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Abstract. Areca (Areca catechu L.) is a tropical plant with great economic importance. In
China, the fruit of areca (betel nut) is produced mainly in Hainan Province. However, the
yield of betel nuts was impacted seriously by frequent water deficits in Hainan Province.
Drought causes deleterious effects on the growth and development of areca plants,
especially on young seedlings, which hampered the extensive planting of areca. In this
study, a reagent of a superabsorbent polymer (SAP) was applied into the culture soil and
we analyzed its function against drought stress when seedlings were grown under
different irrigation levels. We observed that SAP application caused a significant
increase in plant weight under severe drought, as well as in the maximum photochemical
efficiency of PSII (F,/Fy,) and actual photochemical efficiency of PSII [Y(II)] index of
chlorophyll (chl), indicating the photosynthetic efficiency of seedlings under severe
drought (D) was enhanced by SAP. The antioxidant enzyme activity of areca seedlings
under D was indicated to be enhanced by the increasing activity of superoxide dismutase
(SOD) and peroxidase (POD), but not catalase (CAT). In addition, SAP even has slight
negative effects on the growth of seedlings under adequate water. Our results provide
a theoretical basis to improve the viability of areca seedlings under severe drought using

SAP, which is urgently needed for the market.

Areca palm (A4reca catechu L.) is widely
distributed in South and Southeast Asia. Its
fruit, the betel nut, is a traditional herbal
medicine, which is popular in Southeast Asia.
Betel nuts are often chewed by tropical
residents for the purpose of relieving accu-
mulated fluid in the abdominal cavity (Peng
etal., 2015). The areca palm tree is adapted to
tropical places with hot and wet climates, in
which the annual precipitation ranges from
1500 to 2200 mm. More than 150,000 ha of
areca were planted; it is the most important
cash crop in Hainan Province, China. How-
ever, most of these planting areas are moun-
tainous and precipitation is quite uneven,
resulting in the areas that suffer from
drought. A water deficit usually occurs
from November to April, which is a critical
period for the survival and growth of areca
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seedlings. Therefore, it is necessary to develop
strategies to improve irrigation efficiency and
to optimize the use of scattered rainfall in
areca cultivation areas, most of which are arid
and semiarid.

Drought stress is one of the most important
environmental factors limiting plant growth,
productivity, and survival (Ndamani and
Watanabe, 2015). Common plant symptoms
of water deficit include stunted growth, lim-
ited carbon dioxide diffusion to chloroplasts
by stomatal closure, reduced photosynthesis
rate, and accelerated leaf senescence (Flexas
et al.,, 2010). Water deficit stress reduces
plant yield and production, and is the main
limiting factor for oil palm and date palm
productivity (Rivera Méndez et al., 2012;
Yaish and Kumar, 2015). Drought stress will
induce overproduction of reactive oxygen
species (ROS), including the superoxide rad-
ical (O,") and hydrogen peroxide (H,O,),
which have detrimental effects on plants
through damaging the membranes, proteins,
chl, and nucleic acids of plant cells (Apel and
Hirt, 2004). To eliminate or minimize oxida-
tive damage, plants have evolved an antioxi-
dant defense system consisting of both
nonenzymatic and enzymatic mechanisms in
plant cells (Sairam et al., 2011). A number of
oxidoreductases, such as SOD, POD, and
CAT, are involved in this process. The balance
between ROS production and antioxidant
enzyme activity determines whether oxidative

signaling and damage occur (Gill and Tuteja,
2010). The increased production of superox-
ide radicals and H,0, is always paralleled by
malondialdehyde (MDA) accumulation under
drought stress (Porcel and Ruiz-Lozano,
2004). MDA is a decomposition product of
polyunsaturated fatty acids existing in cell
membranes and is an important indicator of
membrane damage (Jiang and Zhang, 2001).
According to previous reports, photosyn-
thetic performance is identified as a very
informative indicator of drought stress with
exceptional sensitivity (Massacci et al., 2008;
Woo et al., 2008). Besides the classic mea-
surements of photosynthesis by gas exchange
analysis, chl fluorescence analysis has be-
come a more widely used method to detect
the function of the photosynthetic apparatus.
In addition, it is a powerful tool for monitor-
ing plants’ response to drought stress (Guo
et al., 2016; Sperdouli and Moustakas, 2011).
Chl fluorescence imaging has been used to
reveal spatial and temporal changes during
the developmental stages of plants grown
under stress in a large number of studies
(Lu et al., 2015; Sperdouli and Moustakas,
2011; Wang et al., 2016; Yang et al., 2014).
The application of an SAP could be one
way to cope with the detrimental effects
caused by drought (Smagin et al., 2014).
SAPs are hydrophilic networks that can
absorb and retain huge amounts of water or
aqueous solutions (Zohuriaan-Mehr and
Kabiri, 2008). The SAP particles can be
thought of as “miniature water reservoirs”
in soil. When SAP hydrogels are incorpo-
rated into soil, they are presumed to retain
large quantities of water and nutrients, which
are released to satisfy the requirements of
plants (Lentz and Sojka, 1994). Previous
documents have confirmed that SAP appli-
cation is effective at mitigating the effects
caused by drought stress on diverse plants
(Islam et al., 2011; Tongo et al., 2014). The
application of SAPs to soil may reduce soil
penetration resistance, increase soil water-
holding capacity, and aid in the protection of
soil organic matter (Busscher et al., 2009).
In this study, we examined the effects of
SAP application on growth characteristics, bio-
chemical exchanges, and the activity of differ-
ent antioxidant enzymes in leaves of areca
seedlings under drought stress. Our results
indicated discrepant effects of SAP on areca
seedlings under different irrigation levels.

