Class I 8-1,3-Glucanase and Chitinase Are
Expressed in the Micropylar Endosperm of Tomato Seeds
Prior to Radicle Emergence’
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B-1,3-Glucanase (EC 3.2.1.39) and chitinase (EC 3.2.1.14) mRNAs, proteins, and enzyme activities were expressed specifically
in the micropylar tissues of imbibed tomato (Lycopersicon esculentum Mill.) seeds prior to radicle emergence. RNA hybrid-
ization and immunoblotting demonstrated that both enzymes were class I basic isoforms. 8-1,3-Glucanase was expressed
exclusively in the endosperm cap tissue, whereas chitinase localized to both endosperm cap and radicle tip tissues.
B-1,3-Glucanase and chitinase appeared in the micropylar tissues of gibberellin-deficient gib-1 tomato seeds only when
supplied with gibberellin. Accumulation of B-1,3-glucanase mRNA, protein and enzyme activity was reduced by 100 uM
abscisic acid, which delayed or prevented radicle emergence but not endosperm cap weakening. In contrast, expression of
chitinase mRNA, protein, and enzyme activity was not affected by abscisic acid. Neither of these enzymes significantly
hydrolyzed isolated tomato endosperm cap cell walls. Although both B-1,3-glucanase and chitinase were expressed in
tomato endosperm cap tissue prior to radicle emergence, we found no evidence that they were directly involved in cell wall
modification or tissue weakening. Possible functions of these hydrolases during tomato seed germination are discussed.

Germination of tomato (Lycopersicon esculentum
Mill.) seeds is controlled by interactions between the
embryonic radicle tip and the enclosing endosperm
cap tissue at the micropylar end of the seed. Consid-
erable evidence indicates that weakening of the en-
dosperm cap tissue is required to allow penetration
of the radicle and completion of germination (Groot
and Karssen, 1987; Dahal and Bradford, 1990; Toorop
et al., 2000). Enzymatic hydrolysis of the endosperm
cap cell walls is assumed to be involved in this pro-
cess, and because the cell walls contain 60% to 70%
Man, endo-B-mannanase [(1—4)-B-mannan endohy-
drolase, E.C. 3.2.1.78] has been studied extensively in
relation to tomato seed germination (for review, see
Bewley, 1997). A specific endo-B-mannanase gene
(LeMAN?2) is expressed exclusively in the endosperm
cap tissue prior to radicle emergence and endo-g-
mannanase activity is consistently associated with
germination (Nonogaki et al., 1998, 2000). However,
other enzymes may be involved because there are
cases where high endo-B-mannanase activity was
present yet radicle emergence did not occur (Toorop
etal., 1996; Dahal et al., 1997; Still and Bradford, 1997;
Toorop et al., 2000). For example, abscisic acid (ABA)
inhibited radicle protrusion and completion of to-
mato seed germination, but did not inhibit LeMAN2
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induction (Nonogaki et al., 2000) or the majority of
weakening in the endosperm cap (Chen and Brad-
ford, 2000; Toorop et al., 2000). Thus, final cell wall
disassembly and tissue weakening in the endosperm
cap to allow radicle emergence may require the ac-
tion of several enzymes.

In tobacco (Nicotiana tabacum) seeds, Meins and
colleagues (Vogeli-Lange et al., 1994) demonstrated
that a class I 8-1,3-glucanase [(1—3)-B-glucan gluca-
nohydrolase, EC 3.2.1.39] gene promoter was specif-
ically active in the endosperm cap tissue of tobacco
seeds prior to radicle protrusion. They subsequently
confirmed that class I B-1,3-glucanase mRNA accu-
mulation, enzyme activity, and protein content in-
creased just prior to endosperm rupture and demon-
strated that both class I 8-1,3-glucanase induction and
endosperm rupture were inhibited by ABA (Leubner-
Metzger et al., 1995). A close correlation between class
I B-1,3-glucanase induction and endosperm rupture in
response to plant hormones and environmental fac-
tors affecting tobacco seed germination constituted
strong, but indirect, evidence that class I B-1,3-
glucanase may promote radicle protrusion (for re-
view, see Leubner-Metzger and Meins, 1999). More
direct evidence of a causal role for class I B-1,3-
glucanase during endosperm rupture of tobacco seeds
was obtained by sense transformation with a chimeric
ABA-inducible class I -1,3-glucanase transgene,
which promoted endosperm rupture upon ABA treat-
ment (Leubner-Metzger and Meins, 2000). Although
B-1,3-glucanase expression is often accompanied
by expression of chitinase [1, 4-(N-acetyl-B-p-
glucosaminide) glycanohydrolase, EC 3.2.1.14] in
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pathogenesis-related (PR) responses (see below), only
very low chitinase activity was detected in germinat-
ing tobacco seeds. The absence of significant chitinase
accumulation and the close relationship between
B-1,3-glucanase expression and completion of germi-
nation under diverse conditions led to the hypothesis
that B-1,3-glucanase contributed to the hydrolysis of
cell wall components resulting in endosperm weaken-
ing at the site of radicle protrusion (Vogeli-Lange et
al., 1994; Leubner-Metzger et al., 1995; Leubner-
Metzger and Meins, 1999).

B-1,3-Glucanase and chitinase are widely distrib-
uted in higher plants and have been found during
germination of pea (Pisum sativum; Petruzzelli et al.,
1999), barley (Hordeum vulgare; Ballance et al., 1976;
Hoj et al.,, 1988; Leah et al., 1991), maize (Zea mays;
Cordero et al., 1994), and wheat (Triticum aestivum;
Caruso et al., 1999). Their expression is regulated by
plant hormones that can also influence germination
(Rezzonico et al., 1998), and they are implicated in
other physiological and developmental processes, in-
cluding embryogenesis, microsporogenesis, flower-
ing, and abscission (for review, see Leubner-Metzger
and Meins, 1999; Neuhaus, 1999). Both B-1,3-
glucanase and chitinase are well known as PR pro-
teins, belonging to the PR-2 and PR-3 families, re-
spectively (van Loon, 1999). They are strongly
induced when plants respond to wounding or infec-
tion by fungal, bacterial, or viral pathogens, and
there is compelling evidence that -1,3-glucanase
and chitinase, acting alone and particularly in com-
bination, contribute to plant defenses against fungal
infection (for review, see Kombrink and Somssich,
1997; Leubner-Metzger and Meins, 1999; Neuhaus,
1999).

