were dead or alive. the
larvac were touched with the tip of the camel's brush. The larvae were considered dead when
not responding. 1f there was a responsc, no matter how feeble, the larva was considered
alive. No consideration was given to imminent death. It was a relicl that in most of the
repeated assays using the artificial diet. mortality in the control was relatively low(<4%%).
Probit analysis was conducted in all sets of data. LD, was determined from several seis of

data obtained. A supplemental experiment was conducicd in which the larvac were allowed
to feed on the diet for 16 days after which it was dissected and the larvae counted and
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weighed. This was done to determine the extent of the effect of the formulations ind the
endotoxins used on the growth of the larvae.

The results of the bioassay determined which among the test strain formulations and
endotoxins will be used for geographical variation study. ‘

Test Insects. For C. suppressalis. insccts were collected from rice stubbles and
"whitcheads" (rom ricefields of diffcrent gcographic locations. These were from IRRI and
Calanan in Laguna, Lamut in [fugao. and Koronadal in South Cotabato. The stubbles and
"whiteheads" were cut from an infested rice ficld and brought to the greenhouse for
disscction. The larvae collected-were (hen cultured in Rexoro plant until emergence. The
emerging moths were allowed 10 oviposit in an cnclosed potted rice plant and the cgg
masses laid were allowed to incubate until darkhead stage. These were then collected by
cutting the leaves where the egg masses were attached and sterilized in 5% sodium hy-
pochlorite solution. The cgg masses were then dried in paper towels and placed in rearing
cups. All test larvae came from eggs laid and collected the same day. Those selected for the
assay (those which hatched similarly on the same day) were reared for one day in the artificial
diel. |

For S. incertulas, moths were collected from rice stubbles in five geographically close
locations in Laguna (IRRI, Victoria. Lingga. Pansol. San Antonio, Bangvas), Lian in Batangas,
and Banaue in Ifugao. The populations in Laguna were at least 10-35 kilometers away from
cach other to reduce the effects of variation among populations due to large-scale
differcnces in abiotic environments. The moths were directly placed in big mylar cages
containing TN1 rice plants for oviposition. After one day. the rice plant containing the cgg
masses was removed from the cage and allowed (o incubate for five days. The cgg imasses
were cut [rom the leaves after six days and were sorted out by placing one large egg mass in
cach scintillation vial. The egg masses were then allowed to hatch and the larvac were used
for testing.

Experimental Design. The design used in this study was similar (o that of the
experiments utilizing various ricc tvpes. Six larvae froma given cgg mass were allocated to
cach cup of every concentration of the toxin preparations (126 larvae per egg mass were
used). In the striped stem borer, however, only 5 larvae were used per cup since the cup with
the dict could only accommodate up 10 5 larvac. After four days. mortality per concentra-
lion/toxin/egg mass was recorded. Survival upto 16-21 days was also determined to getan
idea of the extent of cffects of the toxin on the physiology of the insccts. Data were analyzed
with a completely randomized two factor analysis of variance (ANOVA). testing for clfects of
toxin type. population. and a toxin by population interaction on survival. Il the populations
show differences in B response, the interaction term will be Lighly significant.

IL  Feeding behavior and growth of stem horer larvac on diefs containing
Bt formulations or endotoxins.

The feasibility of transferring genes that code for pesticidal proteins from Bt 1o rice
could Icad to an increase in yield and decrease in pesticide use. Elliciency and management
of these approaches will, however. depend on the details of the pests behavioral response to
the toxins such as its feeding behavior. It was thercfore the objectives of the study to
investigate the growth and feeding behavior of SSB on different 51 formulations, determine
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the feeding deterrence caused by B¢ spore-crystal complex when presented in a choice test,
and o cvaluate the effects of these Bf formulations on the growth and survival of SSB
larvae.

Insects. Only the striped stem borer was utilized in the feeding behavior and growth
study. There were problems encountered when the SSB set-up was used for the YSB duc to
susceptibility to contamination and fast hardening of the YSB dict. Striped stem borer
colony maintained in Davis' modified southwestern corn borer diet was used in this study. Iy
was also this diet that was used in the assay.

Dipel, spores and crystals of HD73 and 1715 strains. and purc endotoxins of CrylAc,
Cryl1A, and Cry1C were incorporated into the dict. The Dipel formulation had 16.000 inter-
national units per mg and is noted to contain CrylAa, Crylab, and CrylAc. HD73 isknown
to produce only onc endotoxin, Cry [Ac (Hofic and Whitley. 1989)and 1715 had two toxins.
Cry lAcand Cry Ib.

Experiments with early instar larvae. These cxperiments werc designed (o assess the
behavior and growth of the neonates of SSB when feeding solely on untreated artificial dict.
treated diet and when given a choice of Bt treated diet or normal dict.

The experimental arenas used in this experiment were adapted from Gould ct. al. (1991).
For the choice tests the arena consisted of an eight ounce cup in which two aliquots of the
diet were poured. One half of the area contained the control dict and the other half the spore
crystals of either Dipel, HD73 or 1715, Cryl Ac, Cryl1A and Cry IC.

Initial tests were made on the first instar larvac placed at the center of cach cup where
the control and toxin diet met. Five larvae were used for each cup. Survival and position of
larvae in the choice arenas were monitored daily for seven days and subsequently three
days thereafter. Larval position and condition were scored as on control dict. on B/ diet. on
sides or top of the cup or dead. All larvae were weighed afier 21 days. Four to five concen-
trations of the three toxins were used. Dipel (0.0025, 0.0100,0.0200 and 0.0500 /200 ml). and
1715 (10", 102, 107, 10¢ and 10°serial dilutions).