Materials and Methods

Plants and water supply management. All
plant materials were growing in a greenhouse
at the Coconut Research Institute at the Chi-
nese Academy of Tropical Agricultural Sci-
ences (Wenchang, Hainan Province, China),
from May 2016 to Mar. 2017. An areca
cultivar, Reyan No. 1, was used in the current
study. Before sowing, the seeds were surface
sterilized with 0.5% potassium permanganate
solution. Three seeds were sown per pot (di-
ameter, 15 cm; height, 20 cm), and 30 pots
were sown in total on 13 May 2016. Mixture
medium consisted of garden soil, coconut coir,
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and organic fertilizer 3:1:1 (v/v/v), and was
used for plant growth. The soil water field
capacity was 38.25%, the content of organic
matter was 027 g-kg', and the available
nitrogen, phosphorus, and potassium were
20.35, 53.22, and 90.92 mg kg™, respectively.
The pots were initially well watered to ensure
seed germination. When the first true leaf was
present, the seedlings were thinned to one plant
per pot. Healthy seedlings with three leaves

Without SAP With SAP application

Fig. 1. Morphological features of A. catechu
seedlings under different irrigation (A, ade-
quate; M, moderate; D, deficit) and superab-
sorbent polymer (SAP) treatments.
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were used. The SAP (acrylamide—potassium
acrylata copolymer, granular; Beijing Hanli-
miao Ltd. Co., Beijing, China) was applied at
a 15-cm depth into the soil at 0.25% concen-
tration (w/w), which was considered the stan-
dard rate of SAP application. Three irrigation
treatments were applied: 1) adequate water (A,
75 £ 5% field water capacity), 2) mild drought
M, 40 + 5% field water capacity), and 3)
severe drought (D, 20 + 5% field water
capacity). The water loss in the pot was
measured by a weighing method. We weighed
the pots every 2 d, and the difference between
two measurements was considered the value of
water loss. Then, a corresponding amount of
water was added into the pot to keep the water
content unchanged.

Phenological measurements and calcula-
tions. Three irrigation regimes (A, M, and D)
and two SAP application treatments (with
SAP and without SAP) were combined into
a total of six treatments. Five randomly
chosen seedlings were used in each treatment
as biological replicates. After 8§ weeks of
treatment, seedling chl fluorescence parame-
ters, RWC (relative water content), chl con-
tent, MDA content, and antioxidant enzyme
activities were measured. Chl fluorescence
parameters were measured around midday
(10:30 AM—12:30 pm) on random samples of
fully expanded leaves. For biochemical anal-
ysis, the samples were frozen immediately in
liquid nitrogen and stored at —80 °C. Data on
aerial and subterranean parts of seedling dry
weight were obtained 9 weeks after treat-
ment.

Growth measurements. After the treat-
ment, the seedlings were harvested, washed
carefully, and divided into aerial and sub-
terranean parts. The samples were stirred at
105 °C then oven-dried for 72 h at 80 °C to
measure the dry weights (five plants per
treatment).

Chlorophyll fluorescence measurements.
Chl fluorescence was measured using a por-
table PAM-2500 fluorometer (Walz, Ger-
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Fig. 2. Fresh weight and dry weight of A. catechu seedlings under various irrigation (A, adequate; M,
moderate; D, deficit) and superabsorbent polymer (SAP) treatments. The small bars show sp. Different
letters represent significant differences at P < 0.05 according to Duncan’s multiple range tests.
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many) equipped with computer-operated
PAM-control software (PAMWin 3.0).
The photochemical quenching (qP) = (F,, — F)/
(F.' — F,'), nonphotochemical quenching
(NPQ) = (F, — Fi')/F', maximum photo-
chemical efficiency of PSII (F,/F,,, F, = F, —
F,), and actual photochemical efficiency of
PSII'Y (II) = (F,,' — Fy)/F,,,’ were calculated
according to the methods of Schreiber et al.
(1986).

