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Abstract

Leucojum aestivum L. is an Amaryllidaceae bulbous plant with two alkaloids that have remarkable medicinal potential:
galanthamine and lycorine. Although the presence of galanthamine in L. aestivum has commercial value for the pharma-
ceutical industry and the effect of water stress (WS) applications on secondary metabolite enhancement is well established
in a variety of plants, no studies have been carried out to reveal the effectiveness of WS on this beneficial medicinal plant.
Objective of the study was to investigate the effects of eight different WS treatments [Control, waterlogging (WL) condi-
tion, and drought stress conditions (water deficiency generated by water deficit irrigation-WDI 25%, 50%, and 75%- and
polyethylene glycol-PEG 6000 15%, 30%, and 45%-)] on growth parameters, alkaloid levels (galanthamine and lycorine),
non-enzymatic antioxidant activities (total phenol-flavonoid content and free radical scavenging activity), and enzymatic
antioxidant activities [superoxide dismutase (SOD) and catalase (CAT)] of L. aestivum in a pot experiment. Based on the
findings, maximum increases in growth parameters were obtained with PEG-induced WS treatments. Moderate water defi-
ciency (50% WDI) produced the highest levels of galanthamine and lycorine, total phenol-flavonoid content, and antioxidant
capacity, along with moderately elevated CAT activity in the bulbs. All WS treatments resulted in increased CAT activity in
the bulbs. It was observed that bulbs had higher SOD and CAT activities under WL conditions had lower fresh weights and
were close to control in terms of alkaloid levels, total phenol-flavonoid content, and free radical scavenging activity. When
all of the outcomes were taken into account, it can be concluded that moderate water-deficit stress (50% WDI) was regarded
as the most effective treatment for increasing the pharmaceutical value of L. aestivum.
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Introduction

The summer snowflake, Leucojum aestivum L., is a bulbous
Amaryllidaceae family member. It is a protected medicinal
and ornamental plant native to South Africa, the Mediter-
ranean, parts of Eastern Europe, and Western Asia (Ates
et al. 2021; Demir et al. 2022). It grows from sea level to
high elevations in semi-shaded and humid environments
such as swamps, marshes, and floodplains (Demir et al.
2022). Many natural L. aestivum habitats have deteriorated
or are endangered during the last three decades due to the
increasing demand from pharmaceutical businesses (Ivanov
et al. 2019). L. aestivum produces alkaloids with noteworthy
pharmacological characteristics. Galantamine, an isoquino-
line alkaloid acetylcholinesterase inhibitor, is a significant
medication used globally for the symptomatic treatment of
Alzheimer's disease-related senile dementia (Diop et al.
2007), poliomyelitis, and other neurological illnesses (Pav-
lov et al. 2007). Lycorine had potent antiviral activity against
poliovirus, measles, and Herpes simplex type 1 virus, in
addition to high antiretroviral, antimalarial, antimitotic, and
cytotoxic properties (Saliba et al. 2015). It is a powerful,
non-nucleoside, direct-acting antiviral against developing
coronavirus infections (Jin et al. 2021).

There are two circumstances that can cause water stress
(WS): either an excess of water or a deficiency of water.
Drought stress, or water-deficit stress, is the more typical
type of WS (Mahajan and Tuteja 2005). Plants are stationary
organisms unable to circumvent environmental constraints
(Aroca et al. 2012). The plant environment has the greatest
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influence on herbage quality by affecting leaf/stem ratios,
but it also causes other morphological changes and modifica-
tions in the chemical composition of the plant parts (Buxton
and Fales 1994). By modifying their cellular metabolism and
activating multiple defensive systems, plants may respond
to and adapt to WS (Jiang 2002). In general, drought stress
occurs when soil moisture is depleted, and atmospheric
conditions promote a constant loss of water through tran-
spiration or evaporation (Jaleel et al. 2009). Polyethylene
glycol (PEG-6000) molecules are inert, non-ionic, and
almost impermeable chains; PEG-6000 molecules are small
enough to affect osmotic potential but big enough to pre-
vent absorption by plants (Van den Berg and Zeng 2006).
PEG-6000 solutions have been utilized efficiently to simu-
late the drought stress with fewer metabolic interferences
than those associated with the use of low molecular weight
osmolytes that can be absorbed by the plant (Muscolo et al.
2014). Plants engage their drought response mechanisms,
including morphological and structural changes, the acti-
vation of drought-resistant genes, the manufacture of hor-
mones, and osmotic-regulating chemicals to reduce drought
stress (Yang et al. 2021).

Flooding stress typically encompasses two types of situ-
ations: submergence stress, when the plant is entirely sub-
merged, and waterlogging stress, where the plant's leaf and
stem are partially submerged. In many places and circum-
stances, waterlogging, a significant environmental stress,
severely limits crop growth and output (Mahajan and Tuteja
2005). Waterlogging stress typically results from external
environmental variables such as a lot of rain, too much
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irrigation, storms, and rivers overflowing. If there is free-
standing water on the soil surface or if the available water
fraction of the top layer is at least 20% greater than the field
capacity, the soil is deemed to be waterlogged (Ahsan et al.
2007; Tewari and Mishra 2018; Zhang et al. 2021). Flooding
is an example of an overabundance of water, which largely
affects the roots' ability to receive oxygen. Critical root pro-
cesses, such as limited food uptake and respiration, become
dysfunctional as a result of low oxygen levels (Mahajan and
Tuteja 2005).

At the cellular level, drought stress frequently results in
a buildup of reactive oxygen species (ROS). Excessive ROS
generation can result in oxidative stress on the photosyn-
thetic apparatus and severely impede normal cell activity.
The increased number of ROS can be considered a danger
to the cell, but they can also participate in the stress signal
transduction pathway as secondary messengers. The capac-
ity of plants to scavenge ROS and reduce their detrimental
effects may correlate with their drought tolerance (Deeba
et al. 2012). Plants have their own antioxidant system. This
system is comprised of low molecular weight antioxidants,
including phenolic compounds, ascorbate, glutathione,
a-tocopherol, and carotenoids, as well as many enzymes,
including superoxide dismutase (SOD), catalase (CAT),
peroxidase (POD), ascorbate peroxidase (APX), and glu-
tathione reductase (GR) (Saglam et al. 2011).

