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ABSTRACT

Weevaluated genetic variation in 52 germplasm accessions ofwild and domesti-

cated beets (genus Beta L) and examined the origin of wild beet accessions in

California using allozyme analysis. UPGMArelationship analysis showed overall

that domesticated and wild beets form genetically coherent groups. Wild beets in

California have two different taxonomic origins from European Beta vulgaris or

from Beta macrocarpa. Population level pattern of allozyme variation for wild

California beets related to B. vulgaris suggest those populations evolved from

naturalized populations of the cultivated B. vulgaris ssp. vulgaris which had hy-

bridized to varying degrees with the sea beets B. vulgaris ssp. maritima. Wild

California beets related to B macrocarpa are essentially genetically identical to

Europeanaccessions.In addition, we found substantial evidence for hybridization

and introgression ofB. vulgarisalleles in Californian B. macrocarpa.

INTRODUCTION

The main target of genetic engineering in the genus Be/ais sugar beet, Beta vulgaris ssp. vul-

garis var. altissima DOLL, which is ecologically limited due to its low competitiveness and

susceptibility to several plant pathogens and phytophagous animals. Nearly all beets are wind-

pollinated. Thus, gene flow between sympatric cultivated and compatible wild forms is un-

avoidable (Boudry et al. 1993, Raybould & Gray 1993, Bartsch & Schmidt 1997). To address

biosafety concerns for beet in California three questions should be answered: 1. Where are

potential areas of sympatry of wild and cultivated beet in California? 2. Can we use isozyme

markerto assign wild beets of California species and subspecies? 3. Is there genetic evidence

of gene flow between wild andcultivated beets in California?

MATERIAL AND METHODS

Forthis study, allozyme diversity was assayed from 52 wild and cultivated accessions ofthe

genus Beta. Samples were obtained from seed companies, from international plant genetic

resource collections or from collecting directly from wild and cultivated California popula-

tions. Accessions were selected so that most of the geographical range of wild and cultivated

beets in Europe and California was represented (Table 1). Starch gel electrophoresis was per-

formed on crudeprotein extracts of young leaf tissue. Approximately 100 mg of tissue from

each individual was ground in 0.5 ml extraction buffer [0.1 M Tris-HCI pH 7, 4% polyvinyl-

pyrrolidone (PVP), 0.1% dithiothreitol (DTT), and 0.1% ascorbic acid]. Gel buffers are cited

below, and stain techniques are as described by Devlin & Ellstrand (1989) and Wendel &

Weeden (1989).
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Tab. 1: Species and accessions ofbeet surveyedin this study: N, = numberofindividuals
examined (Standard accessions recommended by WBN,World Beta Network)

No. Species Accession Origin Location
 

| B. vulgaris FC172 USA (WBNstandard)
2 - Sugar beet KWS-2N1009 Germany

KWS-Kavetina Germany
KWS-Rizor Germany
KWS-246 Italy
KWS-247 Italy
Betaseed-4035 California
Betaseed-4581 California
Betaseed-4776 California
Spreckels-HH103 California
Spreckels-IV2R California
Spreckels-NB2 California
Spreckels-SS781 California

Spreckels-VB7R California
- Swiss chard Dark Green USA

Chard Fordhook USA
Chard Lucullus USA
Chard Rhubarb USA \

- Red beet W300C USA (WBN standard)
Burpee USA
Detroit Dark Red USA
Red Ball USA
Tall Top USA

- Sea beet PI 504266 France Corsica, Ajaccio

PI 540575 France Gironde County

PI 540588 France Charante Marit. County
HHU Germany Oldenburg, Bot. Garden
RWTH - 1 Greece Chalkidiki
RWTH - 2 Greece Crete

RWTH - 3 Greece Peleponnes

PI518398 Ireland Kerry County, Dingle
BGRC 54228 Ireland (WBNstandard)
RWTHcollection Italy Ravenna County, Cervia
RWTHcollection Italy Goriza County, Grado
RWTHcollection Italy Venice County, Venice
PIS18310 UK East Sussex County

UCR-01 California Contra Costa County
UCR — 02 California Alameda County

UCR — 03 California Santa Clara County

UCR - 05 California San Benito County
UCR — 06 California Los Angeles County
UCR - 07 California Riverside County

