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Endogenous ascorbate restrains apoplastic peroxidase activity
during sunflower leaf development
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ABSTRACT

Several apoplastic enzymes have been implicated in the control of elongation
growth of plant cells. Among them, peroxidases contribute to both loosening and
stiffening of the cell wall. They appear to be regulated by various mechanisms,
including the action of extracellular inhibitors. To obtain evidence of the role of
the enzyme-inhibitor interaction during leaf development, the intercellular washing
fluids from Helianthus annuus leaves of different ages were isolated using standard
methods of vacuum infiltration and centrifugation. Peroxidase activities, assessed
using tetramethylbenzidine as substrate, increased during leaf development, reach-
ing a maximum value after the leaves were fully expanded. An inhibitor, chemically
characterised as ascorbate, co-localised with the enzyme in the apoplast. Moreover,
there was a strong negative correlation between the action of peroxidase and the
micromolar concentration of ascorbate in the apoplastic fluid. The results show that
in growing leaves, the in planta ascorbate concentration is able to restrain peroxi-
dase enzyme activity. Then, at the time of growth cessation, the loss of extracellular

ascorbate relieves the inhibition on this enzyme that contributes to wall fixation.

INTRODUCTION

Plant growth, defined as a permanent increase in size,
involves coordinated molecular reactions that control the
division of the cell, as well as its elongation. Plant cells grow
under the stimulus of water uptake in a process restrained by
the cell wall, thus several apoplastic proteins, e.g. expansins,
proteases, xyloglucan endotransglucosylase/hydrolase and
peroxidases, modulate the loosening of the wall and also
allow this growth restriction to be overcome (Cosgrove 2005;
O’Looney & Fry 2005).

Class III peroxidases are the extracellular subgroup of a
large family of enzymes that catalyse the reduction of H,0,
with electrons transferred from a variety of molecules. They
are proposed to perform two opposite processes: they can stif-
fen or loosen the cell walls, depending on their involvement in
two related reactions, known as peroxidative and hydroxylic
cycles, respectively (Liszkay et al. 2004; Passardi et al. 2004).
The former cycle allows electron donors, such as lignin pre-
cursors and phenolic derivatives, to polymerise cell wall com-
ponents. Therefore, stiffened walls and reduced elongation
rates appear as a consequence of isodityrosine bond and/or
diferulate bridge formation between proteins and polysaccha-
rides, respectively (Fry 1987). The increase in cell wall perox-
idases at the end of leaf expansion (MacAdam et al. 1992; de
Souza & MacAdam 1998), as well as the increasing gradient of
activity from the elongation zone to the highly lignified tissues
in pine hypocotyls (Sanchez et al. 1995), etiolated pea shoots

(de Pinto & de Gara 2004) and maize roots and leaves (Drag-
i$i¢ Maksimovic et al. 2008) point to these enzymes having a
role in growth cessation. On the other hand, -OOH and -OH
radicals produced in the hydroxylic cycle are able to cleave cell
wall polysaccharides and could contribute to cell elongation
(Fry et al. 2001; Liszkay et al. 2004; Passardi et al. 2004).
Thus, the occurrence of -OH in vivo during the elongation of
maize coleoptiles appears as a contribution of peroxidases to
cell wall loosening, although enzymatic activity itself has not
been evaluated (Miiller er al. 2009). Additionally, -OH might
also be produced in the cell walls through a non-enzymatic,
copper-dependent reaction (Fry et al. 2002).

The extracellular peroxidases have been classified as having
wall-bound and soluble isoforms. Synthetic molecules such as
guaiacol, o-dianisidine and tetramethylbenzidine are fre-
quently used and assumed to represent the broad range of
substrates of the many physiological processes in which per-
oxidases are involved. However, peroxidases have also been
grouped according to their specificity toward natural sub-
strates like ferulic acid (Lin & Kao 2001), ascorbate (Welin-
der & Gajhede 1993) and flavonols (Takahama 2004).
Together with the cluster of peroxidase-encoding genes
already reported (73 and 138 in Arabidopsis and Oryza sativa,
respectively; Passardi et al. 2004), this complexity supports
the idea that fine-tuning is needed to give functional specific-
ity to members of this gene family.

