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Abstract

Global climate change is increasing its negative impact on agricultural production day by day. Abiotic stress factors brought
about by climate change cause significant losses in yield, quality, and plant growth. In addition to increasing the effects of
drought and salinity with global warming, changes in precipitation regimes and flooding stresses have recently negatively
affected agricultural areas. To avoid the negative effects of stress, proline (Pro) and glycine betaine (GB) applications are
the subject of research as important applications. This study, it was aimed to determine the effects of Pro and GB doses
on growth, physiological and biochemical parameters applied under conditions artificially created ten-day flooding stress
in green onions. One full irrigation subject (Ii¢0) and one stress subject (flooding), were created in the experiment. On the
other hand, three different Pro doses (Pro;—1 uM, Pro,—2uM, and Pros—3 uM) and three different GB doses (GBs5—50 uM,
GBip—100uM, and GBs50—150 uM) administration and control were the other subjects of the study. Pro and GB applications
were applied to the leaves as a spray twice. As a result of the study, flooding stress revealed 28% loss in leaf number,
43% plant fresh weight, and 32% plant dry weight loss. Malondialdehyde (MDA), hydrogen peroxidase (H>0,), and leaf
temperature (T leaf) flooding stress conditions were found to be the parameters that provide the most significant increase
and define the stress. It was observed that Pro,, Pro; and GBs, applications supported plant growth under full irrigation
conditions. Besides, it was revealed that Pros and GBs, doses reduced the negative effects of flooding stress. It has been
concluded that appropriate doses of Pro and GB applications in terms of sustainable agriculture are important applications
in reducing the negative effects of stress.

Keywords

Introduction

Since the discovery of agriculture by human beings, plants
are exposed to many abiotic stress conditions such as floods,
drought, salt stress, mineral malnutrition, and high-low tem-
peratures throughout their lives (Tekli¢ et al. 2021). Abi-
otic stress causes serious losses in agricultural production
worldwide and significantly reduces the amount of agri-
cultural land; It is one of the most important problems of
today’s agriculture and causes up to 50% yield loss in plants
under stress conditions (Rockstrom et al. 2017).
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The prevalence of abiotic stress in large agricultural
lands where climate change is effective and its negative
effects on plants continue to increase day by day. With the
effect of global climate change, it is seen that almost all
of the world’s agricultural lands are affected positively or
negatively, as well as the activities of abiotic stress fac-
tors have increased. The increase in surface temperatures
as a result of the intense increase in greenhouse gases in
the atmosphere as a result of global climate change has re-
vealed significant changes in the precipitation regime (Gray
and Brady 2016). Besides causing drought, surface temper-
atures adversely affected the intensity of precipitation and
triggered flood formation. Studies have shown that the risk
of flooding will increase day by day and its effects will neg-
atively affect world life (Mirza 2011; Ghanbari et al. 2021;
Boulange et al. 2021). For this reason, floods have become
an important abiotic stress factor limiting agricultural pro-
duction.
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In addition to the fact that the frequency and duration of
flooding stress are important in the formation, its effect on
plants varies according to many factors such as the struc-
ture of the soil, the number of nutrients in the soil, species,
and variety of characteristics (Seymen 2021). While a loss
of 15-80% in yield occurs depending on the occurrence
of flooding stress (Patel et al. 2014), there is a loss of up
to 100% in terms of quality, depending on the plant type.
As a result of flooding stress formation, aerobic root res-
piration is impaired, and consequently physiological and
metabolic effects in plants (Ma et al. 2022; Martinez-Arias
et al. 2022). The accumulation of excess water in the soil
because of flooding causes a decrease in the soil redox po-
tential (Ponting et al. 2021), and significant changes occur
in the nutrient profile. When free oxygen is depleted, soil
microorganisms use nitrogen as an alternative electron ac-
ceptor in respiration (Martin-Rodriguez 2022). In addition,
because of the inhibition of gas exchange in the root zone,
high partial pressures of CO, have negative effects on soil
flora and root growth (Patel et al. 2014). As a result, plants
try to respond to stress by increasing metabolic enzymes
as well as morphological, physiological, and biochemical
changes (Greenway et al. 2006; Seymen 2021). Superoxide,
hydrogen peroxide, singlet oxygen, and hydroxyl radicals
formed as a result of oxygen deficiency prevent the de-
velopment by accumulating reactive oxygen species (ROS)
in plant cells (Das and Roychoudhury, 2014). Disruptions
in the ROS balance cause damage to proteins, DNA, lipids,
and cellular functions, as well as cause changes in metabolic
events, affecting plants from restriction to death (Anjum
et al. 2015).

Plants respond to flooding stress with their defense
mechanisms, as well as using tolerant species and cultivars
against flooding stress (Jackson et al. 2009; Ezin et al.
2010), making use of rootstocks in grafted plants (Choi
et al. 2020; Haghighi 2022) and the use of some biostim-
ulant (Castro-Duque et al. 2020). Researchers have shown
that proline (Pro) and glycine betaine (GB), which act as
biostimulants, contribute to plant growth in many stress
factors (Zouari et al. 2018; Dikilitas et al. 2020; Kayak
et al. 2022).

