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AsstracT. TheColor ado potato beetle[L eptinotarsa decemlineata Say (Coleoptera: Chrysomelidae)] isadestructivepest
of the cultivated potato (Solanum tuberosum L.) in northern latitudes. Combining resistance mechanisms of leptine
glycoalkaloidsand glandular trichomeswith the synthetic BacillusthuringiensisBerliner (Bt) cry3A genein potato may
be an effective strategy for controlling the Colorado potato beetle. Bt-cry3A transgenic plantswer e developed for three
potatolineswith differinglevelsof resistanceto Colorado potato beetle[* Yukon Gold’ (susceptiblecontrol), USDA8380-
1 (leptineglycoalkaloids), and NY L 235-4 (glandular trichomes)]. Polymer asechain reaction, and Souther n and northern
blot analyses confirmed integration and transcription of the cry3A genein thetransgenic lines. Detached-leaf bioassays
of the cry3A engineered transgenic lines demonstrated that resistance effectively controlled feeding by first instar
Colorado potato beetles. The susceptible ‘Yukon Gold’ control suffered 32.3% defoliation, the nontransformed high
foliar leptineline(USDAB8380-1) had 3.0% defoliation, and thenontransfor med glandular trichomeline(NY L 235-4) had
32.9% defoliation. Mean per centagedefoliation for all transgeniclinesranged between 0.1% and 1.9%. M ean mortality
ranged from 0.0% to 98.9% among the Bt-cry3A transgenic lines, compared to 20% for the susceptible ‘Yukon Gold’
control, 32.2% for USDA8380-1, and 16.4% for NYL 235-4. Resultsindicatethat genetic engineering and theavailability
of natural resistance mechanisms of potato provide the ability to readily combine host plant resistance factors with

different mechanismsin potato.

The potato (Solanum tuberosum) has many pests and patho-
gensthat can reduceyieldsand overall plant vigor. The Colorado
potato beetle (Leptinotar sa decemlineata) isahighly destructive
pest of potatoinnorth central and easternNorth America(Wyman
etal.,1994), Europe, and Asia(Hare, 1990). Defoliation by adults
and larvae can reduce yields and even result in total tuber loss
(Hare, 1980). Despite breeding efforts, no potato cultivars with
demonstrated resistance to Colorado potato beetle have been
released commercialy (Y encho and Tingey, 1994).

The Colorado potato beetleisauniqueinsect pest of potatoes
because it has shown the ability to adapt to every chemical
insecticide ever deployed for its control (Forgash, 1985). The
combinationof theinsect’ sgeneticdiversity, itsability todetoxify
toxic plant compounds, and strong i nsecti cide sel ection pressure,
have contributed to the Colorado potato beetle's adaptation to
insecticides (Grafiusand Bishop, 1996; Weber and Ferro, 1994).
It can be anticipated that the Col orado potato beetlewill develop
resistance to future insecticides used for its control (Hare, 1990;
Kennedy and French, 1994). As chemical control costsincrease
and pesticide efficacy decreases, successful, long-term control
measuresfor Col orado potato beetlewill need toincorporate host
plant resistance (Spooner and Bamberg, 1994) and integrated
crop management techniques.
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Host plant resistance has been suggested asthe only practical
long-term solution for controlling the Colorado potato beetle
(Spooner and Bamberg, 1994). L eptine glycoalkal oids and glan-
dular trichomes are two natural insect host plant resistance
mechanisms available in potato. Leptines, a type of steroid
glycoalkaloid, are effective natura resistance mechanisms of
potato against Colorado potato beetle (Sinden et al ., 1980, 19864,
1986b; Sturckow and Low, 1961; Tingey, 1984; Tingey et al.,
1984), but are found in only a few accessions of S. chacoense
Bitter (Sinden et al., 1986b). The glycoalkaloids chaconine and
solanine are found commonly in al plant organs of cultivated
potato. Leptines| and |1 are the acetylated forms of solanine and
chaconine, however, they are only synthesized in the leaves and
not in the tubers (Sinden et al., 1986b). This is an important
advantage for breeders who are concerned with selecting against
potentially toxic levels of total glycoalkaloidsin the tubers. The
high leptine-producing accession of S. chacoense, USDA8380-1
(PI 458310), isadiploid selection containing approximately 300
mg per 100 g leaf fresh weight leptines (constituting 90% of the
total glycoalkaloids) with strong antifeedant properties against
Colorado potato beetle (Deahl et al., 1991; Sinden et al., 1986a).