RWC measurement. RWC of leaves was
measured according to the methods of Barrs
and Weatherley (1962). After sampling,
leaves were weighed immediately and then
soaked in distilled water at room temperature
overnight. They were then blotted dry and
weighed before oven-drying at 80 °C for 48 h.
RWC was calculated using the following
formula: RWC = [(FW — DW)/(TW — DW)] x
100%, where FW is fresh weight, DW is dry
weight, and TW is turgid weight (weight
after the leaf was kept in distilled water
overnight).

MDA measurement. Lipid peroxidation
was estimated from the level of MDA pro-
duction using thiobarbituric acid (TBA)
according to the methods of Sairam and
Srivastava (2010). Fresh leaf (1 g) was
homogenized in 10 mL 0.1% trichloroacetic
acid (TCA) and centrifuged at 10,000 rpm for
10 min. The mixture containing 1 mL sample
supernatant, 4 mL 20% TCA, and 0.5% TBA
was heated at 95 °C for 20 min and quickly
cooled and centrifuged at 10,000 rpm for 10
min. The absorbance was measured at 450,
532, and 600 nm. MDA concentrations were
calculated by subtracting ODggo from ODs3,
and OD450.

Antioxidant enzyme activity assay. Fresh
leaf samples (0.5 g each) were pulverized
and suspended in 8 mL ice-cold 50 mm
phosphate-buffered saline (pH 7.8) contain-
ing 0.1 mm ethylenediamine tetra-acetic acid
and 1% (m/v) polyvinylpolypyrrolidone in
a chilled mortar. The homogenates were
centrifuged at 12,000g,, for 20 min at 4 °C,
and the resulting supernatant was used to
assay the enzyme activity.

SOD and POD activity were measured as
described by Bai et al. (2010). CAT activity
was evaluated by monitoring the decrease in
absorbance at 240 nm resulting from the
decomposition of H,O, according to the
methods of Sairam and Srivastava (2010).

Chl content determination. Chl content
was measured according to Liu et al. (2012).
Samples (0.2 g) were extracted in ethanol-
acetone (1:1, v/v) at room temperature to
determine the contents of Chl a and Chl
b with a spectrophotometer (752N ultravio-
let; Shanghai Yidian, China) at 663 nm and
645 nm. Chl contents (measured in milli-
grams per liter) were calculated using the
formula Chl a = 12-7A663 - 2.69A645 and Chl
b= 22‘9A663 - 4.68A645.

Statistical analysis. Statistical analysis
was conducted using SPSS version 19.0. All
data were analyzed using a two-way analysis
of variance, and differences between means
were assessed using Duncan’s multiple range
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tests (P < 0.05). In all figures, the spread of
values is shown as error bars representing SE.

Results

Morphological features of areca seed-
lings. The leaves of areca seedlings are
elongated and lanceolate in shape and dark
green in color. There was no difference in the
aerial and subterranean parts of areca seed-
lings between the SAP and no SAP in
irrigation treatment A. However, an obvious
difference was observed in the subterranean
parts between areca seedlings growing under
M and D. We noticed that the seedlings under
M and D showed an obvious increment in the
number of fibrous roots resulting from SAP
application, indicating that SAP improved
the development of the roots, which was
restrained in areca seedlings under drought
stress (Fig. 1).
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Fig. 3. Relative water content in the leaves of 4.
catechu under various irrigation (A, adequate;
M, moderate; D, deficit) and superabsorbent
polymer (SAP) treatments. The small bars
show sp. Different letters represent significant
differences at P < 0.05 according to Duncan’s
multiple range tests.

SAP improved the growth of areca seed-
lings under drought. It was difficult to
determine from morphological appearance,
especially of the aerial parts, whether an
areca seedling was damaged by drought.
With the increasing degree of drought, the
fresh weight and dry weight of both aerial and
subterranean parts had significantly declined,
indicating that drought stress impeded the
growth of the seedlings. Compared with
controls, seedlings growing with SAP showed
a significant improvement of fresh weight and
dry weight both in aerial or subterranean parts
under M and D (Fig. 2). No variation in fresh
weight and dry weight introduced by SAP
application was observed in seedlings under
A, suggesting that SAP cannot improve seed-
ling growth under nondrought conditions.