Experiments with late instar larvae. Since the effects of many natural and synthetic
toxins decreasc as larval age and size increase (Shaver and Parrot 1970). experiments were
conducted to determine how Bf formulations and purified endotoxin would affect late instars
that had not previously fed on toxic dict. To simulate the choice that might be presented to
a larger larva, larger arena was used in testing for the third instar larva. This consisted of a
30 ml. plastic cup with cover provided with two holes where two test tubes containing the
required diets were fitted. In the no-choice arenas. both test tubes were filled with 2 ml diet
containing cither the spore crystals or just plain normal diet to serve as control. Initial
weights of the diet and the larvac were taken prior to testing. Daily observations on the
behavior and position of the larvac in the arcna were made as to whether they arc dead.
feeding on the control tube, on the Bf tube. or on either dict. Each treatment had 45 larvac
for testing using only one larva placed in each cup. The amount of dict consumed for three
days and the changes in weights of the larvae were also recorded,

IL Selection of C. suppressalisfor adaptation to Bf Cry1Ac endotoxin
Itis argued that if we devise an environmentally sound stem borer management, engi-

necred rice plants that produce narrow Bt toxin. internally, have advantages over conven-
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tional insecticides. Thesc advantages range from farmer safety to the maintenance of benefi-

cial natural ecnemices of the pest insccts. At one time it was hypothesized that insect pests

would not adapt to it (Bricse 1981). It was thought that since /1 had been in the environment

for a long time, insects already had the opportunity to adapt to it; therefore, if they had not

adapted in millions of years, they would not adapt to iton a 100-year time scale. Not only was
the logic behind this thinking flawed. we now have evidence of inscet adaptation to Btinthe
laboratory (McGaughey 1985, Stonect al 1989, Gould et al 1990) and in the ficld (Tabashnik
ctal 1990). While one could argue that laboratory adaplation to 51 docs not prove that there
will be ficld adaptation, the current evidence for ficld adaptation now supports.the labora-
tory findings. Tabashnik et al (1990) found thata population of diamondback moths on one
farm where B¢ was used intensively for 5 years was 15 times more resistant to Bf than an
untreated field population. The fact that a population on a farm surrounded by other farms
that did not usc Bt could develop any resistance is strong evidence supporting the hypoth-
esis that widespread use of plants that express Bf genes constitutively will eventually select
for pest adaptation. It is therefore worth considering ways to limit the rate by which pests
adapt. There were strategics hypothesized but what is missing is specific information on
how insects genetically respond 1o various sclection regimes with 57 toxins.

Recognizing this lack of empirical information, a laboratory selection was developed for
gathering information on inscct adaptation to 3 endotoxin Cry1Ac with chronic or acute
doses. It is understood that laboratory sclection may not Iead to the same resulls as ficld
selection; however, laboratory selection regimes will provide useful information about the
pbsl. For most target pests, ficld experiment is tantamount to producing resistant pests in
large regions,

An experiment was initiated with collected field material. Three populations were tested
- those which were not fed with adulterated diet (control population), survivors on 25 pg
CrylAc treated diet, and survivors of a 50 pg Cryl Ac diet. These three populations were
continuously subjected to 25 and 50 pg CrylAc-treated diet for several generations.

Results and Discussion

L  Assessing Geographic Patterns of Variation in Response
to Bt formulations and endotoxins

The first step in engineering any crop plant with the effective Br deployment system is
to find gene products that are highly effective against the target pest. Mcasurements of
specific activity of crystals of Bt strain isolates and endotoxins is essential in pinpointing the
genes. IRRI and Plant Genetic Systems in Belgium collaborated in isolating and characteriz-
ing strains of Bt for potential use against the yellow stem borer and other rice insect pests.
The effort accumulated almost 4,000 Bt isolates from different Philippine cnvironments, and
about 1,000 strains have been selected from the isolates. The crystal proteins of specific Bt
isolates were tested. Investigations of the responses of the two stem borers on the various
Bt strains and pure endotoxins show that Cry 1Ac, Cryl1A, CrylC, strains 105,261 and HD73
were very effective against yellow stem borer while only CrylAg, strains 105 and 261 were
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cfTective against the striped stem borer (Tablesl & 2 Figure 1), The variations in toxicity
among the endotoxins and strains tested in this study could be attributed to variations in
plasma receptors in the gut epithelial cells of the stem borer larvae. It is believed that binding
10 a specific receptor on the membrane of gut epithelial cells is an important determinant with
respect to differences in insecticidal spectrum of Bt insecticidal proteins and this had been
proven in studies of selected lepidopterous pests (Hoflinann et al 1988a.b: Van Rie et al
1988,1989). It should be emphasized that the differences in activity between the endotoxing
and strain formulations are not determined by differences in affinity of the toxins for a single
receptor site, but correlate with differences in binding sitc concentration. These probably
arc main reasons for the variations observed regarding the toxicity differences observed
between the toxins used such as those in CrylAc, Cryl1A and CrylC which were all
observed to be effective against the yellow stem borer although variations belween them are
detected. The non-cffectiveness of Cry1Ab, Cry1D could be interpreted as that there may be
less number of binding sites specific for these toxins. The above explanation could be
similarly true regarding the soluble proteins of the different strains tested.

Because of the expense and time necessary to produce transgenic Bf rice. it is essential
that the Bt toxins selected for expression be effective against pest populations in as many
ways as possible. On the collection of information on the variation of stem borer responses
to Bt toxins, several populations from different parts of the Philippines were tested. Based
on mean survival, significant differences werc obscrved between populations response (o
the three most effective endotoxins against the yellow stem borer (Table 3. Fig. 4,5.6). A
microgeographic investigation of selected populations in Laguna show that based on com-
parison of means of the different populations on three endotoxins, the response of IRRI and
Victoria were not significantly different from each other but when compared with Calauan,
Lingga and San Antonio, differences were significant (Table 4 &5). In terms of the cfficiency
of the toxin in effecting mortality on the yellow stem borer, CrylAc is as highly effective as
CrylC. Cryl1A was also effective, but the efficacy was not as good as the other two (Table
0).

For the striped stem borer which was tested using only the effective CrylAc, the results
show significant population differences in survival rates (Tables 7-8. Fig. 7). Evaluation of
the weights of the surviving larvac revealed no significant differences indicating that all
survivors of different populations have the same response (Table 9 & 10).
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Table 1. Toxicity of sclected strains and endotoxins on 8. incertulas larvac.

