Acta Biologica Hungarica 69(3), pp. 283-299 (2018)
DOI: 10.1556/018.68.2018.3.5

ABA REGULATION OF ANTIOXIDANT ACTIVITY
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ABA regulation of antioxidant activity during post-germination desiccation and subsequent rehydration
was studied in two wheat cultivars PBW 644 (ABA-higher sensitive and drought tolerant) and PBW 343
(ABA-lesser sensitive and drought susceptible) where 1 d-germinated seeds were exposed to ABA/ PEG-
6000 for next 1 d, desiccated for 4 d and subsequently rehydrated for 4 d. Ascorbate, dehydrascorbate to
ascorbate ratio, malondialdehyde (MDA), hydroxyl radicals, and activities of monodehydroascorbate
reductase (MDHAR), dehydroascorbate reductase (DHAR), alcohol dehydrogenase (AlcDH) and alde-
hyde dehydrogenase (AldDH) were measured in seedlings just before desiccation (2 d old), desiccated
(6 d old) and rehydrated (10 d old) stages. ROS/NO signaling was studied under CT and ABA supply by
supplying ROS and NO scavengers. During desiccation, both cultivars showed increase of oxidative
stress (dehydroascorbate to ascorbate ratio, MDA, hydroxyl radicals) and antioxidant activity in the form
of ascorbate content and AIdDH activity while other antioxidant enzymes were not increased. PBW 644
showed higher antioxidant activity thus produced less oxidative stress compared to PBW 343. During
rehydration, activities of all antioxidant enzymes and levels of ROS (hydroxyl radicals) were increased
in both cultivars and MDA was decreased in PBW 343. ABA supply improved desiccation as well as
rehydration by improving all parameters of antioxidant activity tested in this study. PEG supply resem-
bled to ABA-supply for its effects. ABA/PEG improvements were seen higher in PBW 644. ROS/
NO-signalling was involved under CT as well as under ABA for increasing antioxidant activity during
desiccation as well as rehydration in both cultivars.

Keywords: Abscissic acid — antioxidant — nitric oxide — post-germination desiccation — reactive oxygen
species

INTRODUCTION

Desiccation tolerance (DT) refers to the ability of a cell to endure loss of all or almost
all of its water without irreversible damage. Vegetative DT is not common in angio-
sperms except resurrection plants [7, 26]. But angiosperms possess DT in their seeds.
Majority of angiosperm species produce orthodox seeds (desiccation tolerant). These
seeds acquire DT in the development process during seed maturation and lose DT
during germination. Hence studying the dehydration response of seeds during devel-
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opment and/or germination is a common approach for the study of DT [22]. DT dur-
ing germination or post-germination-DT is progressively lost until seedlings reach
‘point of no return’, after this point, seedlings no longer survive desiccation. Study of
DT mechanism is very important in plant biology as this knowledge can be applied
in many fields like crop breeding programs for improving stress tolerance or produc-
tivity, to build DT in recalcitrant seeds of economically important crops, somatic
embryos/artificial seeds for their long-time storage [2, 32] and many non-plant appli-
cations.

Mechanism involved in post-germination-DT is not known but ABA is the main
regulator of the response [23-25, 28]. ABA improvement of post-germination-DT is
found in Arabidopsis thaliana [28], and in tree species Tabebuia impetiginosa (native
tree of tropical America, well adapted to seasonally dry biome) [40], Cedrela fissilis
(native tree of Brazilian Atlantic forest) [29]. ABA-insensitive mutants of Arabidopsis
thaliana were found impaired in post-germination-DT [28]. ABA may involve its
seed-responsive pathways (mediated through ABI3, ABI4, ABI5S) to induce DT dur-
ing germination as reported in A. thaliana [23-25]. PEG (inducer of water deficit
stress) was also found to improve this DT in tree species [29, 40], 4. thaliana [28]
and maize [13].

