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Abstract

Tomato (Lycopersicon esculentum) cultivars were transformed with genes that encode bacterial chitinolytic en-
zymes (i.e., endochitinase and chitobiosidase) fromStreptomyces albidoflavus. Transgenic tomato plants producing
these enzymes were found to have enhanced resistance to cabbage looper,Trichoplusia ni(Hübner) (Lepidoptera:
Noctuidae), consistently reducing the growth rates of larvae. Mortality was significantly increased in two of three
feeding trials. Ingestion of endochitinase and chitobiosidase not only affected development of larvalT. ni from
neonate to ultimate instar, but they also caused mortality and decreased insect weight when exposure began during
the third instar. The results of this study provide some insight into the mode of action of the chitinolytic enzymes,
by supporting the hypothesis that ingested chitinolytic enzymes damage the chitin component of the peritrophic
envelope, leading to increased permeability. The size of marker molecules (FITC-dextrans) that permeated the
peritrophic envelopes ofT. ni feeding on transgenic plants were 50% larger than those permeating the peritrophic
envelopes ofT. ni feeding on the control plants. Further research is needed to more clearly identify the sites and
modes of action of these chitinolytic enzymes, and the potential for synergy between these enzymes and pathogens,
allelochemicals, and other environmental factors.

Introduction

Chitin (β-1,4-linked N-acetyl-β-D-glucosamine) is
the principal structural component of the linings of the
digestive tract of insects. In the foregut and hindgut,
chitin is found in a cuticular lining, whereas in the
midgut, chitin is present in peritrophic membranes
(collectively termed the peritrophic envelope). Per-
itrophic membranes are composed of a meshwork
of chitin microfibrils onto which a matrix of glyco-
proteins, proteoglycans, and proteins is complexed
(Peters, 1992). Unlike the cuticle lining the foregut
and hindgut, the peritrophic envelope is continuously
secreted, either from the entire midgut epithelium
(Type 1) or from a specialized ring of cells in the
anterior midgut (Type 2). The protective functions
of the peritrophic envelope include shielding the mi-

crovilli from abrasive food particles, preventing the
entry of ingested pathogenic microbes, acting as an an-
tioxidant, and ultrafiltration of certain allelochemicals
(Abedi & Brown, 1961; Brandt et al., 1978; Sudha &
Muthu, 1988; Sieber et al., 1991; Barbehenn & Mar-
tin, 1992, 1995). In addition, the peritrophic envelope
is believed to compartmentalize digestive enzymes by
dividing the midgut into endo- and ectoperitrophic
spaces, thereby improving the efficiency of digestion
(Terra & Ferreira, 1981; Eguchi et al., 1982; Miller &
Lehane, 1990; Zhu et al., 1991; Peters, 1992).

Chitinolytic enzymes catalyze the hydrolysis of
chitin at the C1-C4 bond betweenN-acetylglucosamine
units (Bielka et al., 1984; Sahai & Manocha, 1993).
There are three types of chitinolytic enzymes: (I)
N-acetyl-β-D-glucosaminidase (EC 3.2.1.30), which
cleaves terminalN-acetylglucosamine units from
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chitin, (II) 1,4-β-D-chitobiosidase (EC 3.2.1.14) (‘ex-
ochitinase’), which cleaves terminal dimeric units
from chitin, and (III) endochitinase (EC 3.2.1.14),
which randomly cleaves chitin internally. All three
types of chitinolytic enzymes are synthesized by or-
ganisms that contain chitin, such as insects, crus-
taceans, yeasts, and fungi (Chen, 1987), as well as
by organisms that do not contain chitin, such as bacte-
ria, higher plants, fish, and humans (Benmouna et al.,
1986; Grisley & Boyle, 1990; Collinge et al., 1993;
Hollak et al., 1994).

Chitinolytic enzymes produced by pathogenic mi-
crobes and nematodes enable them to gain entry into
insect hosts through the exoskeleton or internally
through the peritrophic envelope (Tanada & Kaya,
1993). Several researchers have explored the poten-
tial use of chitinolytic enzymes for insect pest con-
trol. Brandt et al. (1978) showed that chitinolytic
enzymes can degrade the peritrophic envelope ofOr-
gyia pseudotsugata, in vitro. Chitinolytic enzymes
from Streptomyces griseusadded to the blood meal
of the mosquito,Anopheles freeborni, were found to
prevent the peritrophic envelope from forming (Sha-
habuddin & Kaslow, 1993; Shahabuddin et al., 1993).
Supplementation of an inoculum of entomopathogens
with microbial chitinolytic enzymes enhances the ef-
fectiveness of the insect pathogens (El-Sayed et al.,
1989; Sampsom & Gooday, 1998). In addition, an
endochitinase fromSerratia marcescensproduced as
a recombinant protein inEscherichia coliwas found
to perforate the peritrophic envelope ofSpodoptera
littoralis larvaein vitro (Regev et al., 1996).

