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The last step in the synthesis of lignin and suberin has been
proposed to be catalyzed by peroxidases, although other proteins
may also be involved. To determine which peroxidases are involved
in the synthesis of lignin and suberin, five peroxidases from tomato
(Lycopersicon esculentum) roots, representing the majority of the
peroxidase activity in this organ, have been partially purified and
characterized kinetically. The purified peroxidases with isoelectric
point (pl) values of 3.6 and 9.6 showed the highest catalytic effi-
ciency when the substrate used was syringaldazine, an analog of
lignin monomer. Using a combination of transgenic expression and
antibody recognition, we now show that the peroxidase pl 9.6 is
probably encoded by TPX7, a tomato peroxidase gene we have
previously isolated. In situ RNA hybridization revealed that TPX1
expression is restricted to cells undergoing synthesis of lignin and
suberin. Salt stress has been reported to induce the synthesis of
lignin and/or suberin. This stress applied to tomato caused changes
in the expression pattern of TPX7 and induced the TPX1 protein. We
propose that the TPX7 product is involved in the synthesis of lignin
and suberin.

Plants have a large number of peroxidase isoenzymes
that may differ by more than 50% in amino acid sequence
(Welinder, 1992). Peroxidases (EC 1.11.1.7) are oxidoreduc-
tases that catalyze the oxidation of a diverse group of
organic compounds using hydrogen peroxide as the ulti-
mate electron acceptor (Dawson, 1988). Peroxidases have
been suggested to be involved in various metabolic steps
such as auxin catabolism (Normanly et al., 1995), the for-
mation of isodi-Tyr bridges in the cross-linking of cell wall
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proteins (Schnabelrauch et al., 1996), the cross-linking of
pectins by diferulic bridges (Amaya et al., 1999), and the
oxidation of cinnamyl alcohols prior to their polymeriza-
tion during lignin and suberin formation (Roberts et al.,
1988; Whetten et al., 1998). In addition to the common
aromatic matrix, suberin contains an aliphatic domain that
makes this polymer highly hydrophobic (Kolattukudy,
1980). This difference between lignin and suberin accounts
for the distinct functions proposed and, consequently, their
different distribution throughout plant tissues (Wallace
and Fry, 1994).

Lignin is present in vascular plants and is mainly syn-
thesized in cells to become part of the transport system.
Suberin is synthesized in cells from the endodermis and
exodermis of the root, where it strengthens the cell wall
and contributes to control the water movement. In aerial
parts, suberin is also considered to be a component of the
wound- and pathogen-induced plant defense response
(Mohan et al., 1993). The last catalytic step in the synthesis
of the lignin and the aromatic domain of suberin is the
oxidation of cinnamyl alcohols, and this is catalyzed by a
peroxidase and/or laccase enzyme (Whetten et al., 1998).
The involvement of a specific peroxidase in this catalytic
step has been largely examined due to the interest in the
control of the metabolic steps involved in the synthesis and
composition of these polymers (Bernards and Lewis, 1998).

From early studies, peroxidases were classified as acidic
and basic isoenzymes according to their pl values. Some
reports suggested that peroxidases with acidic pI values
were responsible for the oxidation of cinnamyl alcohols
during the ligno-suberization (Mohan et al., 1993). How-
ever, the involvement of basic peroxidases in lignin bio-
synthesis has been reported (Liu and Ger, 1997). The oxi-
dation of syringaldazine, a lignin monomer analog, by a
particular peroxidase was suggested to be indicative of its
involvement in the synthesis of lignin and suberin (Pang et
al., 1989; Catesson, 1992; Christensen et al., 1998). Other
studies have used the expression of specific peroxidase
genes in lignifying or suberizing plant tissues as the argu-
ment for their role in these biosynthetic pathways (Mohan
etal., 1993; Christensen et al., 1998). Transgenic approaches
have also been used to provide information on the role of
several peroxidases in lignin synthesis, although the infor-
mation is not always consistent (Whetten et al., 1998). As
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indicated by Lewis and Yamamoto (1990), there must be a
confluent information from kinetics, structural, and gene
expression studies for involving a peroxidase in a specific
metabolic step.