UCR — 08 California San Diego County
UCR — 09 California Santa Barbara County

B. macrocarpa UCR 10; UCR 13 California Imperial County
UCR- 11 California Ventura County
UCR — 12 California Los Angeles County

BGRC 53034 Israel Athlistean Plain

BGRC 57644 Cyprus Larnaca

BGRC 57664 Spain Cartagena

BGRC 57676 Spain Granada
 

Our nine enzyme systemsrevealed a minimum of13: aspartate aminotransferase (Aat/, Aat2;
E.C. 2.6.1.1), aconitase (Aco; E.C. 4.2.1.3), glutamate dehydrogenase (Gdh; E.C. 1.4.1.2),
leucine aminopeptidase (Lap; E.C. 3.4.11.1), NAD* malate dehydrogenase (Mdh1, Mdh2;
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E.C. 1.1.1.37), phosphoglucomutase (Pgm/, Pgm2; E.C. 5.4.2.2), shikimate dehydrogenase

(Skd; E.C. 1.1.1.25), triose phosphate isomerase (Tpil, Tpi2; E.C. 5.3.1.1), and uridine

diphosphoglucose pyrophosphorylase (Udp; E.C. 2.4.1.1). To resolve these isozymes, we

used three different electrophoretic buffer systems: tris-EDTA-borate pH 8.8 (Heywood,

1980) for Gdh, Lap, and Udp,lithium-borate pH 8.0 (Rieseberg & Soltis 1989) for Aat, Pgm,

and Tpi, and morpholine-Citrate pH 7.0 (O'Malley et al., 1980) for Aco, Mah, and Skd. Gene-

tic interpretations of allozyme variation patterns were based on previously published reports

for Beta (Abe & Tsuda, 1987, Nagamineetal., 1989, Letschert 1993, Raybould et al. 1996).

Bandingpatterns of polymorphic loci were congruent with typical angiosperm zymograms,

and were interpreted accordingly to Weeden & Wendel (1989). Loci encoding the less

anodally migrating allozyme for each enzyme system were designated “1”, with additional

loci numbered sequentially in order of increasing mobility. This nomenclature is inverted re-

lative to locus/allele designations for allozymesof Letschert (1993). Data analysis was carried

out with POPGENE (http://www.ualberta.ca/~fyeh/index.html)

California

f 00m

Wild beet accessions of
Vv B. vulgaris
@ 8B. macrocarpa6 xx a S

U
R

L
E

S
K
L
L
R
Y

5

eS S
R
S

oo
£0 a

So oe oe
R
e

e
s

S

% % Se % ae
<K

S
<<

Sugarbeet area:
88 currentcultivation
== former cu.iivation

cS S
O
S
e

C
e

O
S; ss x50

So os0 fo ee

2 oe
R
O
K
K

S
s

So
sa

S
R
Y

<S son
e

SR
RK
KY si
et
e

3

 

Imperial

Figure 1. Sugar beet cultivation areas and wild beet accessions in California 



RESULTS AND DISCUSSION

Wild beet populations in California were found in severallocations (Figure 1). We compiled
the different Californian wild beet accessions into groups of B. macrocarpa and B. vulgaris.
Thelatter group clusters closely with the sea beet group (Figure 2), strongly supporting the
hypothesis that at least some ofthe wild beets originated directly from sea beet. However, the
morphologies of the collections demonstrated both sea beet and Swiss chard ancestors. Our
isozyme study suggests that also some small populations of vegetable B. vulgaris have es-
caped cultivation in inland areas. The weed beet B. macrocarpawas found in sugar beetfields
in the Imperial Valley and at coastal sites of Southwest-Californian islands.

In the Imperial Valley, McFarlane (1975) reported phenotypic observations of hybridization
between wild and cultivated beets. In this area sugar beet is grown in winter culture, and ver-
nalization of the biennial plants is a common phenomenon due to moderate cold winter tem-
perature. An examination based on 15 sugar beet fields (representing an area of approximately
2 million m*) showeda sugarbeet bolting rate of 0.6 plants/m?. This rate seems to be higher
than typical in this area, probably due to an extraordinary cool winter 1997/98 with periods of
low freeze in someparts ofthe area.

