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Tobacco (Nicotiana tabacum) plants grown from seed obtained by crossing a tobacco line that
expressed an activated maize ribosome-inactivating protein (RIP) with a line that overexpressed
tobacco anionic peroxidase were tested for their effects on corn earworm Helicoverpa zea and cigarette
beetle Lasioderma serricorne larvae as compared to the wild-type plant cross. Significant feeding
reductions were noted for transgenic plants expressing both resistance proteins as compared to wild-
type plants for both H. zea and L. serricorne. Significant increases in mortality were also noted for
those insects fed on the transgenic cross as compared to wild-type plants in some cases. Levels of
both peroxidase and maize RIP were significantly higher in transgenic as compared to wild-type
plants (which did not produce maize RIP). The degree of feeding was significantly negatively correlated
with the level of RIP or peroxidase individually.
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INTRODUCTION Combinations of plant resistance genes are thought to delay
Insects cause billions of dollars of damage to crop plants and the developm.ent Of regstan;g, a concept that is based on many
also promote the colonization of fungi that produce toxins and Y&ars of studies with insecticides (e.8), This approach has
carcinogens (12). Enhanced insect resistance through genetic been tested by combining the gene encoding the Bt crystal
engineering has the potential to introduce novel resistance protein with other genes. In at least one such laboratory study,
mechanisms that are not possible through conventional breedinga delay in the development of resistance has been rep@}ed (
Many putative insect resistance genes have been tested for

efficacy in transgenic plants. Of these, genetically modified . . - .
varieties expressing different forms of tBacillus thuringiensis generate more effective and stable resistance to insects. Multiple

(Bt) crystal protein are the most widely planted. The Bt lines resistance genes occur natgrally in individual species of plgnts
have activity against different caterpillars and beetles. However, (7) and fungi 8). However, it may be necessary to determine
because of similarity of structure and mode of action of the Bt compatibility of different resistance mechanisms. For example,
proteins, there is concern that insects will develop broad proteases involved in insect resistance may degrade other
spectrum resistance to them (e.§,,4). Laboratory selection  resistance proteins. Protease inhibitors may inhibit not only
studies have confirmed these concerns. Both altered target sitgproteases but also other hydrolytic enzymes with functionally

and enzymatic degradation have been noted as resistancgimilar active sites involved in resistance, such as chitinases.

mechanisms that are effective across different classes of Bt . ) ) .
proteins (6). We have examined two plant-derived insect resistance

proteins with greatly different modes of action, both of which
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It should also be possible to combine plant-derived genes to
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Transgenic plants expressing high levels of tobacco anionic POX BioassaysLeaves were removed for bioassays when the plants were
have resulted in reduced numbers and feeding by insects in fiveapproximately 2 weeks old, with the largest leaf about 4 cm in diameter.
different groups as compared to wild-type plants: caterpillars, The largest fresh leaf (typically the second !eaf from _the terminal one)
beetles, whiteflies, aphids, and grasshopp&s—{4). Maize was re_moveq from each plant. Two_0.8 cm diameter disks were remov_ed
ribosome-inactivating protein (RIP), an RNA N-glycolyase, from elther‘sme of the vein at the tip of_ the leaf for su_bsequent protein
specifically depurinates an adenine base in large ribosomal RNA,determlnatlons, and a single 2 cm diameter leaf disk was removed

; - . . . immediately below this location for use in bioassays. Approximately
which results in reduced protein synthesis (15-17). Activated 1 week later, a second series of bioassays was set up with larger leaves

