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Abstract

The changes in the activity of peroxidase (POD) extracted from the cell wall and the level of H,O, of rice seedling roots treated
with abscisic acid (ABA) and their correlation with root growth were investigated. Increasing concentrations of ABA from 3 to
18 uM progressively reduce root growth and increase POD activities (using guaiacol or ferulic acid as a substrate) extracted from
the cell wall of rice roots. The reduction of root growth by ABA is also correlated with an increase in H,O, level. Both diamine
oxidase (DAO) and NADH peroxidase (NADH-POD) are known to be responsible for the generation of H,O,. ABA treatment
increased NADH-POD and DAO activities in roots of rice seedlings, suggesting that NADH-POD and DAO contribute to the
generation of H,O, in the cell wall of ABA-treated roots. An increase in the level of H,O, and the activity of POD extracted from
the cell wall of rice roots preceded root growth reduction caused by ABA. An increase in DAO and NADH-POD activities
coincided with an increase in H,O, in roots caused by ABA. Since DAO catalyzes the oxidation of putrescine, the results that
ABA increases the activity of DAO in roots is consistent with those that ABA decreases the level of putrescine. In conclusion, cell
wall stiffening catalyzed by POD is possibly involved in the regulation of root growth reduction caused by ABA. © 2001 Elsevier
Science Ireland Ltd. All rights reserved.
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alternatively, with additional POD the growth was
stunted [9].

1. Introduction

It has been suggested that growth reduction is Abscisic acid (ABA) iS' UbiQUitOUS in higher
likely to result from cell wall stiffening processes plants and has‘ many ’ph‘ysmloglcal effects on th?
related to formation of cross-links among cell wall growth and differentiation of plants [10]. It is

polymers [1]. The formation of cross-links between usually accepted that ABA is a potent growth
cell wall components is mediated by cell wall-asso- inhibitor, although in a few cases it may promote
ciated peroxidase (POD) enzymes [1]. There are growth [11]. It has been shown that ABA is re-
many reports showing that POD activity extracted quired for maize primary root elongation at low
from cell walls is inversely related to cell growth water potentials [12,13]. However, the mechanism
[2—8]. With the aid of specific antibodies for POD underlying the inhibition of plant growth by ABA
it was shown that hypocotyl growth could be is not yet clear. Zocchi and De Nisi [14] reported

enhanced in the presence of the antibodies, or  that ABA inhibited elongation of the maize
coleoptile and reduced proton extrusion. We have

Abbreviations: DAO, Diamine oxidase; DW, Dry weight; FPOD, preV10usly rep orted that an increase in 101’11C2111y

Ferulic acid peroxidase; FW, Fresh weight; POD, Peroxidase; Put, bound POD (removable from homogenized tissue

Putrescine; Spd, Spermidine; Spm, Spermidine. with high ionic strength buffer) activity is associ-
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for cell wall stiffening process catalyzed by POD
[5,16]. Using a sensitive tissue-print assay,
Schopfer [17] has been able to demonstrate that
H,O0, is localized in the cell wall of pea epicotyl.
The formation of H,O, by isolated cell wall from
horseradish has been reported [18]. It has been
shown that H,O, inhibits auxin-mediated growth
of maize coleoptile segments [16] and H,O, causes
a rapid cross-links of cell wall polymers [16,19].
Therefore, to ensure complete stiffening of the cell
wall a sufficient supply of H,O, is required. The
present investigation was designed to study the
changes in POD activity extracted from the cell
wall and H,O, level in roots of ABA-treated rice
seedlings and their correlation with root growth.

2. Materials and methods

Rice (Oryza sativa L., cv. Taichung Native 1)
seeds were sterilized with 2.5% sodium hypochlor-
ite for 15 min and washed extensively with distilled
water. These seeds were then germinated in Petri
dish (20 cm) containing distilled water at 37°C
under dark condition. After 1 day incubation,
uniformly germinated seeds were selected and
transferred to Petri dishes (9.0 cm) containing two
sheets of Whatman No. 1 filter paper moistened
with 10 ml of distilled water or test solutions. Each
Petri dish contained 20 germinated seeds. Each
treatment was replicated 4 times. The germinated
seeds were allowed to grow at 27°C in darkness.
To avoid the loss by evaporation and uptake by
the seeds, a further 3 ml of distilled water or test
solutions was added to each Petri dish on day 3.

Cell walls were prepared by homogenizing roots
in ice-cold phosphate buffer (50 mM, pH 5.8)
using a pestle and mortar. The homogenate was
centrifuged at 1000 x g, and washed at least four
times with 50 mM phosphate buffer [6]. The pellet
was collected and used as a cell wall fraction.