The density of the annual weed B. macrocarpais in the range of2.7 plants/m? (representing
an area of approximately 1 million m? sugar beet plantation examined). Although the annual
B. macrocarpa usually flowers earlier than sugar beet bolters, a flowering time overlap could
be detected in May 1998. Based on 9 specific isozymes (Table 2), introgression in this area
could be detected at a rate of 2 % wild beet individuals (13 of 594 examined Californian
plants), which were morphologically similar to B. macrocarpa, but had isozymealleles spe-
cific to B. vulgaris.

CONCLUSION

There is genetic evidence that Californian wild beets belong to two different taxa, and have at

least three different origins. We found wild beet evolved from (1) escaped Swiss chard or Red
beet, (2) B. macrocarpa, presumably introduced from Spain, and (3) hybridization of

B. vulgaris with introduced B. macrocarpa. Although wild sea beet probably played some
role in the origin of California wild beets, our genetic information is insufficient to determine

that extent to which hybridizationofcultivated beet with sea beet and/ordirect introduction of
sea beet from Europe contributed to contemporary B. vulgaris-type wild beets in California.
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Figure 2. UPGMA dendrogram based Nei’s (1978) genetic distance method of

allele frequencies for 13 isozymes ofB. vulgaris (see Table 1). 



Engineered cultivars grown in California, especially the Imperial Valley, would have an in-

creased probability of gene escape to wild relatives if their bolting properties were similar or

higher than tendencies of the current cultivars planted in this area. Because ofthis increased
tendency for beets to bolt in this area, the impact of an engineered trait escaping into wild

populations would haveto be assessed.

Table 2. Meanallele frequencies for 13 isozymes of genus Beta. Isozymealleles

specific to B. vulgaris which were found in 2% of Californian

B. macrocarpa individuals, are printed bolt. (Origin of B. macrocarpa:

I = California, II = Europe,III = Israel)

 

Sugar Swiss Red Sea Wild beet B.macro- B.macro- B.macro-
beet chard beet beet California carpa-I_ carpa-II_carpa-III

 

0.760 0.692 0.726 0.961
0.152 0.001 0.000 0.000
0.088 0.307 0.274 0.039
0.080 0.006 0.000 0.000

0.912 0.002 0.000 0.000

0.000 0.992 1.000 1.000
0.000 0.000 0.000 0.000

0.612 1.000 1.000 1.000
0.388 0.000 0.000 0.000
0.024 0.045 0.000 0.000
0.024 0.946 0.988 1.000
0.841 0.009 0.012 0.000
0.111 0.000 0.000 0.000
0.791 0.001 0.000 0.000
0.210 0.008 0.000 0.000
0.000 0.991 1.000 1.000
1.000 1.000 1.000 1.000
0.000 0.000 0.000 0.000
1.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
0.000 0.000 0.000 0.000
0.515 0.005 0.000 0.096
0.067 0.995 1.000 0.904
0.415 0.000 0.000 0.000
1.000 1.000 0.985 1.000
0.000 0.000 0.015 0.000
0.520 0.000 0.000 0.000
0.480 1.000 1.000 1.000
0.000 0.984 0.988 1.000
0.995 0.016 0.012 0.000
0.005 0.000 0.000 0.000
0.000 0.992 0.933 0.519
0.069 0.003 0.067 0.000
0.902 0.005 0.000 0.481
0.029 0.001 0.000 0.000
0.198 0.002 0.000 0.000
0.000 0.008 0.000 0.000
0.000 0.989 1.000 1.000
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ABSTRACT

Thereis a need to evaluate the likelihood of the sexual spread of transgenes from

genetically modified crops to wild species. We attemptto estimatethis by crossing

a transgenic (hemizygous)line of oilseed rape to weed species with whichit has

varying degrees of sexual compatibility. The offspring were selfed and backcrossed

in order to examine the inheritance ofthe transgene in subsequent generations. We

found that while the transgene wasinherited in a normal Mendelian fashion for the

first generation, most of the offspring wereinfertile. However, analysis of those

that arefertile could be very informativein estimating the risk of transgene spread

in different genetic backgrounds.

INTRODUCTION

Oilseed rape (Brassica napus oleifera AACC 2n=38) is an important oil and fodder crop in the

UK. There is increasing commercial pressure to develop genetically modified lines, with for

example, herbicide tolerance, disease resistance, and improved oil quality. Brassica napusis

classed asself-fertile, but shows a degree of out-breeding. It is both insect and windpollinated.