Tomato and tobacco are closely related members of
the Solanaceae, and both have been used as model
systems to investigate physiological and molecular
mechanisms of growth and development. Because
tomato has become a preferred model system for
studying seed germination physiology (Hilhorst et
al., 1998; Bradford et al., 2000), we wished to deter-
mine whether the B-1,3-glucanase and chitinase ex-
pression patterns characterized in tobacco also occur
in association with tomato seed germination and en-
dosperm cap weakening. Based on amino acid se-
quences of the mature proteins, the 3-1,3-glucanases
can be grouped into structural classes that differ in
sequence homology by at least 40% to 50% (Meins et
al., 1992; Simmons, 1994; Hej and Fincher, 1995). At
least three structural classes are identified for the
highly homologous B-1,3-glucanase isoforms of the
Solanaceous species tomato, tobacco, potato (Solanum
tuberosum), and pepper (Capsicum annuumy). Four cD-
NAs encoding p-1,3-glucanases have been isolated
from tomato. GluB encodes a basic 35-kD class I
B-1,3-glucanase that shares approximately 90% se-
quence identity with tobacco class I B-1,3-glucanases
(van Kan et al., 1992). The tomato GluB protein is an
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intracellular isoform that contains a characteristic
carboxy-terminal extension that mediates targeting
to the vacuole (van Kan et al., 1992, 1995; Neuhaus,
1999). GluA encodes an extracellular class II B-1,3-
glucanase of tomato (van Kan et al., 1992), and two
closely related class III B-1,3-glucanase genes
(TomPR-Q’a and TomPR-Q’b) were isolated from
viroid-infected tomato plants (Domingo et al., 1994).
The Solanaceous PR-3 chitinases similarly are classi-
fied on the basis of sequence identity (Meins et al.,
1992; Neuhaus, 1999) and several cDNAs encoding
tomato chitinases are known. Chi9 encodes a class I
chitinase and corresponds to a 30-kD intracellular
mature protein with approximately 90% sequence
identity to tobacco class I chitinases (Danhash et al.,
1993). A short carboxy-terminal extension shown to
be responsible for the targeting of tobacco class I
chitinase to the vacuole is present in the precursor
protein of tomato Chi9 (Danhash et al., 1993; Neu-
haus, 1999). The ¢cDNAs Chi3, Chil7, and Chi2;1
(identical to Chi14) encode class II tomato chitinases
(Danhash et al., 1993; Harikrishna et al., 1996).

Here, we report the identification, expression pat-
terns, tissue localization, and hormonal regulation of
B-1,3-glucanase and chitinase during germination of
tomato seeds. We also tested the possibility that these
enzymes are involved in endosperm cap weakening
using puncture force experiments and by studying
their ability to hydrolyze isolated cell walls. Al-
though class I isoforms of both -1,3-glucanase and
chitinase are expressed specifically in the endosperm
caps of tomato seeds prior to radicle emergence, we
conclude that it is unlikely that these enzymes are
directly involved in cell wall modification or tissue
weakening and discuss other possible roles during
germination.

RESULTS

Coordinate Accumulation of B-1,3-Glucanase and
Chitinase in the Micropylar Tissues of Germinating
Tomato Seeds

Highly sensitive radiometric assays were used to
measure the activities of B-1,3-glucanase and chiti-
nase in imbibed tomato seeds. [’H]Laminarin, an
algal B-1,3-glucan known to be digested by all -1,3-
glucanase isoforms (Kauffmann et al., 1987; Beffa et
al., 1993), was utilized for the 8-1,3-glucanase assays
and [°H]chitin as a substrate for chitinase. The re-
duced forms of these substrates were used, making
the activities measured specific for the endo-type
isoforms of these enzymes. B-1,3-Glucanase and
chitinase activities assayed in protein extracts from
tomato cv Moneymaker (MM) seeds began to in-
crease just prior to radicle emergence (Fig. 1). A
doubling of B-1,3-glucanase activity (Fig. 1A) and a
4-fold increase in chitinase activity (Fig. 1B) occurred
after 36 h of imbibition on water (1% = 0.1% germi-
nated) and activities continued to increase until at
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Figure 1. B-1,3-Glucanase and chitinase activity of the micropylar
region (endosperm cap and radicle tip) and the rest of tomato seeds
(lateral endosperm and embryo) during imbibition and germination.
A, Tomato cv Moneymaker seeds were imbibed in water at 25°C and
B-1,3-glucanase enzyme activity was assayed radiometrically using
reduced [*H]laminarin as substrate. B, Chitinase enzyme activity was
assayed in the same seeds using reduced [*H]chitin as substrate. C,
The time course of germination (radicle emergence) in water at 25°C.
Both germinated and ungerminated seeds were included in enzyme
extractions at each time point. Error bars indicate *sE.

least 60 h (43% = 5% germinated; Fig. 1C). The
increase in both activities occurred only in the micro-
pylar region, not in the rest of the tomato seed (Fig.
1, A and B). Thus, as in the case of germinating
tobacco seeds (Leubner-Metzger et al., 1995), B-1,3-
glucanase was expressed in the micropylar tissues of
tomato seeds just prior to radicle protrusion, but in
contrast to the situation in tobacco, coordinate ex-
pression of chitinase also occurs in tomato.

A Class I Isoform of B-1,3-Glucanase Is
Transcriptionally Induced Exclusively in the
Endosperm Caps of Germinating Tomato Seeds

When tomato class I (GluB) and class II (GIuA)
B-1,3-glucanase cDNAs isolated from tomato leaves
(van Kan et al., 1992) were used to screen a germi-
nating tomato seed cDNA library, only plaques hy-
bridizing with the GluB cDNA were identified. A
cDNA isolated from these plaques had a sequence
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identical to that of the GluB from tomato leaves used
to screen the library (data not shown). Northern blots
containing total RNA isolated from different tissues
of MM seeds at 0, 2, 12, 24, 36, 48, and 60 h after
imbibition were examined for expression of mRNAs
of different tomato 3-1,3-glucanase genes. An mRNA
band hybridizing to GluB, encoding a class I basic
vacuolar $-1,3-glucanase (van Kan et al., 1992), was
first detectable at 24 h after imbibition in water and
increased until at least 48 h after imbibition (Fig. 2).
The GluB mRNA was restricted to the tomato en-
dosperm cap tissue only, not being detected in radi-
cle tips or in the remaining seed tissues. On the other
hand, GIuA mRNA, which is translated into a 33-kD
class II acidic extracellular -1,3-glucanase (van Kan
et al., 1992), was not detected in germinating tomato
seeds (Fig. 2). Moreover, mRNAs of Torn PR-Q’a and
Tom PR-Q’D, two class III B-1,3-glucanases (Domingo
et al., 1994), were not expressed appreciably during
tomato seed germination (data not shown).

The tissue localization of class I -1,3-glucanase
mRNA within tomato seeds was further confirmed
by tissue printing (McClure and Guilfoyle, 1989;
Nonogaki et al., 2000). In agreement with the north-
ern blots of RNA extracted from dissected seed parts
(Fig. 2), GluB antisense RNA probes hybridized only
to the endosperm cap tissue (Fig. 3A).

