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ABSTRACT

Bolar, J. P., Norelli, J. L., Wong, K.-W., Hayes, C. K., Harman, G. E.,
and Aldwinckle, H. S. 2000. Expression of endochitinase from Tricho-
derma harzianum in transgenic apple increases resistance to apple scab
and reduces vigor. Phytopathology 90:72-77.

The goal of this research was to improve scab resistance of apple by
transformation with genes encoding chitinolytic enzymes from the bio-
control organism Trichoderma harzianum. The endochitinase gene, as
cDNA and genomic clones, was transferred into apple cv. Marshall
McIntosh by Agrobacterium-transformation. A total of 15 lines were
identified as transgenic by NPTII enzyme-linked immunosorbent assay
and polymerase chain reaction and confirmed by Southern analysis. Sub-
stantial differences in endochitinase activity were detected among differ-

ent lines by enzymatic assay and western analysis. Eight lines propagated
as grafted and own-rooted plants were inoculated with Venturia inae-
qualis. Six of these transgenic lines expressing endochitinase were more
resistant than nontransformed cv. Marshall McIntosh. Disease severity com-
pared with cv. Marshall McIntosh was reduced by 0 to 99.7% (number of
lesions), 0 to 90% (percentage of leaf area infected), and 1 to 56% (co-
nidia recovered) in the transgenic lines tested. Endochitinase also had
negative effects on the growth of both inoculated and uninoculated plants.
There was a significant negative correlation between the level of endo-
chitinase production and both the amount of disease and plant growth.

Additional keyword: Malus × domestica.

McIntosh is the most widely grown apple cultivar in the north-
eastern United States (13). Most commercially important apple cul-
tivars, including McIntosh, are very susceptible to apple scab (32).
Apple scab, caused by the fungus Venturia inaequalis (Cooke) G.
Wint., is the most widespread disease in apple orchards worldwide
(2,31). The ascospores germinate on leaf or fruit surfaces in the
presence of free moisture. After formation of an appressorium and
a penetration peg, the pathogen penetrates the cuticle and becomes
established between the epidermis and the cuticle. It ramifies into
a subcuticular stroma, which eventually produces conidiophores
and conidia, usually resulting in visible lesions. Disseminated co-
nidia can germinate, penetrate the host, and give rise to new le-
sions. Disease increases by repeated cycles of infection by conidia
(31). This disease is responsible for a large proportion of the chem-
ical fungicides applied to apples. However, chemical control has
been challenged by the development of resistance in V. inaequalis
to some fungicides (15,21,24).

Although scab-resistant apple cultivars (e.g., Liberty and Flo-
rina) have been bred by introgressing the Vf gene for scab resis-
tance from the small fruited crabapple Malus floribunda clone 821
into Malus × domestica (25), these cultivars are not commercially
successful, in part due to insufficient fruit quality. In Europe, new
races of V. inaequalis have overcome the Vf resistance gene (37).
Unlike many crops, apples are sold by name and name recognition
is important in marketing. Genetic engineering can be used to im-
prove existing cultivars while maintaining the cultivar’s charac-

ters. Increasing scab resistance of commercial apple cultivars would
significantly reduce the use of chemical fungicides and provide
economic benefits to apple growers.

In response to pathogen attack, plants activate a variety of de-
fense-related genes, including chitinases (7,26). These enzymes hy-
drolyze chitin-containing fungal cell walls and are presumed to
play a major role in plant defense response. Chitin constitutes the
main component of the cell wall polysaccharides of most fungal
taxa, including the loculoascomycetes to which V. inaequalis be-
longs (22,44). Several plant chitinases have been cloned (12), and
transgenic plants (e.g., rice, tobacco, canola, tomato, and cucum-
ber) constitutively overexpressing plant chitinases have been pro-
duced as a strategy to increase resistance to fungal pathogens,
with varying levels of protection (12,40). There is a possibility of
breakdown of resistance on chitinase transgenic plants. However,
compared to race-specific resistance, where the resistance (R) gene
plays a major role in the initial event of recognition response, the
chitinase would act on an essential component of the cell wall of
the pathogen.

Fungal cell-wall degrading enzymes (endochitinase, chitobiosi-
dase, N-acetyl-β-D-glucosaminidase, and glucan 1,3-β-glucosidase)
from the biocontrol fungus Trichoderma harzianum have been char-
acterized (19,27,28). Purified enzymes from T. harzianum are
substantially more antifungal than chitinolytic and glucanolytic en-
zymes reported from plants and other sources and are active on a
much wider range of pathogens (27,28,30).