A tomato (Lycopersicon esculentum) peroxidase gene,
TPX1, encoding a basic isoenzyme, is specifically expressed
in roots, and its expression was up-regulated after treat-
ment with 100 mm NaCl (Botella et al., 1994a). In addition,
TPX1 transcripts were induced in vascular tissue of aerial
parts after wounding (Botella et al., 1994b). Recently, we
reported an increase in lignin content of tomato leaves of
transgenic plants overexpressing TPX1 (Mansouri et al.,
1999). These results suggested that the cell wall-targeted
peroxidase TPX1 might be involved in the ligno-
suberization of the root and the aerial parts.

Metabolic responses to salt stress are complex, since
many processes such as carbon metabolism, accumulation
of compatible osmolytes, ion partitioning, energy metabo-
lism, and growth are modified (Bohnert and Sheveleva,
1998). Specifically, at the cellular level it has been shown
that salt stress affects the cell wall by both a decrease in cell
expansion (Iraki et al., 1989) and an increase in polymer-
ization of monolignols of the root (Cruz et al., 1992).

To determine which peroxidase was involved in the
process of synthesis of lignin and/or suberin in tomato
roots, five peroxidase isoenzymes representing the major-
ity of the total activity in this organ were purified. Two of
the purified isoenzymes showed the highest catalytic effi-
ciency with syringaldazine as the substrate. In the present
study, we show that one of these peroxidases is encoded by
TPX1. Immunological studies and in situ RNA localization
in control and salinized plants support a role for TPX1 in
ligno-suberization in tomato roots.

MATERIALS AND METHODS

Plant Material

Tomato (Lycopersicon esculentum L. Mill. cv Pera) seed-
lings were grown for 2 weeks in vermiculite and then
transferred to hydroponic culture, where growth and NaCl
treatment were performed as previously described (Botella
et al., 1994a). Root tissue was sampled from 2-month-old
plants with and without treatments with 100 mm NaCl in
the culture medium. Tobacco (Nicotiana tabacum) trans-
genic plants overexpressing TPX1 were obtained by the
following procedure: The TPX1 cDNA was transferred
from Bluescript pBSII (Stratagene, La Jolla, CA) cloning
vector to the binary plasmid pKYLX71 (Schardl et al., 1987)
using PCR. Specific primers with targeted restriction sites
were used to include sequence encoding the signal peptide
in the insert of the expression cassette. The PKYLX71-TPX1
vector was transferred to the LBA4404 strain of Agrobacte-
rium tumefaciens by electroporation. Transgenic tobacco
plants were generated following standard procedures
(Horsch et al., 1985).
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Peroxidase Isoenzyme Isolation from Tomato Roots and
Partial Purification

Tomato roots were homogenized in a mortar at 0°C to
4°C with 10 mm sodium phosphate, pH 6.0, containing 1 m
KCI (1:4, w/v) and 25% (w/v) polyvinylpyrrolidone. Ho-
mogenates were shaken at 25°C for 2 h and then centri-
fuged at 1,500¢ for 10 min. Supernatants were used as
crude extracts for further purification. This crude extract
was gradually brought to 80% (w/v) ammonium sulfate at
0°C to 4°C and centrifuged at 10,000¢ for 30 min. The
precipitate was resuspended in 1.5 mL of 0.1 M sodium
phosphate, pH 7.2, containing NaCl 0.1 M and dialyzed
overnight against the same buffer at 0°C to 4°C.

This extract was loaded on a Sephacryl 5-200 chromatog-
raphy column previously equilibrated with 0.1 m sodium
phosphate, pH 7.2, and eluted with 100 mL of the same
buffer. As a result, one peak of peroxidase activity was
eluted. The fractions with this activity were pooled and
dialyzed overnight against 10 mm Tris-Cl, pH 8.0, at 0°C
to 4°C.