The multiplicity of peroxidase isoforms able to react with
a variety of potential ligands makes it difficult to obtain a
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clear picture of their regulation, even in a restrained location
like the apoplast. Theoretically, the extracellular activities can
be controlled through protein synthesis, secretion and degra-
dation, as well as through their access to substrates and/or
inhibitors. Regarding inhibitors, a still uncharacterised mole-
cule and ascorbate isolated from extracellular fractions have
been proved to reduce peroxidase activity. The uncharacter-
ised molecule is a small, heat labile, hydrophilic molecule
obtained from the medium of cultured maize cells (Encina &
Fry 2005). Ascorbate, however, is a well-known antioxidant
that is assumed to be the extracellular scavenger of H,O, and
a promoter of the enzymatic and non-enzymatic generation
of wall-loosening hydroxyl radicals (Takahama & Oniki 1992;
Fry 1998; Foyer & Noctor 2005; Pignocchi et al. 2006). It
inhibits in vitro apoplastic peroxidases of spinach leaves
(Luwe et al. 1993) and Vigna angularis epicotyls (Takahama
& Oniki 1992; Takahama 1993). However, with the exception
of studies showing that ascorbate contributes to onion root
elongation through the inhibition of peroxidases in meriste-
matic as well as in elongation zones (Cordoba-Pedregosa et
al. 1996, 2003, 2005), the in planta interaction of these mole-
cules remains scarcely analysed. Interestingly, in white spruce
germinating embryos, it was shown that treatments that
enhance ascorbate in vivo reduce the activity of isolated guai-
col and ferulic peroxidases (Stasolla & Yeung 2007); there-
fore, this molecule can not only inhibit the enzyme but also
control its content. Thus, the physiological significance of the
relationship between peroxidases and their inhibitors in the
extracellular matrix emerges as an unexplored subject to be
evaluated in the context of growth regulation. The sequential
development of each developing leaf at different positions on
the stem of cultivated sunflower follows a conserved pattern
of events, irrespective of environmental conditions and geno-
type (Pereyra-Irujo et al. 2008). Thus, to obtain a better
understanding of the role of the peroxidase—inhibitor interac-
tion in leaf growth, we assessed in parallel the net enzymatic
and inhibitory activities, as well as the ascorbate content, in
intercellular washing fluids of different sunflower leaves
throughout their development.

MATERIAL AND METHODS

Plant material and growth conditions

Seeds of the Helianthus annuus L. inbred line HAR2 were
sown in cylindrical pots (35 cm high, 10 cm diameter), one
per pot, filled with Typic Argiudoll horizon A soil. Soil water
content was maintained at water-holding capacity throughout
the experiment. Pots were randomly accommodated in a
growth chamber under controlled environmental conditions
as described in Pereyra-Irujo ef al. (2008). Photosynthetic
photon flux density (PPFD), air temperature and relative
humidity in the growth chamber were measured continuously
at plant level and recorded with a PPFD sensor, a thermistor
and a humidity sensor (Cavadevices, Buenos Aires, Argen-
tina), respectively. Thermal time was calculated as the daily
integral of the difference between temperature and base tem-
perature (4.8 °C) to allow the time courses of different traits
(e.g. leaf area, peroxidase activity in this paper) to be unique
under a large range of conditions, even at naturally fluctuat-
ing temperatures (Granier & Tardieu 1998). The starting
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point for even leaf growth measurements began when the
fourth leaf of each plant was fully expanded.

