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Summary. A highly anionic peroxidase induced in suberiz-
ing cells was suggested to be the key enzyme involved in
polymerization of phenolic monomers to generate the aro-
matic matrix of suberin. The enzyme encoded by a potato
¢DNA was found to be highly homologous to the anionic
peroxidase induced in suberizing tomato fruit. A tomato
genomic library was screened using the potato anionic per-
oxidase cDNA and one genomic clone was isolated that
contained two tandemly oriented anionic peroxidase genes.
These genes were sequenced and were 96% and 87% identi-
cal to the mRNA for potato anionic peroxidase. Both genes
consist of three exons with the relative positions of their
two introns being conserved between the two genes. Primer
extension analysis showed that only one of the genes is
expressed in the periderm of 3 day wound-healed tomato
fruits. Southern blot analyses suggested that there are two
copies each of the two highly homologous genes per haploid
genome in both potato and tomato. Abscisic acid (ABA)
induced the accumulation of the anionic peroxidase tran-
scripts in potato and tomato callus tissues. Northern blots
showed that peroxidase mRNA was detectable at 2 days
and was maximal at 8 days after transfer of potato callus
to solid agar media containing 10~* M ABA. The tran-
scripts induced by ABA in both potato and tomato callus
were identical in size to those induced in wound-healing
potato tuber and tomato fruit. The anionic peroxidase pep-
tide was detected in extracts of potato callus grown on
the ABA-containing media by western blot analysis. The
results support the suggestion that stimulation of suberiza-
tion by ABA involves the induction of the highly anionic
peroxidase.
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Introduction

Plant cell walls are suberized to make them effective barriers
to diffusion when developmental or stress factors make such
barriers necessary (Kolattukudy 1980, 1987). For example,
chemical studies have shown that periderms, endodermis
of roots, and cell walls of the chalazal region of seed coats
are suberized (Kolattukudy and Espelie 1989). According
to the working hypothesis that is consistent with the avail-
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able information, suberin is a polymeric material that con-
sists of an aromatic matrix attached to the cell wall and
aliphatic domains that are attached to the aromatic matrix.
The aliphatic polyester domains are composed of very long
chain fatty acids, fatty alcohols, w-hydroxy fatty acids and
dicarboxylic acids.

A highly anionic peroxidase is most probably involved
in polymerizing phenolic monomers to generate the aromat-
ic matrix of suberin (Borchert 1978; Cottle and Kolattuk-
udy 1982; Kolattukudy 1980, 1987). Such a peroxidase has
been purified from wound-healing potato tuber slices
(Espelie and Kolattukudy 1985) and immunocytochemi-
cally shown to be localized exclusively at the site of suberi-
zation, in the cell wall of suberizing potato slices (Espelie
et al. 1986). The potato anionic peroxidase cDNA has been
cloned and sequenced (Roberts et al. 1988). Induction of
potato anionic peroxidase mRNA was observed in suberiz-
ing potato slices, and a homologous anionic peroxidase
mRNA was induced in suberizing tomato fruit (Roberts
et al. 1988).

Resistance of a tomato isoline to the pathogen Verticil-
lium albo-atrum has been correlated with its ability to coat
its xylem vessels more rapidly after inoculation than a sus-
ceptible near-isoline (Robb et al. 1987; Street et al. 1986).
Histochemically this coating appears to consist of suberin
and lignin (Street et al. 1986) and gas chromatography/mass
spectroscopy (GC/MS) analysis of the depolymerization
products has shown aliphatic components characteristic of
suberin (P.E. Kolattukudy, J. Robb, unpublished). Presum-
ably, the deposition of suberin aids in the defense of the
plant by forming a barrier that contains the pathogen as
previously suggested (Kolattukudy 1980; Pearce and Ruth-
erford 1981).