In the present study, post-germination-DT and its improvement by ABA or PEG was
studied in wheat. ABA pathways of vegetative stress response (mediated through ABI1
and ABI2) are different from pathways of its seed responsiveness [5]. ABA-pathways
of vegetative stress responsiveness belong to ROS/NO-pathways where ABA pro-
duces ROS or NO as secondary signals to activate antioxidant potential [30]. These
pathways provide tolerance to different abiotic/biotic stresses [12, 30, 36]. In the pre-
sent study, ROS/NO-pathways were studied using ROS/NO scavengers under con-
trolled and ABA supplied conditions to check if these contribute to antioxidant activ-
ity during post-germination-DT in wheat. Redox state of ascorbate and detoxification
enzymes like alcohol dehydrogenase and aldehyde dehydrogenase have been reported
as unique components of antioxidant activity under desiccation in resurrection plants
[21, 31, 35]. Monodehydroascorbate reductase (MDHAR) and dehydroascorbate
reductase (DHAR) enzymes reduce and thus recycle oxidized forms of ascorbate to
reduced forms during ascorbate-glutathione cycle by using NAD(P)H and reduced
glutathione respectively [9]. Therefore, in the present study, these antioxidant compo-
nents were selected to study. Two wheat cultivars PBW 644 and PBW 343 contrasting
in drought tolerance and ABA-sensitivity [17] were chosen for this study.

MATERIALS AND METHODS
Plant materials
Fresh seeds (freshly harvested stored at —20 °C) of wheat (Triticum aestivum L.) cul-

tivars PBW 644 and PBW 343 were used. Seeds were germinated in Petri dishes on
sterilized filter paper irrigated with autoclaved distilled water. Plates were kept at
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4 °C for 24 h to break dormancy, grown for 1 day, then treated with chemicals (ABA,
PEG, ABA+DMTU/tiron/ PTIO, DMTU/tiron/PTIO and water as CT) for next 1 d at
25 °C in the dark, transferred to desiccation chamber for desiccation at room tempera-
ture in the presence of saturated solution of MgCl, as desiccant for 4 d then rehydrated
by transferring to autoclaved sand moistened with autoclaved distilled water for next
4 d at 25 °C in the dark [27]. Concentrations of chemicals were 20 uM ABA, 70%
PEG6000,10mM DMTU, 10mM tiron, 50 uM PTIO.DMTU is N, N’-dimethylthiourea
which is specific scavenger of H,O,. Tiron is sodium 4,5-dihydroxybenzene-1,3-di-
sulfonate which is specific scavenger for superoxide anion radicals. PTIO is 2-phe-
nyl-4, 4,5,5-tetramethylimidazoline-1-oxyl 3-oxide which is specific scavenger for
nitric oxide. During the experiment, three stages, 2 d (before desiccation), 6 d (desic-
cated), 10 d (rehydrated) old seedlings were taken for analysis.

Measurement of contents

Ascorbate [1] was extracted with ice cold 5% TCA and measured by incubating
extract in 0.053% H;PO,, 0.004% FeCl;, 0.13% bathophenanthroline, 60% ethanol
and 2% TCA at 37 °C for 1 hour, read at 525 nm. For measurement of total ascorbate,
dehydroascorbate was first reduced to ascorbate by incubating extract in 0.015%
DTT, 50 mM sodium hydrogen phosphate, 0.3M NaOH for 10 min, adding
N-ethylmalemide and TCA to 0.04% and 3.3%, respectively, then ascorbate was
measured by above-mentioned same protocol. Amount was calculated using standard
ascorbate (50—150 nmole). Dehydroascorbate was calculated by subtracting ascorbate
value from total ascorbate value.

For hydroxyl radicals [33], tissue was crushed and immersed in 1 mM deoxyribose
and incubated at room temperature in the dark with shaking for 45 min. 0.5 ml of this
extract was added to preheated mixture of 0.5 ml of 1% TBA in 0.05M NaOH and
0.5 ml of 2.8% TCA. It was immediately boiled for 10 minutes and cooled down on
ice for next 10 minutes. Absorbance at 540 nm was taken and content was calculated
in absorbance units.