Under conditions of extreme water scarcity, the restric-
tion of water passage from the xylem to the surrounding
elongating cells can limit cell elongation in higher plants.
Under drought conditions, impaired mitosis, cell elongation,
and expansion limit plant height, leaf area, and crop growth
(Farooq et al. 2009). To maintain growth and productivity
under drought-stress circumstances, plants employ a variety
of mechanisms, including increased synthesis of second-
ary metabolites and phytohormones, ROS signaling, plant
hydraulic status, and osmotic adjustment. Plants produce
primary metabolites for vital processes such as growth and
development, as well as secondary metabolites for special-
ized purposes. Under unfavorable environmental circum-
stances, plants manufacture a substantial quantity of sec-
ondary metabolites necessary for survival (Yang et al. 2018;
Yadav et al. 2021). While the presence of galanthamine in L.
aestivum has commercial value for the pharmaceutical sector
and the effect of WS applications on secondary metabolite
enhancement is well established in diverse plants, to our
knowledge, no previous studies have been performed to
reveal the efficacy of WS on this valuable plant. Based on
previous findings on the positive effects of WS on different
plants, it was aimed to investigate the effects of eight differ-
ent WS treatments on the levels of alkaloids (galantamine
and lycorine), growth and development, and enzymatic
(SOD and CAT) and non-enzymatic (DPPH free radical

scavenging potency and total phenol-flavonoid content)
antioxidant activities in the bulbs and leaves of L. aestivum.

Material and methods
WS treatments in pot culture

L. aestivum bulbs were gathered from natural habitat (Bolu-
Golciik) in March at the vegetative stage when they had
reached about 5 cm in length (Mill 1984). Nearly the same
size of the L. aestivum bulbs was chosen randomly and
planted into the pots (18.5 cm X 15.5 cm) containing the soil
mixture, including 4:1:1 (v:v) ratios of peat (Terradena®,
65% peat, and 35% soil), sand, and vermiculite (Agrekal®),
respectively (Fig. 1). The maximum pot water holding
capacity (PWHC) was estimated using the method given by
Gutiérrez-Miceli et al. (2007). After watering all pots in the
experiment with the amount determined by PWHC (500 ml),
irrigation water (IW) and watering frequency were deter-
mined by checking every day using a soil moisture meter
(Extech Instruments®, MO750). The amount of IW was
150 ml, and the irrigation period was determined to be once
a week. The electrical conductivity (EC) and pH (inoLab
pH 7110, WTW, Weilheim, Germany) of the medium mix
were measured as 1.62 pc/cm and 7.3, respectively. Bulbs
were planted into pots for a 2-week acclimation phase. After
acclimation phase, pots were set up for the establishment of
experimental groups. Eight different WS treatments were
established (Table 1; Fig. 1). The experimental design was
completely randomized in pots of four (32 in total) for all
WS treatments. The experiments were carried out twice.

Different WS applications were conducted in all experi-
mental groups for 5 weeks and were harvested after 7 weeks
in total with acclimatization. The pot experiment was carried
out in a plant room at 22+ 1 °C with a 16/8 h (light/dark)
photoperiod (cool white, fluorescent lights, 22-28 umol m
2 57 and 60% relative humidity.

At the completion of the WS treatments, bulbs and leaves
were gathered individually after 7 weeks. The length, width,
and weight of each bulb and leaf were measured separately.
Until extraction and biological activity testing, all plant
samples were lyophilized at — 65 °C (Christ®) and kept
at—20 °C.

Methanolic extracts preparation

Plant materials were prepared as methanol (MeOH) extracts
in a water bath at 40 °C. The extractions were filtered after
24 h, and then methanol was vacuum evaporated (Buchi®
rotary evaporator) at 45 °C. To get the final concentration,
the dried extract was dissolved once more in MeOH.
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Fig.1 L. aestivum in pots with WS treatments. All eight WS treatments were completely randomized in pots of four (a total of 32). The experi-

ment was repeated twice

Table 1 Establishment of eight different WS treatments

WS treatments

Irrigation amount (ml/
pot/week)

Application

WS1 (C)
WS2 (WL)

WS3 (WDI 25%)
WS4 (WDI 50%)
WS5 (WDI 75%)
WS6 (PEG 6000 15%)*
WS7 (PEG 6000 30%)*
WS8 (PEG 6000 45%)*

150
150

112.5
75
375
150
150
150

Only specified IW was supplied to pots

Pots with no holes at the bottom were used and 300 ml water was supplied to obtain
water level 4-5 cm above the soil surface to imitate the flooding in the third week

The amount of IW was reduced by 25% in the third week (watering with 75% of IW)
The amount of IW was reduced by 50% in the third week (watering with 50% of IW)
The amount of IW was reduced by 75% in the third week (watering with 25% of IW)
Begin watering with specified IW containing 3% PEG 6000 in the third week
Begin watering with specified IW containing 6% PEG 6000 in the third week
Begin watering with specified IW containing 9% PEG 6000 in the third week

At the beginning of the experiment, after all pots received the amount of water (500 ml) specified by PWHC, pots were watered with determined
IW (150 ml) for the second week (a 2-week acclimation period). All treatments were carried out for five weeks following the acclimatization

phase

*At the end of 5 weeks, cumulatively, 3 different treatment groups containing 15%, 30%, and 45% PEG were established. Thus, the effect of 3
different osmotic potentials originating from PEG (—0.30, — 1.04, and —2.22 MPa, respectively) was investigated. The osmotic potential of PEG

6000 was calculated according toMichel and Kaufmann (1973)