The anionic peroxidase appears to be a key component
in the regulation of suberization. The level of this enzyme
correlates with progression of suberization induced by dif-
ferent factors such as wounding and abscisic acid (ABA)
treatment (Borchert 1978; Cottle and Kolattukudy 1982).
Thus it is likely that timely elicitation of this enzyme could
be an important defense mechanism against stress and path-
ogens. As a first step toward the elucidation of the regula-
tion of expression of this gene, its structure and organiza-
tion need to be established.

In this report we describe the cloning and sequencing
of two tomato anionic peroxidase genes. One of these genes
is expressed in wound-healing tomato fruits, as shown by
primer extension analysis. There appear to be two copies
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of each gene in the haploid tomato genome. ABA induction
of the anionic peroxidase is also reported.

Materials and methods

Plants. Potato plants (Solanum tuberosum cv Russett Bur-
bank) and tomato plants (Lycopersicon esculentum cv Cast-
lemart IT) were grown from seed in the greenhouse.

Screening of tomato genomic library. A genomic library pre-
pared from EcoRI partial digests of tomato DNA in
lambda charon 4A was screened with 3?P-nick translated
pAP; (Roberts et al. 1988). This plasmid contains the first
800 bp from the 5’ end of potato anionic peroxidase cDNA.
The host strain of Escherichia coli used was KH802. Plaque
replicas on nitrocellulose filters were hybridized with la-
beled probe at 42° C as described (Maniatis et al. 1982).

Sequencing of peroxidase genes. Restriction fragments of
positive clones that hybridized to potato anionic peroxidase
c¢DNA were subcloned into pUC19 or Bluescript plasmid
(Stratagene). Deletion derivatives of these subclones were
generated by exonuclease 111 digestion (Henikoff 1984) in
order to obtain overlapping segments for sequencing. The
dideoxy termination method (Sanger et al. 1977) was used
to sequence double-stranded plasmid DNA. Synthetic
primers (prepared with an Applied Biosystem 381A DNA
synthesizer) were used to fill gaps in the sequence and for
confirmation.

Southern blotting. DNA was isolated from leaves as de-
scribed (Bendich et al. 1979). Restriction enzyme digests
of the nucleic acids were electrophoresed in 0.5% agarose
along with copy number standards. Inserts used as copy
number standards were purified from subclones by restric-
tion enzyme digestion (Maniatis et al. 1982). Nucleic acids
were blotted onto nitrocellulose and probed with 32P-nick
translated potato anionic peroxidase cDNA.

Primer extension. Oligonucleotide primers were synthesized
on an Applied Biosystems synthesizer and were end labeled
with [*?P]JATP. Total RNA (50 pg), prepared from
wounded tomato fruit as previously described (Roberts
et al. 1988), was hybridized to 10 pmol labeled primer at
30° C overnight (Kingston 1987). The primers were ex-
tended with reverse transcriptase and dNTPs, precipitated,
and loaded onto a sequencing gel along with size standards.

ABA treatment of tissue culture. Tomato callus (L. esculen-
tum x L. peruvanium) was maintained on LS medium (Lins-
maier and Skoog 1965). Potato callus (S. tuberosum cv
Lemhi Russet) was maintained on modified LS medium
in which 107> M picloram (Aldrich) was substituted for
2.4-dichlorophenoxyacetic acid (2,4-D). Modified LS medi-
um containing 0.03 mg/l kinetin was used for ABA and
control experiments. ABA was dissolved in ethanol
(13.2 mg/400 pl for 11 of medium) and added to the medi-
um before autoclaving; to the control medium, 400 ul etha-
nol was added prior to autoclaving.

RNA blotting. RNA was purified from callus tissue or
wound-healing tuber (Flurkey and Kolattukudy 1981), frac-
tionated on agarose gels containing formaldehyde and blot-
ted onto nitrocellulose (Maniatis et al. 1982). The blots were
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Fig. 1. Restriction map and sequencing strategy for tomato anionic
peroxidase genes. Arrows represent total lengths of sequence ob-
tained on a given strand. Open boxes represent exons. Abbrevia-
tions used: H, HindIll; X, Xbal; Sp, Sphl (TAP 1 has two Sphl
sites in close proximity); P, PstI; Sa, Sall. The three major clones
that span the two genes and flanking regions are indicated at the
bottom

hybridized to *2P-nick translated anionic peroxidase cDNA
as described (Roberts et al. 1988), washed in 2 x SSPE at
65° C for 1 h, and subjected to autoradiography.