Malondialdehyde (MDA) [11] was extracted in 1.5 ml of ice-cold 0.1% TCA,
estimated by reacting 1 ml of extract with 4 ml of solution containing 0.5% TBA in
20% TCA. Test tubes were incubated at 95 °C for 30 minutes, cooled down to room
temperature, centrifuged and read at 532 nm and 600 nm. Absorbance at 600 nm was
subtracted from absorbance at 532 nm. The MDA content was calculated by using
molar extinction coefficient of MDA of 155 mM-! cm1.

Measurement of enzymatic activities
Monodehydroascorbate reductase (MDHAR) and dehydroascorbate reductase

(DHAR) [16] were extracted in 100 mM potassium phosphate buffer (pH 7.5) with
1 mM EDTA and 2% PVP, where 1 mM ascorbate was added before use. MDHAR
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was assayed in 50 mM potassium phosphate buffer (pH 7.5), 10 mM NaCl, 2 mM
MgCl,, 400 mM sucrose, 2.5 mM ascorbate, 0.1 mM NADH and 0.14 units of ascor-
bate oxidase for disappearance of NADH at 340 nm at 25 °C and calculated using
€napn of 6.22 mM-! cm!. DHAR was assayed in 50 mM potassium phosphate
buffer (pH 7.0), 2.5 mM reduced glutathione (GSH), 0.2 mM dehydroascorbate, 0.1
mM EDTA for appearance of ascorbate at 265 nm at 25 °C and calculated using €asc
of 14 mM-!cm!.

Alcohol dehydrogenase (AlcDH) [6] was extracted in 0.1 M Tris HCI (pH 9.0)
with 20 mM MgCl,, 0.1% B-mercaptoethanol, 1 mM PMSF and assayed in 50 mM
Tris HCI buffer (pH 9.0), 1 mM B-NAD to which 50 ul of ethanol was added to start
the reaction at 30 °C at 340 nm for production of NADH. Enzyme activity was cal-
culated using €xapy of 6.22 mM-1cm1.

Aldehyde dehydrogenase (AIdDH) [6] was extracted in 100 mM HEPES (pH 7.4),
1 mM EDTA, 2 mM DTT and 0.1% triton-X-100 and assayed with 20 pl of enzyme
extract in 0.1 M Tris HCI buffer (pH 9.0), 1.5 mM B-NAD at 30 °C at 340 nm to
which 56 ul of acetaldehyde was added to start reaction. Change in absorbance was
recorded 3 minutes at the interval of 30 seconds. Enzyme activity was calculated
using €xapn = 6.22 mM-TcmL.

Statistical analysis

Three biological replicates were taken for each measurement. Mean £ S. D. was cal-
culated. Results were analyzed by Duncan Multiple test using DSAASTAT software.

RESULTS

Data was analyzed in 2 d, 6 d and 10 d-old seedlings where 2 d stage represented
seedlings just before desiccation, 6 d and 10 d represented desiccated and rehydrated
seedlings, respectively. In figures (Figs 2, 3), data of CT-seedlings was compared
among stages and between cultivars; ABA/PEG-treatment was compared to CT at
each stage to check ABA/PEG-improvement. In tables (Tables 1-4), DMTU/tiron/
PTIO was compared to CT, ABA plus DMTU/tiron/PTIO was compared to ABA at
each stage to check if endogenous ROS/NO-regulations in CT and ABA-treated seed-
lings were scavenged in the presence of these chemicals.

Visible observation of growth recovered upon rehydration
The visual effect of treatments on growth recovered upon rehydration is shown in
Fig. 1. Rehydrated growth of PBW 644 was higher with more number of erected

seedlings compared to PBW 343 under all conditions, i.e. CT (Fig. 1a, ¢), ABA
(Fig. 11, m), PEG (Fig. 1q, r). In PBW 343, PEG (Fig. 1r) and ABA (Fig. 1m) treat-
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ment improved growth over CT (Fig. le). Removal of ROS and NO under CT
affected growth in both cultivars but effects were more prominent in PBW 644
(Fig. 1a—d, e-h). Similarly removal of ROS and NO under ABA affected the growth
in both cultivars (Fig. 1i—1, m—p).