A rabbit polyclonal antiserum directed against to-
bacco class I B-1,3-glucanase was used for immuno-
blot analysis of protein expression during tomato
seed germination. The antiserum detected the class I,
II, and III tobacco isoforms of the enzyme (Neuhaus
et al., 1992; Beffa et al., 1993) and cross-reacted with
purified tomato homologs (Fischer et al., 1989). The
antiserum identified a major 35-kD protein band in
tomato seed protein extracts (Fig. 4A), corresponding
in size to tomato class I 8-1,3-glucanase (GluB, 35 kD;
van Kan et al., 1992). The intensity of this signal
increased in endosperm caps from 24 through 60 h in
parallel with the increase in 8-1,3-glucanase enzyme
activity and accumulation of GIuB mRNA, whereas
the 35-kD protein, GIuB mRNA, and enzyme activity
were not detected in the rest of the seed (Figs. 1A, 2,
3A, and 4A). When added to protein extracts from
tomato micropylar regions, the tobacco antibody
blocked all of the induced B-1,3-glucanase activity
(data not shown), indicating that it is detecting a
tomato 3-1,3-glucanase. In addition, when GluB pro-
tein was expressed in bacteria as a fusion with
maltose-binding protein (42.7 kD), the antiserum de-
tected both the purified fusion protein (77 kD) and
the cleaved GluB protein (35 kD; Fig. 4B), demon-
strating that the antiserum can detect authentic to-
mato GluB. Additional fainter bands at 78, 61, and 51
kD are present in extracts from both the endosperm
cap and the rest of the seed (Fig. 4A). However, their
spatial and temporal presence does not match with
the accumulation pattern of 8-1,3-glucanase activity.
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Figure 2. Gel-blot hybridization assays of RNA from dissected tissues of tomato cv Moneymaker seeds using riboprobes from
cDNAs of different classes of tomato B-1,3-glucanases or chitinase: GluB (class | basic intracellular -1, 3-glucanase); GIuA
(class Il acidic extracellular -1, 3-glucanase); and Chi9 (class | basic intracellular chitinase). G46 is a cDNA for a ribosomal
protein used to demonstrate equal loading of the lanes (Cooley et al., 1999). Seeds were imbibed for the indicated times in
water prior to dissection and extraction of RNA. Total RNA (10 ug) was loaded in each lane. The RNA sample of dry (0 h)
micropylar region tissues includes endosperm caps and radicle tips. In addition, no signal was detected using probes for Tom
PR-Q’a (class Il acidic B-1, 3-glucanase), Tom PR-Q’b (class Il basic B-1, 3-glucanase), Chi3 and Chi17 (class Il acidic
extracellular chitinases), or Chi2;1 (Chi14; class Il basic chitinase) (data not shown).

Together, these results demonstrate convincingly
that the endo-type B-1,3-glucanase activity that ap-
pears specifically in the tomato endosperm cap prior
to radicle emergence is due to the expression of the
class I GluB gene and that expression is regulated
primarily at the level of transcription.

A Class I Isoform of Chitinase Is Transcriptionally
Induced in the Endosperm Caps and Radicle Tips of
Germinating Tomato Seeds

Only mRNA hybridizing to the tomato class I basic
chitinase ¢cDNA (Chi9) encoding an intracellular
chitinase (Danhash et al., 1993) was detected in RNA
samples from imbibed tomato seeds (Fig. 2). Chi9
mRNA first appeared at 24 h of imbibition and accu-
mulated from 36 through 60 h. Like GluB, Chi9
mRNA accumulated primarily in the endosperm
caps, although it was also present at lower abun-
dance in radicle tips (Fig. 2). This localization of Chi9
mRNA was confirmed by tissue printing, where a
strong signal was present in the endosperm cap re-
gion and a weaker signal was detected in the radicle
tip (Fig. 3C). No hybridization was detected in the
rest of the seed. Among the other chitinase genes
tested, no accumulation of class II acidic extracellular
chitinase mRNAs (Chi3 and Chil7) or of class II basic
extracellular chitinase mRNA (Chi2;1 = Chil4;
Danhash et al., 1993; Harikrishna et al., 1996) was
detected in any seed tissues (data not shown).
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Immunoblot analysis using an antiserum to to-
bacco class I chitinase that detects the class I but not
the other chitinase isoforms of tobacco (Shinshi et al.,
1987; Beffa et al., 1995) detected a major 33-kD band
in tomato micropylar tissue extracts that accumu-
lated in parallel with increasing chitinase activity
(Fig. 4C). In addition, a 30-kD band could be seen
after longer imbibition times. However, no chitinase
protein accumulation was detected in the rest of the
seed over the same period (Fig. 4C). Additional
bands at molecular mass positions greater than ap-
proximately 55 kD were sometimes detected, but
their appearance did not correlate with chitinase ac-
tivity. When Chi9 protein was expressed in bacteria
as a fusion with maltose-binding protein, the anti-
serum detected both the purified fusion protein and
the cleaved Chi9 protein (Fig. 4D), demonstrating
that the antiserum can detect authentic tomato Chi9.

In parallel with the results for GluB, the chitinase
activity that appears in the tomato endosperm cap
and radicle tip prior to radicle emergence is due to
expression of the class I Chi9 gene, and expression is
regulated primarily at the level of transcription.

B-1,3-Glucanase and Chitinase Induction in the
Micropylar Regions of gib-1 Tomato Seeds
Requires Gibberellin (GA)

Germination of the GA-deficient gib-1 tomato mu-
tant requires supplementary GA (Fig. 5B, inset; Groot
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Figure 3. Localization of tomato class | B-1,3-glucanase and chiti-
nase mRNAs in individual tomato cv Moneymaker seeds by tissue
printing. After 48 h of imbibition in water at 25°C, individual unger-
minated tomato seeds were bisected and the cut surface of each half
was printed directly on separate nylon membranes. The mirror-image
tissue prints were then hybridized with antisense (A and C) or sense
(B and D) riboprobes for class | tomato B-1,3-glucanase (GluB; A and
B) or class | chitinase (Chi9; C and D).

and Karssen, 1987). Only very low enzyme activities
or protein accumulations of both B-1,3-glucanase
(Fig. 5A) and chitinase (Fig. 5B) were detected in any
part of water-imbibed gib-1 seeds during the first 48 h
of imbibition. However, when imbibed in 100 um
GA, .y, which initiated seed germination, B-1,3-
glucanase and chitinase activities as well as the cor-
responding class I antigens increased to levels similar
to that in wild-type MM seeds, and in the same
tissue-localized manner (Fig. 5). The micropylar re-
gion, but not the rest of the seed, showed increases in
enzyme activities and protein amounts for both en-
zymes in the presence of GA. Results were the same
when calculated on a protein basis or on a seed part
basis (data not shown).

ABA Suppresses Both mRNA and Protein
Accumulation of -1,3-Glucanase, But Not of
Chitinase, in Germinating Tomato Seeds

In tobacco, ABA inhibited class I B-1,3-glucanase
gene expression in imbibed seeds, but chitinase was
not expressed even in the absence of ABA (Leubner-
Metzger et al., 1995). Because ABA is effective in
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inhibiting germination but does not block endo-$-
mannanase expression in tomato seeds (Dahal et al.,
1997; Nonogaki et al., 2000), it was of interest to
determine the effect of ABA on GIuB and Chi9 ex-
pression in tomato. GluB mRNA abundance in seeds
imbibed in 100 uMm ABA was 68% and 27% of that in
water-imbibed seeds at 36 and 60 h, respectively (Fig.
6A). In addition, both B-1,3-glucanase activity and
protein accumulation in micropylar tissues of MM
seeds were suppressed by ABA (Fig. 7A). Chi9
mRNA accumulation, however, was essentially un-
affected in either endosperm caps or radicle tips by
imbibition in the ABA solution (Fig. 6B), and chiti-
nase activity and protein accumulation were not sig-
nificantly altered (Fig. 7B). These results were con-
firmed by experiments showing that although
increasing concentrations of ABA proportionately in-
hibited both germination and G/uB mRNA accumu-
lation, the abundance of Chi9 mRNA was relatively
unaffected by up to 100 um ABA (data not shown).