Glandular trichomesof thewild Bolivian potato, S. berthaultii
Hawkes, confer resistanceto at least 10 major insect pest groups
or species, including the potato tuber moth (Phthorimaea
operculella Zeller), green peach aphid (Myzus persicae Sulzer),
potato leaf hopper (Empoasca fabae Harris), potato flea beetle
(EpitrixcucumerisHarris), andthe Col orado potatobeetle(Tingey,
1991). The presence of type A and B trichomes leads to entrap-
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ment and death of small-bodied insects (Gregory et al., 1986) and
reduces developmental time, survival, and oviposition of Colo-
rado potato beetle(Casagrande, 1982; Wrightetal ., 1985; Y encho
and Tingey, 1994). Thetrichomesof S berthaultii are associated
with insect responses including host avoidance, restlessness,
reduced feeding, reduced development, reduced adult weight,
reduced reproductive performance, decreased longevity, and
increased mortality (Tingey, 1991). Plaisted et al. (1992) released
aglandular trichomegermplasmlineNY L235-4. Thislinecaused
a 40% to 70% reduction in Colorado potato beetle population
densitiesof first generationlarvaeand upto 90% reductioninfirst
generation adults and second generation larvae, compared with
commercial controls (Plaisted et al., 1992).

The bacterium, Bacillus thuringiensis (Bt) ssp. tenebrionis
Berliner, produces a Cry3A protein that has toxic effects on
Coleoptera, including Colorado potato beetle (Krieg et al ., 1983).
The choice of aBt genefor engineering host plant resistance has
multiple advantages. Bt proteins have very specific modes of
action, such that a protein with specific toxicity towards Co-
leoptera would not be toxic to other orders of insects; and Bt
crystal proteins have not shown any toxicity towards humans,
other mammals, or birds(Lavrik etal., 1995). Synthetic Bt-cry3A
genes have been constructed specifically to optimize expression
in plants (Adang et al., 1993; Perlak et al., 1993; Sutton et al.,
1992). The ahility to transform and express Bt in plants provides
a high-dose strategy of deploying Bt toxins for specific insect
control.

Current integrated crop management strategies of potato in-
clude various combinations of cultural practices and chemical
controls (Reiners et al., 2000). Additionally, engineered host
plant resistant cultivars are also available (Sherman, 2000).
However, insecticide applications continue to be the primary
means used by growersto control Colorado potato beetle. New
strategies must be developed to offer other options for use in
integrated pest management programs. Development of com-
bined natural and engineered host plant resi stance mechanismsin
potato will provide aternatives for control of Colorado potato
beetle in an integrated pest management program.

The overall objective of thisresearch wasto generate and test
combined engineered and natural resistance mechanismsin po-
tato for effective management of Colorado potato beetle. The
specific objectives were to: 1) transform a high leptine-express-
ing diploid line, a glandular trichome line, and a susceptible
cultivar with a synthetic Bt-cry3A gene, 2) characterize the
insertion and transcription of the Bt-cry3A in these transgenic
lines, and 3) evaluate resistance of the combined natural and
engineered host plant resistance mechanism lines to Colorado
potato beetle in no-choice, detached-leaf bioassays.

Materials and M ethods

PLANT MATERIAL. Plant materialsused for transformationwere
“Yukon Gold’ (2n = 4x = 48), USDA8380-1 (2n = 2x = 24), and
NYL235-4 (2n = 4x = 48). ‘Yukon Gold' is a yellow-flesh
tablestock cultivar (Johnston and Rowberry 1981) that is suscep-
tible to the Colorado potato beetle. The high leptine-producing
accessionof S chacoense, USDA8380-1 (Pl 458310), isadiploid
sel ection containing =300 mg per 100 g leaf fresh weight leptines
(constituting 90% of the total glycoalkaloids) with strong
antifeedant properties against Colorado potato beetle (Deahl et
al., 1991; Sinden et al., 19864a). The germplasm line NYL235-4
isaresult of a2x x 4x cross between S tuberosum‘Hudson' and
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S berthaultii (Pl 310925) and six generations of backcrossing,
and has resistance to Colorado potato beetle via glandular tri-
chomes (Plaisted et al., 1992). The Bt-cry3A transgenic line
RBN15, obtained from John Kemp (New Mexico State Univer-
sity, Las Cruces), isatransgenic ‘ Russet Burbank’ line with the
Bt-cry3A gene under control of a CaMV 35S promoter. RBN15
was selected from more than 20 different Bt-cry3A transgenic
‘Russet Burbank’ lines for strong resistance to Colorado potato
beetle and was used as a positive control.