Growth measurements

Non-destructive measurements of length (L) and width (W)
of leaf numbers 6, 8, 10, 12 and 14 were done every 2 days
until the end of their expansion. A highly significant linear
relationship (R* > 0.99, n = 1755, P < 0.0001), applicable to
any leaf, regardless of stem position and age, was previously
established between L X W and leaf area (Pereyra-Irujo et al.
2008). Leaf area (A) was calculated from the equation
A=LxWx0.65 and the leaves were considered fully
expanded when three consecutive measurements with equal
or decreasing A were obtained. Relative leaf area was calcu-
lated considering a fully expanded leaf was equal to 1. Relative
leaf area was described from a sigmoid curve using the fol-
lowing equation: y = A/(1 + exp{ —[(t — to)/b]}) (Pereyra-
Irujo et al. 2008), where t is the thermal time elapsed since
the initiation of each leaf. A leaf was assumed to be initiated
when its primordium was visible (about 40 um long) on the
apical meristem under a microscope (Leica stereomicroscope,
Wild F8Z, Wetzlar, Germany) at a magnification x80.

Isolation of apoplastic fluids

To obtain apoplastic fluids (AFs), at least four leaves were
immersed in buffer A (50 mm Na phosphate, pH 7.25, 0.1%
2-mercaptoethanol, 0.15 m NaCl, 0.18% Tween-20) for 1 h
before vacuum infiltration for six 20 s periods following
Pinedo ef al. (1993) at a pressure of 45 kPa. Afterwards,
leaves were surface-dried with filter paper and placed in glass
funnels located inside centrifugation tubes. The tubes were
centrifuged at 400 g for 50 min and the AFs recovered at the
bottom of the tube. The collected AF volume was recorded
and immediately used for enzyme determinations.

Peroxidase and inhibitor activity assays

Total peroxidase activity was measured using a spectrophoto-
metric assay according to Liem et al. (1979). The reaction
mixture, prepared immediately before use, contained
3mg ml™' 3,3,5,5-tetramethylbenzidine (dissolved in dim-
ethylsulphoxide), 100 mm H,0, and 50 mm Na acetate buf-
fer, pH 5.2. The reaction was followed at room temperature
over 1 min at 640 nm with a Beckman DU 500 spectrometer
(Beckman Coulter, Buenos Aires, Argentina). OD was
recorded every 5 s after the addition of 1-5 pl AFs to 800 pl
reaction mixture. The reaction was linear during 1 min and
the slope determined (R? > 0.98). One unit was defined as
the amount of enzyme that produced a change in OD of
0.4 units min~".

Peroxidase inhibitory activity was assayed as described
above for peroxidase activity but with the addition of 1-10 pl
10 mm ascorbate to the reaction mixture, or AFs were filtered
through Centricon YM-3 filters (the non-retained fraction
was used as source of inhibitor) (Millipore, Billerica, MA,
USA). The enzymatic source was a volume of AF obtained
from leaf 6 that was previously checked for peroxidase activ-
ity. One unit of inhibitor was defined as the amount of sam-
ple that reduced peroxidase activity by 50%.
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To evaluate the thermal stability of the inhibitor, the AF
from leaf 14 was heated at 100 °C for 5 min or frozen at
—20 °C and thawed three times before analysing inhibitor
activity as described above. Different aliquots were incubated
with 36 mg ml™' trypsin (Sigma T1426; Sigma-Aldrich, St.
Louis, MO, USA) or ascorbate oxidase (Sigma AO157) for 0
or 60 min in order to assay the polypeptide or ascorbate-
related nature of the inhibitor.

Gel electrophoresis and zymograms

The AFs were obtained as described above and their proteins
concentrated three-fold using a Centricon YM-3 filter (Beck-
man Coulter). The concentrated AFs were added to sample
buffer (50 mm Tris, pH 6.8, 2% SDS, 10% glycerol) and
immediately loaded in a 12% polyacrylamide SDS-PAGE
(Laemmli 1970). After electrophoretic separation, the gels
were washed twice, for 15 min each time, with 2 mm H,0,
in 80 mm sodium acetate buffer, pH 5.2, and a zymogram
for peroxidase was developed by incubating the gel in 2 mm
H,0, and 2 mg ml™! 4-chloro-1-naphthol, as described in
Hadzi-Taskovic¢ Sukalovic et al. (2007).