In addition to the Pro regulating the osmotic function
in plants, it is involved in the defense mechanism of cells
against stress and as a signal molecule that interacts with
metabolic pathways (Kishor et al. 2005; Sharma et al.
2011). GB, on the other hand, is not directly involved
in the scavenging of ROS under abiotic stress conditions
(Chen and Murata 2008). GB plays an important role in the
protection of photosynthetic activity by making important
contributions to chloroplasts and thylakoid membranes,
as well as protecting cells from oxidative damage under
abiotic stress conditions (Valenzuela-Soto and Figueroa-
Soto 2019).
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Onion (Allium cepa L.) is one of the important vegetable
species consumed fresh and dry in human nutrition. Accord-
ing to 2020 records, it has been reported that 4,452,347 tons
of green onions are produced in 208,347 hectares of land
worldwide. It is recorded that 129,023 tons of green onions
are produced in 7797 hectares of land in Turkey (FAO
2022). In Turkey, high-quality fresh onions are produced
in open field conditions in regions with a transitional cli-
mate. However, in Turkey, it can be cultivated in the form
of greenhouse cultivation in winter, in open field conditions
in winter periods in temperate climates, and in early spring
and autumn periods in regions with a continental climate.
In these periods, with the effect of global climate change,
heavy rains negatively affect the onion-growing areas. For
this reason, it is essential to know exactly the effects of
flooding stress on yield and quality in plants, as well as
physiological and biochemical changes. It has become more
important to develop some strategies to reduce the negative
effects of flooding stress (Seymen 2021). In the current
study, Pro and GB applications, which are considered bio-
logical applications to plants exposed to flooding stress, are
seen as an important approach. Studies have shown that Pro
and GB applications have positive effects on many abiotic
stress factors (Kayak et al. 2022). But, although the effects
of flooding stress conditions have been determined in some
species, studies have not been conducted or are limited to
important vegetable species such as onions. For this pur-
pose, it was aimed to determine the positive effects of plant
growth, physiological and biochemical changes and applied
Pro and GB doses in green onions under flooding stress.

Materials and Methods
Experimental Area

The research was carried out in the greenhouse belonging
to the Department of Horticulture, Faculty of Agriculture,
Selcuk University, between February 24 and May 19, 2022.
The soil used in the research has a clay-loam structure and
contains 2.9% organic matter. It was determined that the
EC was 1.17dS/m, pH 7.61 and the lime content was 7.7%.
It has been determined that the soil is in good condition in
terms of nutrients and field capacity and the wilting point
is 29.6% and 13.4%, respectively. Some of the climatic pa-
rameters measured between the dates of the research were
taken from the portable meteorology station (Davis Van-
tage Pro2) installed in the experimental area. The average
temperature and average relative humidity values taken are
presented in Fig. 1 and there was no restriction in onion
cultivation.
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Fig. 1 Average temperatures
and relative humidity during the
experiment
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Plant Material, Experimental Design, and Cultural
Practices

BT-BUR-TOP, one of the most cultivated onion varieties
in the market, was used as plant material. Plastic pots with
a top diameter of 29cm, a bottom diameter of 19cm, and
a height of 24 cm were used in the experiment. After placing
the unperforated bags inside the pots, 12.5kg of air-dry soil
was placed in each of them. 10 seeds were planted in each
pot and 1 liter of irrigation water was given. After the seeds
germinated, thinning was done to leave five plants in each
pot.

In the study, which was established according to the ran-
domized plots trial design, two irrigation subjects were cre-
ated, one full irrigation subject (I,00) and one stress subject
(flooding). On the other hand, three different Pro doses
(Pro—1uM, Pro,—2 uM, and Pros—3 uM), three different GB
(GBs()—SO MM, GB|00—100 MM, and GB15()—150 MM) adminis-
trations, and seven factors were created as control. The ex-
periment has 3 replications, and each replica has a total of
five pots. The amount of irrigation water applied to the pots
was determined according to the gravimetric soil moisture
measurement method. For this purpose, when the useful
water capacity of the control I,o0 subject, which was cho-
sen as the witness subject, fell to 40-45%, irrigation was
carried out and the soil moisture reached the field capacity
each time.

After the samples, which were calculated as three doses
of Pro (L-Proline-CAS 147-85-3-Calbiochem, MERCK)
and GB (Betaine CAS 107-43-7 CoH;1NO,, SIGMA), were
dissolved in pure water, solutions were prepared in sepa-
rate containers. The prepared solutions were applied to the
leaves of the plants by spray method twice, on April 26
and May 9, to cover the whole plant. At the same time,
stress issues were initiated on May 9 and ten-day flooding
stress was created. Irrigation was made so that 2-3cm
of water remained on the soil surface and the decreasing
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water was added every day. For full irrigation issues, the
calculated amount of water continued to be given. During
the experimental period, aeration of the potting soil, weed
control, disease and pest control was done on time and reg-
ularly as needed. During the experimental period, no factor
limiting plant growth was encountered. After completing
ten days under flooding stress, the plants were harvested,
and necessary measurements were made.

Analyses of Growth Parameters

The leaves on the onion plants (NL) were counted and
recorded just before the harvest. Then, the fresh weights
(WPF) of five plants cut from the soil surface were taken
and the root weights (WRF) of the plants whose roots
were cleaned were determined. The samples, whose fresh
weights were determined, were first dried in a certain
amount in the shade, then dried in an oven at 65 °C until
they reached an equal weight, and the weights were deter-
mined with the help of precision scales. After calculating
the dry weights taken, the weight of plant dry (WPD) and
weight of root dry (WRD) were determined.