All potato lines were maintained in tissue culture by nodal
propagation in 25 x 150-mm culture tubes or GA-7 Magenta
vessels(MagentaCorp., Chicago, I11.) inmodified Murashigeand
Skoog (MS) (1962) medium (MS salts at 4.3 g-L, 3% sucrose,
1.4 mm sodium phosphate, 1.1 mm thiamine, 0.55 mm myo-
inositol, pH 6.0, and Bactoagar at 8 g-L~* (Difco, Detroit, Mich.)).
All culture tubes, Magenta vessels, and petri dishes were sealed
with surgical tape(Micropore; 3M Co., St. Paul, Minn.). Cultures
were maintained at 25 + 2 °C with a 16-h photoperiod of 30
pmol-m=2-s? produced by cool-white fluorescent lamps, as mea-
sured at 25 cm from the light source.

TrANsFORMATION. Thegeneusedinthisstudy wassupplied by
John Kemp at New Mexico State University and included a
synthetic Bt-cry3Ageneoptimizedfor expressioninplants(Sutton
et al., 1992). The cry3A gene was subcloned into vector pE1120
resulting in a plasmid (pSPUDS) that included the constitutive
(ocs)smas promoter and the selectable marker neomycin
phosphotransferase (nptl1) under the control of its own nopaline
synthase promoter. The resulting plasmid, pSPUD8, was intro-
duced into Agrobacterium tumefaciens Smith and Townsend
strain LBA4404 (Clontech, Palo Alto, Calif.) by triparental
mating (Bevan, 1984).

Bt-cry3A transgenic potato lines were generated using A.
tumefaciens-mediated transformation (Li et al., 1999). Theplants
wereprepared for transformation by removing leaf tip and petiole
ends from tissue culture plantlet leaves; stem pieces were aso
used, carefully avoiding any meristematic tissue by cutting be-
tween nodes.

When callus nodules produced shoots5to 7 mminlength, the
shootswere excised and placed in rooting medium (modified M S
medium with the addition of kanamycinat 50 mg-L) in 25 x 150
mm culture tubes. Only a single shoot was removed from each
callusto ensuresel ectionfromindependent transformation events.
Rooted transformants, expressing resistance to kanamycin were
maintai ned i n ti ssue culture by micropropagation and weretrans-
planted to 3.8-L pots in the greenhouse for further analyses.
Unless otherwise stated, all chemicals used were obtained from
Sigma Chemical Co. (St. Louis, Mo.).

MOLECULAR CHARACTERIZATION. POLYMERASE CHAIN REAC-
TioN (Pcr). DNA wasisolated by the quick DNA method (Wang
et a., 1993) from one 8-mm-diameter |eaf disc of ayoung (4 to
5 weeks old), greenhouse-grown, tissue culture transplant. For
PCR, 1 mL of theresulting DNA was used directly. PCR compo-
nents for 40 mL reactions were used following Gibco BRL
instructions (Gaithersburg, Md.) (1x PCR buffer, 0.2 mm dNTP
mixture, 1.5 mm MgCl,, 1.0 mm of each primer, 100 ng template
DNA, and 2.5 U Taq DNA polymerase).

Optimal primers for amplifying a region of the cry3A gene
were selected using DNASTAR (DNASTAR, Inc., Madison,
Wis.). Two 25-base primers were chosen to amplify a 439 base
pair (bp) length DNA fragment between bases 253 and 692 of the
synthetic cry3A gene. The primer sequence complimentary tothe
transcribed strand was5'-GAG CTG CAA GGCCTT CAAAAC
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AAT-3'. The second primer was complimentary to the
nontranscribed strand and had a sequence of 5-TCT AGC ACG
GTA AGG GTCATC TCT-3.

PCR amplification conditionswereasfollows: initial denatur-
ation at 94 °C for 5 min, 30 cycles of denaturation at 94 °C for 1
min, annealing at 60 °C for 1 min, and primer extension at 72 °C
for 2min, and afinal extension at 72 °C for 5 min. Thereactions
were held at 4 °C before being anadyzed. Reaction products were
electrophoresed on a 1% (w/v) agarose gel (Boeringer Mannheim,
Indianapolis, Ind.) containing ethidium bromide at 0.5 mg-mL=in
1x Tris-acetate/EDTA (pH 8.0) buffer at 80 mV for 1.5t0 2 h
(Sambrook et al ., 1989) and viewed under ultraviolet light (254 nm).