Redox state of ascorbate

During desiccation (from 2 d to 6 d period), ascorbate content was increased but
dehydroascorbate to ascorbate ratio was also increased in both cultivars but increase
of ascorbate was higher in PBW 644 (Fig. 2). During rehydration (from 6 d to 10 d
period), ascorbate content was decreased and ratio remained unaltered in both culti-
vars. ABA/PEG though decreased ascorbate but also decreased ratio at 6 d, however
at 10 d, ABA/PEG increased ascorbate and decreased ratio in both cultivars.
Comparing PEG and ABA, improvement was more by ABA. Comparing cultivars,
ABA/PEG improvements were more pronounced in PBW 644.

Removal of ROS/NO under CT (Table 1) decreased ascorbate by very significant
amount at all three stages in both cultivars. Removal of ROS/NO under ABA
decreased ascorbate at 10 d in both cultivars and 6 d in PBW 644 only. Removal of
ROS/NO under CT increased ratios at 10 d in both cultivars and at 6 d in PBW 343
only. Removal of ROS/NO under ABA increased ratio by significant amount at 6 d in
PBW 644 only. Therefore, compared to PBW 343, ABA-signalling contributed more
in PBW 644 at 6 d stage for maintaining redox state of ascorbate.

Oxidative stress (MDA and hydroxyl radicals)

In CT, MDA (Fig. 2) did not increase from 2 d to 6 d period but increased from 6
dto 10 d in PBW 644 while in PBW 343, MDA increased by large mount from 2 d
to 6 d period then decreased from 6 d to 10 d period. ABA/PEG did not decrease
MDA in both cultivars except ABA decreased it at 6 d stage in PBW 343, otherwise
ABA/PEG were increasing MDA specially in PBW 343. Hydroxyl radicals (Fig. 2)
were increased by small amount from 2 d to 6 d and by more amount from 6 d to
10 d period in both cultivars. ABA/PEG supply increased hydroxyl radicals at all
three stages in both cultivars. Levels of hydroxyl radicals remained lower in PBW
644 than PBW 343 under CT/ABA/PEG at all three stages except at 10 d stage
under CT only where level was higher in PBW 644. MDA-pattern appeared as
positively related to hydroxyl radicals in PBW 644, but in PBW 343, such relation
was not so perfect. ABA/PEG might be increasing ROS and MDA for signal pur-
pose but PBW 644 showed perfect regulation of these molecules due to its antioxi-
dant activity, while PBW 343 due to insufficient level of its antioxidant activity,
showed damage.

Removal of ROS/NO under CT (Table 2) increased MDA at 10 d stage in both
cultivars and at 6 d stage in PBW 644 only. However removal of ROS/NO under ABA
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Fig. 2. Change of ascorbate content, dehydroascorbate to ascorbate ratio, malondialdehyde (MDA) and

hydroxyl radicals content during desiccation and rehydration of control (CT), ABA, PEG-treated seed-

lings of two wheat cultivars PBW 644 and PBW 343. One day old seedlings were exposed to ABA, PEG

6000 for next 1 day, desiccated for 4 d, rehydrated for 4 d. Data was taken at 2 d (just before desiccation),

6 d (desiccated), 10 d (rehydrated) old seedlings. Different alphabets represent significant difference
(Duncan Multiple test p<0.05)
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Fig. 3. Change of activities of monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase

(DHAR), alcohol dehydrogenase (AlcDH) and aldehyde dehydrogenase (AldDH) during desiccation and

rehydration of control (CT), ABA, PEG-treated seedlings of two wheat cultivars PBW 644 and PBW 343.
Rest is same as in Fig. 2
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could not increase MDA effectively in both cultivars. Removal of ROS/NO under CT
did not increase hydroxyl radicals rather decreased it while removal of ROS under
ABA specially with DMTU increased hydroxyl radicals at all three stages in both
cultivars. Both cultivars used ROS/NO signaling in CT plant to control MDA more
effectively at 10 d but PBW 644 used it also at 6 d where PBW 343 could not, which
could be the reason of high increase of MDA at this stage.