Tomato Endosperm Cap Weakening Is Not
Inhibited by ABA

A prediction of the hypothesis of Leubner-Metzger
et al. (1995) is that if B-1,3-glucanase contributes to
tomato endosperm weakening, the force required to
puncture the endosperm cap should be reduced co-
incident with increasing pB-1,3-glucanase activity.
Therefore, we compared the change in puncture force
of germinating tomato endosperm caps in water with
those imbibed in 100 um ABA. Although ABA inhib-
ited MM tomato seed germination and p-1,3-
glucanase accumulation, physical weakening of en-
dosperm caps was neither prevented nor delayed
(Fig. 8). Furthermore, the decline in endosperm cap
strength began within 12 h of imbibition (Fig. 8), well
before the increase in either 8-1,3-glucanase or chiti-
nase activity (Fig. 1).

B-1,3-Glucanase and Chitinase Do Not Hydrolyze
Isolated Tomato Endosperm Cell Walls

Another question relevant to the roles of B-1,3-
glucanase and chitinase in germination is whether
there are substrates in the endosperm cell walls on
which they can act, potentially contributing to tissue
weakening. To test this, cell walls were isolated from
tomato endosperm caps directly after the start of
imbibition and were incubated with the enzymes.
Table I shows the amounts of reducing sugars re-
leased from the cell walls incubated with class I
B-1,3-glucanases and/or chitinases of tomato and to-
bacco. Defined substrates (carboxymethyl [CM]-
pachyman and CM-chitin-Remazol Brilliant Violet
5R [RBV]) were used to confirm enzyme activity, and
bacterially expressed tomato endo-B-mannanase fu-
sion protein (pMAL-LeMAN2) was a positive control
enzyme known to be active on isolated endosperm
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Figure 4. B-1,3-Glucanase and chitinase protein accumulation in the micropylar region and the rest of tomato seeds during
imbibition and germination. Tomato cv Moneymaker seeds were imbibed in water at 25°C for the times indicated. Western
blots of tomato seed proteins are shown using antiserum to tobacco class | B-1,3-glucanase (A) and to tobacco class |
chitinase (C), respectively. The left-most lane in A contains authentic tobacco 33-kD class | B-1,3-glucanase (GIn ) and in
C contains tobacco class | chitinase A (34 kD) and chitinase B (32 kD; Chn I). The bacterially expressed fusion proteins of
maltose-binding protein and tomato B-1,3-glucanase (pMAL-GluB; B) and of maltose-binding protein and chitinase
(PMAL-Chi9; D) were immunoblotted with the antisera used in A and C, respectively. The left lanes in B and D were loaded
with the purified fusion proteins (approximately 77 kD), whereas the right lanes were loaded with the same samples after
protease cleavage of the fusion protein to separate the maltose-binding protein from the tomato proteins.

cap cell walls (Nonogaki et al., 2000). Both bacterially
expressed pMAL-GluB or purified tobacco B-1,3-
glucanase released large amounts of reducing sugars
into reaction buffer when compared with their boiled
counterparts using defined substrate. Because there
was no statistical difference between boiled and
blank samples, the boiling treatment was effective in
eliminating the activities of these f-1,3-glucanases.
Similar data were obtained from defined substrate
incubated with either bacterially expressed tomato
chitinase or purified tobacco chitinase, although the
activity remaining after boiling was somewhat
higher (Table I). However, there were no significant
differences between active and boiled enzyme sam-
ples when endosperm cap cell walls were used as a
substrate for B-1,3-glucanase, chitinase, or both en-
zymes together (Table I). The isolated cell walls,
which were composed of approximately 60% Man,
20% Glc, 12% Ara, and 5% Gal (Dahal et al., 1997),
were hydrolyzed by endo-B-mannanase (pMAL-
LeMAN?2) (Table I). Because LeMAN2 is induced
earlier following imbibition than is GluB (Nonogaki
et al., 2000; Figs. 1, 2), it is possible that endo-8-
mannanase action on the cell walls is required to
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expose substrates for GluB. However, pMAL-GluB
did not hydrolyze the cell wall material remaining
after extensive incubation with pMAL-LeMAN?2 (Ta-
ble I).

DISCUSSION

In agreement with previous results with tobacco
(Vogeli-Lange et al., 1994; Leubner-Metzger et al.,
1995, 1996), B-1,3-glucanase mRNA, protein, and en-
zyme activity were expressed specifically in the mi-
cropylar endosperm at an early stage of tomato seed
germination. However, in contrast to the case with
tobacco seeds, where little chitinase activity was de-
tected in imbibed seeds (Leubner-Metzger et al.,
1995), chitinase mRNA, protein, and enzyme activity
accumulated in the micropylar region of imbibed and
germinating tomato seeds essentially in parallel with
B-1,3-glucanase. Although the majority of chitinase
mRNA was present in the endosperm cap tissue, a
smaller accumulation of mRNA occurred also in the
radicle tips. Thus, both 8-1,3-glucanase and chitinase
were expressed in tomato seeds prior to radicle emer-
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Micropylar Region Rest of Seed Figure 5. Enzyme activities and imr'n.unoblot as-
says of B-1,3-glucanase (A) and chitinase (B) of
gib-1 tomato seeds after different imbibition

H20 GA HZO aA times in water or in 100 um GA,, , at 25°C. The
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gence specifically in the endosperm cap tissue under-
going weakening or in the adjacent radicle tip.
Several lines of evidence support the conclusion
that increases in -1,3-glucanase and chitinase activ-
ities during tomato seed germination result from
transcriptional induction of the class I isoforms of
these enzymes. Only cDNAs hybridizing to the class
I B-1,3-glucanase GluB gene were identified by
screening a germinating seed cDNA library. North-
ern analyses using specific cDNAs representing the
known classes of tomato -1,3-glucanase and chiti-
nase genes (van Kan et al., 1992; Danhash et al., 1993;
Harikrishna et al., 1996) revealed mRNA accumula-
tion for the GIuB gene and the class I chitinase Chi9
gene, but no accumulation of the known class II
(GluA, Chi3, Chil7, and Chi2;1) and class III (TomPR-
Q’a and TomPRQ’b) mRNAs was detected. GluB
mRNA expression was localized exclusively in the
micropylar endosperm and correlated temporally
and spatially with the accumulation of endo-type
B-1,3-glucanase activity and of a major 35-kD immu-
noreactive protein in this tissue, which strongly sug-
gests that it is the class I §-1,3-glucanase (GluB, 35
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36 48 12