The dialyzed pool was loaded on a DEAE Sephacel chro-
matography column equilibrated with 10 mm Tris-Cl, pH
8.0. Three peaks of peroxidase activity were detected in the
elution of the column with the washing buffer. When each
of them was monitored on an isoelectric focusing (IEF) gel,
showed pl values of 9.6, 8.2, and 7.5. Further elution of the
DEAE Sephacel column with a linear gradient (0.01-0.2 m
NaCl in the equilibrium buffer) gave three peaks in the
profile. The first and the second peak corresponded to a
mixture of peroxidases in the IEF gel. The third activity
peak included two peroxidases with pI values of 6.5 and
3.6. This last peak was dialyzed against 25 mm phosphate,
pH 6.0, and aliquots were loaded in two different columns:
one with DEAE Sephacel and the other with SP-Sephadex
C50. Elution from the DEAE Sephacel with 25 mMm phos-
phate, pH 6.0, gave a single peak corresponding to the pl
6.5 peroxidase, and the elution from the SP-Sephadex C50
column with 25 mm phosphate, pH 6.0, gave a peak corre-
sponding to the pl 3.6 peroxidase.

Peroxidase Extraction from Tobacco Seedlings

Tobacco seedlings were homogenized in a mortar at 0°C
to 4°C with 50 mm potassium phosphate, pH 6.0, (1:1.5,
w/v) with 25% (w/v) polyvinylpyrrolidone. The extract
was centrifuged at 15,000 rpm for 30 min at 4°C. Superna-
tants were used as soluble extracts of peroxidases, then
lyophilized and resuspended in 50 mm potassium phos-
phate buffer, pH 6.0, to concentrate the protein. The pellet
was subjected to reextraction until the supernatants con-
tained no detectable peroxidase activity. Peroxidases ioni-
cally bound to the cell wall were obtained by extracting the
pellet with the same buffer containing 1 m KCl after shak-
ing for 2 h at 4°C. Supernatants containing the peroxidases
ionically bound to the cell wall were dialyzed overnight
against 25 mm phosphate, pH 6.0, and then lyophilized and
resuspended in 50 mM phosphate, pH 6.0, to obtain a
detectable peroxidase activity.
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Peroxidase Activity, PAGE, and IEF

Peroxidase activity was determined with o-dianisidine as
a substrate in a 1-mL reaction mixture containing 0.63 mm
o-dianisidine, 2.8 mm H,0O,, and 50 mm sodium phosphate,
pH 5.7; the activity was measured following the continuous
increase in A ¢ at 37°C (€460 nm: 11.3 mM ' cm ™) (Quesada
et al.,, 1990). When syringaldazine was the substrate, the
activity was determined at 30°C in a 1-mL reaction mixture
containing syringaldazine 0.156 mm (or various concentra-
tion for substrate curves), 0.05 mm H,O,, in all cases, and
100 mMm sodium phosphate, pH 7.4, following the absor-
bance increase at 530 nm (€s3p nm Of 27 mM ' cm ™) as
described by Goldberg et al. (1983). One unit of enzyme
activity (U) is defined as the amount of enzyme that oxi-
dizes 1 uwmol of phenolic substrate at the temperature and
pH specified for each reaction (Goldberg et al., 1983). Pro-
tein was monitored in the chromatographic procedures by
their A,gy and A,q, (Stoscheck, 1990), and in the extracts by
the method of Bradford (1976) using bovine serum albumin
as the standard. Cationic PAGE was performed on 7.5%
(w/v) polyacrylamide gels at 3 mA gel ' (Reisfeld et al.,
1962). IEF of soluble extracts and those ionically bound to
cell walls were performed on a pH range of 8.0 to 10 on
vertical polyacrylamide gel slabs (Robertson et al., 1987).
Gels were stained for peroxidase activity using the sub-
strate o-dianisidine (Quesada et al., 1990).

