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Abstract

Salix gracilistyla is widely distributed along riversides in Korea and very good for biomass production by SRC because
of its excellent germination ability, but it is necessary to measure drying tolerance for cultivation. The drought tolerance
of S gracilistyla was tested using cuttings, and growth and physiological analysis were performed after irrigation was
stopped. The growth inhibition of S. gracilistyla was observed from the day irrigation was stopped, and the soil moisture
content decreased to less than 10% on the 25th day after irrigation was stopped. Over 50% of the seedlings turned
brown 25 days after watering was stopped. The chlorophyll content of S. gracilistyla decreased dramatically after 25
days of stopping of irrigation. RWC values were unchanged until day 12 after irrigation was stopped but decreased
rapidly until day 21, but there was a slightly decreasing trend after that. RWL levels increased slightly during irrigation
stops. The proline content of plants subjected to drought stress was 0.91-2.63 mg/0.05 g, 2.75 times higher than that
of the control treatment. The sugar content of the drought stress treatment group was 29.77 to 350.66 mg/0.05 g,
which increased 12.24 times that of the control treatment. As a result of this study, S. gracilistyla was found to have
a drought tolerance almost comparable to that of evergreen broad-leaved trees growing on the land. This study is
expected to contribute to the resource utilization S. gracilistyla, a native willow tree of Korea, and the mass production
of biomass by SRC.
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Introduction

Among environmental stresses, drought stress is the
most important stressor that changes the moisture status of
plants and severely restricts plant growth and development
(Munns and Tester 2008). Drought is the most frequent
occurrence that restricts the growth, development and pro-
duction of trees and crops (Boyer 1982). In particular,

drought stress is considered one of the most important fac-

tors limiting crop yield worldwide (Munns 1993). Dehydration
of plant tissue under drought stress can lead to increased
oxidative stress that causes degradation of chloroplast struc-
ture and associated loss of chlorophyll. Drought stress
eventually leads to a decrease in photosynthetic activity.
The dehydration process during drought is charac-
terized by fundamental changes in water relations, bio-
chemical and physiological processes, membrane structure

and microstructure of subcellular organelles (Aziz et al.
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1999; Watanabe et al. 2000). The response of wild plants
and crops to drought occurs in all tissues across space and
time and is driven by a complex set of stress response
factors. Drought stress on plants shows various growth pat-
terns and biochemical and physiological responses (Ortiz et
al. 2015). In particular, the stress caused by drought causes
biochemical changes such as proline and soluble sugars.

About 400 species of plants belonging to the genus Salix
are distributed worldwide (Mabberley 2017), and in Korea,
Salix chaenomeloides is generally the most representative
species, and Salix babylonica, Salix gracilistyla, and Salix
koriyanagi are present (Kim 2018). Willow is the most
commonly used short-rotation shrub (SRC) and produces
biomass sustainably when planted at densities of 10,000-
20,000 clones ha™ (Weih et al. 2019; Baker et al. 2022).
SRC systems using willow are already commercially pro-
duced in European countries such as Sweden, England,
Ireland, and Denmark (Guidi et al. 2013; Lindegaard et al.
2016).

S. gracilistyla Miq. is known to be predominantly dis-
tributed in the riparian vegetation zone of natural wetlands
in Korea (Chun et al. 1999). In addition, S. gracilistylas is
widely used for soil improvement, such as slope greening
and reclamation, because of its rapid growth and easy asex-
ual propagation. It is also used in industry to clean up con-
taminated soil and wastewater, such as removing nutrients
from rivers and accumulating through heavy metal absorp-
tion (Martin and Stephens 2006). Studies on S. gracilistyla
are limited to biomass production, such as the measurement
of S. gracilistylas biomass production in the Japanese river
basin (Sasaki and Nakatsubo 2003) and the selection of
Korean native S. gracilistylas excellent clones (Lee et al.
2018), but there are no studies on abiotic stress resistance.