Western blotting. Callus tissue was homogenized in 0.01 M
potassium phosphate, pH 7 at 0° C (4 ml buffer/g tissue)
using an Omni mixer. Homogenates were centrifuged at
15000 g for 20 min and protein concentrations of the result-
ing supernatants were determined as described (Bradford
1976). Samples containing 5 pug protein were subjected to
electrophoresis in 0.04 M potassium acetate buffer, pH 4.6
using an LKB 2117 Multiphore apparatus (Cottle and Ko-
lattukudy 1982). The separated proteins were blotted onto
nitrocellulose filters in the same buffer. Blots were treated
with rabbit antiperoxidase antiserum and [**°Ijprotein A
(Roberts et al. 1988) and were subjected to autoradiogra-
phy. Purified anionic peroxidase was prepared as described
(Espelie and Kolattukudy 1985).

Results

Characterization of genomic clone

A tomato genomic library in lambda charon 4A was
screened with pAP;, a plasmid containing the first 800 bp
from the 5" end of potato anionic peroxidase cDNA (Ro-
berts et al. 1988). One clone was obtained that hybridized
strongly after a second screen. DNA purified from the iso-
lated positive phage was digested with restriction enzymes
and subjected to Southern blot analysis with pAP, as probe.
A restriction map of the genomic clone is shown in Fig. 1.
Three segments were selected for subcloning into pUC19:
the 3.7 kb Xbal fragment, the 4.5 kb Xbal-PstI and the
3.0 kb PsiI-Xbal fragment. These clones were designated
pTAP 3.7, pTAP 4.5, and pTAP 3.0, respectively. When
pAP4, a plasmid containing the 3’ sequences of the potato
anionic peroxidase cDNA (Roberts et al. 1988) was used
to probe the Southern blots of digests of the three plasmids,
only pTAP 3.7 and pTAP 4.5 hybridized (data not shown).
This result suggested that the genomic clone consisted of
two genes highly homologous to potato anionic peroxidase
cDNA.

Structures of tomato anionic peroxidase genes

Portions of plasmids pTAP 3.7, pTAP 3.0 and pTAP 4.5
were sequenced according to the scheme shown in Fig. 1.
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Fig. 2. Sequences of tomato anionic peroxidase genes. Untranslated sequences are in lower case letters. TATA and CAAT boxes are
double underlined. The cap site is denoted by a triangle. Positions corresponding to minor primer extension elongation products of
the TAP 1 primer are starred. 5’ sequences of TAP 1 and TAP 2 that are highly conserved are overlined. Sequences of TAP 1 and
TAP 2 to which complimentary oligonucleotides were directed are underlined. Sequences of TAP 1 and TAP 2 introns that are highly
conserved are underlined with dotted lines. The polyadenylation signal is underlined and the poly[A] addition site is denoted with a
vertical arrow between the two A residues, either of which could be the site. The 5 and 3’ ends of each intron are marked with
horizontal arrows. The stop codon is underlined with stars
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Fig. 2 (continued)
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Fig. 3. Amino acid sequences deduced from the
nucleotide sequence of anionic peroxidase genes
TAP 1 and TAP 2 and the amino acid sequence
of potato anionic peroxidase (AP) deduced
from cloned cDNA. For TAP 1 and TAP 2,
only the amino acid differences are shown. The
first 12 amino acids in potato anionic
peroxidase are not known. Potential
glycosylation sites are marked with stars. The
putative N-terminus is marked with a large
black arrow. Positions in the peptide that
correspond to intron placement in the coding
sequence are denoted by vertical lines
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Fig. 4. Hydropathy plots of leader peptides of tomato polygalactur-
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The sequences of the two tomato anionic peroxidases genes
(designated TAP 1 and TAP 2) are shown in Fig. 2. TAP 1
has a Ps!I site in the first intron so that its 5 end is sub-
cloned into pTAP 3.0 and its 3’ end is subcloned into pTAP
4.5. The entire TAP 2 gene is included in pTAP 3.7. The
two genes are separated by approximately 1500 bp. TAP 1
consists of three exons interrupted by two introns of 761
and 271 bp. TAP 1 also has the same number of introns
and exons; however, the introns are of different sizes, 996
and 123 bp in length. When gaps are introduced into the
predicted potato anionic peroxidase mRNA and the pre-
dicted TAP1 mRNA, so that maximal homology is
achieved, the two are 96% identical to each other. Similar
analysis of TAP 2 mRNA and potato anionic peroxidase
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Fig. 5. Southern blot of potato and tomato genomic DNA. DNA
from potato (lanes F and G) or tomato (lanes D and E) was cut
with EcoRI (E, G) or HindIIl (D, F) and hybridized with potato
anionic peroxidase cDNA. For copy number standards, purified
3.7kb Xbal fragment of the gene (Fig. 1) was loaded onto the
gel in quantities of 80, 40, and 20 pg (lanes A, B, and C) and
was hybridized to the anionic peroxidase cDNA