MDHAR and DHAR

MDHAR (Fig. 3) did not alter from 2 d to 6 d but increased from 6 d to 10 d period
in CT of both cultivars, where increase from 6 d to 10 d period was higher in PBW
644. DHAR remained unaltered from 2 d to 10 d period in PBW 343 but decreased
from 2 d to 6 d then increased from 6 d to 10 d in PBW 644. ABA/PEG improved
MDHAR at 2 d, PEG improved it at 10 d in PBW 644 while in PBW 343, only PEG
improved it at 6 d. ABA/PEG increased DHAR by very significant amount at 6 d and
10 d in PBW 644 while in PBW 343, improvement was seen with only ABA at 6 d,
by both ABA/PEG at 10 d. Comparing ABA and PEG, increases of DHAR were
higher by ABA in both cultivars. Comparing cultivars, ABA/PEG increases of DHAR
were higher in PBW 644.

Removal of ROS/NO under CT (Table 3) decreased MDHAR at 2 d and 6 d in both
cultivars and at 10 d in PBW 644 only. Removal of ROS/NO under ABA decreased
MDHAR at 2 d and 6 d in PBW 343 only. Removal of ROS/NO under CT decreased
DHAR at 10 d in PBW 644 and at 6 d in PBW 343 only. Removal of ROS/NO under
ABA decreased DHAR at all three stages in both cultivars. Compared to PBW 644,
PBW 343 was poor in using ROS/NO/ABA signaling effectively during rehydration
for both MDHAR and DHAR.

AleDH and AldDH

In CT, AlcDH (Fig. 3) was decreased by small amount from 2 to 6 d but increased
from 6 to 10 d in both cultivars. Levels of AlcDH remained slightly higher in PBW
343 at all three stages. ABA/PEG improvement of AlcDH was also seen in both cul-
tivars, but levels of enzyme remained higher in PBW 343. AldDH increased from 2
to 6 and from 6 to 10 d period in CT of both cultivars but increases were higher in
PBW 644. ABA/PEG improvement of AIdDH was seen at all three stages in PBW
644 while at 10 d only in PBW 343. Comparing ABA and PEG, increases of AldDH
were higher by ABA in both cultivars. Comparing cultivars, ABA/PEG increases of
AldDH were higher in PBW 644.

Removal of ROS specially with DMTU under CT (Table 4) decreased AlcDH at
6 d and 10 d in both cultivars. Removal of ROS/NO under ABA decreased AlcDH by
significant amount at 10 d stage in both cultivars. Removal of ROS/NO under CT
decreased AIdDH mainly at 10 d stage in both cultivars. Removal of ROS/NO under
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ABA decreased AIdDH at 6 and 10 d in both cultivars. Both cultivars used ROS/NO/
ABA signaling by more amount during rehydration than desiccation to increase
AlcDH and AldDH.

DISCUSSION

Improved growth upon rehydration was an indicator of higher level of post-germina-
tion DT. As this was observed higher in drought tolerant cultivar PBW 644 hence
post-germination DT could be a good marker for vegetative drought tolerance of the
plant. This visual growth data has also been confirmed in dry biomass measurement
which is given in detail in our other report [20]. Removal of ROS/NO under CT and
ABA had reduced growth of rehydrated seedlings of almost both cultivars, hence
indicated the significant contribution of ROS/NO-pathways in post-germination DT.

Desiccation was not accompanied with increase of antioxidant enzymes tested
except aldehyde dehydrogenase and ascorbate content. Both these antioxidants were
found higher in PBW 644 than PBW 343, could probably be responsible for observed
lesser oxidative toxicity (MDA and hydroxyl radicals) in PBW 644. Increase of ascor-
bate levels has been found during desiccation of resurrection plants [8, 14] and this
increase was related to relative water content (RWC) of leaf in Xerophyta viscosa
where ascorbate content increased at 65% RWC but decreased at 35% RWC [14].
This showed that increase of ascorbate could be similar to as under abiotic/biotic
stresses but high water loss might decrease ascorbate. We also found increase of
ascorbate during desiccation in control seedlings but ABA/PEG supply decreased this
content. These supplies also caused more water-loss and growth arrest [20]. Therefore,
ABA/PEG could decrease ascorbate for improving desiccation tolerance as ascorbate
besides acting as antioxidant, stimulates cell division and cell expansion [15]. In
orthodox seeds, low levels of ascorbate have been related to desiccation tolerance
[41]. ABA-pathway mediated through ABI4 can reduce ascorbate to induce growth
arrest [18].