STRAINS AND ENDOTOXINS LC50 + SE (pg/ml) SLOPE + SE
CrylAa 1968 + 1603 1274+ 039
CrylAb 84.07 + 7183 0.65+ 025
CrylAc 024 + 012 131+ 028
CrylB 11.15 + 943 075+ 0.19
CrylC 199 + 180 177+ 0.37
CrylD 106.40 + 7638 131+ 069
CrylE 515.09 + 428.67 1.560 + 0.94
CrvllA 055 * 047 1.89 + 037
strain 83 (Cryl11X) 54.15 + 38.29 0,63+ 053
strain 92 (SDSCPS) 281 % 135 031+0.12
strain 99 (Cry111X) 257 + 125 033+ 0.14
strain 105 (erylA/Cry1C) 012  + 0.04 1.07+ 030
struin 261 (Cry1B) 028 + 009 1.07 + 031
HD73 CrylAc 091+ 047 0.73 + 028
00
500
4004
ELLE
100
100 4
L 3
Ccryt1a[s] BECrylA[n| Qcryt1Afe]
Ocry1m mcryic acry1D
BEcryie Bcryt1A HMsirain 13 [Cry11X)
Eairain 92 |SDSCPS) Ciwtraln 83 (Cryiein) Eetraln 105 [ery1AICy1€)
Estraln 181 |Cry18) WADTI Cry1Afe)

Figure 1. Toxicity of selected strains and endotoxins of Bacillus thuringiensis against 5.
incertulas.

Table 2. Toxicity of sclected strains and endotoxins on C. suppressalis.

STRAINS/ ENDOTOXINS LC350 + SE (pg/ml) SLOPE + SE
CrylAc 2558 + 1202 073 + 040
CrylC 896.35 + 38832 1205 + 041
Cryl1A 79F + 2.5281 033 + 0.08
strain 83 (Cryl111X) 51E  + 1270.75 032 + 0.015
strain 105 (cryl A/CryIC) 357 + 198 1.133 + 0,05
strain 231 17.02 + 7.86 144 + 0.4
strain 261 (CryIB) 401 + 009 128 + 0.06
HD73 CrylAc 1709 + 047 1.421 + 0.08
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Table3. Comparison of effects of high and low concentrations of selected B. thruringiensis
strains and endotoxins on survival and growth of young C. suppressalis larvac,

STRAIN TREATMENT 4-DAY 16-DAY 16-DAY
SURVIVAL SURVIVAL WEIGHT
(%) (%) (mg)
Strain 105 Control 100 99 0.0096
|CryLA/Cryle] 400 100 G 0.0001
2,000 89 15 0.0001
10,000 82 ] 0
50,000 18 (] 0
Strain 261 Control 100 100 0.0124
[Cry1B] 400 100 87 0.0020
2,000 96 63 0.0022
10,000 22 0 0
50,000 3 0 0
Strain HD73 Control 100 83 0.0072
[CrylAc] 400 99 69 0.0005
2,000 96 61l 0.0003
10,000 72 1 0.0001
_ 50,000 49 0 0
Strain 92 Control 100 926 0.0099
[SDSCPS) 400 99 93 0.0013
2000 99 74 0.0009
10000 92 64 0.0003
50000 42 0 0
Strain 43 Control 100 92 0.0091
[Cryl11X] 400 97 £9 0.0104
2000 99 76 0.0077
10000 100 76 0.0033
50000 97 56 0.0004
Strain 99 Control 100 100 0.0111
|Cry11X] 400 99 97 0.009%
2000 99 87 0.0108
10000 100 90 0.0082
50000 97 %3 0.0032
CrylAc Control 99 %7 0.008%
400 100 65 0.0002
2000 92 46 0.0003
10000 82 14 0.00001
50000 78 4 0.00001
CrylC Control 100 82 0.0137
400 96 £ 0.0015
2000 100 92 0.0005
10000 93 5K 0.0001
50000 96 39 0.00001
CrylC Control 100 100 0.0127
400 97 99 0.0007
2000 99 79 0.0003
10000 99 78 0.0002
50000 99 51 0.0002
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Figure 2. Four-day survival of C. suppressalis fed with diet treated with selected strains

and endotoxins of B. thuringiensix.
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thuringiensis.

rvival of C. suppressalfis on sclected strains and endotoxins ol 3.
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Tabled. Effect of purified endotoxins on different strains of the S. incertulas from the

Philippines.
POPULATIONS LC50 SLOPE RESISTANCE ¥
CrvlAc
Banaue. Ifugao 0.0107+0.150 0931+ most susceptihle
Lian, Batangas 0.1440+0,003 0,338 + 14x%
IRRI, Laguna 0.2060+0.144 (.8K9 + 21x
Victoria, Laguna 0.0990+0.026 0.839 + 10x
Lingga, Laguna 0.6650+0.373 0.798 + G7x
Pansol, Laguna 0.013040.007 0.527 + Ix
San Antonio, Laguna 0.1910+0.112 0.662 + 19x
Bangyas, Laguna 0,030 (.546 + Ix
Cryll1A
Banaue, Tfugao 0.462 0.773+0.160° 3x
Lian, Batangas 0.173 0.959+0.215 mosl susceplible
IRRI, Laguna 1.380 0.973+0.267 £x
Victoria, Laguna 0.334 0.527+0.099 2x
Lingga, Laguna 0.607 0.655+0.032 4x
Pansol, Laguna 0.501 1.045+0.0003 Ix
San Antonio,Laguna 3.456 0.6681-[').0?9 20x
Bangyas,Laguna 1.739 1.4G8+0.359 10%
CrylC
Banaue, lugao 0.282 0.737+0.21%8 Ix
Lian, Batangas 0.124 0.569+0.141 Ix
[RRI, Laguna 0.28% 1.060+0.043 2x
Victoria, Laguna 0.437 0.655+0.177 4x
Lingga,Laguna 0.599 1.025+0.121 5x
Pansol, Laguna 0.482 0.365+0.077 4x
San Antonio,Laguna 1.119 0.707+0.239 9x
Bangyas,Laguna 0.119 0.569+0.231 maost susceptible

* Based on the most susceptihle strain

%2




December 1997 * CESAR (1. DEMAYO and AMELITA T. ANGELES
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Figure 4. Variation in susceptibility of different strains of S. incertulas to Cry1Ac endot-

oxinof B. thuringienyix.
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Figure5. Variation in susceptibility of sc!ec!cd strains of S, incertulas against Cry11A

cndotoxin of 3. thuringiensis.
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Figure 6. Variation in susceptibility of selected strains of 8. incertulas against Cry1C en-
dotoxin of B. thuringiensis

TableS. Comparison of susceptibility to three endotoxins of B. thuringiensis by sclected
populations of S. incertulas from Laguna.

