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Abstract

Soil flooding is a serious abiotic stress that can repress plant growth and yield. The intensity of flooding
stress is continuously increasing owing to rapid climate change and changes in rain intensity and frequency.
Biochar (BC) emerges as an important soil amendment to mitigate adverse impacts of abiotic stress. The role
of BC against different stresses is well reported, however, its role under flooding stress is not determined yet.
Thus, this experiment was conducted to determine the role of BC on the performance of brassica crops under
flooding stress. The experiment was comprised of well-watered (WW) and flooding stress (FS) conditions and
biochar application: control, 1% biochar, and 2.5% biochar. The results indicated that flooding stress stunted
the plant growth and impaired the photosynthetic pigments, leaf water status, osmolytes yield and yield traits,
and oil concentration and increased the electrolyte leakage (EL), hydrogen peroxide (H.O,) and
malondialdehyde (MDA) concentration. The application of BC at the rate of 2.5% mitigated the adverse
impacts of salinity and upgraded the antioxidant activities (~50-120%), reduced the oxidative stress markets
(~70-300%), and increased the leaf water status, photosynthetic pigments, osmolyte accumulation, nutrient
uptake, yield traits, and oil contents. In conclusion, BC application can improve the productivity and oil yield
of brassica under drought stress by improving plant physiological and biochemical functioning. However, more

in depth studies are direly needed to explore the mechanism of BC to induce flood tolerance.
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Introduction

The climatic conditions around the globe are quickly changing and causing an imbalance in the
environment and precipitation patterns which is leading to negative impacts on crops (Eigenbrod ez al., 2015;
Wang and Komatsu, 2022). The disturbed precipitation and glacier melting is causing flooding stress which
negatively affects plant growth and development (Wang and Komatsu, 2022). The frequency of flooding is
continuously increasing and it has been predicted that the frequency of flooding stress will be increased further
under ongoing climate change (IPCC 2021; Zhao ez 4l., 2023). Flooding refers to partial or complete
submergence stress which has deleterious impacts on the germination, and vegetative and reproductive growth
of plants (Chattopadhyay ez al, 2021). Flooding stress also induces oxygen-deficient conditions which
negatively affect plant growth stages (Zhongez 4/.,2021). The low oxygen conditions under flooding stress alter
the plant metabolism from aerobic respiration to anaerobic fermentation which is considered to be an
important cause of impairment of plant growth (Xu ez 4/., 2014).

Flooding stress can affect plant processing ranging from morphology to physiology and biochemistry
(Azeem et al., 2020; Jia ez al., 2021). Flooding stress inhibits plant growth and alters biomass production in
plants (Liu ez a/., 2014), reducing photosynthesis, leaf water potential, and stomata conductance (Miao et 4.,
2017). Flooding-induced root hypoxia decreases the hydraulic conductivity and water absorption by roots
which further reduces the water transportation to leaves (Yuan ez 4/., 2022). This decrease in water transport
reduces the leaf water potential and consequently reduces photosynthesis (Yuan et /., 2022). Besides this
flooding also reduces the absorption of nutrients which induces nutrient deficiency and decreases chlorophyll
synthesis which further inhibits photosynthesis (Herrera, 2013). Flooding stress also affects the synthesis of
potential osmolytes. For instance, soluble sugars and proline are accumulated in plants in response to flooding
stress which serves as osmolytes to maintain the leaf turgor (Miao ez al., 2017; Loreti ez al., 2018; Wang ez al.,
2019). Besides this flooding stress also induces reactive oxygen species production that damages, proteins,
lipids, membranes, and deoxyribonucleic acid (DNA) and causes a significant reduction in plant growth (Zhao
et al.,2023).

One of the immediate impacts caused by flooding stress is the deficiency of oxygen (Voesenck and
Bailey-Serres, 2015) which restricts plant growth and causes a reduction in crop yield (Nishiuchi ez /., 2012).
Further in flooding conditions growth of plants is also impeded owing to increase anaerobic respiration,
however, plants have developed adventitious roots (ARs), acrenchyma, and radial oxygen (O2) loss (ROL)
barriers to exchange the gas (Jia ez 4/, 2021). Plants have evolved two strategies to resist the adversity of
flooding: low oxygen escape syndrome (LOES) for partial submergence and low oxygen quiescence syndrome
(LOQS) for complete submergence (Voesenck and Bailey-Serres, 2015). The plants with LOQS show
restricted growth by keeping the minimum energy and carbon consumption to prolong their survival under
flooding conditions (Loreti ¢# al., 2016), and when flooding recedes these plants recover quickly. In LOES
strategy plants maintain the upper leaves in the aerial environments for getting adequate carbon, light, and
oxygen (Hattori ez al., 2011; Jia ez al., 2021).