Alkaloid content determination through HPLC

Utilizing an HPLC system (VWR-Hitachi LaChrom
Elite®) equipped with a Hitachi L-2455 diode array detec-
tor (DAD), a Hitachi L-2130 pump, and a Hitachi L-2200
autosampler, the quantitative analysis of methanol extracts
was identified. Two alkaloid standards [galanthamine
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hydrobromide (TCI America®) and lycorine (Sigma®)]
were utilized as references (in 0.1% TFA), and their cali-
bration curves (6.25, 12.25, 25, 50, 100, and 200 mg/L)
were used to calculate the levels of these compounds in
the plant extracts. The HPLC method was carried out in
accordance with the guidelines provided by Arslan et al.
(2020), and an isocratic elution was employed for the
analysis.
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Investigations of non-enzymatic antioxidant
activity

Total phenolic content (TPC) quantification

According to Turker et al. (2021), the total phenolic con-
tent (TPC) of L. aestivum extracts was measured utilizing
a modified Folin-Ciocalteu assay. The TPC of the extracts
was calculated using a calibration curve, with Gallic acid
(Sigma®) serving as the phenol standard. The absorbance of
each sample was measured at 765 nm against a blank using a
UV-vis spectrophotometer (Hitachi U-1900®). The extracts'
TPC was quantified as equivalent to mg of gallic acid (GAE)
per 1 g of dried extract.

Total flavonoid content (TFC) quantification

Using Turker et al. (2021) modified aluminum colorimetric
test, the total flavonoid content (TFC) of L. aestivum extracts
was measured. The flavonoid standard used was quercetin
(Sigma®), and a calibration curve was constructed to deter-
mine the TFC of the extracts. The absorbance of each sample
was measured at 415 nm against a blank using a UV—-vis
spectrophotometer (Hitachi U-1900®). The extracts' TFC
was reported in milligrams of quercetin equivalent (mg QE)
per one gram of dried extract.

Free radical scavenging activity

The antioxidant capacity of L. aestivum extracts was identi-
fied spectrophotometrically using the 2,2-diphenyl-1-picryl-
hydrazil (DPPH, Sigma-Aldrich Chemie®, Steinheim, Ger-
many) radical assay, using a modified version of the Blois
(1958) method as described by Turker et al. (2021). The
DPPH method, a 0.13 mM DPPH solution, a plant sample,
and quercetin (as an antioxidant standard) were all dissolved
in methanol. 100 ml of plant sample, quercetin at varying
doses, and methanol were combined with 1400 ml of DPPH
(as a control). After 30 min in the dark, the absorbance of the
samples was measured at 517 nm using a UV-vis spectro-
photometer (Hitachi U-1900®) against a blank (methanol).

Enzymatic antioxidant activities
Protein identification and extraction of enzymes

For measuring the SOD and CAT enzyme activity, enzymes
and proteins were obtained from the bulbs and leaves of L.
aestivum. For the enzyme extraction technique, fresh plant
samples were completely crushed into a powder in an ice
bath using liquid nitrogen. 0.1 g of each powder was then
separated and homogenized in 4 ml of 50 mM phosphate
buffer (pH 7), which contained 2 mM Na-EDTA and 1%

(w/v) polyvinyl polypyrrolidone (PVP). The homogenate
was centrifuged for 15 min at 12,000 rpm and 4 °C, and
the supernatant was evaluated for SOD and CAT enzyme
activity. The Lowry method (Lowry 1951) has been used to
identify the protein amount of plant bulbs and leaves. Bovine
serum albumin (BSA) was utilized as a protein standard.

Activity of the superoxide dismutase (SOD) enzyme

Based on the work of van Rossum et al. (1997), a modified
technique for detecting SOD activity has been developed. In
test tubes, 1.425 ml of a reaction mixture containing 0.3 mM
xanthine, 0.6 mM EDTA, 150 mM nitro blue tetrazolium
(NBT), 400 mM sodium carbonate (Na,CO;), and 1 g/L
BSA were added. After that, 0.025 ml of xanthine oxidase
solution was added to each tube. After 20 min of incubation
at 25 °C, the reaction was stopped by adding 0.05 ml of
0.8 mM copper chloride. Using a UV-vis Spectrophotom-
eter (Hitachi U-1900®), the absorbances of plant samples
were measured relative to distilled water at 560 nm. One
unit of SOD is equal to the amount of protein that produces
a 50% reduction in NBT in a reaction, and activity is dem-
onstrated as one unit per mg of protein.

Activity of the catalase (CAT) enzyme

The CAT activity was measured using the method pub-
lished by Lartillot et al. (1988) by detecting the reduction
in absorbance at 240 nm induced by the catalase enzyme's
breakdown of H,O,. A combination of 50 mM phosphate
buffer and 10 mM H,0, has been added to the test tubes in
order to measure CAT activity. To initiate the reaction, 20 ml
of enzyme extract have been added to the mixture, which has
been incubated at 25 °C for 2 min. Lastly, the reaction was
stopped by adding 0.5 ml of a 1 M HCI solution. In order
to assess the CAT activity in each sample, the consump-
tion of H,0, at 240 nm for two minutes was utilized. The
activity was computed using the H,0, extinction value of
0.0392 mM/cm and represented as mmol H,O,/mg protein.

Data analysis

The investigations have been designed using a completely
randomized design. For data analysis, Analysis of variance
(ANOVA) and Duncan's Multiple Range Tests using SPSS
version 26 (IBM Corp, NY, USA) have been performed.
All results in the tables are demonstrated as a mean num-
ber + standard error (SE). Means with the same letter within
columns are not significantly different at P> 0.05. Pearson
correlation analysis was utilized to prove the relationship.
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Results and discussion
Growth parameters and water content (%)

WS developed by WDI and PEG was found to significantly
enhance the widths of the bulbs and leaves. Additionally,
it was determined that the fresh weights of the bulbs and
leaves were crucially increased only by the WS produced
by PEG (Table 2). The treatments of 45% PEG and 15%
PEG showed the largest bulb diameter compared to the
control, with 24.20% and 16.82% rises, respectively. WDI
treatment of 75% also elevated the leaf widths by 14.17%.
Bulb and leaf lengths were reduced with WS applica-
tions compared to the control. While 30% PEG treatment
resulted in a significant decrease in bulb lengths, 50%
WDI treatment led to the most noticeable decrease in leaf
lengths. Fresh weights showed a substantial rise with 45%
PEG in the bulbs and 15% PEG application in the leaves
compared to the control (36.57% and 5.00% increases,
respectively) (Table 2).