POPULATION MEAN SURVIVAL N TUKEY GROUPING
IRRI 0.7619 75 A

VICTORIA 0.8634 75 A

CALAUAN 0.6707 ] c

LINGGA 0.7211 5 BC

SAN ANTONIO 0.6706 75 &

ANOVA

DF  TYPENMSS MS  FVALUE PeF

Model 37 56.933 1540 2311 0.0001
Error 337 22430 0.067

Strain 4 1924 0481 722 0.0001
Eggmass(strain) 20 1.885 0094 142° 0.1120
Toxin 2 22% L5 - 1719 00001
Concentration (toxin) 5 - 27.606 5321 5182 00001
Toxin -by-strain 8 1.263 0157 237 00171




endotoxins of B. thuringiensis.

Table 6. Comparison of means of larval survival of populations of . incernilas on the three

ENDOTOXIN

MEAN N TUKEY GROUPING
CrylAc 0.7985 125 A
CrylC 06772 125 A

0.7809 125 B

Cryl1A

borer from the Philippines.

Table 7. Effect of purified endotoxin CrylAc on selected populations of C. suppressalix

POPULATION LC50
ug/ul SLOPE RESISTANCE* -

Ballesteros, Cagayan 261.98 0.328+0.07 X
Lamut, [fugao 587.30 0.627+0.08 s
IRRI, Laguna (1) 270.59 0390£006 N
IRRI, Laguna (2) 764.68 0.584£009 K
Calavan, Laguna .~ "% 135468 0.820+0.11 B0
Koronadal -1, South Cofabato 320,17 0.584+£0.48 X
Koronadal-2, South Cotabato 6649 1.021=0.21 (3
Ballesteros x IRRI hybrid 5161.80 03190319 4K
[fugao x IRRI hybrid (1) 11102 1.533£0.100  most susceptible
Ifugao x IRRI hybrid (2) 171148 0.586£0.0.10  15x
Mixed Colony
(IRRI Ifugao,Cagayan) 506,99 0.417£0.06 x
Mixed Colony

(all populations  mixed) 445060 0.947£0,19- Hx

* based on comparison with the most susceptible strain
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Figure 7. Effective concentration of Cryl1Ac among sclected strains of C. suppressalis

Table8. Comparison of larval survival means of different populations of C. suppressalis
tested on different concentrations of CrylAc.

POPULATION MEAN SURVIVAL N TUKEY GROUPING

Ballesteros, Cagayan 1.1326 % A

Lamut, Ifugao 0.8158 : % C

Hybrid (Ifugao x IRRI) 0.9953 % B

[RRI 1.1356 9% A

ANOVA

DF TYPEIISS MS F-VALUE Pr>F

Model 37 56.933 1.540 16.71 0.0001
Error 337 22450 0067
Strain 4 1924 0481 2041 0.0001
Eggmass(strain) 20 1.885 0.0%4 10.10 0.0001
Concentration (toxin) 5 27.606 5521 5152 0.0001

9%
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IL Growth and feeding behavior of striped stemborer,
Chilo suppresalis on different Bacillus thuringiensis formulations

The feasibility of transferring genes that code for pesticidal proteins from Bacillus
thuringiensis to rice could lead to an increase in yield and dccrease in pesticide use. Effi-
ciency and management of these approaches will depend however on the details of the
behavioral response of the pests to the toxins such as their feeding behavior.

Knowing the behavior of stem borers when allowed (o feed on 57 formulations could
have a significant impact on their management especially when the toxin genc is already
mncorporated in the rice genomes. If the transgenic rice developed has tissue-specific pro-
moter sequences, the Bt toxin gene can be possibly engineered in highly localized damage-
sensitive tissues. If the toxins deter inhibit feeding, the tendency of the insects is (o feed on
less damaged sensitive tissues. The same kind of situation arises when the transgenic and
normal rice seeds will be planted s a mixture and the stemborer has the ability to move
between plants. These situations could partially protect yield without causing intensc
selection pressure to the pests to adapt to the toxins. The efficacy of these approaches in
controlling the stem borers will depend on details of the behavioral response of the stem
borers to the toxins (Gould, 1986).

In a study where there was constitutive expression of 3¢ genes in plant parts in re-
sponsc to small amounts of larval feeding , it was shown that there is a potential for resis-
tance development in target insect pests (Stone et al 1989). With this possibility, any
strategy that decreases selection pressure for adaptation should be welcome. If plants for
example, were developed using tissue-promotor sequences, it would be possible to have 5t-
cndotoxins present only in plant parts that were most sensitive to damage (Gould 1988). If
Bt-endotoxins inhibit feeding, pests would be more likely to feed on less damage-sensitive
tissues. The use of tissue-specific expression could at least partially protect yicld without
causing intensc selection pressure for pest adaptation to the endotoxins. The cfTicacy of
such approaches will depend on details of a pest's behavioral response 10 the toxins (Gould
1986). Assessing the extent of feeding preference caused by B strains formulations and
purified endotoxins when presented in a choice test and determining the cffects of the
choice and no-choice treatments on the growth and survival of the larvac will help evaluate
the efficacy of the above approachies in the development of a Bi-engineered rice crop.