maize RIP has activity against several caterpillar species that(ca g-10 cm in diameter) from the same relative position on the same
are pests of cornl@) as well as beetled9). Because of their  pjants as described for the first series. The two smaller leaf disks were
very different modes of action, producing these two proteins at removed for future protein assays as just described,aa cmdisk
high levels in the same plant would be of potential interest for was removed on either side of the midvein for use in bioassays.
dual targeting and as a means of reducing the rate at whichindividual leaves from at least 12 plants of each type were used in
insects may develop resistance to them. However, POX activity each series of assays.
can result in multiple functionalities, including protein binding Bioassays were run in 5 cm diameter Petri dishes with tight-fitting
or inhibition of hydrolytic enzymesl, 13, 20), which could lids (Falcon 1006, Becton Dickinson, Lincoln Park, NJ) as described
lead to incompatibility with other resistance proteins such as Previously (12,19). Ten first instaH. zeaor five second instat..
maize RIP. The present study was initiated to evaluate plantsSerricorne were added to each leaf disk. Feeding damage was
expressing both of these proteins, since when expresseddeterm'ned visually by gstlmatlng the number or eqU|vaI2ent area of
individually each has led to increased insect resistab2gl@, 0.25 m'ﬁ holes (approximately head capsule size) and 1*rhales

. chewed in the disk by thiel. zeaon the first and second days of study,
21). Homozygous plants that either overexpressed tobacco

o . respectively (1012, 19). Feeding damage by tte serricornelarvae
anionic POX or expressed maize RIP were crossed to producey ;5 determined similarly using the 1 rimole criteria on the second

hybrid plants with both transgenes. The resulting hybrids were anq fourth days of the study, as described previous8).(Mortality
tested in bioassays for resistance to feeding by target insects asyas also determined each day that leaf feeding was checked. After
compared to wild-type crosses. leaf rating was done on the final day, the insects were frozen and then
weighed on an analytical balance (Mettler AE 163, Mettler Instrument
Corp., Highstown, NJ) with a precision of 0.01 mg.

Protein and Nucleic Acid Determinations.The POX activity was

Insects. The Helicoverpa zeavere reared at 2% 1° C, 40+ 10% determined spectrophotometrically using pyrogallol as a substrate as
relative humidity, and a 14:10 light:dark photoperiod on a pinto bean- described previouslyl@, 21, 26). The leaf disk was homogenized in
based diet as described previously2,(19, 22). The Lasioderma 0.5 mL of ice cold, pH 6.0, 0.1 M phosphate buffer using a ground
serricornewere reared under the same temperature, humidity, and light glass homogenizer. The homogenate was centrifuged at §#6000
conditions on a flour/corn meal-based di@®). Newly hatched first min, and the supernatant was used as the enzyme source. The
instar larvae oH. zeaand second instar larvae bf serricornewere concentration of the enzyme was adjusted to give a linear response
used for bioassays. curve over the monitoring period (2—10 min) at 420 nm using a

Plants. The wild-type variety for the tobacco anionic POX transgenic  SPectramax 250 spectrophotometer (Molecular Devices Corp., Sunny-
plants was Coker 176, and the wild-type variety for the maize RIP Vale, CA), with 0.28% pyrogallol (Sigma-Aldrich Corp., St. Louis, MO)
tobacco plants was Kentucky 14. The transgenic tobacco line that@nd 0.3% hydrogen peroxide at pH 6.0. Homogenates were also
overexpressed the tobacco anionic POX was 507C, which contains the€xamined for production of the appropriate POX isozyme by isoelectric
gene in a homozygous state and has stably expressedddigher focusing as described previously (26). Maize RIP was detected on
levels of POX as compared to wild-type plants through successive Sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SBS
generationsX2, 21,23). The construct consisted of a cauliflower mozaic PAGE) Western blots probed with antibody raised against purified
virus (CaMV) 35S promoter, the pIml507 tobacco anionic POX clone, ProRIP as described previoustig), with a dithiothreitol concentration
expressed the maize RIP gene was derived from lineg 5_9) and in Escherichia colwere used as Standardgn. The MODL1 is 4.2 kDa
expressed up to 100 ppm Of the protein on a wet We|ght basis (19) |argel’ than the RIP produced in the tl’anSgeniC p|antS Quant|tles Of
The construct consisted of the active RIP coding sequence excised fromRIP present were determined from standardized MOD1 bands using
MOD1 and inserted between a CaMV 35S promoter and NOS ImageMaster 1D software (Amersham Pharmacia Biotech, Piscataway,
terminator in a modified pBIN19 vectol 7). Selection studies on MS ~ NJ).
media containing 300 ppm of kanamycin were used to determine that  The presence of the transgenes was confirmed by polymerase chain
the maize RIP gene occurred in the homozygous state in the 5-7-7-8reaction (PCR) analysis with at least 200 ng of genomic DNA, using
plant, as greater than 90% of selfed seed that germinated survived atprocedures described previously (). The same forward primers,
this concentration, while 50% or less survival was noted on most of which occurred in the CaMV35S promoter, were used to detect both
the other selfed seed run concurrently on the same media. The maizethe RIP and the POX constructs'-&gacgcacaatcccacta-Bhe reverse
RIP 5-7-7-8 line served as the female parent, and a 507C POX plantcomplement primer used to detect the maize RIP gene (internal to the
was used as the pollen source to obtain crosses. Wild-type crosseggene) was 5'-gcagcagatcatgatgtgtc-3'. The reverse complement primer
between Coker 176 and KY14 were made in the same manner. Plantsused to detect the tobacco anionic POX gene (internal to the gene)