SOUTHERN ANALYsIs. Total plant genomic DNA was extracted
fromthefreshleaf tissue (2 g) of greenhouse-growntissueculture
transplants using the cetyltrimethylammonium bromide (CTAB)
extraction protocol (Saghai-Maroof et al., 1984), modified by
adding 2% beta-mercaptoethanol to the extraction buffer. The
DNA was quantified using a miniflourometer (model TKO100;
Hoeffer Scientific, San Fernado, Calif.).

To confirm Bt-cry3A insertion, DNA (20 mg) was digested
with EcoRIl and BamHI restriction enzymes (Gibco BRL). To
determine the number of Bt-cry3A gene insertion events, the
DNA wasdigestedwith Xbal . Agarose-gel el ectrophoresis, South-
ern blotting, membrane hybridization, and detection was per-
formed as per Li et a. (1999), with the exception of the cry3A
RNA probe, which was made by in vitro SP6 RNA polymerase
transcription of thecry3Agenecut from pSP73with BamHI asper
manufacturer’ sinstructions (Boeringer Mannheim).

NORTHERN ANALYsIs. The 100 mg leaf samples from green-
house grown transplantswere placedin 1.5-mL Eppendorf tubes,
frozen in liquid nitrogen, and stored at —80 °C until total plant
RNA was extracted using the Qiagen RNeasy Plant Total RNA
Kit (Qiagen, Chatsworth, Calif.). RNA quantification and purity
were determined by measuring the absorbance of the sample at
260 and 280 nm. Tota RNA was electrophoresed, blotted,
hybridized, and detected as per Li et al. (1999).

DOUBLE-ANTIBODY SANDWICH ENZYME-LINKED IMMUNOSORBANT
Assay (DAs-ELISA). Bt-cry3A protein was quantified in the
transgenic lines using a DAS-ELISA test system (Agdia Inc,
Elkhart, Ind.). The manufacturers' instructions were used with
the following specifications. Leaf tissue (75 mg) from field-
grown plants was ground in 750 mL of extraction buffer in an
Eppendorf tube using a disposabl e pestle attached to a mounted
drill before being adjusted to afinal dilution of 1:500 (w/v). The
extracts were incubated with the enzyme conjugate for 1.25 h.
Absorbance was detected at 405 nm after 60 min incubation with
the PNP substrate using an automated microplate reader (model
EL311S; Bio-tek Instruments, Inc., Winooski, Vt.).

DeTACHED-LEAF BIOAssAYs. A Colorado potato beetle strain
was collected originally from Long Island, N.Y. and has been
maintained in culture for use in laboratory bioassays. All Colo-
rado potato beetle stages were fed nontransgenic potato foliar
tissue from various commercia cultivars grown in the green-
house under a 16-h photoperiod. The beetle colony was main-
tained with a 16-h photoperiod a 25 + 2 °C using 25 umol-m2-s?
provided by cool-white fluorescent lampsor high-sodium green-
house lights, as measured at 70 cm from the light source.

No-choice, detached-leaf bioassays of the plants confirmed
previously to contain the Bt-cry3A gene were conducted to
determine biological activity of the transgene. Young, fully
expanded leaves of similar age and size were removed from
greenhouse transplants. The petiole of each leaf waswrapped in
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asmall piece of cotton and placed into a 3.5 mL vial of digtilled
water. This detached-leaf was placed on 90 mm Whatman filter
paper inacovered 20 x 100 mm polystyrene petri dish. Egg masses
designated for bioassay use were maintained at 10 °Cfor 0to5d
until enough were collected for asingle round of bioassays. Only
first instars that hatched on the same day and had no prior feeding
were used for detached-leaf bioassays. Ten first ingtars from a
compiled randomized sample were gently transferred to each leaf
using a fine-tipped paintbrush that was moistened with water.
Detached-| esf bioassaysweremaintained at 25+ 2 °Cwith constant
light of 25 pmol-m2-s* provided by cool-white fluorescent lamps.
The detached-leaf bioassays were conducted as a completely ran-
domized design consisting of two replications.

A visual estimation of percentagedefoliation, insect mortality,
andthedevel opmental stages(instars) of thelarvaewererecorded
after 4 d. Percentage defoliation was determined by visualy
estimating the percentage of the entire leaf area that was con-
sumed by the larvae. For lines that had very little feeding, the
following criterion were used: no signs of any feeding = 0.0%;
very littlesampling of | eaf tissue, feeding not progressing entirely
through the leaf = 0.5%; sampling of leaf tissue resulting in pin-
holefeeding that did not progressbeyond 1 mm feeding diameter
= 1.0% defoliation. Percentage mortality was calculated as the
number of dead or absent larvae divided by 10 and multiplied by
100%. Larvae were considered dead if no movement was ob-
served after being gently touched with afine-tipped paint brush.