Sinapisarvensis (SarSar 2n=18)is classed as an out-breeder. Chromosomepairing studies show

it has some chromosomal homoeologyto B. napus, as does Raphanus raphanistrum (RrRr 2n=18)

(Mizushima 1980). Sinapis arvensis and Raphanus raphanistrum have been shownto be weeds

in areas of B. napuscultivation. B. rapa (AA 2n=20) and B. juncea (AABB 2n =36) can also be

found as weeds (Chevreef a/. 1996). Thusthese plants are potential hybridization partners with

B. napus . The possibility of hybridization between B. napus and someofits more or less

compatible relatives has been reviewed (Scheffler and Dale, 1994). There is a possibility that the

‘escape’ of such transgenes into the wider environment could lead to the development of, for

example, herbicide-tolerant weedsthat are able to survive treatment by particular herbicides. There

mayalso be othereffects from the presence of such transgenes in the gene pool of weedspecies.

These four annual species wereall used with B. napus(also an annual) in a crossing programme

designed to generate both backcrossed and selfed hybrid lines. An embryo rescue procedure was

used to obtain hybrids between B.napus and the poorly compatible species (S. arvensis and K.

raphanistrum), and chromosome number was determined for these hybrids.

MATERIALS AND METHODS

All plants were grown in a containment glasshouse. All hybridizations were made by hand-

pollination of emasculated stigmas. Self-seeding was performed by bagging the entire plant.

Plants used in the crossing program: Atleast four ecotypes of each of the above species were

collected from different sources. (Table 1). The B. napus(dihaploid line W10) containeda single,

stable copy ofthe bar and npt IT genes, both were driven by the cauliflower mosaic virus 35S
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promoter, and terminated by the octopine synthase terminator. The numberofseed obtained per

cross, as well as the proportionofviable offspring containing the transgene, was measured.

Table 1. Code number and sourceofthe wild species used in the crossing program with transgenic

B. napus.

 

Plant species Chromosome Ecotype code Sources

number number
 

Brassica juncea (2n=36) NAK1 Dr. R. Mithen, JIC, UK.

NAK2 Dr. R. Jorgensen, NL., Denmark

107* NAK3 C. Gomez-Campo, Spain

108* NAK4 C. Gomez-Campo,Spain.

Brassica rapa (2n=20) NAKS5 Dr. R. Jorgensen, NL., Denmark
[33* NAK6 C. Gomez-Campo, Spain

NAK7 Dr. R. Mithen, JIC, UK.
NAK8 Dr. R. Mithen, JIC, UK.
NAK25 Dr. A. Meikle, SAC, UK

Brassica napus (2n=38) NAK9 C. Gomez-Campo, Spain

NAK11 Dr. Philip Dale, JIC, UK
NAK12 Dr. Philip Dale , JIC, UK
NAK13 Dr.Philip Dale , JIC, UK

Raphanus raphanistrum  (2n=18) NAK14 Herbiseed Ltd., UK

S11* NAKI5 C. Gomez-Campo, Spain

S1L2* NAKI16 C. Gomez-Campo, Spain

513% NAK17 C. Gomez-Campo, Spain

Sinapis arvensis NAK18 Herbiseed Ltd., UK

NAKI9 Dr. R. Jorgensen, NL., Denmark

NAK20 Dr. R. Jorgensen, NL., Denmark

NAK21 C. Gomez-Campo, Spain

NAK22 C. Gomez-Campo,Spain

NAK23 Dr. A. Meikle, SAC, UK

NAK24 Dr. A. Meikle, SAC, UK

* Germplasmcollection catalogue number, Madrid, 1995
 

Embryorescue: Hybrids generated by crossing with ecotype numbers 14 to 25 were subjected

to embryo-rescue. Whole pods were removed from plants 5-10 days after pollination, then

sterilised in 20% sodium hypochlorite solution (BDH)containing 5 drops of Tween 20 (Sigma)

per 20 mlfor 5 minutes. Pods were then washedthree times with single-distilled water for 5

minutes. The pod pedicle was embeddedin Nitsch medium containing 2.14 g Nitsch medium

concentrate (Imperial Laboratories), 0.3 g casein hydrolysate (Oxoid), 15 g sucrose (BDH),

15 g glucose (BDH) pH 5.8 with KOH, made up to | litre, then 2.5 g Gelrite (Imperial

Laboratories). Developed ovules were removed to MS medium containing 4.41 g MS medium

(Imperial Laboratories), 10 g sucrose (BDH), pH 5.8 with KOH, madeupto| litre, then 2.5

g Gelrite. Pods and ovules were grown underartificial light, with a 16 h photoperiod at

temperature of25 °C during light and 20 °C during dark. Developed plants were moved to Jiffy

pots and transferred to the glasshouse. 