MATERIALS AND METHODS

were crossed in a plant growth facility held at 3010% relative was 5'-tgccacgacggacctttagce-3'. The PCR program specified an initial
humidity, 14:10 light:dark cycle, with a day temperature of24° C denaturation step at 4 for 3 min followed by 30 cycles of 94C
and a night temperature of 18 1° C. for 1 min, 55°C for 1 min, and 72°C for 1 min and then a final

Seed from crossed plants, as well as individual wild-type plants, extension for 10 min at 72C, using model PTC-150 minicycler (MJ
was germinated at 2% 1° C, 40+ 10% relative humidity, and a 14: Research, Waltham, MA). PCR products were detected as described
10 light:dark photoperiod in RediEarth (Scotts Sierra Horticultural previously (27) except that 1% agarose gels were used. At least four
Products, Marysville, OH) as described previoudlg, (19). Plants were representative plants of wild-type and transgenic crosses from each set
transplanted to individual 10 cm square pots when they reached a fourwere used in the analyses. Representative PCR products from two
leaf stage, and a spike of 6-12-6 nitroggrhosphorus—potassium  different transgenic plants were isolated using the Geneclean kit
(NPK) time release fertilizer (Miracle-Gro Indoor Plant Food Spike, (Qbiogene, Irvine, CA) and then cloned into the TOPO TA Cloning
Scotts Miracle Gro Products Inc., Milpitas, CA) was added to each vector (Invitrogen, Carlsbad, CA). Plasmid DNA isolated from the
pot. transformants was sequenced using the BigDye Terminator 3.1 Cycle
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Table 1. Effect of Combined Transgenic Expression of Tobacco
Anionic POX and Maize RIP in Tobacco on H. zea?
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Table 2. Effect of Combined Transgenic Expression of Tobacco
Anionic POX and Maize RIP in Tobacco on L. serricorne?

day 1 day 2 day 2 day 4
plant feeding feeding  weight of surviving plant feeding feeding  weight of surviving
type % mortality (0.25 mm?2) % mortality (1.0 mm?) larvae (mg) type % mortality  (1.0mm?) % mortality (1.0 mm?) larvae (mg)
small leaf set 1 large leaf set 1
KY14 87a 318%24a 56a 310x26a ND KY x Coker 2.7a 105+11a l4a 103+10a lla
Coker 176 109a 324+30a 4la 300x23a ND RIP x POX l4a 6.3+0.7b l4a 6.2+08b 12a
KY x Coker 72a 319+20a 27a 359+31la 023+00la large leat set 2
RIP x POX 120a 212+21b 60a 248+19b 026+00la KY x Coker 15a 56+10a 65a 74+13a 05a
small leaf set 2 RIP x POX 83a 30+05b 186b 38+0.7b 05a
KY14 20.7a 198+16a 93a 260x19a ND
(}i\o(k:rclglfer gg : gjf f 1'3 2 g; : égi f ;g : 0 ’;"lj +001a @ Feeding rate and surviving larvae weight values are means =+ standard errors
RIPxPOX  248b 146+16b 132a 232+18b 018+00la for assays with at least 12 leaf disks. Values of like studies in columns followed
large leat set 1 by different letters are statistically different by ANOVA (feeding and weight values)
) .
KYxCoker 570a 102+09a 57.5a 100+10a 021+0.02a or x* (mortality values) at P < 0.05.
RIP x POX 67.0a 57+05b 56.0a 58+0.7b 024+002a
large leaf set 2 wild-type KY14 x Coker 176 disks for the first set of assays
KYxCoker ~220a 149+15a 120a  91+09a 009+00la with larger leaves, the same trend for higher mortality was noted
RIP x POX 389b 51+06b 424D 41+07b 0.09+00la