24 36 48

kD) reported by van Kan et al. (1992). Enzyme activ-
ity inhibition experiments using this antiserum fur-
ther support the view that the class I-type GluB gene
accounts for most, if not all, of the tomato seed endo-
B-1,3-glucanase activity. Similar mRNA and immu-
nological evidence indicates that the accumulation of
endo-type chitinase activity and of a 33-kD protein is
due to the induction of the class I Chi9 chitinase gene.
Only Chi9 mRNA was detected in tomato seeds, and
because tomato and tobacco class I chitinases share
approximately 90% amino acid sequence identity, it
is likely that the anti-tobacco class I chitinase anti-
serum, which does not detect the other tobacco iso-
forms (Shinshi et al., 1987; Beffa et al., 1995), cross-
reacted with the tomato class I chitinase Chi9. A
30-kD antigen also detected during late imbibition
was likely due to posttranslational processing, as
already described for Chi9 (Sticher et al.,, 1992;
Danhash et al., 1993). Finally, the differential effects
of ABA on GIluB and Chi9 expression (see below) are
consistent with the regulation of the corresponding
class I genes in tobacco cells (Rezzonico et al., 1998).
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Figure 6. Gel blot analyses of tomato class |
B-1,3-glucanase (A) and class I chitinase (B)
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Our results do not agree with those of Moroha-
shi and Matsushima (2000), who detected B-1,3-
glucanase activity in micropylar tissues of tomato cv
First Up seeds only after radicle protrusion had oc-
curred, and chitinase activity was low and did not
increase during germination. Our time course exper-
iments using specific cDNAs for the known struc-
tural classes of tomato B-1,3-glucanases and chiti-
nases and antisera for Solanaceous $-1,3-glucanases
and chitinases revealed that the mRNAs, proteins
and enzyme activities of the class I isoforms of 5-1,3-
glucanase and chitinase began to increase in the mi-
cropylar endosperm cap prior to radicle protrusion.
Tissue prints clearly illustrated the presence of GluB
and Chi9 mRNAs in the micropylar tissues prior to
radicle emergence (Fig. 3). We found that the reduc-
ing sugar and colorimetric activity assays used by
Morohashi and Matsushima (2000) were less sensi-
tive than the radiometric assays employed here (data
not shown). This, or differences between the tomato
cultivars used, may explain why the initial increases
in both B-1,3-glucanase and chitinase activities that
we detected prior to radicle emergence were not seen
in their study.

Gibberellin and ABA differentially affected the ex-
pression of B-1,3-glucanase and chitinase during to-
mato seed germination. Gibberellin-deficient gib-1
mutant seeds cannot complete germination unless
exogenous GA is provided (Groot and Karssen,
1987). B-1,3-glucanase activity and protein amounts
also increased prior to the initiation of radicle emer-
gence only in GA-treated seeds (Fig. 5). GA-induced
germination of tobacco seeds in the dark similarly
was associated with class I 8-1,3-glucanase accumu-
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lation (Leubner-Metzger et al., 1996). However, in
contrast to tobacco seeds, GA also resulted in an
increase in chitinase protein and activity in gib-1
tomato seeds coinciding with the initiation of radicle
emergence (Fig. 5). Although these results are con-
sistent with the induction of a number of hydrolytic
enzymes in the tomato endosperm cap in response to
GA (Groot et al., 1988; Bradford et al., 2000), they are
not proof that GA directly induces expression of class
I B-1,3-glucanase and chitinase. Because the response
of these genes to GA is 12 to 24 h slower than that of
endo-B-mannanase (LeMAN2; Nonogaki et al., 2000)
or expansin (LeEXP4; Chen and Bradford, 2000)
genes, it is possible that expression of GluB and Chi9
is a consequence of the stimulation of germination by
GA, rather than being a direct response to GA.

In contrast to the effect of GA, ABA inhibited seed
germination and the expression of class I B-1,3-
glucanase of tomato (Figs. 6 and 7) and tobacco
(Leubner-Metzger et al., 1995). Furthermore, sense
transformation of tobacco with a chimeric ABA-
inducible class I B-1,3-glucanase transgene resulted
in the promotion of endosperm rupture upon ABA
treatment, providing evidence that class I (-1,3-
glucanase contributes to endosperm rupture of to-
bacco seeds (Leubner-Metzger and Meins, 2000).
However, in tomato seeds endosperm weakening
was unaffected by ABA (Fig. 8), whereas p-1,3-
glucanase activity was largely inhibited, and weak-
ening was initiated well before any increase in $-1,3-
glucanase activity was evident. Therefore, it is
unlikely that the enzyme is directly involved in the
initial weakening of tomato endosperm caps. Chiti-
nase, on the other hand, was not expressed during
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Micropy|ar Region Rest of Seed Figure 7. Enzyme assays and protein gel-blot
analyses of tomato class | B-1,3-glucanase (A)
and class | chitinase (B) in response to 100 um
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tobacco seed germination (Leubner-Metzger et al.,
1995), and its expression in tomato seeds was unaf-
fected by ABA (Figs. 6 and 7). Because tobacco seeds
germinate without appreciable chitinase activity, and
tomato seeds were inhibited from germinating by
ABA without any effect on chitinase expression, it is
unlikely that chitinase plays a mechanistic role in the
germination process.

If B-1,3-glucanase and chitinase were to be involved
in cell wall degradation associated with endosperm
rupture, substrates for these enzymes should be
present in cell walls of the endosperm cap. B-1,3-
Glucan (callose) is present in large quantities in the
outer cell walls of the endosperm of muskmelon seeds
(Yim and Bradford, 1998) and in seed coats of other
species (e.g. Bhalla and Slattery, 1984; Bevilacqua et
al., 1987). It is also present as small callosic deposits
scattered through the starchy endosperm of cereal
caryopses (Hej and Fincher, 1995). However, -1,3-
glucan was not detected in tomato seeds by histo-
chemical staining with aniline blue (Beresniewicz et
al., 1995; K.O. Yim and K.J. Bradford, unpublished
data). Although chitin is not thought to be a compo-
nent of plant cell walls, a possible target for chitinase
includes arabinogalactan proteins that are proposed to
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have multiple roles in plant development, including
embryogenesis (e.g. Domon et al., 2000; Majewska-
Sawka and Nothnagel, 2000). To test whether sub-
strates for these enzymes might be present, crude cell
walls isolated from tomato endosperm caps dissected
from seeds soon after the start of imbibition were
treated with -1,3-glucanase and chitinase from to-
mato or tobacco. We did not detect significant release
of reducing sugars from isolated cell walls with these
B-1,3-glucanases or chitinases used either alone or in
combination (Table I). Thus, we found no evidence of
substrates for -1,3-glucanase or chitinase in tomato
endosperm cap cell walls.