In vitro testing has shown T. harzianum chitinases to be active
against the apple pathogens V. inaequalis and Gymnosporangium
juniperi-virginianae Schwein. (42). The gene coding for the T.
harzianum endochitinase (ThEn-42, ech42) has been cloned (20),
and substantially similar genes have been cloned from other strains
of T. harzianum (9,17). Endochitinase codes for a 424-amino acid
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protein, in which the first 26 N-terminal amino acids code for a
signal peptide that is responsible for extracellular secretion of the
enzyme. Constitutive expression of this T. harzianum endochiti-
nase has been demonstrated in tobacco and potato, and the trans-
genic lines showed a high level of resistance against a broad spec-
trum of diseases (30). In these transgenic plants, the T. harzianum
signal peptide was correctly cleaved and extracellular accumula-
tion of the fungal enzyme was induced, suggesting that signal
sequences from fungi may be used to secrete fungal enzymes in
plants (30).

The goal of this research was to produce transgenic ‘Marshall
McIntosh’ apple lines expressing endochitinase (ech42) to evalu-
ate the enzyme’s effect on the susceptibility of apple to V. inae-
qualis.

MATERIALS AND METHODS

Plasmid binary vectors. The genetic sequence of endochitinase
was described by Hayes et al. (20). A full-length copy of the ge-
nomic DNA was amplified from total DNA of T. harzianum strain
P1 by polymerase chain reaction (PCR), and inserted into pCRII
(Stratagene, La Jolla, CA) using the manufacturer’s directions. The
resulting plasmid was first digested with BamHI and later partially
digested with EcoRI, and ligated into the BamHI-EcoRI digested
binary vector pBI121 (Clontech Laboratories Inc., Palo Alto, CA).
The resulting plasmid was designated p35S-ThEn42 (Fig. 1A).

For stronger expression of ech42, plasmid pBIN19ESR was con-
structed (Fig. 1B). The complete cDNA sequence of endochitinase
was amplified from the cDNA library of T. harzianum strain P1
(library was constructed by Stratagene) using the NcoS forward
primer (5′-GTCGTAC′CATGGTGGGCTTCCTCGGAAAATC-
3′) and NcoR reverse primer (3′-CAGTACGGTAC′CGAG-
GGACGTATTAGCAAAGCG-5′). The resulting PCR fragment
was restriction digested with NcoI (restriction sequence under-
scored), and cloned into the NcoI site of pBI525 (obtained from
W. Crosby, Plant Biotechnology Institute, Saskatoon, Saskatche-
wan, Canada). The creation of NcoI restriction sequences in the
amplified endochitinase gene necessitated a T to G change in the
fourth base from the start of the initiation codon, resulting in the
change of the codon for leucine (TTG) into valine (GTG). Because
both amino acids were aliphatic, hydrophobic, and neutral in charge,
little change was expected in the secondary structure and physio-
logical function of the enzyme. The entire cassette between the
HindIII and EcoRI sites of pBI525 (CAMV 35S-35S, AMV leader
sequence, ech42 and nos terminator) was ligated into the binary
vector pBIN19 (1) that had been cut by the HindIII-EcoRI restric-
tion enzymes. The resulting plasmid was designated pBIN19ESR.
Plasmids p35S-ThEn42 and pBIN19ESR were transferred to Agro-
bacterium tumefaciens strain EHA105 (obtained from S. Gelvin,
Purdue University, West Lafayette, IN) using the procedure described
by Nagel et al. (33).

Plant tissue culture and transformation. Apple cv. Marshall
McIntosh was transformed. Methods and media used for shoot-tip
proliferation, inoculum production, inoculation of wounded leaves,
cocultivation of inoculated leaves, and plant regeneration have
been described previously (3,35). Leaf segments of cv. Marshall
McIntosh were inoculated with A. tumefaciens strain EHA105 con-
taining the plasmid pBIN19ESR or p35S-ThEn42 and independent
transgenic lines were recovered as described previously (3).

PCR analysis. DNA was isolated from the youngest leaf of
putative transgenics and nontransformed control plants as described
by Cheung et al. (11) and the PCR procedure was as described
previously (3). PCR was conducted using primers specific for ech42
and nptII genes (Fig. 1). With primers specific to virG (10), a band
was detected only for the plasmid control pAL4404, indicating that
the transgenic plants were not contaminated with A. tumefaciens.