No improvement in growth parameters was observed
with WS generated by WL. Although the bulb width of the
WL group was the same as the control, all other param-
eters declined in comparison to the control with the WL
application. With WL treatment, the fresh weight of the
bulbs and leaf widths decreased the most (Table 2). The
reason might be that plants growing in soggy soil were
subjected to stressful conditions such as hypoxia (a lack
of oxygen) or anoxia (a lack of oxygen). Plant growth,
development, and survival are severely hindered by these
oxygen-deficient circumstances (Ashraf 2012).

It was observed that all WS treatments had lower values
on the water content percentage in the bulbs and leaves
compared to the control except 75% WDI group show-
ing a slight increase by 1.4% in the bulbs and 0.5% in

the leaves (Fig. 2). It was interesting that reducing IW by
75% did not reduce the water content; on the contrary, the
bulb and leaves contained more water than the control,
although there was no statistical difference. Even just 25%
of normal IW did not reduce the water content of the plant,
indicating that this plant was resistant to drought. Also,
this plant was tolerant to WS, as evidenced by the fact that
there was no sharp decrease in water content in any of the
tested treatments. The lowest water content was obtained
with 50% WDI treatment in the leaves, and 25% and 50%
WDI, as well as 15% and 30% PEG 6000 in the bulbs,
significantly compared to the control (Fig. 2).

Growth is one of the most water deficit-sensitive physi-
ological processes because of the decline of turgor pres-
sure. Cell expansion can occur only when the turgor pressure
exceeds the cell wall yield threshold. Because of the low
turgor pressure, WS substantially inhibits cell expansion and
growth (Shao et al. 2008). Many studies showed that WS
treatment had a negative correlation with growth parameters
(De and Kar 1995; Hamed et al. 2022; Sun et al. 2010). Ates
et al. (2021) reported that the treatment of salt stress, an
abiotic stress factor, did not significantly change the shoot
length, bulb size, and water content of L. aestivum. On the
other hand, bulb widths and fresh weights were significantly
increased with 45% PEG treatment in this study (Table 2).
Similarly, leaf width and fresh weight were significantly
raised with 75% DI and 15% PEG treatment, respectively.
This could be explained by the fact that L. aestivum was
more negatively impacted by salt stress in terms of growth
and development.

There are various studies on the positive and negative
effects of various WS on growth parameters. This response
depends on the extent of WS or the plant species. For exam-
ple, Seymen (2021) indicated that WL treatment reduced
fresh weight, dry weight, and number of leaves, whereas it
increased the leaf area of spinach at different harvest times.

Table 2 Effect of WS treatments on width, length, and fresh weights of individual L. aestivum bulbs and leaves

L. aestivum
WS treatments Widths (mm) Lengths (mm) Fresh weights (g)
Bulb Leaf Bulb Leaf Bulb Leaf
C 20.33+0.49°4 11.50+0.15%¢ 37.75+1.18* 438.20+13.15 6.48+0.17" 8.23+0.69%
WL 21.50+1.19% 10.08 +0.08" 35.67+0.88% 398.00+7.06™ 3.78+£0.14° 6.03+0.19%
WDI 25% 20.00+1.08¢ 11.09+£0.314 36.33+2.03" 395.80 +4.20° 4.58+0.37¢ 7.52+0.63%
50% 22.50+0.87% 10.60+£0.22° 33.50+0.50° 357.50+8.81¢ 5.87+0.26° 4.17+0.07°
75% 20.40+0.51°4 13.13+0.35* 29.25+0.48¢ 367.20+21.37 5.04+0.18¢ 5.31+0.06%
PEG 6000 15% 23.75+0.48% 12.50+0.22° 30.50+0.50¢ 405.75+£5.31%® 6.73+0.34° 8.60+0.36"
30% 21.00+0.63°4 11.00+0.19% 28.33+0.33¢ 402.25+6.30 6.11+0.22% 6.80+0.31%
45% 25.25+0.25" 12.07+0.16> 33.33+0.33° 412.60 +8.49%° 8.85+0.33" 8.27 +0.84%

Data are means + standard error of three replicates (n=3). Means with the different letters within columns show significant difference according

to Duncan test (p <0.05)
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Water content (%) of L. aestivum
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Fig.2 Effects of WS treatments on water content (%) in L. aestivum
bulbs and leaves. Data are means + standard error of three replicates
(n=3). Bars followed by different letters show significant difference

Barickman et al. (2019) found that cucumber plants sub-
jected to the 10-day WL treatment decreased leaf area, leaf
numbers, and fresh and dry mass. Ghodke et al. (2018)
reported that WL stress adversely affected the plant growth
like the plant height, leaf length and leaf area in onion
(Allium cepa L.). Liu et al. (2021) exhibited that plant
height, leaf length, and leaf area were not affected by WL
stress in three cultivars of Paeonia lactiflora Pall. Manurung
et al. (2019) evaluated the effect of drought stress on the
growth parameters of Ficus deltoidea Jack using 4 different
water field capacity (40%, 60%, 80% and 100%-C) levels.
All stress levels reduced the plant height, leaf number, area,
thickness, number of branches, and chlorophyll number. On
the other hand, the 80% stress level increased the stem diam-
eter and biomass while other stress levels reduced them in
this plant. Jabeen et al. (2019) revealed that all the growth
parameters (shoot fresh and dry weights and root fresh and
dry weights) decreased with a 40% water deficit applica-
tion in spinach. Weidner et al. (2009) recorded the highest
dry matter content (22.7%) in the roots of Vitis vinifera L.
under severe WS (35% soil moisture) when compared to the
control (14.9%). Basha et al. (2015) determined a decline in
root and shoot length with increasing PEG concentrations on
the seedling development of tomato germplasm. Yosefi et al.
(2022) determined that 7% PEG treatment had a detrimental
impact on the strawberry plant's fresh and dry shoot and root

according to Duncan test (p <0.05). *Water content (%) =[Total fresh
weight (g) — Total dry weight (g)]/Total fresh weightx 100]

weight. Bilir Ekbic et al. (2022) showed a negative effect on
the shoot development of Vitis labrusca L. with increasing
PEG doses.