Immunological Methods

The purified peroxidase of pI 9.6 was used as immuno-
gen to produce antisera. A fraction of the purified isoen-
zyme containing 20 ug of protein was mixed with equal
volume of a Freund’s complete adjuvant as previously
described (Quesada et al., 1990). The homogeneous emul-
sion was injected subcutaneously to the rabbit. Prior to the
experiment, samples of preimmune serum were obtained.
The antiserum was obtained and the antibodies purified as
described by Quesada et al. (1990). ELISA assays were
performed according to the method of Tigier et al. (1991).
Western blot from cationic PAGE and IEF polyacrylamide
slabs on a Immobilon polyvinylidene difluoride (PVDF)
membrane (Millipore, Bedford, MA) were performed using
0.7% (w/v) acetic acid at 100 V and 250 mA for 45 min.
Membranes were processed as described for tissue printing.

Table I. Kinetic properties of the purified peroxidase isoenzymes
from tomato roots using syringaldazine as a substrate

Ve AAssos™ /e (for syrindaldazine); e, molar extinction coeffi-
cient; [Et], enzyme concentration; A,;¢/e (for peroxidase); K. Vinay/
[Et]; k../K., catalytic efficiency.

Isoenzyme Vinax Ko [Et] Keat Kead K
pl um s’ M s ! um s
9.6 6.83 11.4 0.41 17.0 1.50
8.2 2.52 14.7 0.21 12.0 0.82
7.5 0.41 8.0 0.25 1.6 0.20
6.5 1.40 46.3 0.11 12.7 0.27
3.6 12.30 26.0 0.32 38.4 1.47

Table Il. Percentage of cross-reaction of the different peroxidase

isoenzymes from tomato roots with the rabbit polyclonal antibod-
ies raised against the pl 9.6 isoenzyme using a quantitative ELISA
method

Isoenzyme Asos Protein Cross-Reaction
pl mg mL™! %
9.6 0.152 1.80 100
8.2 0.089 1.40 77
7.5 0.057 0.86 48
6.5 0.039 0.73 40
3.6 0.156 1.84 100

Tissue Printing of Root Sections and in Situ Hybridization

Tomato roots were hand-sectioned 15 to 30 mm from the
tip and impressions were made on Immobilon PVDF mem-
branes (Millipore) (Peyrano et al., 1997). Antisera anti-pl
9.6 peroxidase (dilution 1:250) was used as primary anti-
body, and the reaction was detected as described in the
amplified alkaline phosphatase goat-anti-rabbit immuno-
blot assay kit from Bio-Rad (Hercules, CA).

Root sections (5 mm long) from the apical, middle, and
basal part of the root were collected and immediately fixed
in formaldehyde. Tissue sections (10 um thick) and in situ
hybridizations were carried out as previously described by
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E

Figure 1. IEF in the pH 8.0 to 10 range of extracts prepared from the
aerial part of tobacco seedlings developed for peroxidase activity and
cross-reacted with the antibodies against the peroxidase of pl 9.6. A,
Peroxidase activity of the soluble and ionic extracts from transgenic
(TPXT) and control tobacco lines. B, Western blot of the IEF gel of the
ionic extract. One unit of enzyme is defined as the amount of enzyme
forming 1 wmol product min~'. The same activity (3 units) was
loaded in each lane.
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Figure 2. TPX1 expression in tomato roots by in situ hybridization. Transversal sections of hydroponically grown tomato
roots were probed with digoxigenin-labeled antisense TPXT RNA. A, Expression of TPXT (RNA signal was detected as a dark
brown or purple color) in the apical zone of the root (last 0.5 cm from the root tip). B, Detail of A showing that the expression
is restricted to the endodermis (En) and protoxylem (P). C, Expression of TPXT (purple) in the medium zone of the root (8-10
cm from the root tip). D, Detail of C showing the expression in the endodermis (En). E, Expression of TPX7 in the basal zone
of the root (1315 cm from the root tip). F, Detail of E revealing expression in the endodermis (En) and the exodermis (Ex).