RWC was measured to validate the func-
tion of SAP on water retention. RWC of areca
leaves under A was much greater than that
under M and D. The RWC value decreased
significantly—by 4.1% under M and by
6.15% under D compared with A. When
SAP was applied, RWC of seedlings under
D increased significantly, and the RWC value
was comparable to that of seedlings under
M without SAP, demonstrating the poten-
tial impact on plant—water relations that pot-
ting media water-holding capacity can have
(Fig. 3).

Cell membrane damage under drought
was alleviated by SAP. Drought stress causes
cell membrane damage by inducing the
accumulation of ROS. We detected the ac-
tivity of three ROS antioxidant enzymes
in areca leaves under different conditions
(Fig. 4). The results showed that SOD activ-
ity decreased by 9.3% in seedlings under D,
but no obvious changes were observed be-
tween M and A. POD activity also decreased
by 12.1% in seedlings under D in the no-SAP
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Fig. 4. The enzyme activity of superoxide dismutase (SOD), peroxidase (POD), catalase (CAT), and
malondialdehyde (MDA) content in the leaves of 4. catechu seedlings under various irrigation (A,
adequate; M, moderate; D, deficit) and superabsorbent polymer (SAP) treatments. Different letters
represent significant differences at P < 0.05 according to Duncan’s multiple range tests.
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treatments, but it increased by 12.7% in
seedlings under M. SAP application en-
hanced SOD and POD activity significantly
in seedlings under both M and D, suggesting
SAP application improved SOD and POD
activity under both drought and nondrought
conditions. CAT activity in the leaves was
lowest under A but increased by 50.5% and
110.2% under M and D respectively. Appli-
cation of SAP reduced CAT activity by
15.4% and 9.34% under M and D respec-
tively. MDA content in leaves increased by
19.1% and 33.6% under M and D, compared
with A. Application of SAP prevented lipid
peroxidation by reducing MDA content in the
leaves. MDA content under A did not change
with SAP application but decreased by 9.98%
and 12.18% under M and D, respectively.
These results suggest SAP application could
relieve cell membrane damage caused by
drought by improving SOD and POD activ-
ity; there was little effect on CAT activity.

Effects of SAP on photosynthesis param-
eters. To analyze the effects of SAP on
photosynthetic capacity, we first measured
the chl content in areca leaves under different
conditions (Fig. 5). No changes were found
between the leaves growing with SAP and
those growing without SAP under A. How-
ever, obvious decreases of chl a and chl
b were observed in the leaves growing
without SAP under M and D. With regard
to carotenoids, there was no difference be-
tween SAP and no-SAP treatments under
different irrigation conditions. This indicates
that SAP application increased chl a and chl
b content of seedlings significantly under M
and D (Fig. 5).

We then measured the chl fluorescence
parameters in areca leaves under different
irrigation (Fig. 6). F,/F,, declined by 6.6%
and 9.6% under M and D as compared with
A, and was increased significantly by SAP
application under D. In contrast, SAP appli-
cation increased the Y(II) and qP value in
seedlings under drought, and it had a greater
effect on seedlings under M and D. However,
there was no significant improvement in
seedlings under A. For NPQ, significant
changes were observed only in seedlings
under D.

Discussion

SAP has been established as a soil condi-
tioner to reduce soil water loss and increase
crop yield (Lietal.,2014). Maintaining a high
water content in the root environment enables
plants to grow better without facing stress
problems. The results of the current study
clearly show that SAP application had a pos-
itive effect on morphological features and
biomass accumulation of areca seedlings, and
it improved the survival and growth of seed-
lings growing under drought stress, especially
under D. Similar results have been reported in
other herbaceous and woody plants (Beniwal,
2011; Sivapalan 2006).

Areca seedlings under M showed drought
resistance in the current study, and their
growth can be improved efficiently by SAP
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Fig. 5. The content of chlorophyll a, chlorophyll b, and carotenoids in the leaves of 4. catechu seedlings
under various irrigation (A, adequate; M, moderate; D, deficit) and superabsorbent polymer (SAP)
treatments. Different letters in each pigment represent significant differences at P < 0.05 according to

Duncan’s multiple range tests.
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Fig. 6. Maximum photochemical efficiency of PSII (F,/F,,), actual photochemical efficiency of PSII
[Y(1I)], nonphotochemical quenching (NPQ), and photochemical quenching (qP) in the leaves of 4.
catechu seedlings under various irrigation (A, adequate; M, moderate; D, deficit) and superabsorbent
polymer (SAP) treatments. Different letters represent significant differences at P < 0.05 according to

Duncan’s multiple range tests.

application. On the other hand, 20 + 5% field
water capacity (water deficit or severe
drought) is negative for areca seedlings, which
showed more significant physiological
changes under this condition. Less than 20 +
5% field water capacity will cause significant
decreases in water retention and growth of
seedlings. This threshold should be a critical
point for areca cultivation.