Analyses of galanthamine and lycorine contents
by HPLC

The extraction yields and the results of the HPLC-DAD
analysis of 16 different extracts obtained from L. aestivum
bulbs and leaves were demonstrated in Table 3. The leaf
extracts produced a greater yield rate than the bulb extracts
when the extract yield percentages were compared. It could
be a result of the chlorophyll and larger range of phenolic
metabolites contained in the leaves.

When the bulbs were evaluated among themselves, the
PEG groups were on average about 18.5% higher than the
control group. Figure 3 depicts the chromatogram of the
utilized standards. Based on the results of an HPLC analy-
sis of the bulb extracts, the treatment of 50% WDI resulted
in the greatest concentrations of galanthamine and lycorine
(Table 3; Fig. 4). 50% WDI increased galanthamine and
lycorine levels by 10.72% and 35.50%, respectively, com-
pared to the control (Table 3). Application of 75% WDI was
also supported the galanthamine level, with an increase of
8.15% compared to the control. This was followed by 15%
PEG treatment, which increased the amount of galantamine
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Table 3 Effect of WS
treatments on extraction yield
(%) and alkaloid quantities
(galanthamine and lycorine)
(mg/g) in the bulb and leaf
methanolic extracts of L.
aestivum with HPLC-DAD
analysis

100

WS treatments Alkaloids in L. aestivum (mg/g dry extract)

Extraction yield Galanthamine Lycorine

(%)

Bulb  Leaf Bulb Leaf Bulb Leaf
C - 6.14 28.01  31.54+0.36° 21.70+0.03° 29.66+0.21°  3.43+0.00"
WL - 577 2807 31.32x+0.11°  20.66+025  31.56+0.09° 4.28+0.05
WDI 25% 620 28.16 2876044  2097+0.06"  27.54+024" 3.67+0.01¢8

50% 647  25.02  34.92+0.06°  26.17+0.02°  40.19+0.01*  5.84+0.00°
75% 662 2598 34.11+130" 13.68+0.038 3529+0.69° 6.36+0.01°
PEG 6000 15% 723 2877  32.79+0.09* 24.77+0.06*  37.33+0.10°  4.96+0.00
30% 728 2949  31.99+025  24.12+0.10°  29.48+0.10°  4.45+0.02¢
45% 732 2692  32.16+037°  23.43+039¢  31.25+020° 5.06+0.07°

Data are means + standard error of three replicates (n=3). Means with the different letters within columns
show significant difference according to Duncan test (p <0.05). Data expressed is as mg/g dry extract for
alkaloids (galanthamine and lycorine)
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and lycorine in the bulbs by 3.96% and 25.86%, respectively,  the bulb extracts. When the leaves were evaluated within

in comparison to the control.

themselves, 50% WDI for the amount of galanthamine

In regard to HPLC analysis of the leaf extracts, it was (20.60% rise) (Table 3; Fig. 5) and 75% WDI for the amount
observed that the amount of galanthamine was less than in of lycorine (85.42% rise) came to the fore (Table 3). In
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addition, the mild WS (50% WDI) significantly enhanced
the lycorine amounts (70.3% rise) in the leaves. There was
an increase in galanthamine and lycorine amounts across the
board for all PEG treatments (Table 3). Galanthamine levels
in the leaves rose by 14.15, 11.5%, and 7.97%, respectively,
following 15%, 30%, and 45% PEG treatments. Lycorine
levels were elevated by 44.61%, 29.74%, and 47.52%, fol-
lowing the same treatments. While the WS brought on by
WL was ineffective in raising the levels of bulb and leaf gal-
anthamine, it was effective in raising the levels of bulb and
leaf lycorine by 6.41% and 24.78%, respectively (Table 3).

In dry seasons as opposed to rainy seasons, alkaloid con-
centrations frequently tend to be higher. It is known that
when plants are exposed to WS, the amounts of alkaloids
in those plants rise (Gershenzon 1984). Alkaloid con-
centrations of L. aestivum were enhanced by certain WS
applications herein study (Table 3), and several previous
studies imposed the positive effect of drought stress on the
alkaloid levels of L. aestivum. For example, Arslan et al.
(2020) investigated the monthly variations of galanthamine
and lycorine content in L. aestivum. It was found that the
highest galanthamine and lycorine quantities were reported
during the driest months, like July and August in Bolu,

Turkey. Moreover, Demir et al. (2022) investigated the sea-
sonal fluctuation in the alkaloid content of L. aestivum in the
bulbs and leaves taken from 2 separate localities (Golciik
and Yeni¢aga) in Bolu, Turkey, over the course of 8 months.
In both locations, dry months like August showed a rise in
the amounts of each alkaloid in the bulbs.

WS, in its broadest definition, includes both drought and
salt stress. Salinity and drought both cause similar reactions
in plants (Zhu 2002). For instance, the osmotic effect is the
first step of salt stress and has many similarities to the effects
of drought stress. In both situations, plants are unable to
absorb enough water for appropriate growth and develop-
ment, which causes the activation of signaling pathways
connected to stress in plants (Uddin et al. 2016). Ates et al.
(2021) investigated the influence of salt stress treatments
on L. aestivum. They determined that the amounts of galan-
thamine and lycorine in the bulbs (28.5 mg/g and 69.5 mg/g
dry extract, respectively) increased 4.13-fold and 1.39-fold
in comparison to the control group when L. aestivum was
treated for salt stress using 4 g/l CaCl,. They also found that
the amount of galanthamine in the leaves was elevated with
the treatment of 8 g/L NaCl and that the salinity stress they
applied had no effect on the amount of lycorine in the leaves.
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When compared to the WS treatments in the current study
(Table 3), 50% WDI gave a higher galanthamine amount in
bulbs (34.92 mg/g dry extract) than the finding of Ates et al.
(2021). However, salinity stress made a higher enhancement
in alkaloid levels when compared to the control. Likewise,
Ptak et al. (2019) determined that the salinity stress applied
by using 100 mM NaCl in vitro increased galanthamine con-
tent 2.6 times compared to the control group.