Neonates. Toxins in the form of Bt formulation and spore crystal of Dipel. HD73%and
1715 affected the growth and survival of SSB larva (Table 10). Comparcd with the control,
there was a decrease in larval growth and survival in all concentrations both in the choice
and no-choice tests but with greater effect on the latter. Larval survival at 0.005 g/200 ml.
dipel in the choice tests was more than five times compared to the larval survival at the same
level in the no-choice test. The same trend was observed in the 2 1-day lanval weight where
the decrease in weight at 0,005 g/200 ml NC was ahimost fiftcen times less than what resulted
in the choice tests (0.0002 g in no-choice versus 0.0033 g in the choice tests) (Figure 9.10.11).

sThis pattern was duplicated in the other levels of concentration but at varying degrees.
The same observation was noted in both HD73 and 1715, The dilTerence. however. between
no-choice and the choice tests at (he same concentration was not as wide as in the Dipel
treatment. Af the lowest concentration (10') ofHD73, for cxample, the effect of the choice of
dict was only about less than (wo times both in larval survival (40.83% at no-choice versus

v
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67.50% for choice) and weight (0.0034 g for no choice and (.0078 g for Choice)

In the tests for 1715, the larval survival is almost the same at around fifty F.H?rc
, g : A0 Percent by,
in the no-choice and choice tests but larval growth, though affected by the toxip 9 h
rapid. At 10 choice tests the larval weight (0.0136 g) is about six times than ihe’sa;ns TOre
(0.0024 g) in the no-choice regime. As in the test using HD73 the difference bctwe: Cvel
regimes increased to nine times at the highest concentration (105). In the choice zlre?] the
greater proportion of larvae was frequently found on control diet (Figures 1]-| 2, Table lal a
Within 24 hours all toxin-incorporated diet were avoided by the larvae even g the low )
concentration used (Dipel-0.0025 g, HD73-105 , 1715-105). No direct relationship, hoy e»?t
could be established between the degree of avoidance and the days of €Xposure becnus:;
the proportion of larvae varies by day (Figures 11-12).

Larval avoidance of Dipel-treated diet reached its maximum at 0.0050 g/200 . (Table
11). Higher concentrations showed almost no difference on the proportion of larvae st;
on the control diet indicating, perhaps, that the larvae can only tolerate concentrationg
below that. In HD73 and 1715 the peak of avoidance started at 101 and 105 respectively
(Table 11). In the purified endotoxins, avoidance started at concentrations as low as u.:mg;
ml (Table 12) '

- Third Instar Larvae. All third instar larvae in both choice and no-choice regimes hag
feeding but those which fed on the toxins had shown weight loss ranging from 0.0039 for
0.05g toxin to 0.0073 for 0.10 g toxin used indicating that an increase on the amount of toxin
resulted to more damage, presumably, to the physiological condition of the larvae, in this
case expressed through weight loss (Table 13). The presence of toxin greatly reduced the
food intake of the larvae. Where there is no choice the reduction is about half (0.2325 g for
0.05 g Dipel and 0.220 for 0.10 Dipel) compared to the control (0.509 g). Even if there wasa
choice the reduction is as much for those larvae which fed on the control 0.220 g for 0.05g
Dipel and 0.354 g for 0.10 g Dipel) and also on the toxin side (0.181 g for 0.05 g Dipel and
0.245 g for 0.10 g Dipel). Probably sensing the nutritional disadvantages of the toxin most
larvac seemed to be avoiding this side of the area. The frequency of the larvae on the

control in both regimes (33.33% and 60%) is much greater than those found on the toxin side
(11.90%and 2.55).

Ying

The result suggested that if there is no alternative diet the larvae had no choice but to
feed on the toxin which affected their physiology but if there is an alternative source
available the larvae would still feed on both the toxin and the diet but still vwith considerable
damage on their survival and growth. There is, however, a bigger chance of recovery and
survival because of the presence of a diet choice which is favorable to them. In the cou_rSﬁ
of studying Bt deployment this feeding pattern of behavior of the SSB larvae could provide
basic information relevant to the management aspect. This kind of feeding bclmviorc_:ou!d
be presumed to provide some sort of protection on the rice plant because if the essential Bt
geneis alrcady deployed on the plant part favored by the SSB, and the insect either a}*o_ldcd
or feed less on this arca then the damage on the plant will probably be minimal. This1$ s0
because the larvae would tend to feed on the less favored plant part which could consider-
ably affect their growth and survival.
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Table 9. Comparison of effects of low and high concentrations of sclected 5. thuringiensis
strains and endotoxins on survival and growth of young C'. suppressalis larvae,

STRAIN TREATMENT 16 d WEIGHT
(gl SURVIVAL (%) (mg)
24 I 4% h 72 h 96 h 16d
Strain 105 control 100 100 100 100 29 0.0096
400 100 100 100 100 o8 0.0001
2000 100 96 96 %9 15 0.0001
10000 100 100 97 R2 0 -
50000 100 46 24 1% 0 .
strain 261 control 100 100 100 100 100 0.0124
400 100 ] 100 100 &7 0.0002
2000 100 99 96 96 63 0.0002
10000 100 94 76 L. 0 -
50000 100 6K 57 3 ) .
HD73 control 100 100 100 100 K3 0.0072
400 100 100 100 99 69 00005
2000 100 100 100 96 61 0.0003
10000 .00 920 &7 72 1 0.0001
50000 100 68 62 49 0 :
strain 92 control 100 100 100 100 96 0.0099
400 100 100 100 99 93 0.0013
2000 100 100 100 99 74 0.0009
10000 100 99 99 92 64 0.0003
50000 100 83 74 42 ] "
strain §2 control 100 100 100 100 92 0.0091
400 100 Lo0 99 97 %9 0.0104
2000 100 99 100 99 76 0.0077
10000 100 100 100 100 76 0.0033
50000 100 97 100 97 56 0.0004
strain 99 control 100 100 100 100 100 0.0111
400 100 100 100 99 97 0.009%
2000 100 73 99 99 87 0.010%
10000 100 89 100 100 90 0.0082
50000 100 87 97 97 83 0.0032
CrylAc control 100 100 100 929 &7 0.008%
400 . 100 96 100 100 65 0.0002
2000 100 100 73 92 46 0.0003
10000 100 97 g9 82 14 0.00001
50000 100 100 87 T 4 0.00001
CrylC control 100 Lu0 100 100 82 0.0137
' 400 100 100 96 6 &S 0.0015
2000 100 o) 100 100 92 0.0005
10000 100 LO0 97 93 5% 0.0001
50000 100 100 1o 96 39 0.00001
CryllA control 100 100 100 100 100 0.0127
' 400 100 100 100 97 99 0.0007
2000 100 99 99 99 79 0.0003
10000 100 100 100 99 7R 0.0002
50000 100 100 100 99 51 0.,0002