Ascorbate quantification

The AFs for ascorbic acid quantification were isolated as
described above, but recovered on 20% metaphosphoric acid
(w/v). Samples were frozen at —80 °C until measurement
with reverse-phase HPLC and electrochemical detection.
Samples, diluted to 10% with metaphosphoric acid (w/v),
were assayed for total ascorbic acid according to the protocol
described in Bode & Rose (1999).

Statistical analysis

Four independent experiments were done with at least 30
plants in each. AFs were obtained and analysed for peroxi-
dase activity in triplicate in each independent experiment for
all even-numbered leaves. Data on peroxidase activity for
each AF were fitted to the following equation:
y =kxexp(i*x), where k and i are 0.9559 and 0.0061,
respectively. These parameters were obtained with SigmaPlot
11.0 software (Systat Software Inc., San Jose, CA, USA).

RESULTS

The even-numbered leaves of sunflower plants were vacuum
infiltrated and centrifuged to isolate the apoplastic fluid using
a standard method. The obtained AFs were checked as previ-
ously reported (Pinedo et al. 2012), and those with significant
cytosolic contamination were discarded.

Leaf area and extracellular peroxidase activity were mea-
sured throughout leaf development, from the emergence of
each even-numbered leaf (area < 3.5 + 0.57 cm? at 180
degree-days after leaf initiation). The peroxidase activity,
assessed with the broad range substrate tetramethylbenzidine,
only increased slightly until the leaves reached 400 degree-
days old and then increased drastically. Peroxidase activity
was highest after the organs reached their final area, around
500 degree-days (Fig. 1). To investigate if the basis of the low
activity detected in leaves during early developmental stages
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Fig. 1. Analysis of soluble apoplastic peroxidase activities and relative leaf
area throughout leaf development. The area of leaf numbers 4, 6, 8, 10,
12 and 14 from more than 30 plants was non-destructively measured dur-
ing their development. At different times, at least four leaves, at the same
position on the shoot, were detached and vacuum infiltrated to obtain
AFs. Relative leaf area to final size (dots, dashed line) and total soluble
peroxidase activity (triangles, solid line) are depicted against thermal time
accumulated for each leaf after its initiation. Accumulated thermal time
(°Cd) was calculated as the daily average temperature minus a base tem-
perature (4.8 °C) so that the time courses of peroxidase activity were
unique over a large range of temperature conditions. Peroxidase activity
was assayed spectrophotometrically with 3,3,5,5’-tetramethylbenzidine.
The evolution of both parameters is represented with fitted curves (relative
leaf area = a/(1+ exp(—-(-°Cd—c)/b)) with a =0.9631, b=56.31 and
c=314.26; peroxidase activity = a*exp(b*°Cd) with a = 0.9559,
b =0.0061 and P > 0.05). One enzyme unit was defined as the amount
of enzyme that produced a change in ODg4o nm Of 0.4 units in 1 min. The
data are from three independent experiments.

could be related to the occurrence of an enzymatic inhibitor,
AFs were isolated from young leaves at 250 degree-days
(YAF). Increasing volumes of YAF were added to the reaction
mix immediately before the addition of a constant volume of
AFs obtained from a fully expanded leaf at 600 degree-days
(EAF). Figure 2 shows that peroxidase activity in EAF was
reduced in the presence of YAF, in agreement with the occur-
rence of an extracellular inhibitor. The same curve was
obtained irrespective of leaf position along the stem from
which AFs were obtained (data not shown).