Numerous investigations have shown that plants exposed
to WS accumulated larger levels of secondary metabolites.
The quantities of alkaloids such as trigonelline, pyrrolizidine
alkaloids, quinolizidine alkaloids, steroid alkaloids, mor-
phine alkaloids, indole alkaloids, nicotiana alkaloids, and
benzylisoquinolines were found to rise in response to WS
in many studies (Selmar and Kleinwichter 2013). Sahoo
et al. (2012) found that total alkaloids of Barleria prionitis,
Boerhavia diffusa, Citrullus colocynthis, and Grewia tenax
significantly increased in the summer period when compared
to the winter and rainy seasons. Guo et al. (2007) inves-
tigated different temperatures in short-term and long-term
conditions on Catharanthus rosesus L. They found that high-
temperature treatments increased the alkaloid content. Liu
et al. (2017) investigated the effects of PEG-induced WS on
the regulation of terpenoid indole alkaloid biosynthesis in
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Catharanthus roseus. As a result, they observed that vindo-
line and catharanthine contents were gradually enhanced and
then reduced under 35% PEG 6000 stress, but vinblastine
content gradually increased. Jaleel et al. (2008) found that
the ajmalicine amount was enhanced in drought-stressed C.
roseus when compared to the control plant.

Non-enzymatic antioxidant activities

The half-maximal inhibitory concentration (ICs,) was used
to demonstrate the capacity to scavenge free radicals. In
the experiment, quercetin was used as a reference. When
the radical scavenging capacities of leaves and bulbs were
evaluated, it was obvious that the bulbs had a larger capacity
(Table 4). Stress treatments on leaves reduced their ability to
scavenge radicals as compared to the control. With a 30.98%
higher ICs, value than the control, 50% WDI in the bulbs
had the greatest free radical scavenging activity (Table 4).
Antioxidant capacity was also augmented with 75% WDI
and 15% PEG by 15.60% and 13.74%, respectively, com-
pared to control. Moreover, a small increase in antioxidant
power (8.51%) was revealed when the WL stress was com-
pared to the control (Table 4).
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Table 4 Effect of WS treatments on DPPH radical scavenging activity, and TPC and TFC values in L. aestivum

WS treatments

L. aestivum extracts

1C5, DPPH inhibition (mg/ml)

Total phenol (mg GAE/g extract)

Total flavonoid (mg QE/g extract)

Bulb Leaf Bulb Leaf Bulb Leaf
C - 7.78+0.13 10.60+0.11° 25.78 +0.87° 10.48 +0.334%¢ 2.59+0.05% 63.58+0.27¢
WL - 7.17+0.10¢ 13.08+0.23¢ 28.90+0.41° 6.96+0.19¢ 2.62+0.08" 64.64+0.27°
WDI 25% 7.49 +0.00° 11.40+0.12¢ 30.28+0.37% 9.58+0.58¢ 2.62+0.08" 61.77+0.07°
50% 5.94+0.09° 11.24+0.19° 34.30+0.15° 9.85+0.30% 3.74+0.02° 75.17+0.35%
75% 6.73+0.03° 11.30+0.03¢ 31.73+0.92° 11.20+0.31% 2.74+0.05° 62.59+0.35°
PEG 6000 15% 6.84+0.02° 14.61+0.37F 27.08+0.81% 11.71 +0.44* 2.21+0.12¢ 69.41+0.35°
30% 7.88 +0.14f 12.29+0.01¢ 30.11+1.11% 10.28 +0.37> 2.44+0.05% 60.02 +0.50°
45% 7.73+0.08° 12.68 +0.12% 26.21+0.06° 11.19+0.54% 2.21+0.12¢ 62.44+0.11°
Quercetin - 0.04 +0.00° 0.03 +0.00

Data are means + standard error of three replicates (n=3). Means with the different letters within columns show significant difference according

to Duncan test (p <0.05)

Due to the hydroxyl groups on their structures, phe-
nols and flavonoids are strong free radical scavengers. The
total phenol and flavonoid contents (TPC and TFC) of all
methanol extracts are indicated in Table 4. The calibration
curve for gallic acid (R?=0.999) was utilized to calculate
the TPC of the L. aestivum bulb and leaf extracts. All of
the WS treatments significantly increased the TPC of the
bulbs. In particular, WDI treatments were more effective in
the increment of the bulb TPC. The best enhancement was
obtained with 50% WDI treatment, showing a 33.05% rise
compared to the control. Furthermore, 75% WDI treatment
increased the TPC of the bulbs by 23.08%. In contrast to
TPC in the bulb, TPC in the leaf showed the best increase
with 15% PEG treatment (11.74% rise) when compared to
the control. Although WL stress caused the TPC value of the
bulb to slightly extend by 12.10%, the TPC value of the leaf
decreased by 50.57% (Table 4).

The quercetin calibration curve (R?=0.999) was utilized
to identify the TFC of L. aestivum extracts. Similar to the
TPC value in the bulbs, the 50% WDI treatment produced
the greatest increase in bulb TFC value (44.40% rise), fol-
lowed by the 75% WDI treatment (5.79% rise). The TFC
values of the bulbs were actually decreased by the WS that
the PEG induced, rather than being successful in raising it.
Also, there was no significant difference between the WL
group and the control. Leaf TFC value enhancement was
supported by 50% DI (18.23% rise), followed by 15% PEG
(9.17% rise). WL stress caused a slight increase (1.67%) in
the TFC value in the leaves (Table 4).