To counter the toxic effects of flooding stress, it is urgently needed to develop innovative techniques to
ensure crop productivity and global food security (Mehmood ¢z al., 2023a). Amending soil with biochar (BC)
is considered an effective practice to improve crop productivity and reduce the toxic effects of abiotic stresses
(Fischer ez al., 2019; Mehmood ez al., 2018; Mchmood ez 4/., 2022; Mchmood et al., 2023b). The application
of BC improves soil texture, soil porosity, soil structure, and soil hydraulic functions (Faloye ez al, 2019).

Biochar application also increases the frequency of large pores, micro-pores, and soil optimum water content
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which in turn improves crop productivity (Liu ez /., 2017; Ni ez al., 2018; Ng ez al., 2022). Nonetheless, the
effects of BC vary according to soil type, feedstock properties, production processes, and rate of application
(Tomczyk e al., 2020). However, many studies have been conducted to determine the effect of BC in reducing
the toxic effects of different abiotic stresses like salinity, drought, heat stress, and heavy metals. Nonetheless,
there is no information about the role of BC in mitigating the toxic effects of flooding stress. This is first-hand
information regarding the role of BC in mitigating the toxic effect of flooding stress in Brassica. We
hypothesized that BC can mitigate the toxicity of flooding stress by improving plant physiological and
biochemical functioning and photosynthetic efficiency. Therefore, this study was determined with following
objectives: i) to determine impact of BC on growth, physiological, physiological, and antioxidant activities of
brassica ii) to determine impact of BC yield and oil productivity of brassica under flooding stress.

Materials and Methods

Experimental details and treatments

The present study was conducted to determine the impact of biochar application on the growth,
physiological, and biochemical traits of brassica growing under flooding stress. The study was conducted at the
Guangxi Hydraulic Research Institute-Qinzhou Irrigation Experimental Station, China. The soil used for
filling pots was collected from the experiment field. The soil was collected from 0-20 cm soil with the help of
spade. Thereafter, soil was sieved and all debris was removed. The tested soil had a pH (5.12), organic matter
content (256 gkg™), total nitrogen content (0.81%), and available phosphorus and potassium 7.72 and 166 mg
kg respectively.

The pots having a capacity of 10 kg were filled with soil and 10 seeds of brassica were sown in each pot
after germination thinning was done to maintain five plants in each pot. The experiment was comprised of
different treatments: well-watered (WW) and flooding stress (FS) and biochar application: control, 1% (22.4
t ha') biochar, and 2.5% (56 t ha™) biochar. The biochar according to treatments was thoroughly mixed with
the soil and pots were filled after that seeds were sown in each pot. The well water pots were irrigated to field
capacity throughout the experiment. The flooding stress was initiated at the stem elongation stage by filling the
pots with water 10-15 cm above the soil surface. The pots were visited regularly and all other management
practices were kept constant to get a good stand establishment.

Measurement of growth traits

Three plants from each pot were selected their heights were measured and the average was worked out.
The plants were uprooted carefully and roots were removed from shoots and weighed to take the fresh weight
and later oven dried (65 °C) for 48 hours to determine the dry weight.

Determination of photosynthetic pigments, leaf relative water content, and electrolyte leakage

To determine chlorophyll and carotenoid contents, 0.5 g fresh leaf samples were taken and homogenized
in 80% methanol solution to obtain the extract. Thereafter absorbance was noted at 645, 480, and 663 to
determine the concentration of chlorophyll a, b, and carotenoid (Arnon, 1949). To access the leaf relative water
contents (RWC), briefly leaf sample was taken and weighed (FW) and then this leaf sample was placed in water
for 24 hours and weighed to determine turgid weight (TW). Later turgid leaf sample was oven-dried (65 °C)
until constant weight and dry weight (DW) were taken and RWC was determined with the following
procedure: RWC (%) = FW — DR/TW — DR x 100. In case of electrolyte leakage (EL): 0.5 g fresh leaf samples
were taken and placed in water for 30 minutes first ECI was taken and then samples for heated for 90 minutes
and second EC2 was taken and finally EL concentration was determined with the following procedure: EL =

EC1/EC2 x 100.
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Determination of osmolytes and oxidative stress markers