It has been proposed that tomato endosperm cap
weakening is a biphasic process (Karssen et al., 1989;
Toorop et al., 2000). The first phase is characterized
by major ABA-independent weakening and is asso-
ciated with endosperm cap-specific expression of
endo-pB-mannanase (Nonogaki et al., 2000), expansin
(Chen and Bradford, 2000), and xyloglucan endo-
transglycosylase (Bradford et al., 2000) genes. A sec-
ond phase just prior to radicle emergence is proposed
to be under the control of ABA and could involve
further weakening of the endosperm cap by other
enzymes. If there is a second ABA-sensitive phase of
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Figure 8. Time course of the decrease in endosperm cap puncture
force of tomato cv Moneymaker seeds incubated in water or 100 um
ABA at 25°C. The endosperm caps were dissected from ungermi-
nated seeds imbibed for the indicated times.

tomato endosperm cap weakening, inhibition of
B-1,3-glucanase expression by ABA would be consis-
tent with the hypothesis that this enzyme is involved
in the final processes that control radicle protrusion.
However, while the tomato pregerminative endo-g-
mannanase fusion protein (pMAL-LeMAN2; Non-
ogaki et al., 2000) released reducing sugars into the
incubation buffer from isolated endosperm cap cell
walls, the remaining wall material was not suscepti-
ble to hydrolysis by B-1,3-glucanase (Table I).
Whether B-1,3-glucanase contributes to a second
phase of endosperm weakening in tomato seed ger-
mination remains to be demonstrated.

On the other hand, the simultaneous and tissue-
specific expression of both B-1,3-glucanase and chiti-
nase in germinating tomato seeds suggests that they
may represent a prophylactic mechanism for protec-
tion against microbial infection, as has been pro-
posed previously (Hgj et al., 1988; Fincher, 1989; Leah
et al.,, 1991; Cordero et al.,, 1994; Hoj and Fincher,
1995; Caruso et al.,, 1999; Petruzzelli et al., 1999;
Morohashi and Matsushima, 2000). In addition to the
physical barriers, such as lignified testae or pericarp
tissues, that are effective during seed dispersal, ger-
minating seeds may utilize physiological strategies to
counter microbial invasion, as a germinating seed
containing carbohydrate, protein, and lipid reserves
is an attractive target for microorganisms in the sur-
rounding soil. Because both B-1,3-glucanase and
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chitinase are induced specifically in the micropylar
endosperm of germinating tomato seeds just prior to
radicle emergence, it is feasible that they are ex-
pressed in anticipation of radicle penetration through
this tissue, which will expose the inner tissues of the
seed and create an avenue for entry of microorgan-
isms into the storage reserves of the lateral en-
dosperm. The localized expression of 3-1,3-glucanase
and chitinase in the endosperm tissues that will be in
direct contact with the biotic environment might con-
stitute an effective barrier to microbial entry into the
seed. There is compelling evidence that B-1,3-
glucanase and chitinase, acting directly by degrading
pathogen cell walls or indirectly by releasing oligo-
saccharide elicitors of defense reactions, can help
defend plants against fungal infection (e.g. Leah et
al., 1991; Jach et al., 1995; Jongedijk et al., 1995; Law-
rence et al.,, 1996). Concentrating such a defensive
mechanism in the “front-line” tissues of the micro-
pylar endosperm would obviate the need to mount a
similar defense throughout the remaining en-
dosperm tissue, particularly because the defense
would only be required until the latter had been
mobilized to the growing seedling.

The functions of 8-1,3-glucanase and chitinase dur-
ing tomato seed germination remain unresolved.
Does their presence actually deter microbial infection
during seed germination? Are they a wound re-
sponse to cell wall hydrolysis during endosperm cap
weakening? Do B-1,3-glucanase and/or chitinase re-
lease elicitor oligosaccharides that serve as signaling
molecules in the regulation of the final step of radicle
protrusion? What signals regulate expression of these
genes to so precisely localize their appearance in
space and time? To what extent do the enzymes and
their localization vary from species to species in
seeds with endosperm-limited germination? Further
studies are in progress to address these questions.

MATERIALS AND METHODS
Plant Material and Seed Germination

Seeds of both tomato (Lycopersicon esculentum Mill. cv
Moneymaker) and its isogenic GA-deficient gib-1 mutant
were produced in the field in Davis, CA. After extraction
and drying, the seeds were stored at —20°C until used. As
described previously (Ni and Bradford, 1993), tomato seeds
were sown on two layers of germination blotters in 9-cm-
diameter petri dishes moistened with 12 mL of distilled
water, GA,, , (Abbott Laboratories, North Chicago), or (*)
ABA (Sigma, St. Louis) solution and incubated at 25°C in
the dark.

Tomato seeds were dissected into either two parts (mi-
cropylar region and the rest of seed containing the lateral
endosperm and the remainder of the embryo) for protein
extraction or into three parts (the endosperm cap, radicle
tip, and the rest of seed) for RNA isolation (Nonogaki et al.,
1992; Cooley et al., 1999) after different imbibition times at
25°C. Tissues were frozen immediately in liquid nitrogen
upon dissection and stored at —80°C until used.
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Table I. Activity of tomato and tobacco class | B-1,3-glucanase and class | chitinase on defined substrates and on isolated tomato en-
dosperm cap cell walls

Tomato B-1,3-glucanase expressed in bacteria as a fusion protein with maltose-binding protein (pMAL-GluB), B-1,3-glucanase purified from
tobacco leaves (Gln), bacterially expressed tomato chitinase fusion protein (pMAL-Chi9), chitinase purified from tobacco leaves (Chn),
combinations of the expressed (GluB + Chi9) and purified (GIn + Chn) enzymes, and bacterially expressed tomato endo-B-mannanase fusion
protein (PMAL-LeMAN2) were incubated for 36 h at 30°C with the indicated substrates and reducing sugars released were quantified after
trifluoroacetic acid hydrolysis. Tomato Moneymaker seeds directly after the start of imbibition were used to isolate endosperm cap cell walls,
which were incubated with the enzymes as indicated. LeMAN2 — GluB: cell walls first incubated with endo-B-mannanase and the remaining
insoluble material incubated with pMAL-G1uB. Means = st (n = 3) are shown. Means within each substrate category (columns) were compared
first by ANOVA, and if significant, mean differences were identified by Duncan’s Multiple Range Test. Means within each substrate group
followed by the same letter are not significantly different (P < 0.05).

Substrate
Fnzyme Botled CM-pachyman CM-chitin-RBV Endosperm cap
cell walls
g Glc-equivalent reducing sugars

None - 3.8 + 0.3¢ 21.2 =43P 3.3 = 0.4°

pPMAL-GluB No 240 = 12° - 3.6 +0.2°
Yes 6.6 * 0.6° - 4.1 +0.3%¢

Tobacco Gln No 491 = 12° - 3.8 £ 0.5¢

Yes 7.0 = 0.3¢ - 3.6 + 0.4°

PMAL-Chi9 No - 36.2 = 0.9 3.5 +0.4°
Yes - 23.7 = 0.4° 45 *0.6%¢

Tobacco Chn No - 44.0 = 1.6° 7.9 = 0.6>°d
Yes - 23.6 +1.7° 5.4 + 0.9
GluB + Chi9 No - - 7.0 = 1.1>cde
Yes - - 6.8 = 0.7Pcde

Gln + Chn No - - 10.4 = 0.9"
Yes - - 8.7 * 0.4>¢

pPMAL-LeMAN2 No - - 74.2 =212
Yes - - 5.1 + 0.5

LeMAN2 — GluB No - - 3.4 +0.8°

Yes - — 3.3 £0.2¢

Preparation of Protein Extracts

Each protein sample replicate was prepared from a batch
of 500 tomato seeds with three replications for each time
point. Tissue extracts were prepared and clarified as de-
scribed by Leubner-Metzger et al. (1995). In brief, tissues
were first homogenized with a prechilled mortar and pestle
and transferred to a tube containing 1 mL (for micropylar
tissues) or 4 mL (for the rest of seed tissues) of extraction
buffer (200 mm Tris/HCl, 0.25 mm EDTA, 5 mwm 1,
4-dithiothreitol, and 1 mm phenylmethylsulfonyl fluoride
[pH 8.0]). The homogenate was centrifuged at 12,000g at
4°C for 15 min. The supernatant was retained and repre-
sented the soluble protein fraction. Protein concentration
was determined by the Bradford reagent (Bio-Rad, Her-
cules, CA) using bovine gamma globulin as standard. All
samples were stored at —80°C until used.