ICs, values of all WS treatments in the bulbs indicated
a strong negative correlation with TPC and TFC values
(r=-0.79 and —0.74, respectively, P <0.05), and it was
possible to conclude that the increase in TPC and TFC gen-
erated by the WS treatments resulted in an increase in anti-
oxidant capacity.

In the study of Ates et al. (2021), all salt stress applica-
tions did not increase the antioxidant power in the bulbs,
but some concentrations enhanced the antioxidant capacity
in the leaves. On the other hand, in the present study, WS
applications significantly elevated the antioxidant capac-
ity in the bulbs, but the antioxidant force in the leaves was
reduced with all WS activations (Table 4). In parallel with
the results of the current study, Ates et al. (2021) reported
that some salt stress applications in L. aestivum increased
the TPC and TFC values of both bulbs and leaves. According
to Demir et al. (2022), the dry months with the maximum
temperatures (July and August) in Bolu localities (Golciik
and Yenicaga) also caused the greater content of total phenol
and antioxidant capacity in the bulbs, which was parallel to
the results of the measured alkaloid concentrations.

WS has often been demonstrated to boost antioxidant
potency and phenolic content in a wide range of plant spe-
cies but has also been reported to reduce them in some cases.
For example, Weidner et al. (2009) indicated the highest
TPC of grapevines in the roots with severe WS conditions
(35% soil moisture) compared to the control. Ferulic acid,
p-coumaric acid, and caffeic acid all showed the highest
increases. In contrast, they found a decline in the DPPH
radical scavenging activity of grapevine plants with severe
WS conditions (35% soil moisture). Bettaieb Rebey et al.
(2012) showed that moderate and severe WS conditions
increased the TPC and ICs;, values of cumin. Gharibi et al.
(2016) determined that TFC values and DPPH scavenging
activity of A. filipendulina, A. millefolium and A. nobilis
were enhanced by under severe drought conditions (25%
field capacity). Popovic et al. (2016) applied WS (100 and
200 mOsm PEG 6000) on three poplar (Populus deltoides
L.) genotypes (M1, B229, and PE19/66) for six days. They
found a significant increase in antioxidant activity in the
B229 leaf under 100 mOsm PEG 6000 stress treatment. On
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the other hand, TPC of all poplar genotypes was reduced
under WS applications. Sarker and Oba (2018) found that
severe WS conditions increased the DPPH scavenging activ-
ity and total phenolic-flavonoid content of Amaranthus tri-
color L. The highest content of salicylic acid, vanillic acid,
gallic acid, chlorogenic acid, and p-hydroxybenzoic acid
with moderate and severe WS conditions was also reported.
Ghodke et al. (2018) indicated a drastic reduction in phenol-
flavonoid content and antioxidant activity at the end of the
WL stress condition in onion (A. cepa).

Enzymatic antioxidant activities

The superoxide dismutase (SOD) metalloenzyme is found
in nearly every aerobic species and serves as an essential
antioxidant enzyme in all subcellular sections susceptible
to ROS-assisted oxidative damage. Abiotic stresses induce
the formation of ROS; in this case, SOD functions as an
initial defense system, raising the plant's resistance to the
harmful effects of ROS by catalyzing the O,°” into H,O,
and O, (Hussain et al. 2019). The alterations in the SOD and
CAT activities of L. aestivum bulbs and leaves under vari-
ous WS stress were demonstrated in Table 5. WS applica-
tions produced by WL and 30% PEG resulted in the highest
SOD activity in the bulbs and leaves, with 8.33% and 3.28%
increases, respectively. WS generated by water deficiency
(WDI treatments) was not effective to increase the SOD
activity of the bulbs and leaves (Table 5).

Catalase (CAT) enzymes contain tetrameric heme, giv-
ing them the tendency to react with H,O, and convert it
into H,O and O,. CATs are important enzymes for the
detoxification of ROS under stress conditions because
CAT has the highest runover rates of all enzymes (Hus-
sain et al. 2019). Increased CAT activity was determined
in the bulbs with all WS treatments. Notable increases
in CAT activities (2.50-fold) in the bulbs were observed
with 15% PEG and 75% WDI treatments in comparison

to the control group (Table 5). Similarly, the highest CAT
activity in the leaves was determined with the 75% WDI
treatment (24.64% elevation) when compared to the con-
trol. In addition, applying 45% PEG effectively increased
the CAT activity in leaves by 16.95% in comparison to the
control (Table 5).

Some previous studies showed the enhanced activity
of antioxidant enzymes in L. aestivum in response to salt
stress (Ptak et al. 2019; Ates et al. 2021). Ptak et al. (2019)
found that only 50 and 150 mM NaCl treatments enhanced
SOD activity, but all tested doses of NaCl (50, 100, 150, and
200 mM) increased CAT activity in in vitro-grown L. aesti-
vum. Similarly, salt stress treatments in pot culture at vari-
ous concentrations of NaCl and CaCl, resulted in increased
antioxidant enzyme activity in the bulbs and leaves of L.
aestivum, according to Ates et al. (2021).

Various abiotic stresses increase the antioxidant enzyme
activities like SOD and CAT in numerous plants. Stress-
induced variation of antioxidants relies on the severity
and duration of the treatment and the species and age of
the plant (Pan et al. 2006). Yosefi et al. (2022) observed
that PEG-induced WS led to higher activity in the SOD
and POD (peroxidase) enzymes at 7% PEG treatment on
Fragaria X ananassa. Batool et al. (2022) found that 15%
PEG 6000 treatment increased the SOD and CAT activity
of rapeseed cultivars. However, drought-tolerant cultivars
of rapeseeds increased more than sensitive cultivars. Jaleel
et al. (2008) determined that SOD activity increased in all
WS of 10-, 15-, and 20-days interval drought on C. roseus
roots. Pan et al. (2006) indicated that PEG 6000-induced WS
decreased the SOD and CAT antioxidant enzyme activities
except for POD activity in Glycyrrhiza uralensis L. Yuan
et al. (2016) generated different levels of WS (control-75
to 80% of field water capacity, mild-55% to 60%, moder-
ate-45% to 50%, and severe WS- 35 to 40%) on tomato
plants. They found that antioxidant enzyme activities were
increased with the increasing degree of WS.