Determination of Physiological Parameters

With the LI-COR brand LI-600 fluorimeter device, leaf tem-
perature (°C) before the harvest from the old leaves between
9:00 and 11:00 a.m. on a sunny day stomatal conductance
(GSW) and actual photosynthetic efficiency (PhiPSII) mea-
surements were made (Liang et al. 2019). Leaf relative wa-
ter content (RWC) and membrane permeability (MD) were
determined using the method of Lutts et al. (1996).
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Analyses of Color Pigments, Proline, and Protein
Contents

Measurements of chlorophyll a and b from fully expanded
leaves were determined for each replicate by taking read-
ings at 663 and 470 nm wavelengths in a spectrophotometer
(Shimadzu-UV-6300PC) using the method of Lichtenthaler
and Buschmann (2001). The carotenoid content in the sam-
ples was analyzed according to Jaspar’s formula (Witham
et al. 1971). On the determination of proline content in
onion leaves, Bates et al. (1973) followed, while the method
of Bradford (1976) was used to determine the protein con-
tent.

Analyses of Malondialdehyde, Hydrogen Peroxidase,
and Antioxidant Enzyme Activity

Samples taken from onion leaves were prepared according
to the method of Heath and Packer (1968), and their malon-
dialdehyde (MDA) contents were determined by measuring
at wavelengths of 532nm and 600nm with a spectropho-
tometer. Hydrogen peroxide concentration was determined
by spectrophotometer according to the method explained
by Velikova et al. (2000). Samples were prepared accord-
ing to Angelini and Federico (1989) for the determination
of enzyme activities in onion leaves. SOD activity accord-
ing to Agarwal and Pandey (2004), POD activity according
to Chance (1955), and CAT activity according to Havir and
McHale (1987) were determined in the prepared samples
by spectrophotometer.

Statistical Analysis

Morphological, physiological, and biochemical measure-
ments were subjected to the JMP-13 statistical program to
determine the effects of flooding stress and applied Pro and
GB applications. Significant differences between the appli-
cations were tested at the 5% significance level according to
LSMeans Student’s t. Principal component analysis (PCA)
was used to evaluate all the data obtained with the same sta-
tistical program. Important parameters and important appli-
cations are interpreted with the loading plot and score plot
graphs drawn from the resulting PC1 and PC2.

Results

Effects of pro and GB on Growth Parameters Under
Flooding Stress

It was observed that flooding (Flo) stress applied in green

onions had statistically significant effects on leaf num-
ber (NL), plant fresh weight (WPF), plant dry weight
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(WPD), and root dry weight (WRD) (Table 1). Flooding
stress showed decreases in NL, WPF, and WPD, but in-
creased in WRD. Root fresh weight (WRF) did not show
any change with the applied flooding stress. The applied
proline (Pro) and glycine betaine (GB) doses showed sig-
nificant changes in growth parameters. Pros; application
has shown a significant increase in all growth parameters.
When the interactions were examined, the I;o0-Pros appli-
cation showed a significant increase in NL and WPF. WRF
was highest in I;00-Proi, Ii00-Pros, and Flo-Pros applications.
The highest WPD values were obtained from I,o-Pro, and
TLioo-Pros applications. The highest WRD was obtained from
IIOO'GBIOO, FlO-COIltI'Ol, FlO-PI'O], FlO-PI'Oz, FIO-PI'O3 and Flo-
GB o applications.

Effects of pro and GB on Physiological Parameters
Under Flooding Stress

It was observed that increasing Pro and GB doses had
significant effects on the physiological activities of green
onions under flooding stress conditions (Table 2). Flood-
ing stress caused an increase in leaf temperature (T leaf)
and a significant decrease in leaf relative water content
(RWCQ). Flooding stress did not show any effect on stom-
atal conductance (GSW), actual photosynthetic efficiency
(PhiPSII), and membrane damage (MD). When the applied
Pro and GB doses were examined, the highest T leaf GB
doses were found in the subjects applied. The highest GSW
was obtained from Pro,, Pros, and GBs doses. Pros applica-
tion decreased PhiPSII compared to other application doses
and control. MD was obtained from the highest control ap-
plication, while the highest RWC was obtained from Pro;
and GBso doses. When the interactions were examined, the
highest T leaf was obtained from I,00-GB 100, L100-GB150, Flo-
control, Flo-Pro;, Flo-Pro,, Flo-GB o, and Flo-GB s, appli-
cations. The highest GSW was found in I;o-Pro, and Flo-
Pros applications. The highest MD was obtained from the
controls of Io0 and Flo applications. Although the highest
RWC was obtained from some applications under full irri-
gation conditions, Pros and GBs5 applications applied under
stress conditions increased the RWC content.