The chitinous lining of the digestive tract of herbiv-
orous insects is continuously exposed to ingested chiti-
nolytic enzymes from plant tissues. However, there
is no indication that plant chitinolytic enzymes have
a detrimental effect on larval Lepidoptera (Kramer
et al., 1997). This lack of biological activity against
caterpillars is likely due to the acidic pH optima of
these enzymes (Broadway et al., 1998), and the alka-
line midguts of caterpillars (Berenbaum, 1980; Mishra
& Sen-Sarma, 1987; Gringorten et al., 1993). Most
fungal and bacterial chitinolytic enzymes also have
optimal activity in an acidic environment. However,
Broadway et al. (1995) isolated a strain ofStrepto-
myces albidoflavusthat secretes endochitinolytic en-
zymes and chitobiosidases that are active over a broad
range of pH (4–10). Ingestion of this mixture of
chitinolytic enzymes in artificial diets significantly re-
duced the growth and development ofTrichoplusia ni
(Lepidoptera: Noctuidae) (Broadway et al., 1995). In

this study, tomato plants (Lycopersicon esculentum)
were transformed with endochitinase and chitobiosi-
dase genes isolated fromS. albidoflavus. These plants
were evaluated for their effect on the growth and de-
velopment of larvalT. ni. In addition, we tested the
hypothesis that ingested chitinolytic enzymes damage
the peritrophic envelope, as indicated by an increase
in its permeability to marker molecules.

Materials and methods

Gene cloning

The endochitinase and chitobiosidase genes isolated
from a genomic DNA library fromS. Albidoflavus
were engineered in the binary vector pBin 19 and
were identified as pS.a-endochitniase and pS.a- chito-
biosidase. A full-length cDNA clone of endochitinase
and chitobiosidase in a Bluescript SK− vector (Strat-
agene) were PCR amplified using a specific forward
primer with aNcorestriction enzyme site and a reverse
primer with aXbasite. Primers used for the PCR am-
plification of the endochitinase gene were: Ep1- (5′-
GATCAACCATGGGCTACTTCACCGAGTGGGGC-
3′) and Ep2-(5′-TTCGTCTAGACTAGCGGAGGCC
GGAGTC-3′). Primers used for the PCR amplifica-
tion of the chitobiosidase gene were: BpEXP1 (5′-
TTCCACCATGGCCGCGCTACCGGCCCAC-3′) and
BpEXP2 (5′-GATCCGTCTAGATTACGGCAGG
TCGTCGAC-3′).

The amplified cDNA was clone into vector pBI525
(provided by Dr W. G. W. Kurz, National Research
Council of Canada’s Plant Biotechnology Institute)
digested previously withNcoandXba. The chitobiosi-
dase gene has aNco restriction enzyme site as part
of the DNA sequence. Therefore, it was necessary to
digest the PCR fragment first withXbaand then to per-
form a partial digestion withNco. After confirming by
sequencing that both genes were in frame, the insert
of the expression cassette from pBI525 was excised
with EcoR I andHind III, and cloned in the plasmid
pBin19. Following PCR to identify colonies contain-
ing recombinant plasmids with inserts of the expected
sizes, plasmid DNA was isolated and gene insertion
confirmed by restriction enzyme analysis.

For the construction of the double-gene construct
(pS.a- endochitinase-chitobiosidase) pS.a- endochiti-
nase was digested withEcoR I. Dephosphorylation
of linearized pS.a-endochitinase was performed. The
chitobiosidase gene that was cloned in the plas-
mid pBI525 was amplified using the forward primer
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pUCf (5′-TGGAATTCCGGCTCGTATGTTGTG-3′),
and the reverse primer pUCr (5′-TTCCCAGTCACGA
CGTTGTAAA-3′), both designed with anEcoR I
restriction enzyme site. The samples were then di-
gested withEcoRI. After digestion, cohesive-termini
chitobiosidase gene was added to a ligation reac-
tion containing pS.a-endochitinase dephosphorylated
plasmid. Competent cells were transformed with the
ligation solution. Identification of colonies containing
recombinant plasmids was performed.

Plant transformation

The plasmid product identified as pS.a- endochitinase-
chitobiosidase, was used for the transformation of
tomato plants. Transformation and regeneration of
tomato were accomplished by a modification of Mc-
Cormick et al. (1986) reported by Xue et al. (1994).
Agrobacterium tumefaciensLBA 4404 containing
the construct pS.a- endochitinase-chitobiosidase was
used. The selection of the transformed tissue was
done on a selection medium containing 50 mg/L of
kanamycin and 500 mg/L of carbenicillin. Four tomato
cultivars were used for the transformation: UC82B,
Better Boy VFN, Beefmaster VFN (BM), and Geneva
80. Following transformation and regeneration, the
tomato plants were transferred to soil, maintained
in the greenhouse and allowed to grow until they
produced fruit. The seeds were collected for further
use.

Identification and characterization of transformed
plants

Presence of the nptII gene in the plant genome.The
nptII gene in the transformation vectors confers resis-
tance to the antibiotic kanamycin and was used as a
selective marker in the transgenic plants. Greenhouse-
grown tomato plants with four leaves were used for
DNA extraction. DNA was isolated as described by
Cheung et al. (1993). Polymerase chain reaction
(PCR) amplification was performed on genomic DNA
to determine the presence of thenptII marker gene
in first and second generation tomato lines. As con-
trols, the plasmid T-DNA (region of the transformation
vector transferred fromA. tumefaciensto the plant)
containing thenptII gene was amplified. The PCR
cycle consisted of 94◦C × 5 min [1 cycle], 94◦C
× 30 s, 67◦C × 30 s, 72◦C × 1 min [30 cycles],
and 72◦C × 5 min [1 cycle]. PCR amplification was
used to confirm the presence of thenptII marker gene
prior to the use of tomato plants for chitinase assays

or insect bioassays. Enzyme-linked immuno-sorbant
assays (ELISA) were used to test the expression of
the nptII marker gene in newly-transformed tomato
lines (T0 lines). All T0 tomato plants that were NPTII
positive, based on ELISA analysis, were grown in the
greenhouse until they produced fruit, and the seeds
were collected and planted. The germinated seeds (T1
plants) were characterized by PCR amplification of
thenptII gene. The plants that were identified asnptII
positive were transplanted to soil in pots, maintained
in the greenhouse, and Southern blot analysis was
performed, as described below.