Transgene detection: Initially, presence of the transgene was assayed by polymerase chain

reaction for both the npt // and bar genes, but recently this has been superseded by the muchfaster

barcolour assay, which relies on the expression ofthe bar geneto allow ammonia metabolism in

a pHsensitive indicating medium. (D’Halluin ef a/.1992).

Barcolourassay: Smmleaf discs were placed in microtitre plates, on liquid MS medium containing

3% sucrose (BDH), 20 mgL" phosphinothricin (Duchefa), 50 mgL'! chlorophenol red (Sigma),

25 mgL”nystatin (Duchefa), 500 mgL"' carbenicillin (Duchefa). The plates were sealed with

transparent film, and placed at 30 °C for 16 hours.

Chromosome number: Roottips, excised in the morning, were incubated at 18 °C in 0.05 %

colchicine (Sigma), then fixed in 3:1 ethanol: acetic acid for 3-7 days at -20°C. Fixed roottips

were digested in 2% cellulase (Onozuka RS), 1.5% macerozyme R200, 0.3% pectolyase Y-23

(Genetic Research Instruments) in ImM EDTA (BDH)for 45 minutes at 37 °C, then spread on

slides in a dropoffixative (Fukui e/ a/. 1991). After staining with Giemsa (BDH)for 2 hours, the

slides were examined at X 400 magnification. At least 10 metaphase nuclei per slide were counted

in orderto estimate chromosome number.

RESULTS

The results ofthe initial pollinations are presented in Table 2.

Chromosome numbers were determined for a small number of hybrids between B. napus x

Raphanus raphanistrum, B. napusx Sinapis arvensis and B. napus x B. rapa. Each ofthe hybrids

tested had an estimated chromosome numberof 28, apart from one from B. napus x Raphanus

raphanistrum (NAK 14), which had 56 chromosomes.

Percentage of F1 hybrids giving rise to viable F2 seeds described in Table 3

Nocrosses between B. napus and R. raphanistrum or between B. napus and S. arvensis gave

fertile hybrids. The hybrids have been maintained vegetatively bytaking cuttings for over 2 years

Pollination was allowedin a contained glasshouse, but no seeds wereset (Table 3)

 



Table 2. Results ofinitial pollinations.

 

Species Ecotype Numberof Number Efficiency No. No.
crossed buds of hybrids Offspring offspring tested
with pollinated tested bar barnegative

B. napus positive.

 

B. juncea NAK1 24 Z l 13

NAK2 2 d 59

NAK 3 37

NAK 4 16

B. rapa NAK 5 19

NAK 6 LT

NAK7

NAK &

NAK 25

B. napus NAK11

NAK 12
NAK 13

R. raphanistrum NAK 14

NAK 15 68

S. arvensis NAK 18 38

NAK 19 71
NAK 20 80
NAK 22 30
NAK 23 81
NAK 24 101

-* Sample too small tor chi-squared analysis.

- Numberofputative hybrid seeds generated is given for samples ]-13: number ofplants generated by embryorescue

is giventor plants 14-25. Efficiencyis detined as percentage ofpollinated buds producing pods containingeither seeds

(1-13) or embrvossuitable for embryorescue (14-25).

Table 3. Percentage of F1 hybrids giving rise to viable F2 seeds.

 

B. napus X weed hybrid %giving F2 B. napus x weed hybrid %giving F2

NAK | (B. juncea) ‘ NAK 1 | (napus) nt

NAK2 (B. juncea) NAK 12(napus)

NAK3 (B. juncea) NAK 13(napus)
NAK4 (B. juncea) NAK 14 (R. raphanistrum)

NAK5 (B. rapa) NAK 15 (2. raphanistrum)

NAK6(B. rapa) NAK 23 (S. arvensis)

NAK7 (B. rapa) 3: NAK25(B. rapa)

NAK 8 (B. rapa)

 

*Samples gave at least 3 plants which produced F3 generation

nt: not tested 



DISCUSSION

Hybridizations between distantly related species:

Ourpoorsuccessin generating B.napus x S.arvensis hybrids was not unexpected. Kerlane7a/.