Effects of pro and GB on Color Pigments, Proline, and
Protein Contents Under Flooding Stress

It was observed that Pro and GB doses applied in green
onions under flooding stress conditions had statistically
significant effects on color pigments, proline, and protein
content (Table 3). Flooding stress significantly reduced the
color pigments and protein content. The administered Pro,
dose provided a significant increase in Chl a, Chl b, and
carotenoid (CT) content. Proline (PL) and protein (PT) con-
tents decreased as a result of the applied Pro and GB doses,
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Table 1 The effect of increasing doses of Pro and GB applied to green onion under flooding stress conditions on the plant features

Aplications NL WPF WRF WPD WRD

Irrigation (1)

Tioo (Full irrigation) 5.694 23.864 2.72 1.68% 0.208

Flo (Flooding) 4.098 13.598 2.90 1.148 0.344

Proline (Pro)-Glycine Betaine (GB)

Control 4.77° 17.36%¢ 2.38° 1.36P 0.29%

Pro; 4.55° 16.98%4 2.94% 1.32° 0.26°

Proz 5.11% 21.33b 2.54% 1.64% 0.27°

Pros 5.61% 24.42° 3.812 1.82¢ 0.36%

GBso 4.50° 15.54¢ 2.42° 1.15° 0.21°

GBi1oo 4.77° 17.18%¢ 2.65° 1.29° 0.26°

GBis0 4.94° 18.26¢ 2.95° 1.32° 0.23°

S X Pro and GB (Interactions)

Tioo Control 5.66" 21.70¢ 2.03/ 1.56° 0.19%
Pro; 5.20bed 20.47°4 3.18%¢ 1.50° 0.20%
Proz 5.66" 26.86° 2.19¢ 1.93¢ 0.18¢
Pros 6.78¢ 30.74¢4 3.95¢ 2.13¢ 0.29%¢d
GBso 5.44b¢ 22.66¢ 2.294%f 1.56° 0.24¢de
GBi1oo 5.55° 21.48¢ 2.59F 1.54? 0.34¢4b¢
GBis0 5.55° 22.60¢ 2.83F 1.58° 0.18%

Flo Control 3.89¢ 13.03%2 2.73F 1.16%¢ 0.384°
Proj 3.88¢ 13.49% 2.70<F 1.15¢ 0.33ab¢
Proz 4.55¢de 15.80¢ 2.880 1.35%¢ 0.36%
Pros 4,449 18.11% 3.67% 1.52° 0.43¢
GBso 3.55 8.42" 2.56¢F 0.74¢ 0.24¢de
GBioo 3.99¢ 12.388 2.56°F 1.04¢4 0.34¢4b¢
GBis0 4.334f 13.92%2 3.08b<d 1.06%¢ 0.280-¢

LSD

Trrigation 0.33 1.94 ns 0.11 0.03

Pro and GB 0.63 2.32 0.59 0.21 0.07

1 X Pro and GB (Interactions) 0.89 3.28 0.84 0.30 0.10

Uppercase letters, lowercase letters, and italics indicate LSD groups for irrigation, Pro and GB aplications, and / X Pro and GB interaction,
respectively. The absence of letters indicates that there is no statistical difference between the treatments
NL number of leaves; WPF weight of plant fresh (g); WRF weight of root fresh (g); WPD weight of plant dry (g); WRD weight of root dry (g)

*Statistically significant according to P < 0.05, ns not significant

and the highest values were obtained from the control ap-
plication. When the interactions were examined, the highest
Chl a, Chl b, and CT contents were obtained from the I;go-
Pro, aplication. In addition In addition to the PL content
was the highest from Iig-control, I;p-Proi, Ligo-Pro2 and
Flo-control applications. The highest PT content was found
in the I,00-GB s interaction.

Effects of pro and GB on Malondialdehyde, Hydrogen
Peroxidase, and Antioxidant Enzyme Activity Under
Flooding Stress

It has been observed that Pro and GB doses applied to
green onions under flooding stress conditions have signif-
icant effects on malondialdehyde (MDA), hydrogen per-
oxidase (H,0O,), and antioxidant enzyme activity (Table 4).

When the table is examined, flooding stress caused a signif-
icant increase in MDA and H,O, content, while a decrease
in antioxidants. While the GBsy dose increased MDA con-
tent, GBso and Pro; doses also increased H>O, content. Pros
and GB,y applications provided a reduction in H,O, con-
tent compared to the control. In terms of antioxidant activ-
ity, the applied Pros; dose increased the CAT activity, and
the GB ¢ dose increased the SOD activity compared to the
control. When the interactions were examined, the GBs ap-
plication had the highest MDA content in flooding stress.
On the other hand, the highest H,O, content was obtained
from control and Pro, application under flooding stress con-
ditions. The highest CAT content was found in I g-Pros,
Lioo-GB s, and Flo-control interactions. SOD contents were
obtained from GBs5y and GB o applications under full irri-
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Table 2 The effect of increasing doses of Pro and GB applied to green onion under flooding stress conditions on the photosynthesis, membrane

damage and leaf relative water content

Aplications T leaf GSW PhiPSII MD RWC

Irrigation (I)

Ti0o (Full irrigation) 19.068 0.26 0.71 49.19 87.794

Flo (Flooding) 20.564 0.27 0.71 48.94 84.078

Proline (Pro)-Glycine Betaine (GB)