W
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0.014 T —&—Straln 105 |*
—8—straln 261
e el —&—HD73
—»—straln 92
0.01 T
—M—straln 82
E 0.008 + —&—straln 99
’-g —+—Cry1A[c]
S o0.008 —CiryicC
o Cry11A
0.004 +
0.002 +
0 - . 1
Treatment
Figure8. Sixtecn-day weight of surviving larvac of C. suppressalis fed on different re-
gimes of Bacillus thuringiensis
Table 10.  ANOVA of survival and growth data of C. suppressalis fed by diet-treated with
selected strains and endotoxins of B. thuringiensis.
SOURCE ' DF MS F Pr>F
A. Survival
Model 53 0.64 3.01 0.0001
Error 475 0.21 :
Corrected Total 528
Toxin : 8 3.51 16.59 0.0001
Eggmass 5 0,20 (.95 0465
Toxin - by - eggmass 40 0.12 0.55 0.9894
B. Weight ,
Model 53 6.74 227 0.0001
Error 366 297
Corrected Total 419
Toxin 8 40.61 13.66 0.0001
Eggmass 5 0,67 0.22 09521
Toxin- by- eggmass 40 0.52 0.17 1.0

100
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Table 11.  Effects of high and low concentrations of sclected Bt strain/commercial and
cndotoxin formulations on survival, growth and behavior of young C. suppressalis

larvae.
STRAIN  SURVIVAL (%) PROPORTION OF LARVAE ON Bt WEIGHT
1] (mg)
Day Day
4 7 21 1 2 3 4 5 6 7
HD73
Control* 100 100 93 - - - = = . -
10Y/C 100 100 67 10 7 23 50 14 14 12 0.0231
103/C 100 100 92 b 2 15 6 15 5 3 0.0078
10°/C 99 99 64 7 7 19 13 16 R 7 0.0065
104/C 100 100 66 13 5 15 13 15 g 4 0.0043
10%/C 98 93 55 15 13 19 14 1% 11 7 0.0092
10 ne 97 26 41 - - + - - - - 0.0073
10%/ne 99 98 40 - - = - - - - 0.0034
10%/ne 97 97 40 - - - - - - - 0.0032
104/ n¢ 95 93 51 - = " L # . - 0.0022
10%ne 98 03 23 - - - ] - - - 0.0006
1715
Ve 05 95 95 4 3 3 | 3 3 1 0.0136
10%c 99 99 T8 2 1 3 1 I 13 00155
107/C 9% 97 83 3 3 3 2 3 32 00119
104C 95 94 53 k) k| 3 5 2 3 I 0.0077
10%/C 926 95 64 7 1 3 2 1 1 1 0.0057
10'/ne 97 95 5% . - - - - - - 0.0024
10%nc 99 08 67 - - - - - - - 0.0037
10%/nc 90 88 40 - - . - - - - 0.0034
104/ne 94 93 3% - - . . - - - 0.0006
10¥ne 97 97 52 - - - - - - - 0.0006
DIPEL
I0pg/C 96 83 20 9 6 1 3 % 6 5 0.000%
20pg/C - 92 &S 37 i 13 11 11 3 k] 5 0.0012
10/C 928 21 3R | 9 9 3 3 5 6 0.0016
apg/C 9% 9% 47 7 7 5 3 § 37 00016
2ug/C 29 97 5% 7 6 9 0 G 2 4 0.005%
Ipy/C 97 96 60 7 9 9 3 7 10 3 0.0033
0.5pg/C 98 97 72 3 4 3 4 3 6 6 0.0060
30pg/ne 11 40 0 - - . s - - &
20ug/ne 9% 97 22 - B - - - - = 0.0001
10pg/ne 95 75 3 - > s - . - - 0.0001
4pg/nc 99 97 16 . - - - - - - L.0001
2pe/ne 96 91 12 - = E: - - - - 0.0003
1/ne 97 13 13 E - - - - - - 0.0002
0.5/ne 9K 96 18 - . . - - - - 0.0003

« only I control was used for the experiment which was simultancously done for the three
Bt formulations.
C- choice; ne¢ - no choice
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Figure 9. Proportion of C. suppressafis larvac observed feeding on HD73 strain -treated

diet
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Figure 10, Proportion of C. suppressalis larvae observed feeding on 1713 strain - treated
diet.
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Figure 11. Proportion of C. suppressalis larvae feeding on Dipel-treated diet
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Figure 12. Weight of surviving C. suppresalis larvae fed with Bt endotoxin-treated diet

103



The Mindanaw Vorum POPULATION ECOLOGY Vol XIL. No. 2

Tabte 12, Eflects of high and low concentrations of B endotoxins on survival, growth and
behavior of young C. suppressalis larvac.

—

ENDOTOXIN  SURVIVAL PROPORTION OF LARVAE ON B WEIGHT

()
Day Day
4 7 16 I 2 3 4 7
CrylC
Control 100 100 8 . . - - - 00067

R UTTCZO T NS ' . SN | . (N + B 15 00015
o W W M 18 55 45 W % 00016

2n/C 100 100 45 8 n 5 38 30 0.0017
0.4pe/C 100 0 % 0 45 50 8 13 0.0094
SOugNC - 88 55 5 - - - - = 00003
lOpgNC 95 8 53 - - - - - 00002
2pgNC 9 w 87 - - - . - 0.0007
04pgNC 100 00 9% . s . . - 00030
Cryl1A
Control 100 100 93 - - . - 0.00%
S0pg/C 95 u3 40 13 8 8 15 0.0008
lopg/C 08 % X A 1 15 00022

3N 8 00060
33 10 8 00067

2pg/C 95 95 88 25
04gC W 0w BN

wmoe S e
n

SopgNC - 0 80 S0 . - - - - 0.0001
lOpgNC 95 Pl [A - - . - = 00001
2ugNC 9% B o8 - - - - - 00005
04pgNC 8 R 0 - - - - = OO0
Cryla
Control 100 00 95 13 pA| 40 25 20 00084
Stpg/C % o8 40 8 8 8 13 I 0000
10opg/C 100 100 35 25 10 10 3 0 00001
2pg/C 100 100 45 18 15 3 8 20 00016
0.4pg/C R N 32 0.0002
SopgNC 85 R 8 0001
IpgNC 10 % n 0.0001
2ngNC "0 95 40 00001
D4pgNC %5 % 4 ' 00001

14
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IIL Sclection Experiment

There is currently no way (o precisely anticipate the genetic mechanisms which will
control resistance (raits that develop in the field. One of the more empirical approaches is to
conduct laboratory selection experiments aimed at increasing the frequency of resistance
alleles in a strain so they can be studied. This study is very useful but has so many
limitations. Even with the existence of these limitations, sclection experiments were the
most powerful approach available for gaining an understanding of how target insect spe-
cies would adapt to an engineered crop(s).