mRNA indicates that the two have 87% identity. The co-
don usage of TAP 1 and TAP 2 was analyzed for similarity
with that of potato anionic peroxidase cDNA using a corre-
spondence test as defined (Grantham et al. 1981). The dis-
tance between the coding region of any mRNA and itself
is 0, and as coding regions increase in dissimilarity, the
value for the distance increases. The distances between cod-
ing regions of potato anionic peroxidase cDNA and TAP 1
or TAP 2 were calculated to be 0.489 and 0.700, respective-
ly. Therefore, the codon usage of potato anionic peroxidase
c¢DNA is more similar to that of TAP 1 than that of TAP 2.

The polypeptides predicted by TAP 1 and TAP 2 coding
sequences are presented in Fig. 3. Both polypeptides are
predicted to be anionic and have molecular masses of 39000
daltons. When gaps are introduced to optimize alignment
of homologous regions, TAP 1 polypeptide is 96% identical
to potato anionic peroxidase, and TAP 2 polypeptide is
89% identical to potato anionic peroxidase. Although the
N-terminus of mature potato AP has not been identified,
it is probably a cyclized glutamine (residue 75 in Fig. 3)
on the basis of comparison with other plant peroxidase
sequences (Roberts et al. 1988). Similarly, the mature to-
mato anionic peroxidases are assumed to begin with this
residue so that the leader peptides for these proteins contain
74 (TAP 1) and 73 (TAP 2) amino acid residues. A compari-
son of the hydropathy plots of the tomato peroxidase leader
sequences with a polygalacturonase leader is shown in
Fig. 4. The net charges of mature TAP 1 and TAP 2 poly-
peptides are predicted to be -13 and -12 respectively at
pH 7.4.

Estimation of gene copy number

Southern blots probed with 32P-nick translated pAP3 re-
vealed that there is more than one anionic peroxidase gene
in the genomes of both potato and tomato (Fig.5). As
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Fig. 6. Primer extension analysis of TAP {. Radiolabeled oligonuc-
leotide primer that specifically complements TAP 1 (shown in
Fig. 2) was hybridized to total RNA prepared from suberizing to-
mato fruit aged for 3 days or to tRNA or to total RNA from
fresh tissue for control that showed no bands

a copy number standard, purified 3.7 kb Xbal insert from
pTAP 3.7 was loaded onto the gel alongside the genomic
DNA digests, in quantities representing one, two, and four
copies of the 3.7 kb segment. From comparison of the band
intensities of genomic fragments to those of the standards,
one can estimate that approximately two copies each of
two highly homologous genes are present per haploid ge-
nome in tomato. In potato, presumably a similar set of
copies of the two subfamilies of genes are present; however,
since the potato genes have not been sequenced, the exact
nature of these genes remains to be established. When
Southern blots of tobacco DNA digests were probed with
pAP3, no homologous fragments were detected (data not
shown).