Control 19.13¢ 0.22¢ 0.732 64.57* 81.43¢

Pro; 18.84¢ 0.23¢ 0.72% 45.91¢ 81.15¢

Pro> 19.33¢ 0.328 0.732 47.18¢ 86.92b¢

Pros 19.89° 0.342 0.67° 44.71¢ 92.13*

GBso 20.17% 0.292b¢ 0.71% 54.21° 91.72%

GBioo 20.64* 0.25% 0.71% 40.38¢ 81.69%

GBiso 20.66* 0.23¢ 0.69% 46.51°¢ 86.48¢

1 X Pro and GB (Interactions)

Tioo Control 17.10° 0.26" 0.734be 66.81¢ 79.93¢%2
Pro; 17.09¢ 0.20%f 0.70%4 48.79<de 85.84b-¢
Proz 18.25¢ 0.374 0.7144 47.63¢ 90.9275¢
Pro3 19.77¢ 0.214f 0.66% 43.90¢ 93.17¢
GBso 20.01%¢ 0.24¢F 0.67¢de 53.93bed 90.63%¢
GBioo 20.644 0.25¢F 0.74¢4be 39.02¢ 85.07
GBis0 20.542b¢ 0.315¢d 0.76¢ 44.287% 89.00%4

Flo Control 21.16¢ 0.18¢ 0.734be 62.33% 82.92%¢
Pro; 20.60% 0.25¢F 0.74¢4b 43.04¢ 76.468
Proz 20.40%¢ 0.275-¢ 0.76° 46,74 82.927-¢
Pro3 20.01%¢ 0.47¢ 0.697-¢ 45.52¢de 91.097¢
GBso 20.34¢ 0.35%¢ 0.75% 54.50b¢ 92.80%
GBi1oo 20.64% 0.25¢F 0.67¢d¢ 41.74¢ 78.32%2
GBiso0 20.78¢ 0.15 0.62¢ 48,75 83.96°

LSD

Irrigation 0.29 ns ns ns 2.74

Pro and GB 0.55 0.08 0.04 7.00 5.15

I X Pro and GB (Interactions) 0.79 0.11 0.07 9.90 7.28

Uppercase letters, lowercase letters, and italics indicate LSD groups for irrigation, Pro and GB aplications, and I X Pro and GB interaction,
respectively. The absence of letters indicates that there is no statistical difference between the treatments
T leaf Leaf temperature (°C), GSW Stomatal conductance (mol m2 s~1), PhiPSII actual photosynthetic efficiency, MD Membrane Damage (%),

RWC Leaf Relative Water Content (%)
*Statistically significant according to P < (.05, ns not significant

gation conditions, and from GBo and GB,sy applications
under flooding stress conditions.

PCA Analysis

Growth, physiological and biochemical parameters ob-
tained as a result of Pro and GB applications applied to
green onions under flooding stress conditions were sub-
jected to principal component analysis (PCA) (Table 5). As
a result of PCA, the study was explained as high as 80.85%
in five components. The first component explained 27.09%
of the study, NL, WPF, WPD, and Chl a parameters were
the most powerful explanatory parameters in the positive
direction and H,O, in the negative direction. When the
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second component is examined, GSW and CT are strong
parameters that explain in the positive direction and SOD
in the negative direction. In the third component, WRF
was positive, MD, Chl b and PL were the parameters that
explained it in the negative direction. While GSW, PT,
and POD explained the fourth component in the positive
direction, CAT explained it in the negative direction. In
the last component, WRD and PhiPSII were the strongest
explanatory parameters in the positive direction, MDA and
SOD in the negative direction.

A loading plot was drawn from PC1 and PC2 to exam-
ine the strong correlations between the parameters (Fig. 2).
When the graph is examined, a strong positive correlation
was observed between the properties that show a signif-
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Table 3 The effect of increasing doses of Pro and GB applied to green onion under flooding stress conditions on the pigment, proline and protein

contents

Aplications Chl a Chl b CT PL PT

Irrigation (I)

Ti0o (Full irrigation) 17.744 5.774 3.984 30.224 47.174

Flo (Flooding) 13.91B 4.578 3.748 30.948 41.818

Proline (Pro)-Glycine Betaine (GB)

Control 14.07¢ 5.66% 3.40¢ 43.232 60.112

Pro; 15.55¢ 5.14¢ 3.87 37.84° 52.05°

Pro> 19.052 6.95% 4912 32.31¢ 39.54¢d

Pros 18.39% 4.414 3.47¢ 29.05°¢ 30.77¢

GBso 12.48¢ 3.984 3.41¢ 24.324 35.724

GBioo 13.40% 4.144 3.42¢ 24.87¢ 41.91°¢

GBiso 17.85° 5.93b 4.55% 22.434 51.32°

1 X Pro and GB (Interactions)

Tioo Control 12.86%2 6.67° 2.677 40.95¢ 71.83%
Proj 17.70¢ 5.41¢ 4.09¢¢ 41.18¢ 56.76°¢
Pro> 27.17¢ 9.97¢ 6.82¢ 40.11¢9° 27.968"
Pros 19.69% 3.248 2.558 22.69% 38.01
GBso 10.49" 3.308 2.81% 21.934% 34.38/%
GBioo 15.214 3.308 3.67% 25.444% 20.70'
GBi1s0 21.07% 7.26° 5.26" 19.23¢ 80.54¢

Flo Control 15.284 4.65¢ 4.14%¢ 45.51¢ 48.38¢
Pro; 13.40¢ 4.88cde 3.66% 34.51¢ 47.34¢
Pro> 10.93" 3.92% 3.00% 24.51% 51.124
Pros 17.09¢ 5.58¢ 4.40¢ 35.42b¢ 2354/
GBso 14.46% 4.66%f 4.00%¢ 26.71¢ 22.10™
GBi1oo 11.598" 4.56 3.17¢ 24.307% 63.12¢
GBiso 14.63% 4.60¢ 3.844 25.644 22.10™

LSD

Irrigation 0.52 0.28 0.19 2.08 242

Pro and GB 0.97 0.52 0.36 3.90 4.54

I X Pro and GB (Interactions) 1.38 0.74 0.50 5.52 6.42

Uppercase letters, lowercase letters, and italics indicate LSD groups for irrigation, Pro and GB aplications, and I X Pro and GB interaction,

respectively

Chl a Chlorophyll a (mg g™"), Chl b Chlorophyll b (mg g™'), CT Carotenoid (mg g™!), PL Proline (ug g™!), PT Protein (ug g!)