Percentage defoliation and percentage mortality data were
arcsine transformed before analysis of variance was performed.
Mean comparisons were accomplished using Fisher’ s protected
least significant difference (Lsp, P = 0.05) in the genera linear
models procedure of SAS (SAS Inst., Inc., 1998). Reported
means were retransformed into percentages.

Results and Discussion

TRANSFORMATION. Agrobacterium-mediated transformation
of thethreelinesused in thisstudy waseffectivein producing Bt-
cry3A transgenic potato lines. The number of shoots emerging
from any one callus ranged from 0 to 30, although only asingle
shoot was removed from each callus to select for independent
transformation events.

Successful shoot regeneration appeared to begenotype depen-
dent. Between 103 and 143 d after cocultivation, 27 shootswere
removed from46*Y ukon Gold’ explantsand 96.3% of the shoots
rootedinthepresenceof kanamycinat 50mg-L~t. TheUSDA8380-
1line produced 28 independent shootsfrom 37 explants between
93 and 125d post co-cultivationwith Agrobacterium. Of these 28
shoots, 89.3% rooted in M S mediumwith kanamycinat 50 mg-L-
1, NY L 235-4 produced thefewest shoots (eight) from 53 explants
between 93 and 105 d after exposure to Agrobacterium, and only
three (37.5%) rooted in the presence of kanamycin. Transforma
tion of USDAB8380-1 and NY L235-4 has been reported previ-
oudly (Doucheset al., 1998), and similar difficultiesintransform-
ing and regenerating shoots from NYL235-4 with a low fre-
quency (33%) of recovered shootsrooting in kanamycin medium
were observed.

M oLEcULAR cHARACTERIZATION. Nearly all (88%) of therooted
“Y ukon Gold', 56% of the rooted USDA8380-1, and al of the
rooted NYL235-4 lines were PCR positive following DNA
amplification of the 439 bp Bt-cry3A fragment. Ten PCR-posi-
tive, phenotypically normal, Bt-cry3A transgenic lines selected
from both USDA8380-1 and ‘ Y ukon Gold’, aswell as al three
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NY L235-4 transgenicswere analyzed via Southern and northern
blotting and detached-leaf bioassays.

All selected lines were confirmed via PCR to contain the Bt-
cry3A gene (exemplary PCR results shown for USDA8380-1
transgenic linesin Fig. 1A, datanot illustrated for * Y ukon Gold’
or NY L 235-4transgeniclines). Southern bl otting showed that the
number of inserted gene copies (copy number) per transgenic
potato line varied between one and three (exemplary Southern
analysisshownfor USDA8380-1transgeniclinesinFig. 1B, data
not illustrated for * Y ukon Gold' or NY L235-4 transgenic lines).
Transformation of similar potato lines with a Bt-cry5 gene re-
sulted in plants with copy numbers ranging from one to three as
well (Douches et al., 1998). Jelenkovic et a. (1998), using the
same synthetic Bt-cry3A gene, reported that most transgenic Bt-
cry3A eggplant (Solanum melongena L.) lines regenerated had
one or two gene inserts, although as many as five copies were
noted in asingle plant.

In general, the Bt-cry3A transgenic lines transcribed similar
levels of Bt-cry3A mRNA, as determined by comparing the
relative amounts of 18S rRNA (exemplary northern analysis
shown for USDA8380-1 transgenic lines in Fig. 2, data not
illustrated for * Y ukon Gold’ or NY L235-4 transgeniclines). One
exception was Y Gc3.15, which had a similar amount of 18S
rRNA compared to theother transgenic lines, however, lower Bt-
cry3A mRNA (data not illustrated). Y Gc3.15 was not signifi-
cantly different fromtheother ‘' Y ukon Gold' Bt-cry3Atransgenic
lines for percentage defoliation or mortality in Colorado potato
beetle detached-leaf bioassays (Table 1). The Bt-cry5 mRNA
levels of transgenic potato lines developed by Douches et al.
(1998) were similar to each other for all but one transgenic line,
which also caused the lowest level of mortality in potato tuber
moth bioassays. Adang et al. (1993) observedrel ativedifferences
among the Bt-cry3Atransgenic linesfor mRNA amountsand this
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Fig. 1. (A) Southern analysis of total plant DNA from Bt-cry3A transgenic lines
(designated c3.xx) digested with EcoRI and BamH| and hybridizedwithacry3A
RNA probe (theresulting digested cry3A DNA fragment isa 1540 bp fragment
of the 1790 bp gene) and (B) Southern analysis of total plant DNA from Bt-
cry3A transgenic lines digested with Xbal and hybridized with a cry3A RNA
probe. USDA8380-1isahighleptinediploid. Thecry3Aplasmid, pSPUDS8, was
asodigested. Exemplary Southernanalysisisshownfor USDA8380-1transgenic
lines. However, data are not illustrated for ‘Yukon Gold or NYL235-4
transgenic lines.
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correlated to the relative differences they observed for protein
toxin levels and Colorado potato beetle larval weight bioassay
results. They also found that Cry3A protein levels were a good
indicator of relative efficacy, and mRNA levelswereagood (but
not absolute) indicator of relative protein amount. A positive
correlation between resistance to Colorado potato beetle and Bt-
cry3A mRNA expression has also been reported in eggplant
(Jelenkovic et al., 1998).