S. gracilistyla is a willow tree that grows a lot in Korea,
but it needs management due to changes in the river ecosys-
tem due to climate change. In addition, it is necessary to
construct an SRC system using excellent germination

ability. For biomass production by SRC, optimal manage-

Table 1. Characteristics of S. gracilistyla used in this study
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ment conditions such as moisture should be established.
However, the evaluation of drought tolerance of S. gracilis-
tyla has yet to be studied. This study aimed to conduct vari-
ous physiological and biochemical assays to evaluate the

drying tolerance of S. gracilistyla.

Materials and Methods

Plant material and drought stress treatment

Plants used in the drought stress experiment were Salix
gracilistyla cuttings. The cuttings of S. gracilistyla were col-
lected from the academic forest of Gyeongsang National
University. After starting cuttings in early March, growth
was induced, and plants of the same size as in Table 1 were
used in the experiment.

Drought-stress experiments were conducted on potted
plants in a greenhouse. Plants were respectively exposed to
drought stress. The drought stress assignment did not wa-
ter the plants. All potting was done in a greenhouse con-
trolled under natural light conditions, 50% RH=*10% and
25£5°C. All treatments were grown under the conditions
described above for 5 weeks. All experiments were per-

formed in five replicates for each treatment.
Measurement of soil moisture content

The pot size used in the experiment is L 14.0XW
14.0 X H 12.5 cm. After drought treatment on the plant, the
pot’s soil is collected on each measurement date, put in a
desiccator, and dried for three days based on 70 degrees.
After weighing that dry soil, the moisture content of the soil
was measured according to the formula below.

Moisture content was calculated as the mass (g) of the
wet soil sample (wet weight —tare weight, Mw) and the
mass (g) of the dry soil sample (dry weight — tare weight,
Md), and the formula (Eq. 1).

SMC (%)=(My—Ma)/Mgx 100 (Eq. 1)

Shoot length Shoot number Leaf number Leaf width Leaflength Leaf thickness Diameter
(cm) (No.) (No.) (cm) (mm) (mm)
30.46%£3.38 3.80%0.83 31.00%=4.52 1.20%+0.26 6.04x1.09 0.15+0.01 0.88+0.13
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Measurement of leaf wilting and chlorophyll
content

Axillary bud growth was measured at 3-day intervals for
5 weeks after drought treatment. The chlorophyll content
of the dry treatment and control treatment was measured at
noon (11:00-13:30 h) using a SPAD measuring instrument
(SPAD 502, Spectrum Technologies Plainfield, IL, USA).
Chlorophyll measurements were taken from the second leaf
of the shoot.

The visual condition, or degree of wilting, of the leaves
of experimental trees is used as a stress indicator.
(Anderegg et al. 2013). The wilting rate visually expressed
the discolored portion of the total leaves of the tree as a

percentage.

Measurement of leal water content in drought
stressed plant

Leaf relative water content (RWC) was determined us-
ing the equation below (Turner 1986; Boutraa and Sanders
2001), where FW is leaf fresh weight, DW is leaf dry
weight, and TW is saturated leaf fresh weight. The samples
tor RWC were also weighed immediately as fresh weight
(FW), then sliced into 2 cm sections and floated on distilled
water for 4 h. The turgid leaf discs were then rapidly blot-
ted to remove surface water and weighed to obtain turgid
weight (TW). The leaf discs were dried in the oven at 60°C
for 24 h, then dry weight (DW) was obtained. The RWC
value was obtained by Eq. 2.