Enzyme-linked immunosorbent assay for nptII protein. The
amount of nptII protein in the putative transgenic leaf tissue samples

was determined using a standard sandwich enzyme-linked immu-
nosorbent assay (ELISA) according to manufacturer’s recommended
procedure (5Prime→3Prime Inc., Boulder, CO).

Southern analysis. DNA was extracted from the leaf tissue of
nontransformed and putative transgenic plants (16), and Southern
analysis was performed using standard procedures from directions
in Genescreen Plus (NEN Research Products, Boston). Probes were
the nptII (750 bp) and ech42 (1,300 bp) coding regions labeled
with 32P using random primers (14).

Western analysis. Individual leaves from transgenic and con-
trol lines were processed as described by Gegenheimer (18). The
ratio of extraction buffer to plant material was kept constant, and
equal amounts were loaded onto the gel. Purified 42-kDa endo-
chitinase from T. harzianum was used as a standard, and a Bench-
Mark prestained protein ladder (Life Technologies, Grand Island,
NY) was used as a molecular weight marker. Sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was per-
formed with 12% resolving gel and 5% stacking gel in a Mini-
protean II cell assembly (Bio-Rad Laboratories, Hercules, CA).
The protein was transferred onto the Immobilon-Psq membrane (Mil-
lipore, Bedford, MA) using a Mini Trans-Blot Electrophoretic Transfer
Cell (Bio-Rad). The protein was detected using the primary
polyclonal antibody specific to endochitinase from rabbit. Anti-
rabbit immunoglobulin (Ig; Amersham) was used as the secondary
antibody, and immunodetected using equivalent chain length (ECL)
western detection reagents (Amersham Life Science).

Activity assay for endochitinase. Endochitinase activity was
detected and quantified using a modification of the procedure de-
scribed by Tronsmo and Harman (41). Leaf tissue (10 to 15 mg)
was ground in assay buffer (50 µl of leaf tissue per mg; buffer
consisted of 1 ml 10% of SDS, 1 ml of 10% Triton X-100, 2 ml of
sodium EDTA [0.5 M], 70 µl of mercaptoethanol [14.4 M], and 96 ml
of sodium acetate buffer [100 mM], pH 5.0). Ground extract (100 µl)

Fig. 1. T-DNA of A, plasmid p35S-ThEn42 containing the genomic DNA of
ech42 (including 3 introns totaling 194 bp) with its own terminator; B, plas-
mid pBIN19ESR containing the cDNA of ech42 (1,366 bp). NosP, nos pro-
moter (305 bp); nosT, nos terminator (250 bp); nptII, neomycin phosphotrans-
ferase II encoding gene (794 bp); CAMV-35-35S, enhanced cauliflower mosaic
virus 35S promoter (620 bp); AMV, alfalfa mosaic virus leader sequence (44 bp);
and CAMV-35S, CAMV 35S promoter (800 bp). Approximate positions of
primers used for polymerase chain reaction analysis: for the nptII gene, a
forward primer nF (5′-ACAAGATGGATTGCACGCAGG-3′) and reverse pri-
mer nR (5′-AACTCGTCAAGAAGGCGATAG-3′) were used; for the ech42,
gene a forward primer eF (5′-GCCAGTGGATACGCAAACGC-3′) and re-
verse primer eR (5′-CTCTAGTTGAGACCGCTTC-3′) were used. Restriction
endonuclease sites: H, HindIII; N, NcoI; E, EcoRI; and B, BamHI.
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was mixed with 40 µl of substrate 4-methylumbelliferyl-β-D-N,N′,N′′-
triacetylchitotrioside (1 mg of substrate dissolved in 3.5 ml of
sodium acetate buffer [100 mM, pH 5.0]; Sigma Aldrich Chemical
Co., St. Louis]. The reaction was stopped at 15-min intervals with
0.2 M sodium carbonate in CytoFluor II plates (Perseptive Biosys-
tems, Framingham, MA), and fluorescence was determined at 360/460
(excitation/emission) with a CytoFluor II fluorescence multiwell
plate reader as recommended by the manufacturer (Perseptive Bio-
systems). Fluorescence of known concentrations of 4-methylum-
belliferone (Sigma) was used to plot a standard curve to determine
the activity of endochitinase present in the samples tested. The
amount of protein in the leaf sample was determined using the
Bio-Rad Bradford dye-binding protein assay as recommended by
the manufacturer (Bio-Rad). The activity of endochitinase was de-
fined as nanomolar methylumbelliferone released per minute per
microgram of protein.