@ Feeding rate and surviving larvae weight values are means + standard errors
for assays with at least 12 leaf disks. Values of like studies in columns followed
by different letters are statistically different as compared to the wild-type cross by
ANOVA (feeding and weight values) or x? (mortality values) at P < 0.05; ND, not
determined.

Sequencing Kit (Applied Biosystems, Foster City, CA) and an ABI
3100 sequencer (Applied Biosystems).

Statistics. Significant differences in mortality or other percentage
data were determined by analysis using SAS program PROC FREQ

for those larvae fed the RIR POX disks vs wild-type cross
disks on day 1. Because of cannibalism of dead larvae, in some
cases, mortality is lower for day 2 than day 1. Weights of
surviving larvae fed the RIR POX disks were not significantly
different as compared to those fed the wild-type leaf disk3 at

< 0.05.

On days two and four, damage of the RIPPOX leaf disks
from larger leaves by.. serricornewas significantly less as
compared to the hybrid wild-type plants for sets one and two
(Table 2). TheL. serricornelarvae of set 2 fed RIE« POX
leaves had significantly higher mortality on dayR <€ 0.028,

(28). Significant differences in weights or feeding rates were determined x? = 4.805) as compared to larvae fed the wild-type KY:14

by analysis of variance (ANOVA) using SAS program PROC ANOVA
or PROC GLM @8). Significant correlations between feeding or weight

Coker 176 leaf disks. There were no significant differences in
mortality between larvae fed on any of the other leaf disk types

responses and POX or RIP concentrations, or a combination thereof,j ajther set, but the same trend for higher mortality of larvae

were determined using SAS program PROC RE&.(MAXR iterative

variable substitution was used when both POX and RIP were used as

variables at the same time (28).

RESULTS

On both day one and day two, damage of the RIFPOX
leaf disks from smaller leaves By. zeawas significantly less
as compared to the KY14, Coker 176, or hybrid wild-type leaf
disks for sets one and twd'dble 1). Feeding on leaf disks
from individual wild-type lines was not significantly different

fed leaf disks from the RIBx POX plants vs wild-type plants
was noted for larvae in the second set of assays on day 4 (which
were also smaller sized overall than the first set of larvae). There
were no significant differences & < 0.05 in weights of
surviving larvae fed the RI POX disks vs wild-type KY14

x Coker 176 leaf disks in either set of assays.

Quantitation of RIP indicated that all plants expected to
produce RIP did produce RIP, in the range of approximately
5—35 ng/mg of leaf tissue for both the smaller and the larger
leaves Table 3andFigure 1). There was typically a significant

from wild-type crosses, but in several cases, the trend was forinverse correlation between RIP content of the leaf and feeding
higher rates of feeding on the wild-type cross. On day one, the rate ofH. zeain assays with the smaller and larger leaves in

mortality of larvae in the second set fed RFPPOX disks was
significantly higher (P= 0.022,y? = 5.207) than for larvae
fed the wild-type cross KY14x Coker 176 disks (Table 1).
There were no additional significant differences in mortality

between larvae fed on any of the leaf disk types in either set

both sets (Table 4). Likewise, there was typically a significant
inverse correlation between RIP content of the leaf and feeding
rate ofL. serricornein assays with the larger leaves in both
sets (Table 4).