Primer extension analysis

The 5" end of anionic peroxidase mRNA was determined
using primer extension analysis. Two oligonucleotide
primers that were specifically complimentary to 5" regions
of TAP 1 or TAP 2 (underlined in Fig. 2) were synthesized.
The primers were labeled and were hybridized to either
total RNA from wounded tomato fruit or tRNA. After
elongation, the products were loaded on a sequencing gel

alongside a sequencing ladder. The primer specific for
TAP 1, when hybridized to RNA prepared from suberizing
tomato fruit, yielded an elongation product (Fig. 6). This
result suggests that wounded tomato fruits aged for 3 days
accumulate the TAP 1 mRNA. The elongated products
were 44, 45 and 46 bp in length with the most intense band
occurring at 44 bp. The sequence of TAP 1 mRNA begins
with ATCCC as shown in Fig. 2. The TAP 2 specific primer
did not yield a discernible elongation product. Therefore,
whether or not TAP 2 is expressed in wound-healing to-
mato fruits remains unclear.

ABA induction of peroxidase transcript

To investigate the apparent induction of the anionic peroxi-
dase activity resulting from ABA treatment, potato callus
was transferred to solid agar medium containing 10~* M
ABA or to medium without ABA. RNA, extracted at 1,
2,3, 4, 6, or 8 days after transfer, were subjected to northern
blot analysis, in which the probe used was pAP; (Roberts
et al. 1988). Tissue grown on ABA-containing medium ac-
cumulated an mRNA species that cross hybridized with
the cDNA for anionic peroxidase (Fig. 7). Callus tissue that
had been transferred to medium without ABA accumulated
no such mRNA species. The ABA-induced transcript was
detectable at 2 days after transfer, and reached a maximum
level at 8 days after transfer. Northern blot analysis showed
that the ABA-induced message was identical in size (ca.
1.6 kb) to the anionic peroxidase mRNA that accumulated
in suberizing potato tuber slices aged for 3 days.

Tomato callus grown on medium with ABA for 3 days
also accumulated a transcript that hybridized with potato
anionic peroxidase cDNA (Fig. 7). Northern blot analysis
showed that this induced transcript was of the same size
as the wound-induced transcripts found in potato and to-
mato. The peroxidase transcript was absent in tomato callus
grown on medium without ABA.

ABA induction of peroxidase protein

Extracts of callus tissue grown on medium containing
10"* M ABA or medium without ABA for up to 8 days
after transfer were subjected to western blotting after the
proteins were separated by native polyacrylamide gel elec-
trophoresis at pH 4.6. An autoradiogram of the blot corre-
sponding to the negatively charged proteins is shown in
Fig. 8. At 4 days after transfer to ABA-containing medium
the highly anionic peroxidase was barely detectable; by 6
days, this peroxidase was clearly detectable and it became
very dominant by the 8th day. On the other hand, in tissue
resting on medium containing no ABA the highly anionic
peroxidase could not be detected even after 8 days. Al-
though the antiserum used in this experiment was raised
against purified highly anionic peroxidase, a second, less
anionic protein cross reacted with the antiserum.