(1992) had some successin generating such hybrids but only when using B.napusas the female

parent. Lefol ef a/. (1996) estimated the probability of generating a natural hybrid between wild

S. arvensis and B. napus, based on flowering period overlap, hybridization rate and hybrid

reproduction. They concludedthat, for the Burgundyregion of France this was about | in 10"°

pollinations and, extrapolating for the whole of Western Europe, that this would result in about

1000 such hybrids per year. The success ofthose hybrids will depend on their sexualfertility

which, from the evidence available,is likely to be very low.

Hybridization with moreclosely related species:

Mikkelsen ea/. (1996a) report that crossing transgenic B. napuswith B. rapacan createfertile,

transgenic offspring after 2 generations of hybridization and backcrossing. This is confirmed by

ourresults with the B. rapa and B. juncea hybrids. The selfing data show that for 3 ecotypes (one

B. juncea and twoB. rapa) there is evidence that such hybrids might persist. Backcross data are

still being generated and at presentthereis no indication that the transgeneis inherited at a higher

rate than expected. Indeed, in one B. napus x B. juncea hybrid the transgene wasentirelylost in

the backcross population (data not shown). This might imply that the transgeneis located on the

C-genome, andhasbeenlost in meiotic pairing. This result is in contrast to a comparable study by

Frello ef al. (1995) who found the transgene in approximately half of such progeny. They

concludedthat genetransfer from B. napus to B. junceais possible. Mikkelsen e/ a/. (1996b)

hypothesized that‘safe’ areas of the chromosomemightbeidentified for transgeneinsertion. This

could reduce the opportunity for transgene introgression to from B. napusto B. rapa and B.

juncea, but they concluded fromthe analysis of transmission of 33 predominantly C-genome-linked

B. napus RAPD markers from B. napus x B. junceahybrids back to B. juncea, that this was

unlikely. However, Metz e/ al. (1997) provide evidence to support this hypothesis. On

backcrossing a transgenic B. napus x B. rapahybrid to B. rapa, there was a low frequency of

transmissionofthe transgene. They concluded that the transgene waslocated on the C-genome,

and that location on either the A or the C genome would influencethe probability of transfer to

related species.

CONCLUSION

Further work needs to be doneto evaluate the risk of transgenespread from B napus to related

species.It is likely that if transgene flow occurs,it will be to the more closely related species, B.

rapa and B. juncea. The persistence ofa herbicide tolerance gene in the absence of herbicide

selection pressure is undetermined. Thereis evidence that the specific chromosomal location of

the transgenewill affect the persistence ofthe transgenein a population. Long term backcrossing

data would he useful to estimate the persistence of a transgene in a wild population. 
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ABSTRACT

The detection ofresistance while still at low frequencies has been identified as a

regulatory issue for transgenic crops. Recently, it has been assumed that the

frequency ofresistance in unselected populationsis about 10?-10*. Using

a

leaf-

dip bioassay method, 4 of 943 (=3772 alleles) isofemale lines (IFLs) were

detected carriers of low level resistance to Bacillus thuringiensis (Bt) toxins in

diamondback moth, Plutella xylostella. The frequencyofalleles for Bt resistance

foundin this study is much lower than estimated elsewhere. Currently, transgenic

cotton plants expressing Cry] Ac protein are being used to screen for Bt resistance

alleles in field populations of cotton bollworm, Helicoverpa armigera. Wearestill

looking to detecta resistant IFL after screening 347lines. This also supports our

hypothesis that the frequency of Bt resistance alleles in natural populations is

lowerthan reported recently for other bollworms.

INTRODUCTION

The current decade has been earmarkedas an era oftransgenic crops. Transgenicplants offer a

novel approach to insect pest control especially against those pests which normally escape

sprays. It is widely believed that transgenic crops have the potential to replace chemicals to a

large extent, eg., transgenic cotton can reduce overall insecticide use world-wide byat least

10-15% (Fitt et al., 1994; Roush, 1994).

The mostcritical concern for these transgenic crops and Bacillus thuringiensis (Bt) sprays is

the evolution of resistance in the targeted insect pests. Diamondback moth (DBM), Plutella

xylostella, a major pest of cruciferous vegetables, and cotton bollworm (CBW), Helicoverpa

armigera, a major pest of cotton, are major targets of Bt sprays and transgenic crops,

respectively. Resistance to Bt toxins in field populations of DBM hasalready been documented

from many parts of the world (Tang er al., 1997; Tabashnik et al., 1992; Hamaet al., 1992).