Cry3A protein content in the transgenic linesranged from 0.4
to1.0pug-mgfreshlesf tissueasdeterminedby DAS-ELISA. All
transgenic lines were significantly less than RBN15, with 1.5
pg-mg fresh leaf tissue. However, resistance of these lineswas
not significantly different from RBN15.

We chose the (ocs)smas promoter because the transient gus
expression was reported to be 156-fold greater than the Cauli-
flower Mosaic Virus35S (CaMV 35S) promoter (Ni et al., 1995).

It was unexpected to discover lower Cry3A protein levelsin
our Bt-cry3A transgenic lines under the control of the (ocs)smas
promoter compared to the levels of Cry3A protein produced by
the same gene under control of the CaMV 35S promoter found in
RBN15. However, RBN15 was selected from more than 20
different Bt-cry3A transgenic ‘ Russet Burbank’ lines for strong
resistance to Colorado potato beetle.

DETACHED-LEAF BIOASSAYS. The Bt-cry3A transgenic potato
lines showed 0.1% to 1.9% defoliation by first instar Colorado
potato beetles in no-choice, detached-leaf bioassays, regardless
of the source potato line (Table 1). The nontransformed * Y ukon
Gold' control suffered 32.3% defoliation. The ‘Y ukon Gold’
transgeniclineshad 0.9%t01.9%defoliation. Thenontransformed
USDAS8380-1 had only 3.0% defoliation, further demonstrating
natural host plant resistance of leptines against Colorado potato
beetle. The USDA8380-1 Bt-cry3A transgenic lines had only
0.1% to 0.7% mean percentage defoliation, and all but two had
significantly lower defoliation than the nontransformed
USDARB8380-1. The nontransformed NY L235-4 had 32.9% defo-
liation compared to the Bt-cry3Atransgenic linesfrom NY L 235-
4 with between 0.6% and 1.1% defoliation. The positive control
RBN15 had 1.0% defoliation.
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Fig. 2. (A) Northern analysis of total plant RNA from Bt-cry3A transgenic lines
(designated c3.xx) hybridized with a cry3A RNA probe and (B) the same
membrane rehybridized with an 18S ribosomal RNA probe. USDA8380-1isa
high leptine diploid. RBN15 is a Bt-cry3A-positive line. Exemplary northern
analysis is shown for USDA8380-1 transgenic lines. However, data are not
illustrated for ‘Y ukon Gold' or NY L235-4 transgenic lines. Amounts of RNA
loaded inthe gel varied, asnoted by the differencesin theamount of 18SRNA;
inthisgel 80c3.07 had very little RNA loaded, accounting for lack of thecry3A
band presence.
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TheNY L235-4 no-choice, detached-leaf bioassay resultsdif-
fered from earlier findings of Colorado potato beetle resistance
for this line in the field (Plaisted et a., 1992). Percentage
defoliation wasrelatively high (32.9%) and percentage mortality
was low (16.4%) for NYL235-4 and neither was significantly
different from the susceptible cultivar 'Y ukon Gold'. Plaisted et
al. (1992) reported field resultsfor NY L 235-4 demonstrating that
Colorado potato beetle resistance was due to reduced egg laying
and an increase in first and second instar mortality. In our no-
choicedetached-leaf bioassays, theegg laying preferencewasnot
tested and host plant properties did not reduce defoliation or
increase mortality of first instars compared to nontrichomelines.