Because of the absence of an artificial diet to mass rear the yellow stem borer, only-C.
suippressalis was used for the study. Prior 10 testing, the insects were maintained in the
artificial dict for one (1) generation. Only three substrains which were sclected from those
which survived from the tests using 25 and 50pg/ul Cry 1 Ac-treated diet werc investigated
for a period of 12 generations. It was very difficult to maintain large colonics especially if
the number of personnel maintaining the cultures is limited. Losscs of substrains is com-
mon. In this study, the variation in number of larvae used in cach regime is a function of
percent mortality in that regime and the work involved in the maintenance.

After generations of selection at a Bf dose of 25 pg/ul and 50 pg/ul on the three
substrains, it seems clear that the susceptibility ef the insects (o the endotoxin were almost
similar (Table 14). There was no indication whatsoever that the larvae maintained cither in
adulterated diet or not have differences in susceptibility to the toxin.

There are so many general approaches as to how Bf genes should be used in pest
management stratcgies. At least five general approaches were mentioned by Gould (1992)
in the management of Bf engincered crops- high levels of constitutive expression of single
toxins inall plants, high levels of constitutive expression in two or more toxins in all plants,
spatial or temporal mixtures of plants with high levels of constitutive expression ofoneor
more toxins and other plants with no toxin expression. low levels of expression of single
toxins interacting with the pests' natural cnemies and targeted gene expression.  Gould
(1991) explained that there some theoretical and practical advantages and disadvantages to
these approaches.

 Use of high levels of constitutive expression of single toxins in all plants. This
approach was based on the assumption that high cxpression of a single toxin is so effective
that only incredible fraction of susceptible or partially resistant individuals will survive.
This viewpoint is naive given the history of insect adaptation 10 insecticides (Georghion
1990). Although some insccts may not adapt to a pesticidal crop, this is not a reasonable,
general expectation,

Use of multiple toxins. In a study conducted by lan Rie et al (1990) on Plodia
interpunctella., they provided evidence that resistance was mediated by heritable change
in toxin membrane binding at receptor proteins in the insect's midgut. They also suggested
thay by using Br toxins with different binding properties, in combination or sequentially,
résistance could be prevented or delayed. This strategy will be highly effective only if and
only if cross-resistance will not occur. Gowld et al (1992) argued the possibility of a strain
of insccls resistant to one Bt toxin to exhibit cross-resistance to another toxin. A laboratory
strain of tobacco budworm, Heliothis virescens which developed 50-fold resistance to
Cryl Ac was found to be resistant to CrylAa, CrylAb, Cry1B and Cry1C. Thus managing
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Table 13. Dictconsumed, larval weight changes of late third instar larvae of C. suppressatix
feeding on different regimes of Dipel, strains HD73 and 1715 of B. thuringiensis.

TREATMENT DIET CONSUMED LARVAL WEIGHT
(® CHANGES (g) N
DIPEL
Control 0.5090 +0.273 0.0326 +0.0190 47
0.05 mg/NC 0.2325 +0.242 00043 +0.0040 24
0.0037 +0.0022
(.05 / choice
control side 0.2200 +0.162 0.0052 +0,0020 13
toxin side 0.1810 + 0,066 0.0031+0,0010 7
both sides 0.1660 + 0217 0.0045 + 0.0030 11
0.10 mg/NC 0.2200+0275 (.0085 + 0.0060 14
0.10 choice
control side 03540 +0.301 00168 +0.0130 23
toxin side 0.0245 (single) 0.0040 |
(0,0020 1
both sides 0.0181 +0.0130 10
0.0120 +0.0190 4
STRAINS HD73 AND 1715
Confro] NC 03160+ 0.3060 0.0084+. 0.0040 21
" No Feeding 0.0072+ 0.0030 4
HD73 Mo Choice 0.1730+ 0.1630 (0.0018+ 0.0020 18
0.0055+ 0.00335 5
HD73 Choice
control side 0.2720 + 02590 0.0069 + 0.0040 10
toxin side 0.2810+0.2170 0.0018 +0.0030 6
both sides 02570+ 0.1960 0.0037 + 0.0020 6
0.0034 1
No feeding 0.0056 +0.0010 2
1715 No choice 0.1810 +0.1410 (10030 +0.0050 8
No feeding 0.0036 +0,0030 16
0.0106 1
1715 choice
Control side 04060 + 0.1850 0.0070 + 0.0040 19
toxin side 0.1320 +0,1480 0.0068 +0.0020 2
both sides 0.4150 + 0.0360 0.0042 + 0.0030 2
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Bt resistance by plain replacement of another when it becomes incflective may not be suc-
cessful. The results of this study on variability of the stem borers’ response to Bt which
showed significant differences in response of local populations to Bt supports Gould's view.
The differences among populations varied ranging from double to more than 50x the suscep-
tible population thus we could speculate for the potential cross-resistance in stcim borers.

Low levels of expression of single toxins interacting with the pest's natural enemies.
In this study, it was found that low levels of the toxin caused slow development in the larvae
of . suppressalis. This was true not only with those toxins with "knockdown effects” but
also thosc which were not. This strategy was thought to be applicable to the management of
stem borers. The use of low levels of B toxin could lcad to interaction with natural enemics
since the borer will remain larvae thus exposing them for possible parasitization and preda-
tion. This strategy could very much work with leaffolders but problems could be encoun-
tered with stem borers.  Stem borers remain inside the stem and could continue damage the
plant by remaining an immature or larva. Unlike the leaffolders which are exposed and could
easily be spotted and become prey to many predators or parasitizes the stem borers inside
the stem may be difficult to be controlled by natural enemics. Since the insect remain inside
and in the larval form, slow but sure feeding on the tissues will still lead to considerable
damage to the plant. Furthermore. this stratcgy could lead 1o big fitness differences between
susceptible, moderately resistant and resistant individuals. Consider for example. resistant
individuals may increase in population density since predators and parasites will affect more
the susceptible individuals than the resistant ones (Gould et al 1991). Resistant individuals
may reproduce more because they could complete more generations than that of susceptibles
in which the growth is inhibited. Asynchronous development of the resistant and suscep-
tible individuals could lead to non-random mating.