Presence of the chitinase transgenes in the plant.
Southern blot analyses were performed onnptII-
positive transgenic tomato lines to determine (1) if
the chitinase transgenes were inserted in the plant
genome, and (2) the number of copies per genome.
DNA from first generation tomato lines grown in a
greenhouse was isolated using the technique described
by Fulton et al. (1995). Fresh young leaf material,
weighing 50 mg, was immersed in 200µl of extrac-
tion buffer. Tissue was then ground with an electric
motor-driven Kontes pestle for about 30 s. An ex-
tra 550µl of extraction buffer was added, and the
samples were vortexed. The lysate was incubated for
1 h at 60◦C. After incubation, the sample was ex-
tracted twice with chloroform:isoamyl alcohol and
precipitated with isopropanol. Precipitated DNA was
resuspended in 25µl of water. RNAase was added
(final concentration 20µg ml−1), and the sample was
incubated (37◦C, 30 min). For restriction enzyme di-
gestion of genomic DNA, 10–15µg of genomic DNA
was incubated (overnight, 37◦C) with 100 U of the re-
striction enzymeHindIII and 5µl of Multi-Core buffer
(Promega, Madison, WI) in a final reaction volume of
50µl.

Southern blots analyses: DNA (plasmid or ge-
nomic) was separated in 1% agarose gel, denatured
by immersing the gel in denaturing solution (0.5 N
NaOH, 1.5 M NaCl), neutralized with a solution con-
taining 1 M Tris-HCl and 1.5 M NaCl (pH 8). DNA
samples were transferred overnight by capillary trans-
fer to a nylon membrane (Geneplus, NEN Research
Products, Boston, MA) using 10× buffer (1.5 M NaCl,
150 mM sodium citrate, pH 7). The membrane was
washed with 5× buffer containing 0.1% sodium do-
decyl sulfate (SDS) for 3 min at room temperature.
The DNA was fixed to the membrane by exposing
it to UV light, and the membrane was loaded in a
hybridization tube. The membranes were blocked by
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incubating samples (2 h, 60–65◦C) in 15 ml block-
ing solution (10% dextran sulfate, 1% SDS, and 1 M
NaCl). Random oligonucleotide primers were used
for the labeling reactions of the probes (Sambrook
et al., 1989). Templates for the radioactive probes
included: (1) the T-DNA in the pS.a-endochitinase-
chitobiosidase, (2) the cloned chitobiosidase inserted
in the plasmid pBluescript II SK− (Stratagene, La
Jolla, CA), and (3) the cloned endochitinase gene
from pS.a endochitinase. The endochitinase and chi-
tobiosidase were excised withNco and Xba from
the plasmids, separated in a 1.5% agarose gel, cut
from the gel under illumination with UV (330 nm),
and purified from the gel using the Prep-A-Gene kit
(BioRad, Richmond, VA). Each template (50µl con-
taining 50 ng of pS.a-endochitinase-chitobiosidase for
the labeling of the T-DNA or the endochitinase or
chitobiosidase fragments) was denatured by boiling
for 10 min, and immediately put on ice. An aliquot
(45 µl) of the template was added to a solution con-
taining 11µl LS buffer, 4µl bovine serum albumin,
1 U of Klenow fragment (Promega), and 5µl of 32P
α-CTP (NEN Research Products, Boston, MA), and
incubated at 37◦C for 30 min. After incubation, the
probes were separated from unincorporated dCTPs by
using Sephadex G-50 Nick Spin Columns (Amersham
Pharmacia Biotech, Piscataway, NJ), and 1µl of the
sample was quantified for radioactive labeling with a
scintillation counter. Microcentrifuge tubes containing
the radioactive probe were boiled (10 min), cooled on
ice, and added to the hybridization tube for overnight
incubation. Membrane development was performed
[according to the manufacturer’s protocol for Gene-
screen Plus TM (NEN Research Products)]. Film was
placed on top of the membrane, and exposed for 2 to
10 days, depending of the signal intensity, at−80 ◦C
before developing.

Chitinolytic enzymesin planta. The presence of
transgenic chitobiosidase and endochitinase in the
progeny of transgenic tomato in the greenhouse
was determined by Western blot analysis. The
buffer-soluble proteins were subjected to SDS-
polyacrylamide gel electrophoresis followed by im-
munoblot analysis (Sambrook et al., 1989) using
polyclonal antibodies raised against the bacterial chiti-
nolytic enzymes.