Discussion

A highly anionic peroxidase is most probably responsible
for polymerizing the aromatic components to generate the
aromatic matrix of suberin. The temporal and spatial occur-
rence of this peroxidase in wound-healing tissue (Borchert
1978 ; Espelie et al. 1986; Roberts et al. 1988) and the corre-
lation of the level of the enzyme with inhibition or stimula-
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Fig. 7. Induction of anionic peroxidase mRNA in potato and tomato callus by abscisic acid (ABA). The callus tissue was on the
ABA-containing agar for 3 days (tomato) or the number of days indicated on top (potato) before RNA was extracted. Electrophoresis
was on agarose coniaining formaldehyde and pAP, was used as the 32P-labeled probe. The amount of RNA used is indicated on

top for tomato, and for potato 20 ug was used
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Fig. 8. Western blot analysis of potato callus proteins grown on
medium with ABA. Proteins were extracted from potato callus
at different periods after transfer to ABA-containing or control
medium (number of days shown on top). The proteins were electro-
phoresed at pH 4.6 on a horizontal gel, the anionic proteins were
blotted from the gel onto nitrocellulose, and the blots were treated
with anti-anionic peroxidase followed by ['**I]protein A. The au-
toradiogram of the blot is shown. O, origin, AP, the most highly
anionic peroxidase

tion of suberization (Cottle and Kolattukudy 1982; Roberts
et al. 1988; Sijmons et al. 1985) strongly support this hy-
pothesis. With cloned cDNA for the suberization-asso-
ciated peroxidase from potato a highly homologous mRNA
was detected in wound-healing tomato fruits (Roberts et al.
1988). Both in potato tuber and tomato fruit, the appear-
ance of the message correlated with suberization. Using
this potato cDNA as the probe we cloned and sequenced
two genes for tomato anionic peroxidase. The 5'-flanking
regions of the two anionic peroxidase genes include se-
quences (Fig. 2) similar to the TATA box typical of eukar-
yotic promoters. In TAP 1, the TATA box is positioned
25 bp upstream from the transcription start site, and 78 bp
upstream from the first codon. Sequences similar to the

CAAT box are located 84 bp and 64 bp upstream from
the TATA boxes of TAP 1 and TAP 2, respectively. The
polyadenylation site of TAP 1 is predicted to be at 2962
as determined by comparison to the potato anionic peroxi-
dase cDNA. The polyadenylation signal AATATT is lo-
cated 16 bp upstream from the site of poly[A] addition.
A polyadenylation signal is located at 2985 in TAP 2.

The two tandemly oriented peroxidase genes most prob-
ably evolved from one ancestral gene by a duplication event.
The exons are well conserved between the two genes, having
90% identity. The 5'-untranslated regions of the genes are
generally divergent, with the exception of sequences at the
transcription initiation site, at and preceding the TATA
box, and at a segment 70 bp upstream from TATA as noted
in Fig. 2. The introns have diverged, although their posi-
tions within the coding sequences are the same in both
genes. A highly homologous segment of 50 bp is found in
intron 1 of both genes (Fig. 2), although this segment occurs
at different locations in the intron. Also, sequences immedi-
ately flanking the 5" and 3’ ends of the third exon are con-
served between the two genes as shown in Fig. 2. Recently,
the genomic sequences of two peroxidase isozymes from
horseradish have been reported (Fujiyama et al. 1988). In-
terestingly, these genes were also tandemly oriented. The
intron/exon structures of the genes differed from the tomato
genes only in that a third intron, at a location correspond-
ing to a point within the third exon of the tomato peroxi-
dase genes, was present. The first two introns of the peroxi-
dase genes are in corresponding positions with respect to
the peptide sequences. The coding sequences of the horse-
radish peroxidase genes indicate that a C-terminal peptide,
15 residues long, is removed during processing of the horse-
radish enzyme. The C-terminus of mature potato anionic
peroxidase has not been determined, and therefore it is not
known whether C-terminus processing occurs during its
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maturation. It should be noted that tomato polygalacturon-
ase is also processed at the C-terminus (Sheehy et al. 1987).