Coen et al. (1990). Probes for in situ hybridization were
labeled with digoxigenin-11-UTP. TPX1 insert was cloned
in Bluescript II SK (=) plasmid. Plasmid pTPX1 was lin-
earized with a restriction enzyme that cuts the flanking
polylinker region farther from the T3 promoter (Xhol), and

0.6 mg was used as a template to synthesize digoxigenin-
labeled antisense RNA using T3 polymerase (no unlabeled
UTP was used in the reaction). Sense RNA probe was
synthesized as described above but using T7 RNA poly-
merase and pTPX1 previously cut with BamHI as a tem-
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Figure 3. Tissue printing of hand-sectioned tomato roots made to
react with the antibodies raised against the pl 9.6 isoenzyme. A,
Control. B, Salinized. En, Endodermis; Ep, epidermis; VC, vascular
cylinder.

plate, and used as a negative control. The RNA probes
were subjected to mild alkaline hydrolysis by heating at
60°C for 45 min in 100 mM carbonate buffer (pH 10.2), and
about 4% of each labeling reaction in 40 uL of hybridization
buffer (Ingham et al., 1985) was used as a probe for each
slide and incubated at 50°C overnight.

RESULTS
Kinetic Studies of Tomato Root Peroxidases

A large number of isoenzymes of tomato roots were
visualized in an IEF gel using the substrate o-dianisidine.
Five peroxidases with pl values of 9.6, 8.2, 7.5, 6.5, and 3.6
represented the majority of the peroxidase activity. Each of
these peroxidases were purified using ammonium sulfate
fractionation and several chromatographic steps (see “Ma-
terials and Methods”). The kinetic parameters of the puri-
fied isoenzymes are shown in Table I. Peroxidases with pl
values of 9.6 and 3.6 showed the highest values of the
catalytic efficiency for syringaldazine (Table I). k../K.,

measures the enzyme catalytic efficiency with a particular
substrate, which provides valuable information when com-
paring several enzyme forms for the same substrate.

Antibodies against pl 9.6 Isoenzyme Recognize Other
Tomato Root Peroxidases with Different Affinity

Polyclonal antibodies were obtained against the purified
pl 9.6 isoenzyme, and the cross-reactivity with all of the
purified peroxidases was evaluated using ELISA (Table II).
Peroxidases of pl 9.6 and 3.6 had the highest cross-
reactivity with the antibodies. This high level of recogni-
tion of pI 9.6 and 3.6 isoenzymes is an indication of the
similarity of the two proteins at the immunological level
despite their different plI values. The pattern of recognition
of the different peroxidases by the antibodies (Table II)
correlated somewhat with the catalytic efficiency for syrin-
galdazine (Table I).

The pl 9.6 Peroxidase Is Encoded by TPX1

To determine whether TPX1 corresponds to any of the
basic peroxidases purified, we used transgenic tobacco
plants that overexpress TPX1. Higher total peroxidase ac-
tivity was detected in the cell wall fraction of the transgenic
plants compared with untransformed plants, which sug-
gests that TPX1 is located in the cell wall. A new peroxidase
with a pI value of 9.6 appeared in leaves of tobacco plants
transformed with TPX1 under the control of the cauli-
flower mosaic virus 35S promoter (Fig. 1A). This peroxi-
dase was not detected in leaves of tobacco transformed
with the empty vector. Moreover, the polyclonal antibodies
raised against the purified peroxidase with a plI of 9.6
recognized the new protein in tobacco plants overexpress-
ing TPX1. This new protein recognized in transgenic to-
bacco plants has the same pl value (9.6) of the purified
protein from tomato root (Fig. 1B). Although the theoretical
pl value deduced from the TPX1 sequence is 7.5 (Botella et
al., 1994b), we propose that TPX1 encodes the native to-
mato root peroxidase of pl 9.6. Putative glycosylation of
TPX1 and the conformation of the native protein could
account for this difference.