Proteins were isolated from leaf samples (50 mg)
(Gegenheimer, 1990) by homogenization in 150µl of
Bradley buffer (50 mM Tris pH 7.5, 10 mM KCl, 20%
glycerol, 0.4 M sucrose, 5 mM MgCl2, supplemented

with 10 mM 2-mercaptoethanol, 10 mM pefablock and
10 mM chymostatin prior to use). Samples were ho-
mogenized with a motor-driven Kontes pestle (30 s),
and centrifuged (16 000× g, 5 min, room tempera-
ture). An aliquot (50µl) of supernatant was mixed
with 50 µl of Laenly buffer (62.5 mM Tris pH 6.8,
10% glycerol, 2% SDS, 5% 2-mercaptoethanol, and
0.05% bromophenol blue). The samples were boiled
for 5 min and centrifuged (16 000× g, 1 min)
The protein separation was done in a vertical elec-
trophoresis system (Mini-Protean II cell, Bio-Rad).
An aliquot (25µl) of the sample was loaded on an
SDS-polyacrylamide gel (12% polyacrylamide resolv-
ing gel and 5% polyacrylamide stacking gel) (Hames
& Rickwood, 1990). The gels were run in running
buffer (25 mM Tris, 192 mM glycine, pH 8.3, 0.1%
SDS) at 100 V and 10–40 mA. Proteins were blotted
from the gel using the Mini Trans-Blot cell (Bio-Rad)
and Immobilon-P transfer membranes with 0.45 UM
(Millipore, Bedford, MA) in electrophoresis transfer
buffer (25 mM Tris, 192 mM glycine, 10% methanol,
PH 8.3) at 100 V for 1 h (Hames & Rickwood, 1990).
After blotting, the membranes were transferred to a
blocking solution [PBS (pH 7), 0.05% Tween 20,
10% non-fat dry milk], and agitated for 1 h. They
were incubated overnight at 4◦C in a solution of
primary rabbit anti-semipurifiedS. albidoflavusendo-
chitinase (or chitobiosidase) extract at a concentration
of 1:100 antibody (1 mg ml−1):blocking solution. The
membranes were washed five times with the wash-
ing solution [PBS (pH 7), 0.05% Tween] (5 min per
wash), incubated in the blocking solution plus the sec-
ondary antibody anti-rabbit Ig horseradish peroxidase
(Amersham Life Science, Little Chalfont, Bucking-
hamshire, England) (1:1000 dilution) for 1 h on a
rocker, and then washed five times with the washing
solution. The membranes were exposed to chemilumi-
nescent detection using emission chemiluminescence
luminol Western blotting (ECL) following the stan-
dard protocol (Amersham Life Science). The film was
then placed on top of the membrane, and exposed for
5–30 min before developing.

Chitinase activityin planta. Plants that expressed
high chitinase activity were identified by enzyme as-
says using methyl umbelliferyl (MU) substrates. Leaf
samples (10 to 15 mg) were homogenized in 50µl of
buffer (0.1% SDS, 0.1% Triton X-100, 10 mM Na2
EDTA, 10 mM 2-mercaptoethanol, 100 mM sodium
acetate buffer, adjusted to pH 4.8) per mg of tissue
(as described above) and stored on ice. Samples were
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centrifuged (16 000× g, 4 ◦C, 5 min) and an aliquot
(100µl) of the supernatant solution was mixed with
40 µl of substrate (1 mg methyl umbelliferyl N,N,N
triacetyl chitotriose or methyl umbelliferyl N,N,N tri-
acetyl chitobiose in 3.5 ml of 100 mM sodium acetate
buffer, pH 5). After incubation at 28◦C for 30, 60, 90,
120 or 150 min the reaction was stopped by mixing
an aliquot (20µl) of the reaction mixture with 180µl
of 0.2 M Na2CO3. Fluorescence was measured with
a CytoFluorII scanner using the CytoFluorII program
(Excitation: 360/40 nm; Emission: 460/40 nm; Gain:
70). A standard curve was calculated based on the flu-
orescence of 4-methylumbelliferone (0, 20, 40, 60, 80,
100, 150, 200 mM) dissolved in 0.2 M Na2CO3.

Protein concentration was determined for each
sample using the Bio-Rad protein assay, based on the
Bradford dye-binding procedure (Bio-Rad). Bovine
serum albumin standards, dissolved in umbelliferyl
assay buffer, were prepared at concentrations of 0,
20, 50, 80, and 120µg. The reagent was prepared
by diluting the Bio-Rad protein assay dye reagent 1:5
with deionized water. Aliquots (200µl) of the diluted
reagent were transferred to a 96 well microtiter plate,
and 2µl of standard or leaf extract was added. After
mixing, the plates were read in a SLT Spectra ELISA
plate reader at 620 nm. Activity slopes (nM MU /min)
were determined for each sample, and the value of
nM MU/min was expressed relative to the amount of
protein present (nM MU min−1 µg−1 protein).

Chitinase activity in different leaves of the plant.Ex-
pression of chitinolytic enzymes in different leaves of
the tomato plant was examined to determine which
leaflets would be used for the insect bioassays. Each
experiment included ten transgenic (BmB1–1) plants
and ten control plants. All plants were two months old
with seven to eight leaves on the main stem, and the
leaves were numbered 1 to 8 from young to old. Three
leaflets were removed from each plant: one leaflet
from a fully-developed leaf from the upper part of
plant (leaf 1 or 2), one leaflet from a leaf from the mid-
dle part of the plant (leaf 3 or 4), and one leaflet from
a leaf from the bottom part of the plant (leaf 5 or 6).
The levels of endochitinase and chitobiosidase were
quantified by enzymatic activity assays using methyl
umbelliferyl substrates.

Effect of transgenic plants on insects

Insects. Eggs ofT. ni were provided by Dr W. L.
Roelofs (NY State Agricultural Experiment Station,

Cornell University, Geneva, New York). LarvalT. ni
were reared on a high wheat germ meridian diet (Webb
& Shelton, 1988). Insects were maintained at 26◦C
and 60–70% relative humidity.