Targeted gene expression. This strategy gives the stem borers the choice between
toxic and non-toxic tissues. Since the pest feeds only in the stem, then the Br-toxin gene will
have to be engineered o these tissues. Examination of the results of this study show that
stem borers avoid the diet with the Bt toxin regardless of the kind. This hag big implications
in its management. Take for example the introduction of Bf genes in ricc which are only
expressed in the stem or in the younger tissues. When the stem borer is able to enter this
engineered plant, reproductive success of the pest is not really assured. The presence of
the toxin gene in this tissucs will drive the larvae away from the plant thus causing no
damage to the plant. Likewise, the larvae may be forced to feed on old. non-nutritional parts
of the rice plant thus not only inhibiting its growth but also exposes the larvae to predation
and parasitization. If the Bt toxins will be expressed in high doses to the stem tissues and no
toxin, or extremely low levels of toxin are present in other lissues such as the leaves, this
strategy could have promise.

Spatial or temporal mixtures of plants with high levels of one or more toxins and
other plants with no toxin expression. Gould (71992) believes that mixtures have great
advantages as long as two assumptions are met: first, there must be approximate random
mating; second, the difference in fitness of pest genotypes in mixture must be related to the
ratio of the two types of plants. The problem with this stratcgy however lies in the results
shown in this study. Larval movement is expected since stem borer larvae can detect the
presence of the toxin. In this case, movement jowards the susceptible rice plants in the
mixture will occur thus will still cause vieldlosses. There are some modifications suggested
by Gould (1992) that to avoid this problem of movement between Bt and non-Bt plants is to
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Table 14. Mortality distribution of C. suppressalis substrains under selection on CrylAc
delta- endotoxin of B. thuringiensis

GENERATION  UNTREATED POPULATION 25pe/ul-TREATED SOpg/ul- TREATED
25pg/ml S0pg/ml 25u/ml 50pg/ml 25pp/ml 50pg/ml

2 91.33 66.97 n.e. n.e. n.c. n.e.

3 n.e. n.c. n.e. n.e n.e. n.e.

4 53.22 53.33 54.12. 61.59, 20.69 55.55

L . 70.1% 72.85 41.05 42.02 56.93 58.20

G 78.49 86.61 66.10 77.17 21.64 50.99

7 90.88 93.19 35.70 60.96 7%.14 14.41

K n.e. n.e. 47.95 32.16 n.e. 50.53

9 n.e. n.c. n.e. n.e. n.e. n.e.

10 £5.71 76.62 6839 - 36.66 15.92 8,78

11 n.e. n.e. 64.39 61.64 n.e. n.e.

12 65.57 79.08 53.31 55.87 52.5% 6K.18

create a mixture at the field to field level and not plant by plant level. If this will be done,
random mating and development of resistance will be expected to develop in Bt-ficlds.

Discussion

Recent developments in host plant resistance involves the incorporation of Bt endot-
oxin genes in rice genome through genetic engineering, This approach appeared (o be a
good and sound alternative source for resistance for rice since the endotoxins produced by
the bacterium were perceived to be environmentally safe, highly specific, active at very low
concentrations. have minimal adverse effects on non-target organisms, and compatible with
other methods of control (Wilcox et al 1986). The authors however, believed that no assur-
ance could be made that this approach will not suffer the same fate as insecticides. In the
Philippines, many strains have been found to be highly effective against the Asiatic corn
borer, Ostrinia furnacalis (Guenee), diamond backmoth, Plutella xylostella (L.) and mos-
quito (Padua et al 1980). Introduction of the B endotoxin genes in the rice genome through
genetic éngineering to control stem borers is believed to be highly advantageous even if the
borers have found themselves inside the stem.

Asearly as 1987, genetic engineers had moved the gene codes for B! toxins into tomato,
tobacco, and potato and several laboratories have already incorporated the Bf genes into
rice (Vacck et al 1987). Genetic engineering of rice is now possible through direct uptake of
DNA into protoplasts and regeneration of these protoplasts back into mature plants. as
devised by Hodges et al (1991). This development has stimulated interest in a Bf Berliner
deployment system for transgenic rice that mimics the insecticidal action of the insect patho-
gen (Sanchez-Serrano et al 1987, Gasser and Fraley 1989). If this work succeeds, it may be
possible to plant rice capable of causing more than 90% mortality of the stem borers throughout
Asiaand Africa.

Success at engineering rice as described above could lead to significant increases in
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Another important information derived from this study is that those Bt endotoxins which has
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inhibition of the growth of the larvae. This information is important to develop strategiesin
the proper deployment of the engineered rice.

To assess the potential for resistance in rice stem borers, a need for a transgenic rice for
selection isimportant. Since there is no available plant at present, understanding the genetic
structure of populations based on variability in some ecological characteristics such as host
range and diets with specific endotoxins was done as alternative. An understanding 0“_1‘3
pest movement based on genctic structure is essential for the logical development of. resis-
lant management strategies. The results of this study show geographical variation 1}1
Tesponsc to different endotoxin Bt. This only shows that any Br-transgenic rice will' nol_ha;z
the assurance of complete success when deployed in all the local fields where it will "
Planted. It was shown in {his study that resistance to the very toxic CrylAc vat ied g;,-e
Population to population thus there is a possibility that populations of these "15"""‘5.ll
the potential to overcome the effect of the B toxins expressed in rice. The Pr_"blcml:;: a
compounded with large movements of these resistant insects to adjacent rce he
Cause big yield losses, :
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regardless of the rice variety whether it is resistant or not, these varicties are still being
sprayed with insecticides. It is most likely that when Bt-rice will be deployed, this will be
treated just like any other varieties. Considerable effort should be excried to help farmers
realize (he proper way of managing rice and the pests affecting it without much reliance on
pesticides. This could be done through farmers education and participatory training in pest
management.
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