RWC (%)= [(FW —DW){(TW—DW)] X100 (Eq.2)

Relative water loss (RWL) was measured as follows;
The leaf samples were weighed (FW), wilted for 4 hours at
35°C, reweighed (W4h), and oven dried for 24 hours at
72°C to obtain dry weight (DW). The RWL was calculated
using the following formula (Eq. 3):

RWL (%)= [(FM — W4h)/(FW —DW)] X100 (Eq. 3)

Analysis of proline content in drought stressed
plant

Proline content was measured according to the method
of Bates et al. (1973). Plant leaf material (0.05 g) was
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ground into § mL of 3% sulfosalicylic acid. The homoge-
nate was filtered (Whatman no. 1 filter paper), and 2 mL
glacial acetic acid and 2 mL acid ninhydrin reagent was
added to 2 mL filtrate. The mixture was then shaken by
hand and incubated in a boiling water bath at 100°C for 1 h.
After that, it was transferred to an ice bath and warmed to
room temperature. 4 mL toluene was added to the mixture,
and the top toluene layer was measured at 520 nm using a
UV spectrophotometer. After preparing a standard curve,
the proline content was quantified. “Y=0.6998x —0.6441
(R*=0.981)” for leaves (Fig. 1).

Measurement of reducing sudgar in drought
stressed plant

The DNS method determined the total sugar content
concentration of glucose (Miller 1959). DNS (3,5-dinitrosalicylic
acid) reagent was prepared by dissolving 1 g of DNS and
30 g of sodium-potassium tartaric acid in 80 mL of 0.5 N
NaOH at 45°C. After dissolution, the solution was cooled
to room temperature and diluted to 100 mL with the help of
distilled water. For the measurement, 2 mL of DNS re-
agent was pipetted into a test tube containing 1 mL. of plant
extract (1 mg/mL) and kept at 95°C for 5 min. After cool-
ing, 7 mL of distilled water was added to the solution, and
the absorbance of the resulting solution was measured at
540 nm using a UV-VIS spectrophotometer (Shimadzu
UV-1800). Various concentrations (50, 100, 150, and 200
pg/mL.) of glucose were measured for the calibration curve.
The sugar content of the hydrolyzed biomass was calcu-
lated using the formula Y=0.0045x—0.044 (R’=0.988)
for the stem, where “Y” represents the refractometer index,

[{.))

x” is the glucose concentration (Fig. 2).
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Fig. 1. Standard curve for proline content analysis.
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Fig. 2. Standard curve of glucose for reducing sugar assay.
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Fig. 3. Soil moisture content of pots planted with drought stressed plants.

Results are expressed as the mean=+standard deviation (p < 0.05) obtained
from § replicates.

Statistical analysis

Mean values were taken from measurements of five rep-
licates, and the Standard Error of the means was calculated.
Differences between means were determined by one-way
ANOVA and Turkey’s multiple-range tests (p<0.05).
Analyses were done using the Statistical Package for Social
Sciences (SPSS) for Windows (version 27.0).

Results

Soil moisture content

The soil moisture content was measured in a drought
stress treatment port (Fig. 3). The water content of a con-
trol treatment after 36 days was determined from 25.4 to
29.8%. Soil moisture was lower from the day irrigation
stopped irrigation and lower than 10% after 25 days from
irrigation stops. Soil moisture was dramatically decreased

after 18 days of irrigation stops.

Song et al.
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Fig. 4. Leaf wilting rate of S. gracillstyla based on drought stress treatment.

|

D

Fig. 5. Appearance of drought stressed S. gracilistyla. (A) After 1 week, (B)
after 2 weeks, (C) after 3 weeks, (D) after 4 weeks, (E) 5 weeks after stop-
ping of irrigation.

Growing characterization of drought stressed plants

Drought stress treatment affected the plant survival of S.
gracilistyla (Figs. 4, 5). Leaf wilting was observed during
the drought stress period. Wilting of drought-stressed
plants was not observed until 9 days after irrigation was
stopped, and wilting gradually increased until the 24th day
thereafter. Wilting of S. gracilistyla leaves increased rapidly
24 days after irrigation was stopped. After stopping irriga-
tion, the leaf wilting rate was 10-20% by the 18th day,
20-30% by the 24th day, 50% by the 25th day, and 90% by
the 36th day. Four weeks after irrigation was stopped, the
willow trees stopped growing completely and their leaves
shriveled due to drought stress.