Choice of tomato cultivar. The tomato cultivar used
in insect bioassays was chosen based on two factors:
high growth and survivorship ofT. nion control plants
and sufficient seed production by transgenic plants.
After confirming that the T-DNA sequence, or at least
part of it, was present in some lines from the trans-
formed tomato cultivars, and that the chitobiosidase
gene was present in the cultivars Beefmaster VFN
and Better Boy VFN, we selected one cultivar to be
used for further evaluations. For that purpose, non-
transgenic control plants of UC82B (N = 15), Better
Boy VFN (N = 15), and Beefmaster VFN (N = 13)
that were 30 to 40 days old (four to five pairs of leaves)
were infested withT. ni. The second or third leaf of
each plant was enclosed in a clear plastic cage (20–
30 cm long, 10 cm diameter) containing two neonate
T. ni larvae. The plants infested with the insects were
maintained in the greenhouse at 25–35◦C and 16 h
photoperiod. Larvae were allowed to develop until
they reached the final instar, at which time larval sur-
vivorship and final weight were measured. UC82B
produced the lowest percent insects recovered and the
lowest mean larval weight (i.e., 13%, 23± 20 mg)
compared to the other two cultivars. Better Boy VFN
resulted in the greatest recovery of insects (i.e., 73%,
70 ± 51 mg), but only one line of transgenic plants
was obtained and the number of seeds produced was
low. Therefore, this cultivar was not evaluated further.
Beefmaster resulted in a high recovery of large insects
(i.e., 70%, 78± 54 mg), eight different putative trans-
genic lines that werenptII positive, and a large number
of seeds were produced by some of the T0 plants.
Based on this information, Beefmaster was the cultivar
selected for future evaluations.

Initially the seeds of three lines of Beefmaster
VFN were germinated, and labeled lines A1, B1,
and H3. Line A1 was discarded because it wasnptII
negative. The level of endochitinase and chitobiosi-
dase enzymatic activity was evaluated in lines B1
and H3. ANOVA indicated that line H3 did not dif-
fer statistically from the control in chitinase activity
(i.e., endochitinase activity F=0.34, P=0.575; chi-
tobiosidase activity F= 3.0, P=0.12). However, the
level of enzyme activity for line B1 was signifi-
cantly higher than the control for endochitinase ac-
tivity (F=21.66, P<0.001) and chitobiosidase activity
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(F=10.98, P=0.006). Line B1 was used for further
evaluation and insect bioassays.

Effect of transgenic plants on larval performance.
Prior to the insect bioassays, the enzyme activity assay
using umbelliferyl substrates was performed to de-
termine the level of endochitinase and chitobiosidase
expression in the transgenic plants. The effect of trans-
genic tomato plants on neonate larvae was evaluated
using two sets of plants. Set 1 consisted of first gen-
eration transgenic progeny from BmB1 (18 transgenic
and 15 control plants). Two insect bioassays were per-
formed using this set of plants. The first bioassay was
performed when the plants were two months old and a
second bioassay was performed when the plants were
three months old. Set 2 consisted of second genera-
tion transgenic progeny, grown from seeds from first
generation BmB1 plant #7. One insect bioassay was
performed on two-month-old control (n = 20) and
transgenic (n = 30) plants. Two leaflets from a young
tomato leaf (control or transgenic plants) were cut at
the base of the petiole with a razor blade. To mini-
mize the induction of a wound response in the plants
resulting from removal of the leaflets from the leaves,
we avoided damage to the major veins (Ryan, 1974).
To maintain leaf turgor, the petiole of each leaflet was
inserted into 5 ml of solid 2% agar (w/v) in a 100 ml
glass jar with magenta B-caps. One insect was placed
on each leaflet, and the leaflets were replaced daily.
The jars containing the insects feeding on the leaflet
were maintained in a growth chamber at 25±2 ◦C with
a 16-h photoperiod. Larvae were weighed upon reach-
ing the final instar, and insects were monitored daily
for developmental changes until they reached the adult
stage.

The effect of transgenic tomato plants on third-
instarT. ni was evaluated using two-month-old plants
grown from seeds from two first-generation BmB1
plants. This experiment included ten transgenic and
ten control plants, and was performed as described
above.

Effect of ingested transgenic tomato on peritrophic en-
velope permeability. Larvae were reared on artificial
diet until they reached the third instar. The third-
instar larvae were transferred at random to excised
leaflets from transgenic tomato plants (two-month-
old first-generation transgenic progeny from BmB1
set I plants;N = 10) or control plants (N = 10),
as described above. Larvae were allowed to feed for
ten days, and leaflets were replaced as they were