The molecular nature of this inhibitor was studied using
classical methods: heating and freezing stability, resistance to
protease digestion and selective molecular weight filtration
(Encina & Fry 2005). The characterisation showed that the
inhibitor had a molecular weight of <3 kDa since it was not
retained with a YM-3 membrane. Furthermore, as it was sta-
ble after trypsin digestion or freezing and heating cycles, it
was concluded that it was not a protein (Fig. 3A). These
characteristics suggest it might be ascorbate, a molecule
whose stability depends on time, temperature and media pH
(Davey et al. 2000). To confirm the identification, experi-
ments were performed by heating a solution of 40 pm ascor-
bic acid dissolved in 50 mm Na acetate, pH 5.2, in order to
mimic pH conditions in the apoplast. The inhibitory activity
and concentration of this solution remained unchanged after
heating for 5 min at 100 °C (Table S1); therefore, the lack of
an effect of boiling on inhibitor potency (Fig. 3A) could
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Fig. 2. Peroxidase inhibition by apoplastic fluids obtained from leaves at
250 degree-days. AF from leaves of 600 degree-days (leaf 6) was used as
the source of peroxidase activity. The volume of this fraction able to pro-
duce a change in OD of 0.25 min~" in spectrophotometric analysis per-
formed with 3,3’,5,5"-tetramethylbenzidine was determined. Subsequently,
the reaction mixture was supplemented with 0.5, 1.0, 1.5, 3.5 or 7 ulL of
AF from leaves of 250 degree-days and the reaction was started by addi-
tion of the previously determined volume of AF from leaf 6. Each point
corresponds to the mean + SD of three replicates.

suggest that the inhibitor is ascorbate. The molecule was fur-
ther checked by pre-incubation of YAF with pure ascorbate
oxidase. The treatment destroyed apoplastic inhibitory activ-
ity and confirmed the identification as ascorbate (Fig. 3A). In
addition, it could be concluded that the product of the reac-
tion, i.e. dehydroascorbic acid, lacked inhibitory capacity. A
dose-response curve produced with commercial ascorbate to
assess the sensitivity of the apoplastic peroxidase to the inhib-
itor showed that 20 pum ascorbate reduced the activity by
50% (Fig. 3B).

To further understand the contribution of ascorbate to
control of apoplastic peroxidase activity, both ascorbate con-
tent and the inhibitory activity were simultaneously measured
in AFs during leaf development. Ascorbate, quantified by
electrochemical detection after HPLC separation, reached
1.5 nmol ¢! FW in AFs obtained early during leaf develop-
ment (near 250 degree-days) and decreased to 0.15 nmol g~'
FW in 500 degree-day leaves, close to the detection limit of
the method (Fig. 4A). The inhibitor was isolated from the
enzyme by filtration of AF aliquots through a 3 kDa mem-
brane before quantification of its activity. Interestingly, apo-
plastic peroxidase activity decreased with increasing leaf age,
with a similar pattern to ascorbate content and opposed to
the peroxidase activity curve (Fig. 4A). In addition, the values
for extracellular ascorbate (Fig. 4A) were in agreement with
the inhibitory micromolar concentrations of pure ascorbate
(Fig. 3).

The isoforms of peroxidase from the same fractions were
assessed with zymograms using non-denaturing SDS-PAGE
and 4-chloro-1-naphthol as substrate. A major band was evi-
dent in fluids from 250-600 degree-day leaves and a second
appeared in fully expanded leaves older than 600 degree-days
(Fig. 4B). The occurrence of only one abundant band was
confirmed with a zymogram performed after the separation
of AFs from 500 degree-day leaves in an isoelectrofocusing
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Fig. 3. Peroxidase inhibitor characterisation. A: Soluble peroxidase activity
in AF from leaf 6 was determined in incubation mixtures containing AF
from leaf 14 with or without treatment. Aliquots of this sample containing
one unit of inhibitory activity were boiled (H), frozen and thawed (F), incu-
bated with trypsin (T), filtered through Centricon YM-3 to select the non-
retained fraction (Fi), filtered through Centricon YM-3 to select the
retained fraction (R), or incubated with ascorbate oxidase (A). Values of
peroxidase activity are expressed as percentages of the total activity
obtained without the addition of AF from leaf 14. B: The dose for 50%
inhibition was calculated by adding 0-125 pum commercial ascorbate to
the reaction mixture before addition of the volume of AF from leaf 6 able
to give OD 0.4 min™" in spectrophotometric analysis with 3,3’,5,5"-tetra-
methylbenzidine. Data are means of three replicates from two indepen-
dent experiments.