Chlorophyll content was influenced by the degree of
drought stress (Fig. 6). As a result, the chlorophyll content
decreased, and irrigation was hardly initiated. Chlorophyll
content gradually decreased until 25 days after irrigation
was stopped and then rapidly decreased. Before day 25, the

chlorophyll content was observed to be more than 20% and
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Fig. 6. Chlorophyll content (SPAD) of drought treated plants. Results are
presented as the meanz*standard error (p<<0.05) obtained from §
replicates.
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Fig. 7. Relative water content of plants treated with drought stress. Results
are expressed as the mean=standard error (p<0.05) obtained from §

replicates.

less than 20% after day 25.
Leaf water content of drought stressed plant

Dry stress treatment affected the water content of S. gra-
cilistyla (Fig. 7). RWC values showed different results be-
tween the control and drought stress treatments. RWC val-
ues were unchanged until day 12 after irrigation was stop-
ped but decreased rapidly until day 21, but there was a
slightly decreasing trend after that. The RWC values of the
control group were 87.84-98.14% until day 36, but the
RWC values of the drought stress treatments were 80% on
day 15, 70-80% on day 15-18, and 70-80% and 47.71% on
day 36 after irrigation was discontinued.

RWL showed different results between control and
drought stress treatments (Fig. 8). RWL gradually in-
creased with increasing time after cessation of irrigation.
RWL levels ranged from 24.62 to 31.51% for 36 days after
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Fig. 8. Relative water loss in drought stress-treated plants. Results are ex-
pressed as the mean*standard error (p <0.05) obtained from $ replicates.
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Fig. 9. Proline content of drought stress-treated plants. Results are pre-

sented as the mean=*standard error (p <0.05) obtained from § replicates.

stopping irrigation.
Proline content of drought stressed plant

Drought-stressed plants showed increased proline con-
tent (Fig. 9). The proline content in control without drying
was 0.91-0.98 mg/0.05 g. Proline content increased slightly
by 24 days after irrigation was stopped. However, proline
content increased dramatically after 25 days. The proline
content of plants subjected to drought stress was 0.91-2.63
mg/0.05 g, 2.75 times higher than that of the control treatment.

Reducing sudar content of drought stressed plant

The total sugar content also increased in the drought
stress treatments (Fig. 10). The sugar content of the dry
stress untreated group was 28.45-29.94 mg/0.05 g. However,
when drought stress was applied, the sugar content slightly
increased until the 24th day and rapidly after the 25th day
after irrigation. Sugar contents ranged from 29.77 to

350.66 mg/0.05 g during drought stress treatment. The
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Fig. 10. Total reducing sugar content of drought stress-treated plants.

Results are presented as the mean=+standard error (p < 0.05) obtained from
§ replicates.

sugar content of the dry stress treatment group increased

12.24 times that of the control treatment.

Discussion

Characterization of drought stressed plants

The drought tolerance of S. gracilistyla was tested using
cuttings. In S. gracilistyla, growth inhibition and leaf wilt-
ing were observed from the day irrigation was stopped. In
particular, the chlorophyll content decreased with the stop-
ping of irrigation. These results indicate that soil and leaf
moisture deprivation progressively inhibited photosynthesis
in S. gracilistyla.

Wilting of leaves is known as one of the ways plants over-
come a lack of moisture. Plants reduce canopy by reducing
the growth and shedding of older leaves to minimize water
loss (Fischer and Turner 1978) is included. Accelerated leaf
senescence and leaf shedding are associated with natural
drought to reduce canopy size (Rivero et al. 2007). This
strategy contributes to plant survival and completion of the
plant life cycle under drought stress in perennial plants.