consumed. After ten days, larvae were individually
chilled (−20◦C, 2 min) and dissected under a dis-
secting microscope. The entire midgut was removed
from each larva and placed in a dish of incubating so-
lution (Barbehenn & Martin, 1995). Each gut (eight
controls and eight treatments) was ligated with size
6-0 suture, and the open end of the gut preparation
was tied over the needle tip of a 10µl Hamilton sy-
ringe held in a micromanipulator. An aliquot (1µl)
of 2000 nominal MW fluorescein isothiocyanate la-
beled dextran (FITC-dextran, Sigma Chemical, St.
Louis, MO) (80 mg ml−1) was injected into the lumen.
The gut preparation was removed from the needle tip
while keeping tension on the suture to prevent the
leakage of the gut contents. Gut preparations were
maintained under the surface of the incubating solu-
tion at all times. Because of the potentially delicate
state of the peritrophic envelope in larvae fed trans-
genic foliage, no hole was cut through the gut wall.
Previous work showed that the gut wall does not affect
the size distribution of FITC-dextrans permeating the
intact gut (Barbehenn & Martin, 1995). Gut prepara-
tions were rinsed three times in beakers of incubating
solution, and placed in separate aliquots (1.5 ml) of
incubating solution for 1.5 h. The entire volume of
incubating solutions was lyophilized and stored in
a desiccator (2◦C, 0.5 months). The size distribu-
tion of the FITC-dextran that diffused through each
gut preparation was determined by high-performance
size-exclusion chromatography (Barbehenn & Martin,
1997). Samples were resolubilized in 0.3 ml double-
distilled water and filtered (0.45 u, Gelman GHP
Acrodisc). Aliquots (30 ul) were separated on a Syn-
chrom GPC-300 HPSEC column (250× 4.5 mm) with
guard column, using a 0.5 M sodium phosphate (pH 7)
mobile phase at 1 ml min−1 (30 ◦C). FITC-dextran
was detected with a Shimadzu RF 535 fluorescence
detector (492 nm excitation, 516 nm emmission), and
peak area and retention time was quantified with a Shi-
madzu C-R4A Chromatopac integrator. FITC-dextran
standards (4000–2000 000 MW; Sigma) were used to
make standard curves. The experiment was repeated
as described above, with the following exceptions:
3rd–5th-instar larvae were used, 133 mg ml−1 FITC-
dextran was injected, 12 control and 12 treatment
larvae were analyzed, and lyophilized samples were
stored three months.
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Statistical analyses

One-way analysis of variance (ANOVA) using the
Minitab 10.51 xtra Power software (Minitab Inc, State
College, PA) was used to compare the levels of en-
dochitinase and chitobiosidase activity in transgenic
and control plants, and to compare insect biomass and
survival on these plants. Two-way ANOVA (treatment
× experiment) was used to compare the mean diame-
ters of FITC-dextrans permeating the gut preparations
from control and treatment larvae. Post-hoc multiple
comparisons of treatment means was made with least
significant difference (LSD) tests.

Results

Presence of transgenes in tomato leaves.The
tomato Southern blot, using a T-DNA probe
(synthesized from the construct pS.a-endochitinase-
chitobiosidase), showed that the cultivar Beefmaster
VFN line B1 (N = 3) had five copies of the T-
DNA, while the cultivar Better Boy VFN line C1 had
three copies of the T-DNA (Figure 1). In the cultivar
UC82B, two lines showed two copies of the T-DNA,
and another line showed one copy (data not shown).
No regenerants were obtained from the line Geneva
80. The tomato Southern blot using a chitobiosi-
dase probe in the cultivar Better Boy VFN (one line)
showed that all the plants analyzed had two copies of
the chitobiosidase gene, while the cultivar Beefmaster
VFN line B1 had three copies of the gene present in
the two plants analyzed (data not shown).

Chitinolytic activity in different parts of the tomato
plant. Endochitinase activity in leaflets from the up-
per, middle, and bottom portion of the foliage of
two-month-old transgenic and control tomato plants
was determined. The relative amount of endochitinase
(i.e., the mean endochitinase activity in the transgenic
plants divided by the mean endochitinase activity in
the controls) produced by the leaflets in the upper part
of the foliage of the plants was significantly greater
than the relative amount of endochitinase in the leaflets
from the middle and bottom part of the foliage (up-
per leaflets vs. middle leaflets F=7.58, P=0.019, and
upper leaflets vs. bottom leaflets F=8.92, P=0.014)
(Figure 2). No differences were found between the
leaflets in the middle and the bottom of the plant
(F=0.09, P=0.769). Similar results were obtained
with respect to the amount of chitobiosidase (data not

Figure 1. Tomato cultivar Beefmaster (BM) and Better Boy (BB)
Southern blot using a T-DNA probe synthesized from the con-
struct pS.a-endochitinase-chitobiosidase. Tomato cultivar Beefmas-
ter-transgenic line B1 shows five copies of the genes and tomato
cultivar Better Boy - transgenic line C1 shows three copies of
the genes. Lanes were loaded as follow: lane 1 and lane 2 with
7.5 pg and 15 pg respectively of pS.a-endochitinase-chitobiosidase
digested withHindIII. All the other lanes were loaded with 15µg of
DNA digested withHindIII. Lane 3 (BM control) contains a Beef-
master non-transgenic plant. Lane 4 (BM B1-1), lane 5 (BM B1-6),
and lane 6 (BM B1-7) correspond to three different samples from the
same Beefmaster B1 line. Lane 7 (BB control) contains a Better Boy
non-transgenic sample. Lane 8 (BB C1-1), and lane 9 (BB C1-2),
correspond to two different samples from the same Better Boy C1
line.

shown). Based on these results the leaflets from the
upper part of the foliage (leaves 1 and 2) of the tomato
plants were used for the insect bioassays.

Expression of transgenic chitinolytic enzymes in
tomato leaves used in the insect bioassays.Up-
per leaves of two-month-old first-generation trans-
genic plants produced significantly higher endochiti-
nase and chitobiosidase activities than did control
plants (F=10.23, P=0.003 and F=5.16, P=0.03, re-
spectively) (Figures 3A and 3B). Further verification
that elevated chitinolytic activity in the transgenic
plants resulted from the expression of the transgenes
(pS.a-endochitinase-chitobiosidase) was made by us-
ing Western blots. Using anti-endochitinase antibod-
ies, a band of 39.5 kDa indicated the presence of
this protein in first-generation transgenic plants (Fig-
ure 4). Using anti-chitobiosidase antibodies, a band



200

Figure 2. Relative endochitinase activity (mean endochitinase ac-
tivity in the transgenic plants divided by the mean endochitinase
activity in the controls) in T1 BmB1 tomato plants. The bars rep-
resent the relative amount of endochitinase activity in (1) Leaflets
from the upper part of the plant (young leaves), (2) Leaflets from
the middle part of the plant (mature leaves) and (3) Leaflets from the
bottom part of the plant (senescing leaves). Vertical lines indicate±
1 SE. Columns associated with the same letter are not significantly
different.

of 31.6 kDa indicated the presence of this protein in
second generation transgenic plants (Figure 5).