TPX1 Expression Is Restricted to Cells Undergoing
Synthesis of Lignin and Suberin

The expression of TPX1 was studied in tomato roots
using in situ mRNA hybridization. In the apical zone of the
root (last 0.5 cm from the root tip), TPX1 transcripts were
detected in the endodermis and the protoxylem (Fig. 2, A
and B). In the medium zone (8-10 cm from the tip), TPX1
transcripts were detected in the endodermis and the hypo-
dermis (Fig. 2, C and D). In most species, these cells deposit
suberin and are called exodermis (Peterson, 1988). In the
basal zone (13-15 cm from the tip), TPX1 expression was
also detected in the endodermis and the exodermis (Fig. 2,
E and F).
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Figure 4. Analysis of TPXT expression in root sections of tomato plants treated with 100 mm NaCl for 24 h. A, Expression
of TPX1 (dark brown) in the apical zone of the root (last 0.5 cm from the root tip). B, Detail of A showing that the expression
is completely abolished in the endodermis and protoxylem after NaCl treatment. C, Expression of TPXT (purple) in the
medium zone of the root (8-10 cm from the root tip). D, Detail of C showing TPXT expression in the endodermis (En). E,
Expression of TPXT in the basal zone of the root (13-15 cm from the root tip). F, Detail of E revealing that TPX7 expression
is limited to the endodermis (En).

Root tissue printing studies were performed using TPX1 Antibodies were associated to the endodermis, exodermis,
antibodies as shown in Figure 3A. Root sections corre- and vascular cylinder. Because TPX1 antibodies recognize
sponded to the medium zone of plants grown under iden- other peroxidases from tomato root, the signals may rep-

tical conditions as those used in the in situ mRNA studies. resent the mixture of several peroxidases.
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10 days

Figure 5. Western blot of cationic PAGE of tomato root extracts at
different days after NaCl treatment. C, Control; S, salinized. Peroxi-
dases of Ry values of 0.26 and 0.32 correspond to the 8.2 and 9.6 pl
isoforms, respectively.

Changes of TPX1 Expression under Salt Stress

Salt stress produces an alteration of water transport as a
consequence of an increase in the amount of lignin and
suberin in the root (Cruz et al., 1992). In tomato, it has been
reported that NaCl treatment produces both an increase in
TPX1 transcripts in tomato roots (Botella et al., 1994a) and
a decrease in the hydraulic conductance of roots (Peyrano
et al., 1997). To investigate whether TPX1 expression is
affected by salt stress at the cellular level, we also analyzed
the expression of TPX1 using in situ hybridization in to-
mato roots after treatment with 100 mm NaCl. The root
sections analyzed were equivalent to those shown in Figure
2. In the apical zone of the root, NaCl treatment abolished
TPX1 expression in both the endodermis and the protoxy-
lem (Fig. 4, A and B). In the medium zone of the root, an
increase of TPXI transcripts in the endodermis was ob-
served after NaCl treatment (Fig. 4, C and D). This increa-
sein TPX1 expression is consistent with previous results
obtained by northern analysis (Botella et al., 1994a). In the
basal part of the root, TPX1 expression was repressed in the
exodermis; however, expression in the endodermis ap-
peared unaffected (Fig. 4, E and F).

pl 9.6 Isoenzyme Is Increased after Salt Treatment

Antibodies against pl 9.6 peroxidase isoenzyme were
used to determine if the changes detected in TPX1 tran-
scripts after salt stress were followed by changes in the
amount of this protein. However, the lack of specificity of
the antibodies obtained required the separation of TPX1
prior to immunodetection (Table II). Purified peroxidases
separated in a PAGE system at basic pH were identified by
their mobility. Peroxidases with Ry values of 0.32 and 0.26
in this gel corresponded to the peroxidases TPX1 (pl 9.6)
and pl 8.2. Western analysis of tomato root proteins in
control and salinized plants showed an increase in pI 9.6
and pl 8.2 peroxidases 10 d after salt treatment (Fig. 5).

Increase of total peroxidase protein recognized by pl 9.6
antibodies of salt-treated roots was observed (Fig. 3B),
however, tissue printing is not as quantitative as western-
blot analysis.