The coding sequences of the two tomato anionic peroxi-
dase genes predict that unusual leader peptides precede the
mature proteins. The first 25 amino acids of each of the
leader peptides resemble a signal peptide typical of most
extracellular proteins, where 18-20 relatively hydrophobic
amino acids are flanked by charged residues. A second seg-
ment of 50 amino acids is located between the putative
N-terminus and the typical signal peptide of each of the
anionic peroxidase leader peptides. Two potential glycosy-
lation sites are located within the second region of the puta-
tive leader peptide of each of the three anionic peroxidases.
Other immature cell wall proteins whose primary structures
are known (Chen and Varner 1985; Tucker et al. 1987) in-
cluding another anionic peroxidase from tobacco (Lagri-
mini et al. 1987) have typical signal peptides at their N-
termini rather than the unusual structure found in the pres-
ent anionic peroxidase. At least one other cell wall protein,
tomato polygalacturonase, has an unusually long leader
peptide of length comparable to those of the anionic peroxi-
dases (Sheeny et al. 1987). Comparisons of the hydropathy
plots of the predicted leader peptide of tomato polygalac-
turonase to those of the products of the tomato peroxidase
genes (Fig. 4) show some similarities. All three have a hyd-
rophobic core at the N-terminus and a second hydrophobic
region followed by a hydrophilic region near the C-termi-
nus. Comparisons of the amino acid sequences of the three
leader peptides show that there is no strong homology be-
tween the polygalacturonase leader and peroxidase leaders
but they have a few residues in common which may be
of importance. The significance of the existence of two
classes of leader peptides for cell wall proteins is not obvi-
ous. The two classes of leaders may reflect different ultimate
sublocations within the cell wall.

TAP 1is most likely to be functional in wound-inducible
suberization. This conclusion is based on the evidence that
an oligonucleotide primer specific for TAP 1 was extended
by reverse transcriptase after hybridization to RNA pre-
pared from wounded tomato fruit tissue aged for 3 days.
Therefore an mRNA species representing TAP 1 is actively
transcribed in suberizing tomato fruit. It is not known if
TAP 2 is expressed in suberizing tomato fruit, as the primer
extension yielded no detectable elongation product. In
TAP 2 there are no premature termination codons, and pu-
tative promoters such as TATA box and polyadenylation
signal are present; the consensus bases GT and AG are
at the 5 and 3’ ends, respectively, of both introns. Thus
there are no obvious alterations that would render this gene
inactive or a pseudogene. The anionic nature of the putative
product of TAP 2 and its high homology to the suberiza-
tion-associated potato anionic peroxidase suggest that this
gene may have a similar role. Thus TAP 2 may function
in suberin deposition that is induced by stimuli other than
wounding or ABA. For example, inoculation of tomato
petioles with V. albo-atrum induced production of tran-
scripts that cross hybridized with potato anionic peroxidase
c¢DNA and this induction occurred 1 day earlier in the resis-
tant tomato line when compared to a near isogenic suscepti-
ble line (P.E. Kolattukudy, R. Mohan, J. Robb, unpub-
lished). It is possible that the pathogen induces expression
of a different copy of the gene than that induced by wound-
ing. Such possibilities have not been explored.

Several observations indicate that TAP 1 may have a

role in suberization more analogous to that of the potato
anionic peroxidase gene as opposed to TAP 2. TAP1 is
more highly homologous to potato anionic peroxidase
cDNA than is TAP 2. Additionally, the 3’-untranslated se-
quences of transcripts are more conserved between TAP 1
and potato anionic peroxidase than between TAP 2 and
potato anionic peroxidase. Sequences present in the 3’-un-
translated regions of wound-induced transcripts have been
proposed to have some significance (Sanchez-Serrano et al.
1986; Thornburg et al. 1987). Also, codon preferences are
more highly conserved between TAP 1 and potato anionic
peroxidase than between TAP 2 and potato peroxidase.