Theobserved lack of resistanceof NY L235-4in our detached-
leaf bioassays may have resulted from differences between the
Plaisted et al. (1992) study and our detached-leaf bioassays in
trichome density and other related resistance factors. Frangaand
Tingey (1994b) showed that lower irradiances reduced type A
and B trichome densities, volume of trichome exudate, and type
A trichome phenolic oxidation activity in S berthaultii. The
plants used for bioassays in the present study were grown in the
greenhouse, withlower irradiancesthaninthefield. Furthermore,
thelarvae used in the detached-leaf bioassayswere placed onthe
upper sideof theleaf (lower trichomedensitiesthanthelower | eaf
surface), which differs from where eggs are usually laid on the

lower |eaf surfaceof potato plantsinthefield. However, neonates
feed on both sides of the leaf, eating entirely through the |eaf,
regardless of where they begin. Lack of resistance of NYL235-4
to Colorado potato beetle has al so been observed in field studies
in Michigan (Coombs et al., 1999).

Mean mortality after 4 d was much more variable, ranging
from0.0%1t0 98.9% betweentheBt-cry3Atransgeniclines(Table
1). Percentage mortality of the‘Y ukon Gold' transgenicshad the
most variable response, 0.0% to 94.7% mortality, compared to
20%for thenontransformed ‘Y ukon Gold’ control, whilemortal -
ity for RBN15 was 97.4%. USDAB8380-1 Bt-cry3A transgenic
linesresultedin 50.0%t0 97.4% mortality, compared with 32.2%
mortality on the nontransformed control. Bt-cry3A NYL235-4
lineshad significantly higher mortality (83.3%1t098.9%) thanthe
NY L235-4 control (16.4%).

Results for percentage defoliation were much less variable
than for percentage mortality. Although leaves sampled from
plantswere chosen to be of similar size and age, and larvae from
asingle hatch date were chosen randomly, environmental differ-
ences in both the plants and the insects could contribute to the
variability seen in the mortality results. Some of this variability
was due likely to the strict criterion for determining mortality;
larvae were considered dead only if no movement occurred.
Mortality from Bt can take several days and some larvae judged

Table 1. Mean percentage defoliation of detached-Ieaves and mean percentage mortality of first instar Colorado potato beetlesfeeding on detached-
leaves obtained from combined natural and engineered insect resistant potato clones.

Potato Defoliation Mortality Host plant

clone (%) (%) resistance mechanism
USDAB8380-17 30V 32.2 defg Leptine glycoakaloids

80c3A.01 0.7 bed 70.5 abcdef Leptine glycoakaloids + Bt-cry3A
80c3A.03 0.1d 50.0 bedef Leptine glycoakaloids + Bt-cry3A
80c3A.05 0.5cd 94.7 abc Leptine glycoakaloids + Bt-cry3A
80c3A.06 0.7 bed 55.0 abcdef Leptine glycoalkaloids + Bt-cry3A
80c3A.07 05cd 76.7 abcde Leptine glycoalkaloids + Bt-cry3A
80c3A.08 0.1d 65.1 abcdef Leptine glycoakaloids + Bt-cry3A
80c3A.09 0.1d 65.1 abcdef Leptine glycoakaloids + Bt-cry3A
80c3A.10 0.1d 65.1 abcdef Leptine glycoalkaloids + Bt-cry3A
80c3A.11 0.1d 55.0 abcdef Leptine glycoakaloids + Bt-cry3A
80c3A.12 0.1d 974 ab Leptine glycoalkaloids + Bt-cry3A
NY L235-4 329a 16.4fg Glandular trichomes

L235c3A.2 1.1 bed 83.3 abcd Glandular trichomes + Bt-cry3A
L235c3A.3 0.6 bed 97.6a Glandular trichomes + Bt-cry3A
L235c3A.5 0.8 bcd 989a Glandular trichomes + Bt-cry3A

Y ukon Gold” 323a 20.0 efg Susceptible control

YGc3A.01 19hbc 29.5 defg Bt-cry3A

Y Gc3A.03 1.0 bed 18.4 efg Bt-cry3A

YGc3A.04 1.7 bed 50.0 bedef Bt-cry3A

Y Gc3A.06 1.7 bed 0.0g Bt-cry3A

YGc3A.12 0.9 bed 72.4 abcdef Bt-cry3A

YGc3A.13 1.0 bed 94.7 abc Bt-cry3A

YGc3A.15 1.5 bed 90.0 abc Bt-cry3A

YGc3A.17 1.0 bed 94.7 abc Bt-cry3A

YGc3A.19 1.5 bed 85.4 abcd Bt-cry3A

YGc3A.21 1.0 bed 44.8 cdef Bt-cry3A

RBN15 1.0 bed 97.4ab Bt-cry3A

LSD, 1.0 34.6

ZThe high leptine glycoalkal oid potato clone USDA8380-1 and Bt-cry3A transgenics (80c3A .xx).