gel (Fig. S1). Given that the relative intensity of the signal at
400 degree-days was higher than the relative spectrophoto-
metric value of activity observed in Fig. 1 (dotted line in
Fig. 4A), the inhibitor appeared to have separated from the
enzyme during the electrophoresis. Accordingly, no bands
were found in zymograms if the developing reaction was sup-
plemented with 5 mm ascorbate (data not shown), providing
evidence that the ascorbate action was mediated through a
reversible mechanism.

DISCUSSION

As leaves grow, cells proliferate and elongate through molec-
ular reactions that are usually intimately connected. Ascor-
bate, characterised as the major apoplastic antioxidant and
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Fig. 4. Apoplastic ascorbate content and peroxidase inhibitory activity
throughout leaf development. A: Peroxidase inhibitory activity (white trian-
gles) and ascorbate content in nanomole per gram™' FW (black squares)
or micromolar (white squares). For inhibitory activity, AF obtained from
even-numbered leaves 200-800 degree-days old and the fractions not
retained on a 3 kDa membrane were analysed to determine the volume of
these fractions able to produce 50% inhibition of the reaction of AF from
leaf 6 and 3,3’,5,5-tetrametylbenzidine. The non-inhibited reaction pro-
duced a change in OD of 0.4 min~". One unit of inhibitor was defined as
the amount of sample that reduced peroxidase activity by 50%. Ascorbate
content was measured in AFs recovered on an equal volume of 20%
metaphosphoric acid and quantified using reverse phase HPLC with elec-
trochemical detection. Dashed line corresponds to the fitted curve for per-
oxidase activity shown in Fig. 2. Data are means of three replicates from
three independent experiments. B: Peroxidases zymograms. AFs obtained
from leaves at 200, 250, 400, 600 and 800 degree-days were analysed in
12% polyacrylamide SDS gel electrophoresis. After electrophoresis, the gel
was washed with 2 mm H,O,, 80 mm sodium acetate buffer, pH 5.2, for
15 min, and the activity was developed by incubation in 2 mm H,0, and
2 mg mI™" 4-chloro-1-naphthol. The profiles are representative of three
independent experiments.

the first barrier in ozone resistance (Luwe et al. 1993; Conk-
lin & Barth 2004; Foyer & Noctor 2005), is assumed to be a
metabolic promoter that sustains cell growth since it is
related to several aspects of growth (Potters et al. 2000; Smir-
noff 2000; Pastori et al. 2003). Ascorbate induces cell division
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(De Tullio et al. 1999), promotes wall loosening through
‘OH production (Fry et al. 2002) and protects auxins from
oxidation (Gazaryan et al. 1996). Thus ascorbate appears as a
central metabolite in several reactions directly or indirectly
related to the control of growth. Interestingly, when the
extracellular content of this multi-faceted molecule was
decreased through overexpression of an ascorbate oxidase
gene, plant growth and defence were altered through the reg-
ulation of signal transduction cascades and gene expression
(Pignocchi et al. 2006).