POD ionically bound to the cell wall was ex-
tracted with 1 M NaCl. Cell walls were prepared
as described above were incubated in 1 M NaCl
for 2 h with shaking at 30°C and centrifuged at
1000 x g. The supernatant was used for enzyme
assays. Guaiacol was used as substrate to deter-
mine cell wall POD. The assay medium contained
0.05 M phosphate buffer (pH 5.8), 7.2 mM guaia-
col, 11.8 mM H,O, and 0.1 ml enzyme extract in a
final assay volume of 3.0 ml. The reaction was

initiated by the addition of H,O, and the change
in absorbance at 470 nm was measured [20]. Activ-
ity was calculated using the extinction coefficient
(26.6 mM ! cm ' at 470 nm) for tetraguaiacol
[20]. One unit of cell wall POD was defined as the
amount of enzyme that causes the formation of 1
umol tetraguaiacol per min. Ferulic acid POD
(FPOD) was assayed according to Sanchez et al.
[21]. The oxidation of ferulic acid was measured
spectrophotometrically following the absorance
decrease at 310 nm in a reaction mixture contain-
ing 1.35 ml Na-phosphate buffer (0.2 M, pH 5.8),
0.5 ml ferulic acid (240 uM), 0.5 ml H,O, (3 mM)
and 0.15 ml enzyme extract. One unit of FPOD
was defined as a decrease of 1 A5, min .

NADH-POD, which catalyzes the reduction of
O, to H,0, using NADH as electron donor, activ-
ities in the ionic cell wall fraction were determined
according to the method of Ishida et al. [22]. The
assay mixture contained 50 uM NADH in Na-ace-
tate buffer (30 mM, pH 6.5), 5 mM MnCl, and 20
UM p-coumaric acid. The reaction was started by
adding the enzyme, and the decrease of ab-
sorbance at 340 nm by oxidizing NADH was
measured at 25°C. One unit of NADH-POD was
defined as a decrease of 1 43, min .

DAO activities in the ionic cell wall fraction
were measured by the method of Naik et al. [23].
The reaction mixture contained 50 mM phosphate
buffer (pH 7.8), 10 mM putrescine (Put), 0.1 mM
pyridoxal phosphate and enzyme extract in a total
volume of 4 ml. After incubation at 30°C for 1 h
the reaction was terminated using 1 ml 20% (w/v)
trichloroacetic acid. After 30 min, the incubation
mixture was centrifuged at 5000 x g for 15 min.
One ml of ninhydrin mixture (250 mg ninhydrin in
6 ml acetic acid and 4 ml phosphoric acid) was
added to the supernatant. Colour was developed
at 100°C for 30 min. After adding 1 ml of acetic
acid absorbance was measured at 510 nm. In
controls, trichloroacetic acid added prior to the
enzyme solution. One unit of DAO was defined as
an increase of 1 As;, per h.

The H,O, level was colorimetrically measured as
described by Jana and Choudhuri [24]. H,O, was
extracted by homogenizing 10 roots with 3 ml of
phosphate buffer (50 mM, pH 6.8) containing
catalase inhibitor hydroxylamine (1 mM). The ho-
mogenate was centrifuged at 6000 x g for 25 min.
To determine H,O, levels, 3 ml of extracted solu-
tion was mixed with 1 ml of 0.1% titanium sulfate
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in 20% (v/v) H,SO, and the mixture was then
centrifuged at 6000 x g for 15 min. The intensity
of the yellow colour of the supernatant was mea-
sured at 410 nm. H,O, level was calculated using
the extinction coefficient 0.28 pmol ~! cm ~'.

Proline was extracted and its concentration de-
termined by the method of Bates et al. [25]. Roots
were homogenized with 3% sulfosalicylic acid and
the homogenate was centrifuged. The supernatant
was treated with acetic acid and acid ninhydrin,
boiled for 1 h and then absorbance at 520 nm was
determined. Proline level was calculated using the
extinction coefficient 3.24 umol ~' cm ~'. Ammo-
nium was extracted by homogenizing roots in 0.3
mM sulphuric acid (pH 3.5). The homogenate was
centrifuged for 10 min at 39 000 x g, and the
supernatant was used for determination of ammo-
nium as described by Lin and Kao [26].

For determinations of Put, spermidine (Spd)
and spermine (Spm), roots were homogenized in
5% (v/v) perchloric acid. Levels of Put, Spd and
Spm were determined using HPLC after benzola-
tion as described previously [27].

For all measurements, each treatment was re-
peated four times. All experiments described here
were repeated at least three times. Similar results
and identical trends were obtained each time. The
data reported here are from a single experiment.