Table 5 Effect of WS
treatments on SOD and CAT

WS treatments

L. aestivum

activity in L. aestivum

SOD activity (U/mg protein)

CAT activity (mmol/min/mg protein)

Bulb Leaf Bulb Leaf
C - 0.096 +0.000% 0.061 +0.000* 6.213+0.732¢ 29.111+£0.945
WL - 0.104 +0.000° 0.059 +0.000% 8.886+1.451 < 31.456+0.802%
WDI 25% 0.090+0.001¢ 0.054 +0.000¢ 13.523 +1.041% 30.285+1.071
50% 0.085+0.001° 0.050+0.000° 9.105+0.326 ¢ 22.152+0.694!
75% 0.081 +0.000" 0.057 +0.000° 15.51241.242° 36.284 +1.833%
PEG 6000 15% 0.095+0.001>  0.052+0.000% 15.583+1.113% 26.856 +0.725%
30% 0.097 +0.001° 0.063 +0.001* 10.576 £2.001* 25.392 +1.044°
45% 0.094 +0.000° 0.057+0.001° 10.272 +0.5455¢ 34.045 + 1.442%

Data are means + standard error of three replicates (n=3). Means with the different letters within columns
show significant difference according to Duncan test (p <0.05)
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Despite a minor decrease in SOD activity in the leaves,
there was an increase in SOD activity in the bulbs, as well as
in both enzyme activities (CAT and SOD) in the bulbs and
leaves under WL stress in the current study (Table 5). Vari-
ous studies have also indicated that WL type stress can alter
the activity of antioxidant enzymes in different plant species.
As an example, Yan et al. (1996) reported a decreased SOD
activity with WL stress on corn leaves. Ahmed et al. (2002)
determined that SOD, CAT, APX, and GR were reduced
during prolonged WL treatment on mungbean. Kumutha
et al. (2009) determined a rise in the antioxidant enzymes
such as SOD, APX, GR, and CAT increased with WL stress
in pigeon pea plants. Wang et al. (2019) indicated that the
antioxidant enzyme activity (CAT, SOD, and POD) of Tri-
arrhena sacchariflora Nakai was increased with WL treat-
ments. Liu et al. (2021) showed an increment in the activity
of antioxidant enzymes (SOD, POD, and CAT) in all varie-
ties of P. lactiflora under WL stress.

For plants, water deficit situations lead to the overproduc-
tion of ROS, which results in growth inhibition, in photo-
synthetic functions, lipid peroxidation, and programmed cell
death. Nevertheless, plants have developed several acclima-
tion strategies to adapt to WS, which include osmotic adjust-
ment and antioxidant defense systems, which increase their
ability to grow and thrive in drought circumstances (Sun
et al. 2020). In the present study, the increase in antioxi-
dant enzyme activities with WS treatments was a reaction to
oxidative stress, especially PEG-induced WS caused higher
SOD and CAT activities in the bulbs comparing to water
deficiency stress. It is interesting that 50% WDI showed
lower SOD activity in the bulbs and leaves, and CAT activ-
ity was moderately increased in the bulbs and reduced in
the leaves compared to the control. In connection with this
result, moderate water deficit level (50% WDI) produced the
highest galanthamine content in the bulbs and leaves. These
findings showed that L. aestivum increased galanthamine
levels without being exposed to too much stress.

Galanthamine levels in response to WDI-induced WS
showed a negative correlation with SOD or CAT activity in
the bulbs (r= —0.84 and r= —0.33, respectively, P <0.05)
and in the leaves (r= —0.98 for both, P <0.05). It may be
inferred that increased galantamine levels resulted from
decreased SOD and CAT enzyme activities.

Elevated SOD and CAT activities of the bulbs in WL
condition showed that L. aestivum experienced additional
stress in a submerged state. However, the additional stress
reduced growth performance and might have been too much
to promote alkaloid bioaccumulation and non-enzymatic
antioxidant properties. A slight increase in water content
with 75% WDI-induced WS in both bulbs and leaves may
be associated with the most increased CAT activities at this
stress level. Although PEG-induced WS had more posi-
tive effects on growth parameters, this type of WS imposed

more stress, as obviously seen from increased CAT levels.
WS applications generated by 50% WDI enhanced the bulb
width, and the most enhanced galanthamine quantity, anti-
oxidant capacity, and total phenol-flavonoid content were
obtained with this stress type with moderately elevated CAT
activity (46.55%) when compared to control. In regard to all
findings, mild water deficiency (50% WDI) had advantages
over the other treatments.

Conclusion

This study revealed for the first time the impacts of eight
different WS treatments on the accumulation of alkaloids,
antioxidant capacity, and growth parameters in L. aestivum.
Treatment of 45% PEG significantly increased the bulb
widths and fresh weights. Treatment of 75% WDI nota-
bly elevated the leaf widths, whereas 15% PEG treatment
increased the leaf fresh weights. Among the WS treatments,
galanthamine and lycorine levels in the bulbs were improved
by 50% WDI treatment. As well as antioxidant capacity, and
total phenol-flavonoid content in the bulbs were superior
with 50% WDI. L. aestivum is a drought- and stress-toler-
ant plant as a result of the enhanced activity of antioxidant
defense enzymes. Moderately elevated CAT activity was
provided by moderate water deficiency (50% WDI) asso-
ciated with the highest alkaloid quantities and antioxidant
power. The elevated SOD and CAT activities of the bulbs in
the WL condition indicated that L. aestivum was subjected
to extra stress in a submerged state. When all outcomes were
considered together, this plant can be cultivated under mod-
erate water deficiency to increase the medicinal quality of
the bulbs, especially in terms of galanthamine and antioxi-
dant capacity. L. aestivum can be easily planted in drought-
stricken areas to increase the production of galanthamine.
Future studies should focus on the mechanism of various
WS applications on alkaloid accumulation in L. aestivum.
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