*Statistically significant according to P<0.05, ns not significant

icant increase in abiotic stress conditions such as MDA,
H,O,, and T leaf. It is seen that these parameters exhibit
a strong negative correlation with growth parameters such
as WPD, WPF, and NL. On the other hand, significant pos-
itive correlations were found between parameters such as
GSW, CAT, CT, RWC, Chl a, and Chl b. These parameters
are defined as the parameters that are located in the positive
region of both components and define the applications that
give the best results. When the drawn score plot graph is
examined, the first component is the one that defines the
effect of flooding stress (Fig. 3). On the right side of PCl1,
there are full watering topics, while in the negative area
there are flooding stress subjects. MDA, H,O, and T leaf
flooding stress are the parameters that provide the most
significant increase and define the stress. I100-Pros, Iioo-Pros,

and I,00-GB 5o interactions have been applications showing
significant increases in terms of GSW, CAT, CT, RWC,
Chl a, and Chl b. In other words, in addition to Pro, and
Pros applications applied under full irrigation conditions,
GBso application will contribute to plant growth. Although
all Pro and GB doses remain in the negative region under
flooding stress conditions, the fact that Pro; and GBsy doses
are close to the positive region shows that it is effective.
It is seen that especially the dose of Pro; will make a sig-
nificant contribution to avoiding the stress of green onions
under flooding stress conditions.
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Table 4 The effect of increasing doses of Pro and GB applied to green onion under flooding stress conditions on the MDA-malondialdehyde,

hydrogen peroxidase and antioxidant enzyme activity

Aplications MDA H>0; CAT POD SOD

Irrigation (I)

Ti0o (Full irrigation) 0.588 3.488 9204 30624 14414

Flo (Flooding) 0.664 5.654 7138 22908 11688

Proline (Pro)-Glycine Betaine (GB)

Control 0.55¢ 4.70° 916° 35732 1057¢

Pro; 0.56¢ 5.53¢% 6964 2696 1050¢

Pro> 0.62° 4.71° 77054 2310 10844

Pros 0.67° 3.84¢d 11832 2786 1183cd

GBso 0.76* 5.21% 6064 20504 1353¢

GBioo 0.56%¢ 3.484 6704 32582 18712

GBiso 0.62b¢ 4.48b° 876b° 20584 1536P

1 X Pro and GB (Interactions)

Tioo Control 0.478 1.84 440¢ 5882¢ 1285b¢4
Pro; 0.61¢4¢ 4.49¢de 7204 3194%¢ 1206
Proz 0.61¢4e 2.53M 833%¢ 22884 1328%¢
Pro; 0.63%<d 2.85M 1560¢ 22184 1529%
GBso 0.68%¢ 4.59¢ 5200%f 25224 1873¢
GBioo 0.488 3.308" 993 27844 18204
GBis0 0.54¢%2 4.26%2 1380 25444 10487

Flo Control 0.64%¢d 7.57¢ 1393¢ 1264¢ 829¢
Pro; 0.51/ 6.10%¢ 673¢de 21974 894¢
Proz 0.574%f 6.897° 706°% 23334 841¢
Pro3 0.71° 4.84¢4¢ 806%¢ 3354%¢ 836°
GBso 0.85¢ 5.82bcd 693¢de 1578¢ 832¢
GBi1oo 0.65%<4 3.65%%" 346/ 3733° 19234
GBi1so0 0.70° 4.70%f 373 1573¢ 20254

LSD

Irrigation 0.31 0.43 101 224 95

Pro and GB 0.05 0.81 189 420 178

I X Pro and GB (Interactions) 0.08 1.15 268 594 252

Uppercase letters, lowercase letters, and italics indicate LSD groups for irrigation, Pro and GB aplications, and I X Pro and GB interaction,

respectively

MDA Malondialdehyde (nmol ml™"), H>0, Hydrogen peroxidase (umol g!), CAT Catalase (EU/g leaf), POD Peroxidase (EU/g leaf),

SOD Superoxide dismutase (EU/g leaf)
*Statistically significant according to P < (.05, ns not significant

Discussion

Flooding stress applied in green onions revealed signifi-
cant changes in growth, physiological and biochemical con-
tents. There was a 28% loss in leaf number, 43% in plant
fresh weight, and 32% in dry weight of the plant, which
was limited under flooding stress conditions. The applied
Pros; dose showed significant increases in growth parame-
ters (Table 1). It has been reported that there are significant
decreases in the number of leaves in onions (Gedam et al.
2021), tomatoes (Ezin et al. 2010), and spinach (Seymen
2021) under flooding stress conditions. On the other hand,
it has been reported by various researchers that plant fresh
and dry weight and root fresh and dry weight decrease