ABA induction of the highly anionic peroxidase in po-
tato callus tissue correlated with suberization induction by
this hormone (Cottle and Kolattukudy 1982; Espelie and
Kolattukudy 1985; Roberts et al. 1988). The western blots
presented here show that a highly anionic protein is induced
by ABA treatment of potato callus. This protein has similar
mobility to that of purified anionic peroxidase and therefore
we suggest that this ABA-induced protein is the highly an-
ionic peroxidase. The antiserum used to probe the western
blots is apparently not specific for the most anionic isoper-
oxidase. Non-specificity of peroxidase polyclonal antiserum
has been observed before (van Huystee 1987). However,
it is clear that the most highly anionic peroxidase was in-
duced by ABA treatment. The results presented here show
that ABA induction of peroxidase is not limited to potato
tuber but occurs also in aerial parts of plants such as suber-
izing tomato fruits. Northern blots presented here show
that in both potato and tomato callus ABA induced the
accumulation of transcripts that hybridized with potato an-
ionic peroxidase cDNA. These transcripts were identical
in size to the wound-induced anionic peroxidase mRNAs
in potato tuber and tomato fruit. These observations sug-
gest that wounding and ABA treatment induce the same
anionic peroxidase as is involved in suberization. The maxi-
mum level of anionic peroxidase mRNA accumulation in
ABA-treated callus was much lower than that found in
periderm from potato slices aged for 3 days. One possible
explanation for this observation is that the callus grown
on medium with ABA was not uniformly suberized. The
callus culture grown on ABA-containing agar included a
suberized brownish outer layer of tissue and an inner white
core of tissue. The entire tissue mass was used to prepare
RNA. On the other hand, when RNA was prepared from
aged tuber slices, only the developing periderm was used
so as to enrich for suberized tissue.

The evidence presented here suggests that induction of
anionic peroxidase by ABA involves transcriptional activa-
tion of the anionic peroxidase gene or an increase in stabili-
ty of the transcript rather than a post-translational activa-
tion of a pre-existing protein. ABA induction of suberiza-
tion in wound-healing tuber slices is probably mediated not
directly but through intermediate factors (Soliday et al.
1978). The results presented in this report are consistent
with this conclusion, as 2 days of growth on medium with
ABA were required for a detectable level of the anionic
peroxidase transcript in potato callus. The concentration
of ABA required to induce suberization and the anionic
peroxidase is most likely very much lower than the 10™* M
originally added in the agar medium on which the tissue
mass is resting. ABA level in the tissue was not determined.

In addition to the outer layer of underground organs
and wound periderm, suberin is found in other barrier



layers generated during development such as the Casparian
band of endodermis (Bonnert 1968; Espelie and Kolattuk-
udy 1979) and in the chalazal region of seed coats (Espelie
et al. 1980). Clearly, suberization must be regulated by de-
velopmental triggers as well as by wound-induced triggers.
ABA may be important in developmental regulation of su-
berization. For example, ABA is known to prevent preco-
cious germination of immature embryos (Norstog 1979)
perhaps through resisting water uptake prior to the desicca-
tion phase of maturation (Finkelstein et al. 1987). The su-
berized regions of the inner seed coat are thought to be
the major moisture diffusion barriers influencing inhibition
and germination of the seed (Espelie et al. 1980). Possibly,
ABA prevents precocious germination in part through the
induction of an anionic peroxidase involved in suberization
of the chalazal region of the seed coat. In potato tubers,
water stress of the vines before harvest is thought to be
beneficial in preventing crop loss during transportation and
storage due to decay (Braue et al. 1984). The elevated ABA
levels that result from the water stress might help to stimu-
late suberization that provides the beneficial effects. Tubers
stored for more than 6-8 months deteriorate if transported
and stored elsewhere. We have observed that upon such
long storage the tubers loose their ability to suberize and
thus cannot repair injury caused by handling (Braue et al.
1983). This loss in wound-healing capability correlates with
the observation that ABA content of tubers decreases upon
such long term storage.

Developmental factors, stress factors including mineral
stress, wounding and infection by pathogens induce suberi-
zation that requires expression of the gene for the highly
anionic peroxidase. The availability of tomato anionic per-
oxidase clones of known sequence should help in the eluci-
dation of the mechanisms of regulation of expression of
this gene by such factors.
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