Severe drought stress also inhibits the photosynthesis of
plants by causing changes in chlorophyll content, affecting
chlorophyll components and damaging the photosynthetic
apparatus (Iturbe-Ormaetxe et al. 1998). The decrease in
chlorophyll under drought stress is mainly the result of
damage to chloroplasts caused by active oxygen species
(Smirnoff 1995). Decreased or unchanged chlorophyll lev-
els during drought stress have been reported to vary with
the duration and severity of drought (Kyparissis et al.
1995). A decrease in total chlorophyll due to drought stress

Song et al.

means reduced light-harvesting ability. Since the pro-
duction of reactive oxygen species is primarily driven by ex-
cessive energy absorption in the photosynthetic apparatus,
it can be avoided by breaking down the absorbing pigment
(Herbinger et al. 2002).

Leaf water content in drought stressed plant

The RWC of leaves decreased as the drought passed. On
the other hand, relative water loss from leaves increased.
Moisture deprivation has been found to reduce plant
leaves’ relative water content (RWC). These aspects ap-
peared similar to this study. The RWC value of drought
stress treatment of willow was 80% for 15 days.

RWC and RWL are related to drought tolerance, and
these parameters have been proposed as more critical in-
dicators of water status than other water potential parame-
ters under drought stress (Kane et al. 1999; Rout et al.
2000; Sudherson et al. 2003). RWL and RWC values
showed opposite results. The RWL values of S. gracilistyla
plants subjected to drought stress increased as the drying
period increased.

Moisture transpiration of plants first procures moisture
from leaves and nearby sapwood. It is known that in the
same environment, the lower the relative moisture content,
the weaker the drought tolerance, and the higher the rela-
tive moisture content, the stronger the drought tolerance
(Zhenhua et al. 2012). The RWC value (50%) after 36
days of drought stresstreatment is judged to be similar to
Cinnamomum  camphora, Dendropanax morbifera, and
Daphniphyllum macropodum, which are known to have

poor drought tolerance (Jin et al. 2017).
Proline and sugar content in drought stressed plant

Proline and sugar contents increased in S. gracilistyla
plants subjected to drought stress. Jin et al. (2017) showed
that Daphniphyllum Macropodum, Cinnamomum cam-
phora, and Dendropanax morbifera species with low
drought tolerance had high proline content, but the proline
content of Camellia japonica, Machilus thunbergi, and
Quercus glauca, which are species with high drought toler-
ance, were relatively low. Compared to the study by Jin et al.
(2017), the proline content of S. gracilistyla treated with
drought stress was similar to or slightly higher than that of

D. macropodum, C. camphora, and D. morbifera, which
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had low drying tolerance. It shows drying tolerance com-
parable to that of temperate broad-leaved trees.

Proline is a very common amino acid in nature and has
the function of regulating osmotic pressure, and is known
to affect plasma cell membrane protection, carbon and ni-
trogen sources, and removal of reactive oxygen species
(Ludlow and Muchow 1990). Proline indicates the degree
of stress by controlling the absorption and movement of K™
ions in plants (Liu and Zhu 1997).

The soluble sugar content of S. gracilistyla increased
with drought stress treatment. Various authors have pointed
out the role of soluble sugars as a protective mechanism
against stress (El-Tayeb 2006). The soluble sugar content
was also reported to increase as drought stress increased in
corn and durum wheat ( Zriticum durum Desf) (Dhanda
and Sethi 1998; Mohammadkhani and Heidari 2008).

In plants, the amount of proline and sugar is observed
differently depending on the degree of drought tolerance of
the plant. Thus, proline and sucrose can assess plant
drought tolerance or susceptibility (Golestani Araghi and
Assad 1998; Keles and Oncel 2004). As can be seen from
these results, the measurement of proline and sugar was a
valuable tool to measure the drought tolerance of S.
gracilistyla.

As a result of this study, S. gracilistyla was found to ex-
hibit drought tolerance similar to terrestrial evergreen
broad-leaved trees such as D. macropodum, C. camphora,
and D. morbifera, and it was judged to be suitable as an
SRC for biomass production. However, this study is not a
comparative experiment through direct planting with ever-
green broad-leaved trees, so further detailed research is
required. However, this study is expected to contribute to
establishing an SRC system for resource utilization and
high biomass production of S. gracilistyla, a willow native to

Korea.
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