@ Springer

under flooding stress conditions (Yiu et al. 2009; Ghodke
et al. 2018; Rasheed et al. 2018). It has been revealed that
Pro and GB applications applied in many stress studies in-
crease the growth parameters (Heuer 2003; Osman 2015;
Kayak et al. 2022). Known as an osmotic regulator, pro-
line stabilizes cell membranes and proteins helps scavenge
free radicals, and contributes to the buffering of cellular re-
dox potential, helping to protect against the negative effects
of stress (Ashraf and Foolad 2007). At the same time, Pro,
which is a protein-compatible hydro trope, helps to maintain
NADP+/NADPH ratios compatible with metabolism (Srini-
vas and Balasubramanian 1995). Pro applications acted as
an important preservative in plant growth under flooding
stress conditions in green onions.
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Table 5 Principal component analysis (PCA) for growth, physiological, biochemical contents and chlorophyll fluorescence measurement of
increasing doses of Pro and GB applied to green onion under flooding and non-stress conditions

Items PC1 PC2 PC3 PC4 PC5
Eigenvalue 5.41 3.50 333 2.00 1.90
Percentage of variance 27.09 17.53 16.69 10.02 9.50
Cumulative variance 27.09 44.62 61.32 71.34 80.85
Eigenvectors

NL 0.37 -0.11 0.20 -0.06 0.12
WPF 0.38 -0.04 0.18 -0.03 0.11
WRF —-0.00 0.21 0.36 0.15 0.19
WPD 0.37 0.00 0.17 0.00 0.19
WRD -0.26 0.14 0.16 0.20 0.33
T leaf -0.28 0.15 0.24 -0.17 -0.01
GSW 0.09 0.33 -0.14 0.35 0.01
PhiPSII -0.02 0.14 -0.28 -0.29 0.32
MD -0.01 —0.11 -0.30 -0.00 -0.01
RWC 0.18 0.28 0.20 0.06 -0.24
Chl a 0.32 0.28 —-0.01 -0.12 -0.13
Chl b 0.25 0.15 -0.34 0.00 -0.16
CT 0.16 0.33 -0.19 -0.12 -0.25
PL 0.05 0.05 -0.36 0.07 0.15
PT -0.00 0.28 0.02 0.54 0.18
MDA -0.15 0.22 0.09 0.20 -0.45
HxO2 -0.33 0.21 -0.04 -0.19 0.10
CAT 0.13 0.26 0.18 -0.35 0.27
POD 0.15 -0.28 -0.19 0.37 0.23
SOD 0.06 -0.34 0.26 0.07 -0.31

NL number of leaves, WPF weight of plant fresh, WRF weight of root fresh, WPD weight of plant dry, WRD weight of root dry, T Leaf Leaf
temperature, GSW Stomatal conductance, PhiPSII actual photosynthetic efficiency, MD Membrane Damage, RWC Leaf Relative Water Content,
Chl a Chlorophyll a, Chl b Chlorophyll b, CT Carotenoid, PL Proline (ug g™!), PT Protein, MDA Malondialdehyde, H>0> Hydrogen peroxidase,

CAT Catalase, POD Peroxidase, SOD Superoxide dismutase
*Statistically significant according to P<0.05 and 0.001

Flooding stress caused a significant increase in leaf tem-
perature and decreased RWC content (Table 2). In many
studies, it has been reported that there are significant in-
creases in leaf temperature under stress conditions (Pueng-
sungwan and Jirasereeamornkul 2020) and decreases in
RWC content (Yiu et al. 2009; Kayak et al. 2022). The
administered Pros; and GBsy doses contributed to the GSW
and RWC content. A decrease in stomatal conductivity oc-
curs when plants are exposed to flooding stress (Folzer et al.
20006). In addition to increased stomatal resistance in plants
under flooding stress conditions, water deficit occurs in the
cells because of limited water intake (Parent et al. 2008). On
the other hand, the decrease in the O, level negatively af-
fects hydraulic conductivity by preventing root permeability
(Else et al. 2001). The lack of oxygen usually causes a de-
crease in the net rate of photosynthesis (Ashraf et al. 2011).
This decrease in sweating and photosynthesis results in the
closure of stomata (Ashraf and Arfan 2005). Sometimes, the
decrease in chlorophyll content causes decreases in photo-
synthesis and stomatal conductivity. Yordanova et al. (2005)

reported that barley plants rapidly closed their stomata un-
der flooding stress conditions and a decrease in stomatal
conductivity occurred. Similarly, in a study conducted on
peas, it was reported that flooding stress caused stomata to
close (Zhang and Zhang, 1994).

Photosynthesis is an important event for plant develop-
ment and the realization of biochemical events in the plant.
The increase in leaf temperature under flooding stress con-
ditions causes the closure of stomata. This results in a de-
crease in the amount of photosynthesis (Barickman et al.
2019). The stress of flooding causes a decrease in photo-
synthesis efficiency by limiting CO, entry, and oxidative
damage on photosynthesis II with an accumulation of ROS
and accumulation of ethylene (Rao and Li 2003; Bansal
and Srivastava 2015). Castro-Duque et al. (2020) reported
that the flooding stress they applied in gooseberry affected
PSII negatively, and the GB they applied made a significant
contribution to the PSII activity. In a study, drought stress
applied in rice caused a decrease in PhiPSII, but the applied
GB dose did not make any contribution (Chaum et al. 2013).
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Fig.2 Loading plot from PC1 10
and PC2 based on PCA for
growth, physiological, biochem-
ical contents and chlorophyll
fluorescence measurement of
increasing doses of Pro and GB
applied to green onion under
flooding and non-stress condi- 05
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In our study, although flooding stress did not adversely af-
fect photosynthesis inputs, it was observed that the applied
Pro and GB doses contributed to net photosynthesis.