Evaluation of disease resistance and plant growth. To screen
for scab resistance, eight transgenic lines that had varying levels
of endochitinase expression, designated as T560 to T566 and T568,
were selected. Nontransformed cv. Marshall McIntosh, T286 (pBI121
transgenic Marshall McIntosh line that does not contain the ech42
gene) (3), and resistant cv. Liberty, were used as controls. Cv. Lib-
erty carries the Vf dominant gene for resistance to V. inaequalis (25).
Tissue culture plants were either own-rooted (4) or micrografted
onto seedling rootstocks. To produce micrografted plants, potted
seedlings were established for 1 month and cut back to 15 to 20 cm.
Single shoot tips (10 to 15 mm) from proliferation cultures were
inserted into the bark of the seedlings, tied with parafilm, and cov-
ered with microfuge tubes to maintain humidity. The tubes were
opened 1 week later. Own-rooted plants were maintained in a growth
chamber and the micrografts in the greenhouse.

The youngest expanded leaf was tagged and the plants were in-
oculated with a conidial suspension (106 conidia per ml) that in-
cluded a mixture of races 1 to 5 of V. inaequalis (isolates 1805-2,
1770-8, 1771-2, 1778-6, and 1810-1), using an atomizer connected
to compressed air supply (43). The isolates were originally ob-
tained from E. B. Williams (Purdue University). The plants were
incubated in a mist chamber (16-h photoperiod of 40 µmol/m2/sec,
18 ± 1°C, and 100% relative humidity) for 48 h and later moved to
a growth chamber or greenhouse. At ≈2 weeks after inoculation,
the severity of the disease was recorded from four leaves (the tagged
leaf, one leaf above, and two leaves below the tagged leaf). Data
were recorded as numbers of sporulating lesions, the percentage
of leaf area infected, and conidia from the four leaves. To evaluate
the vigor of both the inoculated and uninoculated plants, data were
collected on the height of the plants from the soil line (own-
rooted) or from the graft union (micrografts) to the terminal leaf,
number of nodes (leaves), and a qualitative estimate of the degree
of chlorosis. The conidial count data were transformed to natural
logarithms and subjected to analysis of variance (ANOVA). Data
were analyzed using the SAS (Cary, NC) general linear model pro-
cedure.

RESULTS

Plasmid binary vectors. Both the genomic (p35S-ThEn42) and
cDNA (pBIN19ESR) binary vectors contained the native signal pep-
tide from T. harzianum. The endochitinase gene in p35S-ThEn42
has three introns and the native polyadenylation terminator signal
from T. harzianum, and the gene is under the control of the cau-
liflower mosaic virus 35S (CAMV 35S) promoter. pBIN19ESR
contains an enhanced cauliflower mosaic virus 35S (CAMV 35S-

Fig. 2. Western blot analysis of leaf tissue extracts of endochitinase (ech42) transgenic lines. Processed extracts of young leaf tissue were electrophoresed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-Psq membrane. The endochitinase protein was detected with the pri-
mary polyclonal antibody specific to endochitinase that was produced in rabbit. Estimated size of endochitinase protein (42 kDa) is indicated. Lane C, purified
endochitinase protein from Trichoderma harzianum. Lane MMc, cv. Marshall McIntosh control. Lanes T565 through T564 and T568 through T773, trans-
formed Marshall McIntosh lines. Endochitinase activity (nanomolar MU per minute per microgram of protein) was determined by a microtiter-activity assay
using the substrate 4-methylumbelliferyl-β-D-N,N′,N′′ -triacetylchitotrioside. Results from Southern blot analysis indicate the number of T-DNA insertions.
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35S) promoter (36), an alfalfa mosaic virus (AMV) RNA4 untrans-
lated leader, a sequence which directs high translational efficiency
(23), and a nos terminator. Both the binary vectors carried the
plant nptII gene as the selectable marker (Fig. 1).

Recovery of transgenic lines. T-DNAs (Fig. 1) from the two
binary vectors (p35S-ThEn42 and pBIN19ESR) were introduced into
leaf segments of cv. Marshall McIntosh by an Agrobacterium sp.-
mediated transformation system. The recovered regenerants were
selected in the presence of paromomycin sulfate. Individual amino-
glycoside-resistant plants were tested for the presence of T-DNA
by PCR with primers specific for the ech42 and nptII coding re-
gions (Fig. 1). The DNA was amplified in 2 lines transformed with
genomic DNA of endochitinase (T565 and T566) and 13 lines trans-
formed with cDNA of endochitinase (T560 to T564, T568, and
T772 to T778). No band was detected in nontransformed cv. Mar-
shall McIntosh (data not presented). Compared to the control, all
of the lines tested produced higher levels of nptII protein (data not
presented). Southern analysis of all the 15 putative transgenics lines
with ech42 and nptII as probe confirmed the integration of the T-
DNA into the genome of the plants. The number of T-DNA frag-
ments integrated into the genome of the plants ranged from one to
nine (Fig. 2).