Transgenic cotton may exert higherselection pressure in target insect pests due to continuous

expression ofinsecticidal proteins. Therefore, planting transgenic cotton on large scale has

the potential of selecting resistance to Bt toxins in insect pests (Kaiser, 1996). Wide-spread

evolution of resistance to Bt toxins would eliminate them as a valuable pest control tool

(Roush & Shelton, 1997). 



Before selection, the resistance alleles are carried mainly in heterozygous (SR) individuals in
2 2 ;

accordance with Hardy-Weinberg law (p: 2pq: q ) (Dobzhansky, 1955). Because routine

bioassays are inefficient to detect recessive alleles in the heterozygous form, eg., many cases of

Bt resistance (Tabashnik et al., 1997), any technique that has the potential to improve the

precision of detecting resistance would be very attractive.

The frequency of resistancealleles is one of the key factors in the effectiveness of the more

promising resistance management tactics for Bt crops (Roush, 1997). Change in allele

frequencies is also the key indicator ofthe effectiveness of a resistance management program.

Mostresistance management models have been based on theoretical estimates ofinitial allele

frequencies because of scanty empirical data (Gould, 1998). The initial allele frequency for Bt

resistance has become highly controversial with recently published estimates as high as 10°

(Gould et al., 1997; Tabashnik et al., 1997). Since the alleles conferring resistance to Bt are

predominantly recessive, we used an IFL technique in which insects are inbred to an F, to

estimate the frequencies of alleles for Bt resistance in the field populations. This technique

increases homozygosity and allows ready detection of recessive alleles. (Andow & Alstad,

1998).

The sample sizes needed for detection of resistance andits frequency are in inverse proportion.

For example, at a frequency of 10% or more, a sample size of 100 individuals can detect

resistance easily (at 95% probability level). A sample size of approximately 300 would be

required for detecting a resistant individual at a frequency of 1%. Whenresistance frequencies

are 0.1% orless, it would require sample size in thousands (Roush & Miller, 1986).

The main objective of this work was to estimate the initial frequency ofalleles conferring

resistance to Bt endotoxinsin field populations of DBM and CBW.Theimplications of these

results will be highly relevant for devising future resistance management strategies for

biopesticides based on Bt endotoxins in general, and transgenic crops in particular.

METHODS AND MATERIALS

Isofemale lines

IFLs (single pair mating) of DBM and CBW wereestablished by adults reared in the lab from

field-collected eggs, larvae and pupae. Thesetting up of IFLs can be summarized as below:

Generation I SS xX SR (field population,in single pairs)

4
GenerationII (F;) SR Xx SR (mating of siblings in masscrosses)

f
Generation III (F2) RR SS SR (in lines carrying resistance, 1/16

(6%) offspring are RR)

The “SS”refers to homozygous susceptible, “SR” to heterozygotes, and “RR” to homozygous
resistant. The single pair crosses of DBM were set upin clear plastic bag cages especially
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designed for rearing IFLs. The plastic bags were shifted when F, moths emerged and wrapped

around anotherfresh rape-seedling pot for oviposition. The larvae (F2) were reared until 7

3" instar (~5 day old) and used for the bioassay studies.

In order to establish IFLs of CBW, one day-old male moths were paired with 2-3 day-old

females in a rearing cage measuring 50x60x75 cm’. Moths while mating were transferred

gently into onelitre plastic containers. Eggs were collected on kitchen paper towel and the F,

larvae were reared on artificial diet. The moths were enclosed in cages madeofclearplastic

bags with tiny holes for aeration.

Plants

Canola (oilseed rape) and Chinese cabbage plants were grown in plastic pots (17.5 cm

diameter) in the glass house. Usually, 7-10 day-old canola seedlings and four to six week-old

Chinese cabbage plants were used for rearing and bioassays, respectively. Broccoli, Brassica

oleracea subsp. italica (Green Comet-non-Bt and transgenic broccoli, expressing the Cry] Ac

protein of Bt), plants were usedin bioassays at Cornell University (New York). A lab resistant

(Res) and a lab susceptible (G88) strain were also bioassayed for confirmation of resistance in

IFLs detected from South Australia (SA).