3. Results and discussion

Root growth was followed by measuring FW
and DW of roots. Fig. 1 shows the effect of ABA
on root growth of rice seedlings. Increasing con-
centrations of ABA from 3 to 18 uM progressively
decrease root growth. The reduction of root
growth with increasing ABA concentrations is cor-
related with an increase in cell-wall POD activity.
Although there are some reports indicating that
ABA may promote root growth [11-13], the re-
sults of the present investigation are consistent
with the generally accepted idea that ABA is a
potent root growth inhibitor.

A key role of cell-wall POD in the stiffening of
the cell wall through formation of cross-links be-
tween wall polymers and consequently, in the re-
duction or cessation of cell growth has been
proposed [1]. Guaiacol was used as a substrate for
cell-wall POD reported in Fig. 1. However, guaia-
col is not the natural substrate in the formation of

cross-links between wall polymer. The polysaccha-
rides of plant cell wall contain hydroxycinnamic
acids that are presented as an ester-linked side
chain. Ferulic acid has been identified as being
ester linked to arabinoxylans in cell walls of
monocotyledonous plants [28,29]. A key role in
the cell-wall stiffening of dimerization of ferulic
acid catalyzed by cell-wall POD has been pro-
posed [21]. Although we do not know the con-
stituents of polysaccharides of the cell wall in rice
seedling roots, it is most likely that ferulic acid is
also present in the cell wall of rice roots used in
the present investigation. If this is indeed the case,
then ABA is expected to increase the POD activity
against ferulic acid (ferulic acid peroxidase or
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Fig. 1. Effects of ABA on root growth, cell wall POD
activities, H,O, levels, diamine oxidase (DAO) activities and
NADH peroxidase (NADH-POD) activities in roots of rice
seedlings. Root growth, H,O, levels and enzyme activities
were determined after 5 days of treatment. Vertical bars
represent standard errors (n = 4).
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Fig. 2. Effects of ABA on ferulic acid peroxidase (FPOD)
activities in roots of rice seedlings. FPOD activities were
determined after 5 days of treatment. Vertical bars represent
standard errors (n = 4).

FPOD). Fig. 2 shows that the reduction of root
growth with increasing ABA concentrations is cor-
related with an increase in FPOD activity.

The results reported in the Figs. 1 and 2 seem to
suggest that ABA-induced inhibition in root
growth of rice seedlings is due to cell-wall stiffen-
ing process catalyzed by POD. H,O, is a necessary
substrate for POD [1,5,16]. H,O, has been demon-
strated to cause a rapid cross-links of cell wall
polymers [5,16,19]. If POD regulates cell-wall stift-
ening by catalyzing the oxidative cross-linking of
cell wall polymers, there must be a sufficient sup-
ply of H,O,. Thus, it is of great interest to know
whether ABA increases the level of H,O, in roots
of rice seedlings. Fig. 1 shows that increasing
concentration of ABA from 3 to 18 uM progres-
sively increased H,O, levels in roots. Schopfer [17]
reported that in the hypocotyl of sunflower and
cucumber seedlings the light-mediated inhibition
of elongation growth was correlated with a strong
increase in H,O, in the epidermis and in the
vascular bundle. In a recent work, we demon-
strated that exogenous application of H,O, re-
sulted in an inhibition of root growth of rice
seedlings [30]. These results are in agreement with
those of Schopfer [16] who demonstrated that
H,O, inhibited auxin-mediated growth of maize
coleoptile segments [16]. Our results seem to sug-
gest POD-mediated cell-wall stiffening of rice
roots is involved in ABA-inhibited root growth.

One of potential sources of H,O, in plant cells is
cell wall- or membrane-bound NADH-POD are
responsible for H,O, generation [18,31]. As ex-
pected, increasing cell-wall NADH-POD activities

were found to increase with increasing ABA con-
centrations in rice seedling roots (Fig. 1). Diamine
oxidase (DAO), which is involved in polyamine
catabolism, oxidizes Put with the formation of
A'-pyrroline together with H,O, and ammonia
[32]. DAO activity is mainly localized in cell walls
[33] and perhaps plays a role in regulating Put
levels [32] or providing H,O, required for peroxi-
dation reactions that occur in the cell walls for the
formation of cross-links [33]. It seems that DAO is
another source leading to H,O, generation in
ABA-inhibited root growth of rice seedlings. To
test this, we determined the activities of DAO in
rice seedling roots in response to various concen-
trations of ABA (Fig. 1). As expected, increasing
concentrations of ABA from 3 to 18 uM progres-
sively increased DAO activities. This result is con-
sistent with the observations that ABA treatment
decreases Put level but has no effect on Spd and
Spm levels (Fig. 3).