Quantitation of POX activity indicated that all plants expected

for either day of the study, although the general trend was for to produce higher POX than wild-type plants did produce higher

higher mortality for larvae fed the RIR POX leaf disk fed
larvae as compared to that for larvae fed wild-type KY%4
Coker 176 leaf disks. Weights of surviving larvae fed the RIP
x POX disks were not significantly different from those of
larvae fed other leaf disks & < 0.05.

On days one and two, damage of the RIFPOX disks from
larger leaves byH. zeawas significantly less than that of the
hybrid wild-type leaf disks for sets one and twdaple 1).
Mortality of larvae fed the RIPx POX leaf disks was
significantly higher than that for the wild-type cross in set two
of the assays both on day P & 0.011,%2 = 6.434) and day
2 (P < 0.0001,2 = 16.088). Although there were no significant
differences in mortality of larvae fed RIR POX leaf disks vs

levels of POX, in the range of 50100 x for the smaller leaves
and 15—20xfor larger leaves, with the tobacco anionic POX
being the major POX produceddble 3andFigure 2) in both
sets. There was typically a significant inverse correlation
between POX activity of the leaf tissue and feeding ratél of
zeain assays with the smaller and larger leaves in both sets,
with some tendency for the correlation to be lower in day 2 vs
day 1 of the assaydJ &ble 4). There was typically a significant
inverse correlation between POX activity of the leaf and feeding
rate of L. serricornein assays with the larger leaves in both
sets (Table 4). When both RIP and POX were considered
together in correlation analyses, there was no obvious trend for
one to be more strongly correlated with the feeding rating than
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Table 3. POX and Maize RIP Expression in Transgenic Tobacco
Plants?

maize RIP (ng/mg POX (A absorbance
variety leaf tissue) units/10 min/leaf disk)
small leaf set 1
KY14 0P 0.02 +£0.01°
Coker 176 0b 0.10 +£0.020
KY x Coker 0b 0.04 £0.02
RIP x POX 151+0.7 4.80+0.50
small leaf set 2
KY14 0b 0.47 £0.210
Coker 176 0b 0.50 + 0.09°
KY x Coker 0b 0.10£0.03
RIP x POX 181+1.0 520+0.30
large leaf set 1
KY x Coker 0b 0.50 +£0.20
RIP x POX 120+04 7.90 £ 0.60
large leaf set 2
KY x Coker 0b 0.50+0.20
RIP x POX 135+0.9 9.10+0.30

2Values are means + standard errors. Means are derived from at least 12
values for each of the crosses and three values for each of the individual varieties.
Mean weights of leaf disks were approximately 10 mg for the small leaf set and
13 myg for the large leaf set. © Representative samples.

ng MOD 1
80402010xc11 2 3 4 5 6 7 9 1213 14 15

L 2

o —_—
s — A — o — - -

- > . oy -

Figure 1. Detection of maize RIP in transgenic plant crosses by SDS—
PAGE Western blot antibody analysis. MOD1 is the RIP standard, and
XC1 is the wild-type cross plant. Other numbered lanes are different
transgenic plants. Slightly smaller bands in respective lanes are what
would be expected if the carboxy terminal portion had been removed
(19).

Table 4. Correlation Analysis between Transgene Protein Contents
and Biological Activity (Feeding Rate) of Tobacco Hybrids?