Bt-cotton and non-Bt cotton were grown in a growth room for bioassaying CBW neonates

(F,). We used 4-6 week old plants which normally have an expression level of Cry proteins

high enoughto kill susceptible homozygotes (SS) and heterozygotes (SR).

Screening of IFL (F2)

A leaf-dip bioassay method was adopted for screening Bt resistancealleles in DBM. Delfin WG

(Sandoze) containing 53,000 Spodoptera units per mg Bt Berliner subsp. kurstaki was used for

screening IFL’s of DBM (with a single diagnostic dose as well as multidose bioassays). On an

average, 50 larvae (5 day old) from each IFL (F2) were tested for Bt resistance. The surviving

4 of 943 IFLs from SA weretested again by using leaf-dip bioassays with a range of doses. The

dose mortality data were analysed using POLO-PC (Russel ef al., 1977). These 4 IFLs were

further tested on broccoli (expressing Cry1Ac) at Cornell University, New York.

CBWeggsfrom the caged F; adults werelaid directly onto the transgenic cotton plants. When

the neonates hatched, they fed directly on the plant and took a dose of Bt toxin. The survivors

(if any) were saved for further confirmation of resistance.

RESULTS & DISCUSSION

Screening of diamondback moth

Each IFL allowed usto test four alleles since DBM is diploid. We tested 943 IFLs (=3772

alleles) using a diagnostic dose (@lppm Bt kurstaki). The survivors were reared further and

tested again to confirm the presence ofresistance alleles. Twelve IFLs survived the diagnostic 



dose initially. In order to eliminate false positives, we tested them again using the same

diagnostic dose and consequently eight families were discarded.

Furthertesting of surviving IFL’s of DBM

A range of doses were used to confirm the presence or absence of any majorresistance genes

among the surviving four families (IFL-448, IFL-563, IFL-574, IFL-712). The probit

regression analysis of mortality data indicate a low level of resistance among the four IFLs

detected from SA (Table 1; Figure 1). The resistance ratios calculated on the basis of LCsos

also indicate a low level of resistance. This was further confirmed when these IFLs were

bioassayed with transgenic broccoli plants along with a highly resistant population (Res) (Tang

et al., 1997) and a susceptible strain (G88) at Cornell University. None of the IFLs from SA,

even though they showed a low level ofresistance in leaf-dip bioassays, could survive on the

transgenic broccoli. Theresistant population (Res) survived successfully (av. 87% and 93% for

neonate and third instar larvae) on the transgenic broccoli (Figure 2). This has further

strengthened our hypothesis that the frequencyofalleles conferring high levels of Bt resistance

is much lowerthan 10° in natural populations.

Table 1. Probit regression analysis of IFLs of DBM detected as carriers of low level of resistance from

SAby using leaf dip bioassays.

 

Population n Slope + SE LC,, mg a.1./I LC,, mg a.i/]

 

IFL-448 480 0.674 £0.07 0.12 (0.066-.205) 9.6 (4-30)

IFL-563 480 0.437+0.06 0.082 (0.011-0.286) 71 (9-1314)

IFL-574 480 0.419+0.06 0.07 (0.005-0.298) 80 (7-189429)

neva 480 0.641 £0.07 0.11 (0.035-0.267) 11 (3-111)

GF 480 0.568+0.7 0.417 (0.17-0.964) 75 (19-929)

TW 240 0.804 +0.21 0.013 (0-0.045) 0.5 (0.2-1.2)
'

LP 240 0.547+0.7 0.005 (0.002-0.010 1.1 (0.4-5.4)

 
a b €
Numberof larvae tested; Ratio is LCs» divided by the lab susceptible population; Isofemale line

d e

number; Lab resistant population (originally from Gattonfield areas, Queensland); Field population

(from Two Wells, SA):’ SA lab susceptible population.

The evolution of resistance can be delayed significantly by adopting resistance management

strategies. The low frequenciesof Bt resistance alleles detected in DBM are quite promising for
the future use of Bt sprays and for transgenic crops in SA.

Screening of cotton bollworm

Wearestill looking to detect a resistant family after testing 347 single families on transgenic

cotton. The results obtained so far suggest that the frequencyof alleles conferring Bt resistance 



seems to be much lower than has been reported recently in other bollworms (eg., Heliothis

virescens). This experimentis still under way.
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