B-1,3-Glucanase and Chitinase Activity Assays

B-1,3-Glucanase and chitinase activities were assayed
radiometrically using [*H]laminarin and [*H]chitin re-
duced with NaBHj; as the substrates, respectively, as de-
scribed in Keefe et al. (1990). Purified tobacco (Nicotiana
tabacum) class I B-1,3-glucanase and chitinase were used to
calibrate the activity assays.
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Protein Gel-Blot Analysis

SDS-PAGE was performed using 5% (w/v) acrylamide
stacking gels and 10% (w/v) separation gels [1.5% (w/w)
N,N’-methylene-bis(acrylamide)] according to Laemmli
(1970). Equal volumes (5 uL) of the soluble protein extracts
were applied to each lane. Purified tobacco class I -1,3-
glucanase (33 kD) or class I chitinase A and B proteins (32
or 34 kD; 10 ug per lane) were used as positive controls.
Proteins were electrotransferred from SDS-PAGE gels to
polyvinylidene fluoride membranes (Immobilon-P, Milli-
pore, Bedford, MA) in 20% (v/v) methanol, 48 mm Tris, 39
mwM Gly, and 0.0375% (w/v) SDS via a semidry system
(Trans-Blot SD, Bio-Rad). The membranes were saturated
with 5% (w/v) skim milk in phosphate buffered saline
(12.5 mMm sodium phosphate and 150 mm NaCl, pH 7.4)
overnight, then were incubated with either rabbit anti-
tobacco B-1,3-glucanase antiserum or rabbit anti-tobacco
chitinase antiserum at 1:1,000 dilution in blocker at 25°C for
1 h. The tobacco B-1,3-glucanase antibody used for immu-
noblot analyses detects the class I, II, and III isoforms of
tobacco B-1,3-glucanase (Neuhaus et al., 1992; Beffa et al.,
1993); however, the tobacco chitinase antibody was specific
for tobacco class I chitinase only (Shinshi et al., 1987; Beffa
et al., 1995). Antigen-antibody complexes were detected by
incubating with a 1:2,000 dilution of goat anti-rabbit IgG-
horseradish peroxidase secondary antibody (Sigma) in
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blocker for 1 h at 25°C. Detection of the complexes was by
chemiluminescence using the Renaissance western-blot
chemiluminescence reagents (DuPont-NEN, Boston). After
detection, the membranes were stained with 0.5% (w/v)
amido black and destained in 40% (v/v) methanol and 10%
(v/v) glacial acetic acid solution to show protein profiles.

RNA Gel-Blot Analysis

Total RNA was isolated from batches of 1,000 to 1,500
seed parts by the phenol/SDS method (Ausubel et al.,
1987). The RNA concentration was determined by UV ab-
sorbance. The denatured RNA samples were fractionated
by electrophoresis through 1.3% (w/v) formaldehyde-
agarose gels and transferred to a nylon membrane (Hy-
bond N*; Amersham Pharmacia Biotech, Piscataway, NJ).
The hybridization probes used were: tomato class I basic
intracellular B-1,3-glucanase (GluB, accession no. M80608),
tomato class II acidic extracellular B-1,3-glucanase (GIuA,
accession no. M80604; van Kan et al., 1992), tomato class III
acidic B-1,3-glucanase (Tom PR-Q’a, accession no. X7405),
tomato class III basic 8-1,3-glucanase (Tom PR-Q’b, accession
no. X74906), tomato class I basic intracellular chitinase (Chi9,
accession no. Z15140), tomato class II acidic extracellular
chitinase (Chi3, accession no. Z15141), tomato class II acidic
extracellular chitinase (Chi17, accession no. Z15139; Danhash
et al., 1993), and tomato class II basic chitinase (Chi2;1 =
Chil4, accession no. U30465; Harikrishna et al., 1996). A
tomato cDNA (G46) detecting a constitutively expressed
mRNA coding for a ribosomal protein (Cooley et al., 1999),
was used as RNA equal-loading control. After prehybrid-
ization in 6X SSC (1X SSC is 0.15 m NaCl and 0.015 m
sodium citrate), 0.5% (w/v) SDS, 1X Denhardt’s reagent,
and 0.1 mg mL ™' denatured salmon sperm DNA at 68°C, the
blots were hybridized with *P-labeled riboprobes prepared
from EcoRI- (GluA, GluB, Tom PR-Q’b, Chi3, and Chil7),
BamHI- (Chi9 and G46), Smal- (Tom PR-Q’a), or Xhol- (Chi2;1)
linearized plasmids by in vitro transcription using MAXIs-
cript kits (Ambion, Inc., Austin, TX). Hybridized mem-
branes were washed with 2X SSC and 0.1% (w/v) SDS at
room temperature for 30 min, and then with 1X SSC and
0.1% (w/v) SDS at 68°C for 30 min, followed by three
washes with 0.2X SSC and 0.1% SDS at 68°C for 30 min, and
analyzed by autoradiography (Sambrook et al., 1989). The
intensity of labeling was measured with a Storm Phospho-
Imager (Molecular Dynamics, Sunnyvale, CA) and is ex-
pressed in arbitrary units.

Tissue Printing

Tissue printing was conducted as described previously
(Nonogaki et al., 2000). Imbibed tomato seeds were longi-
tudinally bisected and the cut surface of each half-seed was
pressed onto separate positively charged nylon membranes
(Hybond N; Amersham Pharmacia Biotech) for 60 s. The
digoxigenin-labeled riboprobes were synthesized sepa-
rately from both sense and antisense strands of tomato
class I B-1,3-glucanase (GluB; van Kan et al., 1992) or chiti-
nase (Chi9; Danhash et al., 1993) cDNAs through in vitro
transcription (Boehringer Mannheim, Indianapolis). After
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UV cross linking, prehybridization, hybridization, wash-
ing, and detection were performed following the manufac-
turer’s guidelines (Boehringer Mannheim) except that the
signal was colorimetrically detected using 0.025 mg mL !
5-bromo-4-chloro-3-indolyl-phosphate, 0.1 mg mL ' ni-
troblue tetrazolium, and 2 mm MgCl, in 0.18 M Tris-HCI
buffer, pH 8.8. One membrane was hybridized with the
antisense probe and its counterpart print was hybridized
with sense probe as a control for nonspecific binding.

c¢DNA Library Screening

A cDNA library constructed from mRNA from gib-1
tomato seeds imbibed in 100 um GA, ., , for 24 h (Nonogaki
et al., 2000) was screened with a-(*?P)-dATP-labeled GluA
or GluB probes made from a random priming reaction.
Phagemids (pBK-CMYV) containing cloned DNA inserts
were isolated from positive AZAP plaques by in vivo exci-
sion following infection of Escherichia coli cells with R408
helper phage, according to the manufacturer’s instructions
(Stratagene, La Jolla, CA). The cDNAs were sequenced at
the Advanced Plant Genetics Facility (University of Cali-
fornia, Davis).