DISCUSSION

Multigene families of peroxidases have been found in all
species studied thus far; however, it remains difficult to
assign a specific peroxidase to an in vivo function. Re-
cently, the reactions catalyzed by peroxidases have been
analyzed in depth at both the structural and the mechanis-
tic level, with new insights obtained from site-directed
mutagenesis (Smith and Veitch, 1998). However, the infor-
mation available does not explain the occurrence and phys-
iological significance of the multiple peroxidase isoen-
zymes. An approach used to uncover the function of
peroxidases has been the development of transgenic plants
either overexpressing or underexpressing a specific perox-
idase gene (Sherf et al., 1993; Kajita et al., 1994; McIntyre et
al., 1996; Lagrimini et al., 1997). However, this approach
has failed to provide definitive information and the in vivo
role of any peroxidase remains elusive.

Several reports have shown that peroxidases present in
tissues undergoing lignification display in vitro activity
toward syringaldazine (Catesson, 1992; Christensen et al.,
1998). Among tomato root peroxidases, the peroxidase of
p1 9.6 displays a high affinity for syringaldazine (K, of 11.4
um) and the highest value of catalytic efficiency jointly
with the pI 3.6 peroxidase, 1.5 um ™ 's 'and 1.47 um~'s ™!,
respectively (Table I). The values for catalytic efficiency are
used to evaluate the preference of an enzyme for different
substrates and represents the rate constant of the reaction
to form the enzyme-substrate complex (Fersht, 1985).

We have previously characterized the tomato gene TPX1,
which encodes a basic peroxidase (Botella et al., 1993).
TPX1 is expressed in tomato roots and in vascular tissue
after wounding (Botella et al., 1994a, 1994b). Overexpres-
sion of TPX1 in tobacco and the use of antibodies against
the pI 9.6 isoenzyme suggest that this peroxidase is the
product of TPX1. In addition, it unequivocally confirms
TPX1 cell wall targeting, since the antibodies only recog-
nized a protein extracted at high ionic strength when cell
wall proteins are being extracted. This was expected be-
cause the 5’ sequence corresponding to the predicted signal
peptide was included in the expression cassette of the
binary vector (see “Materials and Methods”).

In situ RNA studies of TPX1 expression established a
correlation between the expression of this gene and the
synthesis of lignin and suberin in specific root cells. Root
formation is a highly controlled developmental process
determined by the metabolic activities of the different cell
types. In some of these cells the synthesis of lignin and
suberin occurs at specific times or in different cells (Peter-
son, 1988; Lewis and Yamamoto, 1990). Lignin synthesis
occurs in the protoxylem, whose final destination is to
become part of the root vascular system. Once the xylem
vessels are formed, the synthesis of lignin stops. Synthesis
of suberin mainly occurs in the endodermis. It has also
been reported that synthesis of suberin also occurs in the
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exodermis, a layer of root cells that extends from the epi-
dermis and to the cortical cells (Peterson, 1988). TPX1 is
expressed in cells undergoing active lignin and suberin
synthesis.

The expression pattern of TPX1 was modified by NaCl
treatment. An increased TPX1 expression in the endoder-
mis and the exodermis are in agreement with previous
physiological changes observed in tomato root under salt
stress, in which a decreased water conductance was re-
ported as result of the salt stress (Peyrano et al., 1997). In
other plant species, diminished water conductance in the
roots after osmotic stress has been explained by the in-
creased ligno-suberization of this organ (Cruz et al., 1992).

Several reports on transgenic plants with diminished
expression of specific peroxidases did not reduce the
amount of lignin (McIntyre et al., 1996; Lagrimini et al.,
1997). The possibility of several peroxidases involved in the
synthesis of lignin and/or suberin in a plant species has
been argued to explain the lack of effect in lignin content in
transgenic plants underexpressing a specific peroxidase
(Sherf et al., 1993). A different transgenic approach is to
overexpress a peroxidase gene. We have reported that
TPX1 overexpression in tomato significantly increased the
lignin content in transgenic tomato plants (Mansouri et al.,
1999). This information, together with the results from the
present study, further supports the involvement of TPX1 in
ligno-suberization in tomato root.
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