Characterization of endochitinase in transgenic lines. West-
ern analysis indicated the presence of endochitinase in all of the
transgenic lines but not in nontransformed cv. Marshall McIntosh
(Fig. 2). A strong 42-kDa endochitinase band and an additional
smaller band (31 kDa) were detected in the lines T778, T775, T560,
T561, T774, and T773. The 31-kDa band may be a degradation
product of 42-kDa endochitinase. A single 42-kDa band was de-
tected in lines T563, T562, T772, T776, T777, T564, and T568, and
a faint band was detected in T565 and T566. Two high molecular
weight bands, specific for apple, cross-reacted with the antibody.
To our knowledge, nothing is known so far as to the presence of
proteins in apple with sequence homology to ech42.

The quantity of endochitinase was determined by a microtiter-
activity assay using the substrate 4-methylumbelliferyl-β-D-N,N′,N′′-
triacetylchitotrioside (Fig. 2). There was a strong relationship be-
tween the microtiter-activity assay for endochitinase and the western
analysis (Table 1 and Fig. 2). Transgenic lines T565, T566, T563,
T562, and T772 were not significantly different from the nontrans-
formed cv. Marshall McIntosh control in microtiter-activity assay
but had a faintly visible endochitinase protein band in western blot

analysis. Lines T776, T777, T564, T568, T778, T775, T560, T561,
T774, and T773 had endochitinase activity significantly greater than
the control, and a strong endochitinase protein band was detected
by western blot analysis (Fig. 2).

Evaluation of disease resistance. At ≈10 days after inocula-
tion, sporulating lesions were seen on the leaves of nontrans-
formed cv. Marshall McIntosh and the vector-transformed control,
T286. The data (Table 1) are the means of 4 leaves from 5 to
17 plants per line, 14 days after inoculation. There was no signifi-
cant difference among transgenic lines T565 and T566 and nontrans-
formed cv. Marshall McIntosh and T286 when measured by the
number of sporulating lesions, percentage of leaf area infected, and
number of conidia recovered. Lines T563, T562, and T568 had
moderate levels of disease, with significantly fewer lesions and less
leaf area infected. Lines T561, T564, and T560 had similar levels
of disease resistance and were not significantly different from cv.
Liberty as measured by the number of sporulating lesions and per-
centage of leaf area infected. Line T560 had no visible lesions as
observed by the naked eye, but conidia were recovered when the
leaves were rinsed. The three parameters of disease severity (number
of sporulating lesions, percentage of leaf area infected, and the
number of conidia recovered) together gave a good comparison of

TABLE 1. Evaluation of disease resistance of own-rooted transgenic cv. Mar-
shall McIntosh lines 14 days after inoculation with a conidial suspension of
Venturia inaequalis

Transgenic
line

ThEn-42
activityw

No. of
lesionsx

% Area of
infectionx

Conidia
recoveredx

MM y 0.03 71.8 a 57.5 a 248,833 a
T286 (vector)z 0.02 79.6 a 58.4 a 275,182 a
T566 0.09 71.6 a 51.8 a 139,526 a
T565 0.04 61.6 ab 44.7 ab 266,400 a
T563 0.35 37.0 bc 33.9 bc 10,900 ab
T562 0.57 32.8 cd 25.7 cd 21,440 ab
T568 3.28 15.8 c–e 12.5 de 9,400 bc
T561 112.50 17.3 de 10.0 de nd
T564 2.08 4.3 de 4.0 e 1,500 c
T560 78.60 0.0 e 0.0 e 4,750 c
Liberty 0.01 0.0 e 0.0 e 0 d

w ThEn-42 activity in nanomolar MU per minute per microgram of protein.
Activity was determined by a microtiter-activity assay with 4-methylum-
belliferyl-β-D-N,N′,N′′ -triacetylchitotrioside as substrate.

x Data presented are the mean of four leaves per plant (5 to 17 plants per
line). The conidial count data were transformed to natural logarithm and sub-
jected to analysis of variance. Values followed by the same letter are not sig-
nificantly different (P = 0.05), as determined by Waller-Duncan K ratio t test.
The experiment was repeated twice; nd = not determined.

y Nontransformed cv. Marshall McIntosh.
z Transgenic cv. Marshall McIntosh line transformed with pBI121 that does

not contain the endochitinase gene.