day 1 day 2
insect assay cc Pvalue cC Pvalue
POX
HZ small leaf set 1 -0.46 0.011 -043 0.016
HZ small leaf set 2 —-0.58 0.001 -0.32 0.033
HZ large leaf set 1 -0.60 0.004 -0.47 0.0082
HZ large leaf set 2 -0.78 <0.0001 -0.66 0.0001
LS large leaf set 1 —-0.43 0.017 -0.46 0.010
LS large leaf set 2 -0.39 0.042 -0.42 0.027
RIP
HZ small leaf set 1 -0.41 0.016 -0.36 0.0684
HZ small leaf set 2 -0.58 0.0013 -0.34 0.0738
HZ large leaf set 1 —-0.67 <0.0001 -0.58 0.0012
HZ large leaf set 2 -0.74 <0.0001 -0.68 0.0002
LS large leaf set 1 -0.50 0.0071 -0.55 0.0025
LS large leaf set 2 -0.37 0.059 -0.39 0.049

aHZ, H. zea; LS, L. serricorne; and CC, correlation coefficient.
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Figure 2. Detection of tobacco anionic POX in transgenic plant crosses
by isoelectric focusing and direct staining. Lanes 1-5 are transgenic plants
1-5, and lanes 6-10 are wild-type plants 1-5. Unnumbered lanes are
the marker dye Evan’s blue.
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Figure 3. PCR detection of maize RIP gene construct (a) and tobacco
anionic POX gene construct (b) in transgenic plant crosses. Lanes 1-8,
wild-type cross samples from plants 1-3, 6, 17, 22, and 23. Lanes 9-18,
transgenic cross samples from plants 1-5 and 16—20. The RIP product
is ca. 900 bp, and the POX product is ca. 500 bp. Unnumbered lanes
are molecular weight markers.

in the representative plant samples that were examined. The
sequences of the PCR products were identical to the corre-
sponding sequences of the inserted transgenes (data not shown).

DISCUSSION

Prior studies have indicated an association between elevated
POX or different types of RIP levels and activity against insects
(112,12, 29, 30). Our past studies with transgenic plants have
indicated significant increases in mortality and reduced weights
of survivors in some cases and significant reductions in feeding
in most cases, when insects were fed on plant tissues expressing
higher levels of tobacco anionic POX or maize RIP. The range
of feeding reduction and weight reduction fdr zeafed Coker
176 tobacco plants with higher levels of POX was generally
1.5—2.0-fold, with significant differences in mortality in some
cases (1221). The range of feeding reduction and weight
reduction forL. serricornefed Coker 176 tobacco plants with
higher levels of POX was generally +-2.0-fold (12,21). The
range of feeding reduction and weight reductionHoizeaand

the other, and in most cases, only a slight improvement in the L. serricornefed KY14 tobacco plants expressing maize RIP
correlation was noted when both variables were used in the was generally 1.5—2.0-fold, with some significant differences

regression analysis (data not shown).

Both maize RIP Figure 3a) and tobacco anionic POX

in mortality for H. zeabut not L. serricorne (19). In these
studies, the dose of the tobacco anionic POX gene would have

(Figure 3b) transgene constructs were detected by PCR analysisbeen 2« (homozygous condition) but the dose of the maize RIP
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gene would have primarily beenxl(heterozygous condition)  However, in the present study, there appeared to be no obvious
as subsequently only a few of the 5-1 series and 5-7 series RIP-antagonism or synergism as compared to results of prior studies
expressing tobacco plants were found to be homozygous (Dowdwhere transgenic plants contained only one introduced gene,
et al. Unpublished data). In both studies, the activity of the POX as previously discussed.

(21) and maize RIP (19) was significantly inversely correlated  Thus, our results indicate that tobacco plants expressing both
with the expression levels of the respective defensive protein, maize RIP and elevated levels of tobacco anionic POX together
as was generally noted in the present stufighle 4). Thus, were damaged significantly less by both a caterpiltér Zea)

the activity in the present study, where both genes would have and a beetlel(. serricorng. There was no apparent antagonism
been in 1xstate, appeared to correspond to what would have of the two introduced resistance mechanisms as compared to
been expected fdi. zeaandL. serricorneon an additive basis.  prior studies where the genes were examined individually. These
On the basis of comparisons of individual wild-type lines and genes may be useful components of a multigenic insect control
the wild-type crosses, there appeared to be no significant strategy, which can potentially reduce insect damage and
hybridization effect. More definitive studies would be required associated mycotoxins in susceptible crops.

to determine if more subtle antagonism or synergism occurred.
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