It is known that ammonium strongly inhibits
the growth of many plants [34]. Exogenous appli-
cation of NH,Cl was also found to reduce root
growth [26] and to increase ionically bound POD
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Fig. 3. Effects of ABA on the levels of polyamines in roots of
rice seedlings. Putrescine (Put), spermidine (Spd) and sper-
mine (Spm) were determined after 5 days of treatment. Verti-
cal bars represent standard errors (n =4).
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Fig. 4. Effects of ABA on the levels of proline and ammo-
nium in roots of rice seedlings. Proline and ammonium were
determined after 5 days of treatment. Vertical bars represent
standard errors (n=4).

activity [7] of rice seedlings. Previously, we also
reported that exogenous application of proline
resulted in an inhibition of root growth of rice
seedlings and an increase in ionically bound POD
[7]. Thus, it would be of great interest to under-
stand whether ABA treatment resulted in an accu-
mulation of proline and ammonium in roots of
rice seedlings. Fig. 4 shows that ABA treatment

Table 1

increases proline level but had no effect on ammo-
nium level. In our unpublished data, we have
shown that exogenous proline application resulted
in a reduction of root growth, an increase in H,O,
level, cell-wall POD and FPOD activities in roots
of rice seedlings. The observations that rice
seedlings fed with proline, which resulted in an
increase in POD activity extracted from the cell
wall and H,O, level in roots, reduced root growth
in the same way that ABA did, further support
that cell-wall stiffening may be involved in the
regulation of root growth reduction of rice
seedlings exposed to ABA.

To test the causal relationship among root
growth reduction, cell wall POD and FPOD activ-
ities, H,0O, level, and cell wall DAO and NADH-
POD activities caused by ABA, 2-day-old
seedlings were transferred to distilled water and
ABA, respectively, for 4, 8, 12 and 16 h. Changes
in root growth, cell wall POD and FPOD activi-
ties, H,O, level, and cell wall DAO and NADH-
POD activities were then monitored. As indicated
in Table 1, an increase in cell wall POD and
FPOD activities and H,0, level preceded inhibi-
tion of root growth caused by ABA. Clearly, the
links between ABA treatment, cell wall POD and
FPOD, H,O, and root growth are well established.
The observations that an increase in DAO and
NADH-POD activities coincides with an increase
in H,O, level in roots caused by ABA (Table 1)

Changes in root growth, cell wall POD activity, ferulic acid peroxidase (FPOD) activity, H,O, level, diamine oxidase (DAO)
activity and NADH peroxidase (NADH-POD) activity in roots of rice seedlings treated with ABA®

Time, hours

0 8 12 16
FW (mg root™!) H,0 6484031 6.65+0.11 6.61+022  7.3940.14  7.78+0.22
ABA 645+0.14  6.58+0.19  682+0.15  7.08+0.06
DW (mg root ) H,0 0644003 0674003  066+002  0.74+0.01 0.78 + 0.02
ABA 0.64 +0.01 0.66+0.02  0.68+0.02  0.71+0.01
Cell Wall POD (units g~ 'DW) H,0 43.18+146 44324237 4290+2.77 46.18+198  52.19+3.71
ABA 43124348  49.14+332 54304211  60.43 +3.18
FPOD (units g~ 'DW) H,0 204 +4 224+ 17 21849 216 +22 247 4 10
ABA 22347 259 + 11 265+ 8 312+ 11
H,0, (umol g~! DW) H,0 6464021 6.60+033  6.63+026  7.08+044  7.68+0.20
ABA 6.86 + 0.41 7.1840.19  7.9440.31 8.67 + 0.45
DAO (units g~ ! DW) H,0 5714035 5884029  6.13+0.18  6.67+032  7.05+0.31
ABA 6144037 6894034  7.54+022  7.96+0.35
NADH-POD (units g~' DW) H,O0 57774321  562943.15 55474227 58.70+335 6543 +3.19
ABA 54.67+235 62214277  66.98+2.16 7421 +2.94

2 Rice seeds were germinated in distilled water for 2 days and then transferred to distilled water and ABA (9 pM), respectively.
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suggest that DAO and NADH-POD are the
sources for the generation of H,O, in the cell wall.
NADH-POD catalyzes the reduction of O, to
H,O, using NADH. The question now arises by
which mechanism NADH is provided. Gross [31]
provided evidence to show that cell wall-bound
malate dehydrogenase was involved in the produc-
tion of NADH. However, we have not succeeded
in detecting cell wall-bound malate dehydrogenase
in roots of rice seedlings. Frahry and Schopfer [35]
also failed to detect cell wall-bound malate dehy-
drogenase activity in soybean roots. It seems that
NADH-POD plays minor role, if any, in provid-
ing H,O, in ABA-treated roots of rice seedlings.
Since H,O, can rapidly pass from the cytoplasm to
the cell wall [36], a cytoplasmic origin of released
H,O, cannot be ruled out.

In conclusion, the data reported in the present
investigation support the involvement of cell-wall
stiffening in growth reduction in rice seedling
roots exposed to ABA.
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