ABA/PEG supply though decreased ascorbate during desiccation but regulate
dehydroascorbate to ascorbate ratio effectively through increasing DHAR activity.
Studies [10, 16, 34] have indicated differential regulation of MDHAR and DHAR
where MDHAR plays role under moderate stress while DHAR is induced when
ascorbate content declines or dehydroascorbate content increases. In the present
study, DHAR was not induced in control seedlings but ABA/PEG supply increased
this enzyme by manyfold during desiccation and decreased the ascorbate content.

Aldehyde dehydrogenase is also related to desiccation tolerance in resurrection
plants as it detoxifies toxic aldehydes like malondialdehyde, acetaldehyde, propion-
aldehyde [19, 31, 35]. Transgenic Arabidopsis plants overexpressing AtAlIdDH 3
gene showed tolerance to dehydration and low accumulation of malondialdehyde
(4, 38].

Though antioxidant enzymes did not increase during desiccation but ABA/ROS/
NO-pathways were involved to maintain antioxidant activity. These pathways are
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involved in activation of antioxidant potential of plants under vegetative stresses [30].
We found involvement of these pathways in post-desiccation tolerance, too.

Contrary to desiccation, rehydration as a process of growth revival was accompa-
nied with high increase of antioxidant content including ascorbate and enzymes.
ABA/ROS/NO-pathways contributed more to maintain antioxidant content specially
MDHAR and DHAR during rehydration than desiccation. ABA increases of ascor-
bate and antioxidant enzymes were much higher during rehydration than during
desiccation. Antioxidants during rehydration are more important than during desicca-
tion as rehydration is a shift from metabolic arrest to metabolic active state, it is
accompanied with increase of ROS, tissues deficient in antioxidants mostly fails to
revert back [3, 21, 39].

Though response of both cultivars towards desiccation and rehydration and its
ABA-regulation was almost same but antioxidant content and ABA-upregulations
were higher in PBW 644. This cultivar difference was more pronounced during rehy-
dration in both control and ABA/PEG-treated seedlings. It is widely accepted that
most dramatic period of oxidative injury occurs when plant rehydrates after a period
of dehydration. It is due to inability of enzymatic antioxidative system to buffer
water, which leads to uncontrolled free radical chain reactions [37, 39]. However,
desiccation tolerant plants were found to possess unique antioxidants which gain full
activity within small time period of rehydration [37, 39], for example, in resurrection
plant Myrothamnus abellifolia [21], redox shift of ascorbate and glutathione occurred
towards oxidized forms during desiccation but rehydration induced reduced forms of
these antioxidants with simultaneous reduction of their oxidised forms.

In the present study, PEG resembled to ABA for its effects, hence might mediate
its effects through endogenous ABA-pathways. We have also applied 300 mM NacCl
as salt stress and 40 °C as heat stress similar to as applied PEG in the same experi-
ment (results not shown), found almost similar effects in all stresses and ABA. This
showed that antioxidant regulation during post-germination desiccation and rehydra-
tion could be the mechanism of ABA-regulated cross-tolerance.

In summary, that post-germination desiccation tolerance in wheat was accompa-
nied with increase of oxidative stress and some special antioxidants (ascorbate and
aldehyde dehydrogenase). Higher desiccation tolerance was related to higher increase
of such special antioxidants and less oxidative stress. During rehydration, antioxidant
machinery had contributed by significant amount to detoxify ROS. During desicca-
tion and rehydration, ROS/NO/ABA-pathways had contributed to maintain antioxi-
dant machinery. High amount of ABA during desiccation might decrease ascorbate.
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