Effect of transgenic tomato onT. ni: neonate larvae
to adulthood. Ingestion of leaves from two months
old T1 transgenic plants significantly increased mor-
tality in larval T. ni. Mortality in the controls was
26% compared to 61% in the insects feeding on the
transgenic leaves (Figure 6; bioassay 1). Those insects
that survived the ingestion of leaves from transgenic
plant were significantly smaller than larvae feeding on
control plants (F= 8.33, P=0.001) (Figure 7; bioas-
say 1). The mean weight of the insects feeding on
foliage from control plants (N =20) was twice the
mean weight of the insects feeding on the transgenics
(N =16). Using the same group of plants when they
were three months old resulted in similar effects on the
insects. The ingestion of the leaves from the transgenic
plants significantly increased mortality in larvalT. ni.
Mortality in the controls was 47% compared to 78% in
the insects feeding on the transgenic leaves (Figure 6;
bioassay 2). In the insects that survived the ingestion
of leaves from the transgenic plant, a significant re-
duction in larval weight was observed compared with
the insects feeding on the control plants (F= 6.77,
P=0.016) (Figure 7; bioassay 2). The mean weight of
insects feeding on the control plants (N = 17) was 1.3
fold higher than the mean weight of the insects feeding

Figure 3. (A) Endochitinase activity in control and transgenic
tomato plants. Black bars represent the enzymatic activity in plants
(T1) used for bioassays 1 and 2. Gray bars represent the enzy-
matic activity in plants (T2) used for bioassay 3. Vertical lines
indicate± 1 SE. Columns associated with the same letter are not
significantly different. (B) Chitobiosidase activity in control and
transgenic tomato plants. Bars are labeled as described above.

on the transgenic plants (N = 8). The rate of develop-
ment was monitored for those larvae that survived the
feeding study. Significant differences were observed in
the two groups of insects (controls vs. transgenic) with
respect to the number of larvae that reach adulthood.
In the controls, 34% of insects reached adulthood,
while only 6% of the insects feeding on transgenic
foliage matured.

The ingestion of leaves from the T2 transgenic
plants when they were two months old significantly re-
duced the weight of larvalT. ni (F= 26.63, P<0.001)
(Figure 7; bioassay 3). The mean weight of larvae
feeding on the controls) (N = 33) was 1.6 fold higher
than the mean weight of larvae feeding on the trans-
genic foliage (N = 53). After determination of their
weight, the insects were monitored for rate of de-
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Figure 4. Western blot showing expression of theS. albidoflavus
endochitinase transgene in the progeny of transgenic tomato cultivar
Beefmaster (BM). A band of 39.5 kDa indicates the presence of the
protein. Lanes were loaded as follows: lane 1 (S. albiflavusextract)
with 50µg of chitinolytic extract fromS. albidoflavus. Lane 2 with
Benchmarkprestained protein ladder. Lanes 3 and 4 (BM control)
with extracts from Beefmaster non-transgenic plants, not expressing
the chitinase transgene. Lane 5 (BMB1-1), lane 6 (BMB1-2), lane 7
(BMB1-3), lane 8 (BMB1-6), and lane 9 (BMB1-9) with extracts
from five different plants from the line B1, endochitinase positive
progeny.

Figure 5. Western blot showing expression of theS. albidoflavus
chitobiosidase transgene in the progeny (T2) of transgenic tomato
cultivar Beefmaster (BM). A band of 31.6 kDa indicates the pres-
ence of the protein. Lanes were loaded as follows: lane 1 (S.
albiflavusextract) with 50µg of chitinolytic extract fromS. albid-
oflavus. Lane 2 with Benchmark prestained protein ladder. Lanes 3
and 4 (BM control) with extracts from Beefmaster non-transgenic
plants, not expressing the chitinase transgene. Lane 5 (BM B1-7-3),
lane 6 (BM B1-7-5), lane 7 (BM B1-7-6), lane 8 (BM B1-1-15), and
lane 9 (BM B1-1-20) with extract from five different plants from the
progeny of B1 (T2), chitobiosidase positive progeny.

Figure 6. Effect of transgenic tomato plants on mortality of larval
Trichoplusia ni. Bars represent the percent mortality of larvae feed-
ing on leaves from control Beefmaster, or transgenic Beefmaster (T1
line BmB1), after insects feeding on the control plants reached the
fifth instar. Black bars represent the percent mortality in bioassay 1,
and gray bars represent the percent mortality in bioassay 2.

velopment until they reached adulthood. The insects
in the control group (N = 25) reached the adult
stage in 23 days, while the insects in the transgenic
group (N = 40) reached the adult stage in 27 days.
This difference in developmental time was significant
(F=73.51, P<0.001).

Effect of transgenic tomato onT. ni: third to fifth
instar. Final weights of fifth-instar larvae fed on
transgenic tomato foliage averaged 60% of the weights
of larvae fed control foliage (0.07±0.01 g and 0.12±
0.01 g, respectively) (F= 8.06, P=0.013). Mortal-
ity of larvae fed transgenic leaves was 40%, whereas
no mortality was observed for insects feeding on the
control leaves.