Because plant—water relations play a key
role in the activation and/or modulation of
antioxidant defense mechanism under drought
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conditions, leaf RWC is considered a reliable
indicator of tissue hydration level (Aref et al.,
2013). In our study, we found that the appli-
cation of SAP increased RWC substantially,
especially under D (Fig. 3). The protective
enzyme system (SOD, POD, and CAT), the
main enzymes scavenging ROS, could inhibit
effectively the peroxidation of cellular mem-
brane lipids. Under drought stress, greater
SOD activity plays an important role in
clearing away O, and generating H,0,,
which could be further changed into water

by CAT and POD (Liu et al., 2012). With
increasing drought stress, the accumulation of
ROS increased, MDA accumulation in rice
leaf increased, and membrane lipid peroxida-
tion also increased (Fukao et al., 2011). This
study showed that the growth of MDA content
in the leaves of seedlings decreased signifi-
cantly by application of SAP under D. This
indicates that treatment with SAP made plants
maintain a lower level of MDA content and
favored the scavenging of ROS to reduce plant
membrane lipid peroxidation and reduce the
degree to which lipid membranes were dam-
aged. The lesser MDA content and greater
SOD and POD activity suggests reduced
damage to membranes and more effective
scavenging ROS in the SAP treatment lines.
Greater enzyme activities under drought stress
were associated with a more efficient antiox-
idant system response, assisting in providing
tolerance against drought stress (Boaretto
et al., 2014).This indicates that adding SAP
can improve the defense of plant leaves
against drought stress by regulating the activ-
ity of protective enzymes.

Chl content in leaves is an indicator of
stress tolerance. However, greater chl content
of areca seedlings under M and D by SAP
application was observed. This increase in
chl content improves photosynthetic effi-
ciency and enhances plant tolerance against
stress. Chl fluorescence analysis is becoming
an increasingly popular technique to detect
photosynthetic physiological conditions and
to investigate the mechanism of photosyn-
thesis (Liu et al., 2015). F,/F,, is a measure of
the maximum photochemical efficiency of
PSII when all the reaction centers are opened.
When plants suffer severe drought stress,
F,/F,, declines (Woo et al., 2008). Our study
showed that drought stress reduced F,/F,
indicating that the original light energy con-
version efficiency was reduced, and the
potential of active centers was damaged,
which suppressed the primary photosynthetic
reaction of areca seedlings. The result was
consistent with the views of Jedmowski et al.
(2013). Y(II) correlates positively with PSII
activities and can be used to evaluate the
transfer rate of photosynthetic PSII to PSI
electrons (Krall and Edwards, 1992). This
study showed that Y(II) gradually decreased
with increasing drought stress. Similar results
have been reported in sugar beet seedlings (Li
et al.,, 2014). The result suggests that the
photosynthetic apparatus PSII of areca seed-
lings leaves was damaged and lost its heat
dissipation capability. The decrease of F,/F,,,
Y(I), and qP in areca seedlings under
drought indicates the PSII system in leaves
was damaged and the heat dissipation func-
tion was suppressed. However, the decrease
in chl fluorescence parameters can be re-
duced effectively by SAP treatment, which
indicates that the photon destruction mecha-
nism of areca photosynthesis is effectively
started. The efficiency in transmission of
antenna pigments to the PSII reaction center
was reduced and the heat dissipation capacity
was increased, which reduced the accumula-
tion of excess light in the reaction center
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and protected the photosynthetic mechanism
from damage. Combined with the response of
antioxidant enzymes to the change in soil
water content, it was deduced that PSII light
energy conversion and active oxygen meta-
bolism play a synergistic and important role
in stabilizing the function of photosynthesis.
In the current study, the addition of SAP
reduced the rate of decline of the soil water
level, had a positive effect on leaf water
potential, and alleviated the harmful effects
of drought stress on the internal physiological
mechanism of photosynthesis.

Application of SAP could improve the
soil water-holding capacity and allow the soil
to hold much more water, thereby preventing
water deficiency and enhancing growth
(Tohidimoghadam et al., 2009). Thus, SAP
application would ensure more available
water for the plants and reduce oxidative
stress at phytophysiological levels, resulting
in better growth and biomass production
under drought stress. For areca planting,
when and how SAP should be applied de-
serve further research.
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