Puncture Force Determination

The strength, i.e. puncture force, of tomato endosperm
caps was measured using a TA-XT2 Texture Analyzer (Sta-
ble Micro Systems, Godalming, UK) fitted with a custom-
made steel probe (0.5 mm diameter) according to Groot
and Karssen (1987). After different imbibition times, seeds
were bisected and the embryonic axes were removed from
the micropylar halves. The micropylar tip was then placed
on the probe and the force required for probe penetration
through the cap was measured. Each time point represents
the mean of 50 measurements.

Fusion Protein Preparation

The open reading frames (except the 5’ signal peptides)
encoded by tomato class I 1,3-glucanase (G/uB) and chiti-
nase (Chi9) genes were amplified by PCR using a BamHI
site-linked forward primer (5'-CGGGATCCAATAGGT-
GTTGT-3' and 5'-CGGGATCCGAGCAATGTGGTTCA-3’,
respectively) and an Xbal site-linked reverse primer (5'-
CFFFATCCGAGCAATGTGGTTCA-3" and 5'-CGTCTA-
GATTACATAATATCCAAC-3’, respectively). After BamHI
and Xbal double digestion, the PCR products were cloned
into maltose-binding protein expression vector pMAL-c2
(New England Biolabs, Beverly, MA) and transformed into
BL 21 E. coli, a proteinase-deficient strain. Transformed col-
onies were screening by ampicillin-selecting plates and were
confirmed by restriction mapping.

The procedures of fusion protein induction and purifi-
cation were carried out according to Nonogaki et al. (2000)
modified from the manufacturer’s manual (New England
Biolabs). Overnight cultures (1% [v/v]) of the transformed
bacteria were inoculated into rich broth plus ampicillin and
incubated on a shaker at 300 rpm for 4 h at 37°C. Then
isopropyl-p-p-thiogalactoside (Boehringer Mannheim) was
added to 2 mm final concentration to induce overexpres-
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sion of the fusion proteins. The cultures were grown in the
same condition for 2 h. The E. coli cells were harvested by
6,000g centrifugation at 4°C and the bacterial pellets resus-
pended in sonication buffer (50 mm sodium phosphate
buffer, pH 7.2, containing 0.3 M NaCl and 1 mg mL™'
lysozyme; Boehringer Mannheim). After —20°C overnight
freezing and thawing in cold water, the lysates were clari-
fied by centrifugation at 10,000¢ for 10 min. The superna-
tants were collected and purified through a maltose-binding
protein affinity column (amylose resin, New England Bio-
labs). The targeted proteins were then eluted by washing the
resin with column buffer containing 10 mM maltose. The
fusion proteins were dialyzed against 10 mm Tris-HCl buffer
(pH 7.5) overnight at 4°C to remove maltose before use. To
cleave the tomato proteins from maltose-binding protein,
Factor Xa (final concentration 200 pug mL ™', New England
Biolabs) was added to the purified fusion protein fraction
and incubated at room temperature for 4 d.

Assays for Hydrolysis of Tomato Endosperm Cap
Cell Walls

Tomato endosperm cap cell walls were prepared by
isolating micropylar endosperms (without testae) from
MM seeds imbibed in water for no more than 3 h. After
dissection, the tissue was pooled in a tube floating on
liquid nitrogen and kept at —80°C until use. Endosperm
cap tissues were first ground in a mortar, then washed five
times each with water, 1 m NaCl, 70% (v/v) ethanol, and
chloroform:methanol (3: 1, v/v) in a 1.5-mL microcentri-
fuge tube and dried at room temperature (Groot et al.,
1988; Nonogaki et al., 2000). The wall material was resus-
pended in 0.1 M citrate-0.2 M phosphate buffer (pH 5.0)
containing 0.2% (w/v) bovine serum albumin (Sigma) that
had been passed through a 0.22-um filter (Minipore) to
eliminate microbial contamination to make a 1% (w/v) cell
wall suspension solution. CM-Pachyman (carboxymethyl-
substituted 1,3-glucan; Megazyme, Wicklow, UK; 1%
[w/v]) and aqueous CM-chitin-RBV (carboxymethyl-
substituted chitin labeled covalently with Remazol Brilliant
Violet 5R; Loewe Biochemica GmbH, Munich; final concen-
tration 1 mg mL™') were used as defined substrates for
B-1,3-glucanase and chitinase, respectively. Each assay
tube contained 50 uL of the cell wall suspension or defined
substrate. Enzyme amounts added to each reaction were 50
pL of pMAL-GluB (0.65 pg uL '), pMAL-Chi9 (2.22 ug
pL™"), or pMAL-LeMAN2 (0.21 pug pL™"') fusion protein
(Nonogaki et al., 2000), or 20 nL of purified tobacco class I
B-1,3-glucanase (3.78 pg pL ") or class I chitinase (9.93 ug
pL™"). The 33-kD class I B-1,3-glucanase and the 32-kD
class I chitinase B were purified from wild-type tobacco cv
Havana 425 leaves (Felix and Meins, 1985; Shinshi et al.,
1987). The tobacco 34-kD class I chitinase A was purified
from leaves of transgenic Nicotiana sylvestris that overpro-
duces the tobacco chitinase (Neuhaus et al., 1991). For
boiled enzyme treatments, the enzymes were placed in
boiling water for 15 min before addition to assay tubes.
After incubating at 30°C for 36 h, an equal volume (100 uL)
of 100% cold ethanol was added to terminate the reaction,
except tubes containing CM-chitin-RBV, which were
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stopped by adding 100 uL 1 N HCI. The cell wall samples
treated with pMAL-LeMAN2 and pMAL-GluB sequential
digestion were incubated with pMAL-LeMAN?2 first in the
same condition as above. Then, the remaining cell wall
substrate was washed five times each with water and 80%
(v/v) ethanol and rinsed briefly with reaction buffer. The
cell wall material was resuspended in 50 uL reaction buffer
and incubated with pMAL-GluB for another 36 h at 30°C.
Incubation solutions were separated from insoluble resid-
ual substrate by 10,000g centrifugation for 15 min at 4°C,
and 100 uL of supernatant solution was dried at 60°C in
screw-cap glass tubes. The samples were hydrolyzed at
121°C for 1 h in 1 mL of 2 M trifluoroacetic acid, and the
trifluoroacetate was evaporated in an air stream at 40°C
(Albersheim et al., 1967; Dahal et al., 1997). The residue was
dissolved in 50 uL water and reducing sugars were ana-
lyzed by the neocuproine assay using Glc as a standard
(Dygert et al., 1965).
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