Fig. 3. Effect of endochitinase on growth of own-rooted transgenic cv. Mar-
shall McIntosh lines. To evaluate plant growth, data were collected on A, height
of plants from the soil line and B, number of nodes or leaves. Data were
plotted against the natural logarithm (ln) of endochitinase activity (nanomolar
MU per minute per microgram of protein).
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the transgenic lines. There was a negative correlation between en-
dochitinase activity and number of lesions (R2 = 78%; P = 0.001),
percent leaf area infected (R2 = 82%; P = 0.001), and number of
conidia recovered (R2 = 72%; P =0.004) (Table 1 and Fig. 2).

Endochitinase activity and plant growth. To evaluate the in-
fluence of endochitinase activity on vigor of the plants, plant-growth
parameters were recorded on both uninoculated and inoculated
plants when disease data were collected. There was a negative cor-
relation between endochitinase activity and plant height (P = 0.001)
and the number of leaves (P = 0.001) (Fig. 3). Transgenic lines
that showed a significant level of chitinase activity also showed a
significant reduction in both plant height and number of leaves
(Figs. 2 and 3). Lines T560 and T561, which had the greatest level
of enzyme activity of the lines in Table 1, were dwarf (5.1 and 3.8 cm
tall respectively), rosetted with short internodes, and very chlorotic.
Lines with a lower but statistically significant level of endochiti-
nase activity (T563, T562, T564, and T568) had reduced growth
but all had healthy green leaves. Grafted plants of the same lines
had similar vigor as the own-rooted plants (there was a negative cor-
relation between endochitinase activity and plant height [R2 = 81%;
P = 0.001] and the number of nodes [R2 = 92%; P = 0.001]).

DISCUSSION

In this study, we recovered transgenic apple lines with varying
levels of endochitinase expression (Fig. 2). Constitutive expres-
sion of fungal endochitinase in apple lines increased resistance to
V. inaequalis. Disease severity compared with the nontransformed
control was reduced by 0 to 99.7% (number of lesions), 0 to 90%
(percentage of leaf area infected), and 1 to 56% (conidia recov-
ered) in the transgenic lines tested (Table 1). The level of disease
resistance was correlated with the level of endochitinase activity.
However, because endochitinase activity also reduced plant growth,
it is impossible to separate the effects of endochitinase on scab
resistance from its effects on plant growth.

Several studies have reported that plant chitinases have a role in
plant growth (38,39), but the mechanism of growth inhibition in
apple is thus far unknown. To test if the level of enzyme produc-
tion had an effect on rooting, we compared the growth between
the lines that were own-rooted and the same lines that were mi-
crografted onto seedling rootstocks and found no difference in their
growth pattern, suggesting that endochitinase had no direct effect
on rooting. In transgenic solanaceous plants (tobacco and potato),
even very high levels of expression of endochitinase had no dele-
terious effect upon plant growth (30). Data suggest that the reduc-
tion of vigor is a specific apple-T. harzianum endochitinase inter-
action. The same gene expressed in grape (J. Kikkert, personal
communication), tobacco, and tomato (8) causes no reduction in
plant vigor. Moreover, other chitinase genes expressed in a variety
of plants also have no effect on plant growth (12,40). In apple, ex-
pression of lytic peptides is not detrimental to plant growth (34).

One strategy to attain a high degree of resistance would be to
pyramid endochitinase with other antifungal genes for complemen-
tary activities. Endochitinase interacts synergistically with other
chitinolytic enzymes and cell membrane-affecting compounds that
alter cell membrane structure or permeability of phytopathogenic
fungi and bacteria (29). There is a strong in vitro synergistic in-
teraction between very low levels of endochitinase and N-acetyl-
β-D-glucosaminidase (ech42 and nag70, respectively) against fungal
pathogens (28). We have, in fact, produced apple lines expressing
N-acetyl-β-D-glucosaminidase and have observed no growth effects in
apple (6). Presently, we are investigating the effect of pyramiding
the genes endochitinase and N-acetyl-β-D-glucosaminidase in apple, to
determine whether we can obtain high levels of resistance with
minimal effect on plant growth (5). This strategy may also reduce
the likelihood of resistance breakdown as a result of pathogen mu-
tation and, hence, may be helpful for engineering broad, durable
resistance.
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