In this study, flooding stress decreased the content of
Chl a (22%), Chl b (20%), CT (6%), and PT (11%) in
green onions, while increasing the content of PL (2%). The
applied Pro, dose contributed significantly to the color pig-
ments content (Table 3). Chlorophyll and carotenoids are
two important types of photosynthetic pigments found as
pigment-protein complexes in the thylakoid membrane of
chloroplasts (Bartley and Scolnik 1995). With the aging of
the leaves, the chloroplasts are fragmented, there is a de-
crease in Chl content, and photosynthetic activity decreases
(Cardinif and Bonzi 2005). The negative effect of photo-
synthesis in flooding stress causes significant decreases in
chlorophyll content. In a study conducted on 12 different
onion genotypes, it was reported that flooding stress caused
significant losses in color pigments (Gedam et al. 2021).
Similarly, it has been reported that there is a decrease in
color pigments in cowpea under flooding stress conditions
(El-Enany et al. 2013). According to Kayak et al. (2022) re-
ported that Pro and GB applications applied under drought
stress conditions contributed to the color pigments.

In this study, flooding stress caused an increase in MDA
and H>O, content, while it caused a decrease in antioxidant
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enzymes. The administered Pros dose helped to increase
CAT activity while decreasing the H,O, content. Similarly,
the GB oo application caused decreases in H,O, content and
contributed to SOD activity (Table 4). Many researchers
emphasize that H,O, and MDA increase under flooding
stress conditions (Cao et al. 2017; Radmann et al. 2018;
Seymen, 2021). Enzymes such as SOD, CAT, and POT
have an important contribution to the scavenging of ROS
formed under flooding stress conditions. They can catalyze
SOD superoxide to molecular oxygen (O,) and hydrogen
peroxide (H>O,). At the same time, CAT and POD enzymes
can decompose H,O, by converting it to oxygen and water
(Qamer et al. 2021). As a matter of fact, in our study, it
was seen that Pro and GB applications contributed to the
antioxidant defense system against flooding stress.

PCA is an analysis method that guides researchers in
determining important parameters, tolerant genotypes, and
important applications under flooding stress conditions
(Seymen 2021; Zhou et al. 2021). As a result of PCA
analysis, it has been reported that the first two compo-
nents are explained above 25%, which will give important
results for the study and its usability (Mohammadi and
Prasanna 2003; Yavuz et al. 2021; Yavuz et al. 2022). In
our study, the first two components explained 44% of the
study. In stress studies, there are many studies in which the
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Fig.3 Score plot from PC1

and PC2 based on PCA for

growth, physiological, biochem-

ical contents, and chlorophyll 4
fluorescence measurement of

increasing doses of Pro and GB

applied to green onion under

flooding and non-stress condi-

tions. Flo (Flooding irrigation),

S100 (Non-stress), Cont (No 2 Flo-GB50
proline and glycine betaine),
Prol (1 uM proline), Pro2 (2uM *

proline), Prol (3uM proline),
GB50 (50uM glycine betaine),
GB100 (100uM glycine be-
taine), GB150 (150 uM glycine
betaine)

Component 2 (17,5 %)
o

first component shows the effect of stress (Seymen et al.
2019; Seymen 2021; Yavuz et al. 2022). In the present
study, the first component’s positive region included the
exact irrigation subject and explanatory parameters, while
the negative region included the flooding stress issues and
parameters (Figs. 2 and 3). MDA, H,O,, and T leaf were
the parameters that showed the highest increase under
flooding stress conditions and explained the stress. It has
been explained by many researchers that these parameters
increase under stress conditions (Cao et al. 2017; Radmann
et al. 2018; Puengsungwan and Jirasereeamornkul 2020;
Seymen 2021). It has been revealed that Pro,, Pros and
GBs applications applied under full irrigation conditions,
Pro; and GBsy doses under flooding stress conditions will
contribute to plant growth.

Conclusion

It has been observed that the doses of proline and glycine
betaine applied in green onions under flooding stress condi-
tions have significant effects on growth, physiological and
biochemical contents. The ten-day flooding stress applied to
green onions significantly limited the growth of the plant,

v
-
o

T

) O
W
"
S

$100-6GB50

$100-Cont

-2 0 2 4

Component 1 (27,1 %)

resulting in 28% loss in leaf number, 43% in plant fresh
weight, and 32% loss in plant dry weight. MDA, H,0,,
and T leaf flooding stress conditions were found to be the
parameters that provide the most significant increase and
define the stress. It was concluded that, in addition to Pro,
and Pros applications applied under full irrigation condi-
tions, GBso application will contribute to plant growth. In
flooding stress conditions, it was observed that the doses
of Pro; and GBs, applied reduced the negative effect of
flooding stress. It is recommended that these practices are
important in terms of sustainable agriculture and that they
can be applied as protective practices in terms of yield and
quality in the lands where green onion cultivation is made
because of increasing floods as a result of global climate
change.
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