In this work, a strong negative correlation was evidenced
in the extracellular fluids of sunflower leaves between peroxi-
dase activity and ascorbate content, as well as growth rate
during leaf development (Figs 1 and 4). The antioxidant acts
as an inhibitor that reduces the activity of peroxidases at
stages in which the leaves show the strongest growth (Figs 1,
2 and 4). The highest extracellular concentrations of ascor-
bate were observed at the earliest stages of leaf development
and dropped abruptly close to the detection limit in 500
degree-day leaves (Fig. 4A), similar to values observed in the
extracellular fluids from pea shoots (de Pinto & de Gara
2004). Since commercial ascorbate could cause a 50% reduc-
tion in sunflower peroxidase activity at micromolar concen-
trations (Fig. 3B), which coincides with values measured in
isolated AFs (Fig. 4A), it is proposed that apoplastic ascor-
bate could act as an indirect regulator of growth. In agree-
ment with the occurrence of the peroxidase and its inhibitor
in sunflower AFs, methods that isolate or denature the
enzyme could increase availability of the inhibitor, possibly
explaining why some treatments, e.g boiling, actually
increased peroxidase inhibition (Fig. 3A). Similarly, AFs
obtained from leaves at the end of their expansion had negli-
gible peroxidase activity according to spectrophotometric
assays (Fig. 1), which contrasted with the very high signal
detected in the zymogram (Fig. 4B) as a result of separation
of the inhibitor during electrophoresis. Therefore, the in
planta inhibitor concentration in the apoplast appears to be
sufficient to inhibit peroxidase present in the same compart-
ment (Figs 3 and 4), supporting the contribution of this
enzyme to the stiffening of the cell wall at the end of leaf
expansion through the loss of extracellular ascorbate. How-
ever, the content of endogenous apoplastic substrates, i.e.
H,0, and phenolic compounds, should be assessed to obtain
a more detailed picture of leaf growth control. In this regard,
Ranieri et al. (2003) proposed that natural substrates, such as
coniferyl and ferulic acids, are fine-tuned during the develop-
ment of sunflower leaves and require micro-localised control,
which would make construction of a model representing the
in vivo conditions a complex task.

Ascorbate has previously been proposed as the natural sub-
strate for extracellular peroxidases (Mehlhorn et al. 1996; de
Pinto & de Gara 2004), despite ascorbate peroxidases being
grouped in the intracellular type I subgroup of isoenzymes
(Cosio & Dunand 2009). The in vitro inhibitory effect of
ascorbic acid on extracellular peroxidases has also been char-
acterised in samples obtained from epicotyls of Vigna angu-
laris (Takahama 1993) and needles of Norway spruce (Otter
& Polle 1994). In agreement with this role, it was shown that
the level of ascorbic acid in the apoplast of tobacco leaves
decreased during aging, while the activity of peroxidases
simultaneously increased (Takahama et al. 1999). The occurrence
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of apoplastic inhibitors of peroxidases, other than ascorbate,
has also been reported. Burr & Fry (2009) reported a dra-
matic increase in the crosslinking of feruloylated arabinoxy-
lans to the cell walls of maize after 8 days of cell culture, and
proposed that an inhibitor would most likely be the regulator
of the reaction, although the molecule was not identified.
This proposal was based on the fact that the reaction
depended on the activity of an extracellular peroxidase that
was present at all cell culture ages. On the other hand, evi-
dence of the in vivo ascorbate—peroxidase relationship in the
apoplast has only been obtained in onion roots, where perox-
idase activity and ascorbate were higher in the meristem and
elongation zone than in the base of the root, in which there
are no actively growing cells. Moreover, in situ detection of
the enzyme showed that the meristem and elongation zone
were not stained, and the intensity of the signal gradually
recovered toward the base of the root (Cordoba-Pedregosa et
al. 1996, 2005). Incubation with ascorbate or a precursor of
its synthesis increased the cell elongation rate while reducing
guaiacol and ferulic peroxidase activity (Cordoba-Pedregosa
et al. 2005). Therefore, the present work is relevant in show-
ing for the first time that in planta ascorbate concentrations
in the apoplast of growing young leaves restrains the peroxi-
dase co-localised in the same compartment. Subsequently, in
organs with reduced growth rates, ascorbate level is reduced
and relieves inhibition on the enzyme and contributes to wall

Ascorbate as inhibitor of apoplastic peroxidases

In summary, in vivo and in vitro approaches support a role
for ascorbate as an inhibitor of extracellular peroxidases in
actively growing zones. Moreover, the reversible peroxidase—
inhibitor interaction appears to be common in the control of
both leaf and root growth. Our observations emphasise the
significance of the post-translational regulation of specific
soluble apoplastic peroxidase and complement novel
approaches using microarray technology in peroxidase char-
acterisation.
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