Effect of ingested transgenic tomato on peritrophic
envelope permeability.The mean diameter of poly-
disperse FITC-dextrans permeating the peritrophic en-
velop in larvae fed transgenic plants (24.0± 2.6 nm)
was approximately 1.5 times the size of FITC-dextrans
that permeated the pores in peritrophic membranes of
larvae fed control foliage (16.4± 1.4 nm) (F=6.80,
P=0.013). No differences were found between exper-
iments (F=0.427, P=0.517), nor was there a sig-
nificant interaction between experiment and treatment
(F=0.848, P=0.363).
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Figure 7. Effect of tomato transgenic plants on weight of larvalTrichoplusia ni. Black bars represent the mean weight of insects feeding control
Beefmaster plants. Gray bars represent the mean weight of insects feeding on Beefmaster transgenic plants after insects feeding on the control
leaflets reached the fifth instar. Bioassay 1 and 2 correspond to insects feeding on T1 BMB1 plants when they were two and three month old
respectively. Bioassay 3: correspond to insects feeding on two month old plants (T2 BmB1 1-7). Vertical lines indicate± 1 SE.

Discussion

In this study tomato cultivars were transformed with
two genes that encode bacterial chitinolytic enzymes
(endochitinase and chitobiosidase). Unlike endoge-
nous plant chitinolytic enzymes and some chitinolytic
enzymes previously inserted into plant genomes, the
bacterial chitinolytic enzymes used in this study are
active at the high pH of caterpillar midgut lumens
(Broadway et al., 1998). Transgenic tomato plants pro-
ducing these enzymes were found to have enhanced
resistance toT. ni larvae, consistently reducing the
growth rates ofT. ni. In addition, mortality was sig-
nificantly increased in two of three feeding trials. The
results of this study are similar to those found in pre-
vious works on artificial diets containing chitinolytic
enzymes: the primary impact onT. ni is a reduction in
larval weight and development, and increase in mor-
tality (Broadway et al., 1998). In addition, ingestion
of the plants expressing those enzymes not only af-
fected larvalT. ni following ingestion from neonate
to ultimate instar, but they also caused mortality and
decreased insect weight when exposure began during
the third instar.

These results also suggest that tomato transgenic
plants are causing an effect onT. ni larvae similar
to the one caused by the ingestion of diet supple-
mented with 0.25 to 0.5% (w/v) mixture of chitinolytic
enzymes (Broadway et al., 1998). Possibly, an in-
crease in the levels of chitinase activity in transgenic
plants will have a greater effect on larval Lepidoptera.
Future efforts to improve the resistance of chitinase-

producing transgenic crops against insects should in-
clude enhancing chitinase gene expression, and/or the
use of the additional chitinolytic enzymes present on
the mixture of enzymes fromS. albidoflavus(Broad-
way et al., 1998).

The results of this study support the hypothesis that
ingested chitinolytic enzymes fromS. albidoflavus
damage the chitin component of the peritrophic enve-
lope, leading to increased permeability. The size of
marker molecules (FITC-dextrans) that permeated the
peritrophic envelopes ofT. ni feeding on transgenic
plants were 50% larger (24 nm) than those permeat-
ing the peritrophic envelopes ofT. ni feeding on the
control plants (16.4 nm). However, the peritrophic en-
velopes of larvae were largely intact, as indicated by
the restriction of movement of FITC-dextran particles
with an average diameter larger than 40.1 to 41.6 nm.
Further work is needed to determine whether there
were any pores large enough to admit pathogens, such
as baculoviruses (60× 300 nm).

The focus of previous research that has targeted
the peritrophic envelope has been on (1) reducing per-
itrophic envelope permeability, (2) inhibiting chitin
or protein synthesis (Clarke et al., 1977; Cohen,
1993; Zimmerman & Peters, 1987), or (3) disrupting
peritrophic membrane structure directly (Derksen &
Granados, 1988; Peng et al., 1999). The strategy taken
in this study is representative of the third approach.
An increase in the pore sizes in peritrophic mem-
branes may make the peritrophic envelope a less effec-
tive barrier, increasing the susceptibility of insects to
pathogens and toxic compounds (Brandt et al., 1978;
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Sieber et al., 1991). Recent work suggests that the
peritrophic envelope has limited protective capabili-
ties against most ingested allelochemicals (Barbehen
& Martin, 1997). However, in addition, the peritrophic
envelope is believed to compartmentalize digestive
enzymes by dividing the midgut into endo- and ec-
toperitrophic spaces, thus improving the efficiency of
digestion (Eguchi et al., 1982; Miller & Lehane, 1990;
Peters, 1992; Terra & Ferreira, 1981; Zhu et al., 1991).
Therefore, a marked increase in the permeability of
the peritrophic envelope might decrease the efficiency
of the digestive process. Our results indicate that in-
gestion of transgenic bacterial chitinolytic enzymes
enhance resistance of tomato plants against larvalT.
ni, and reduce the growth, development and survival
of larvalT. ni feeding on the transgenic foliage. How-
ever, we have not demonstrated that the increased pore
size of the peritrophic envelope was directly linked to
the negative impact on larvalT. ni. Further work is
needed to examine this link, and to determine whether
synergistic effects occur when insects are exposed to
ingested chitinolytic enzymes along with factors, such
as pathogens or allelochemicals.
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