YMean separation within columns by Fisher’s protected Lsp, P = 0.05.

*The glandular trichome potato clone NY L235-4 and Bt-cry3A transgenics (L235c3A.x).
WThe potato cultivar Y ukon Gold’ and Bt-cry3A transgenics (Y GC3A .xx).
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tobe‘alive inthisstudy may havedied later. Extended bioassay
periods would likely better differentiate mortality and insect
developmental differences among the different transgenic lines.

COMBINING HOST PLANT RESISTANCE MECHANISMS. Use of com-
bined resi stance mechanismsin asingle depl oyable unit hasbeen
suggested as a strategy for delaying devel opment of insect adap-
tation to host plant resistance mechanisms, especially Bt-based
resistance (Gould, 1986, 1988, 1998; Gould et al., 1994;
McGaughey and Whalon, 1992; McGaughey et al., 1998; and
Tabashnik, 1994). Our strategy was to combine natural (leptine
glycoakaloids and glandular trichomes) and engineered (Bt-
cry3A) host plant resistance mechanisms.

The strong antifeedant properties of leptine glycoalkaloids
found in a few accessions of S chacoense confer natural host
plant resistance against Colorado potato beetle (Sinden et al.,
1980, 1986a, 1986b; Sturckow and Low, 1961; Tingey, 1984;
Tingey etal., 1984). Althoughthemodeof action of leptinesisnot
understood thoroughly, solanaceous glycoalkaloids and aka-
loids inhibit acetyl cholinesterase (Bushway et a., 1987), and
disrupt membranes by lysis of sterol-containing liposomes (re-
viewedinLawsonetal., 1993). TheCol orado potato beetleadapts
readily to chemical insecticides with similar modes of action to
the proposed glycoalkaloid function (Forgash, 1985). Addition-
ally, DDT-resistant Colorado potato beetles were more resistant
to leptines than susceptible beetles (Stirckow and Low, 1961).
These issues should be evaluated before |eptine-based resi stant
potato lines are deployed.

The percentage defoliation results from the detached-leaf
bioassays for the combination of Bt + leptines suggest that the
amount of feeding by first instar Colorado potato beetles is
reducedsignificantly insometransgeniclinescomparedtoleptines
alone (Table 1). However, these differences were not evident in
the mortality results, comparing leptines with Bt + leptines.
Further experiments may indicate whether host plant resistance
combination ismore effective than either al one, and moreimpor-
tantly, whether the combination is more durable.

Early reports by Groden and Casagrande (1986) suggested
that the Colorado potato beetle could overcome the resistance of
Solanumberthaultii withintwo to three generations. Morerecent
studies(Francaet al., 1994; Pelletier and Smilowitz, 1991) report
that adaptation of Colorado potato beetle to S berthaultii is
possible, but it would most likely occur much more slowly than
suggested previously. Franca et al. (1994) also noted that it is
important to consider the regional genetic dynamics of different
Colorado potato beetle populations and the underlying differ-
encesinresistance mechanismsof different S berthaultii clones.
The complexity of the interactions between glandular trichomes
and the responses of Colorado potato beetle suggest that for
adaptation to occur, Colorado potato beetles may have to over-
come a variety of behavioral, developmental, and metabolic
factors elicited by S. berthaultii against both Colorado potato
beetle adults and larvae (Franca and Tingey, 19944).

Glandular trichomescombined with Btinasinglecultivar may
beanimportant host plant resistance strategy for broad-spectrum
insect control in potato production. Glandul ar trichomesmay not
be as effective in full scale commercia plots for controlling
Colorado potato beetle; however, in the combined Bt + glandular
trichome resistance potato cultivar, Bt may provide effective
control of the Colorado potato beetle and the glandul ar trichomes
would confer resistance to other small-bodied insects such as
aphids and |eaf-hoppers.

The present study isthe first report of combining natural and

J. AMER. Soc. Horr. Sci. 127(1):62—68. 2002.

engineered resistance mechanismsin potato for control of Colo-
rado potato beetle. Whalon et al. (1993) has shown that Colorado
potato beetle can adapt to Bt in the laboratory, and the severe
selection pressure applied by use of Bt potatoesin the field will
likely eventually | ead to adaptation by the Col orado potato beetle
to Bt. Genetic engineering and the availability of natural resis-
tance mechanismsof potato providetheability toreadily pyramid
host plant resistance factorswith different mechanismsin potato.
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