To access the concentration of total soluble proteins (TSP), 0.5 g leaf sample was ground in phosphate
buffer (5 ml), and then obtained extract was centrifuged for 15 minutes at 14000 and treated with Bradford
reagent (2 ml) and allowed for 15-20 minutes at room temperature and absorbance was measured at 595 to
determine TSP (Bradford, 1976). In the case of free amino acids (FAA): 1 ml crude extract was taken and
placed in tubes containing 1 ml of pyridine and 1 ml of ninhydrin. Thereafter, tubes were placed in a water
bath (90 °C) for 30 minutes and then allowed at room conditions for 20-25 minutes, and later absorbance was
measured at 570 nm (Hamilton and Van-Slyke, 1943). For determination of H,O»; 0.5 g leaf samples were
taken and ground with 0.5 ml tri-chloroacetic acid (TCA) to obtain supernatant and then 1 ml of each
potassium iodide (KI: 1 M) and potassium phosphate buffer (PPB) was added in the supernatant and allowed
for 30 minutes and absorbance was taken at 390 nm (Velikova ez 4/., 2000). To determine the concentration
of MDA, 0.5 g leaf samples were taken and homogenized by using 5 ml of TCA and centrifuged for 15 minutes
at 12000 rpm. Thereafter obtained supernatant was added to 1 ml of thiobarbituric acid (TBA) and boiled for
30 minutes at 100 °C and then cooled quickly and absorbance was measured at 532 nm for MDA
determination (Rao and Sresty, 2000).

Determination of antioxidant activities

The standard procedure suggested by Aebi (1984) was used to determine the activity of catalase (CAT).
Briefly, 0.5 g fresh leaf samples were taken and blended with 5 ml of potassium phosphate buffer (PPB) and
centrifuged for 15 minutes at 1000 rpm and absorbance was measured at 240 nm to determine activity of CAT.

To access the concentration of ascorbate peroxidase (APX); again 0.5 g fresh leaf sample was taken and
homogenized by adding 5 ml of PPB (pH: 7.8). Therefore, this extract was centrifuged for 15 minutes at 10000
rpm and absorbance was recorded at 290 nm to determine APX activity (Nakano and Asada, 1987). For the
determination of peroxidase (POD) activity, the standard procedures of Zhang ez a/. (1992) were used. Briefly,
0.5 gleaf samples were taken and homogenized using 5 ml of PPB and centrifuged for 15 minutes at 10000 rpm
and absorbance was measured at 470 nm. In the case of SOD activity, a reaction mixture containing 400 pL
H,O;, 25 mL buffer, 100 uL Triton, 50 uL sample, and 50 uL riboflavin was prepared thereafter absorbance
was noted at 560 nm (Mukherjee and Choudhuri, 1983).

Nutrient concentration

The plant samples were taken and oven dried (70 °C) and ground to make powder. Then, grounded
samples were digested by using a mixture of acids (HCl and HNO3) at a ratio of 1:2. Thereafter, samples were
filtered and diluted by using distilled water. The concentration of Ca, Mg, and K was determined by flame
photometer, the concentration of P was determined by spectrophotometer, and N concentration in digested
samples was measured by Kjeldahl procedure.

Determination of yield traits and seed oil concentration

The plants at physiological maturity were harvested to determine branches per plant, pods per plant,
pod length, seeds per pot, and seed yield. The concentration of crude oil in seeds of brassica was determined by

the Soxhlet apparatus as reccommended by AOAC, 1990).

Data analysis

The recorded data on all the traits was subjected to a two-way analysis of variance (ANOVA) for
flooding stress treatments, BC application rates, and their interactions. The difference among treatments was
compared by using the least significant difference test (LSD) and sigma plot was used to prepare the figures and
R studio was used to perform the principal component analysis (Steel ez 4., 1996).
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Results

Growth and morphological traits

Floodingstress determined a significant (P > 0.05) in the growth and morphological traits of the brassica
crop (Table 1). The taller plant (155 cm) was observed in well water conditions with an application of 2.5%
BC and shorter pants (97 cm) were observed in flooding conditions without BC application (Table 4). The
root length and fresh and dry biomass also showed relevant reduction under flooding conditions however; BC
application mitigated the adverse impacts of flooding and appreciably increased the RL, root fresh, and dry
biomass. The overall order of BC in improving the root length (RL), root fresh and dry mass under well-watered
and flooding stress remained as: 2.5%BC>1%>control (Table 4). Flooding stress also induced a negative
impact on branches per plant (BPP) and it reduced the BPP by 25.47% as compared to well water conditions.
The BC addition showed a marked increase in the production of BPP under both well water and flooding
conditions (Table 4).

Table 1. ANOVA sources, and significance in growth, photosynthetic pigments of Brassica

Sources | DF PH RL RFW RDW BPP Chl-a | Chl-b Cart. RWC
BC 2 583.72" 66507 | 125.05" | 42.66° | 2.72" | 0.068" | 0.038 | 0.415" 170.89°
FS 1 6013.39" | 660.05" | 982.72" | 382.72" | 8.00" | 0.372" | 0259 | 5.194" | 2112.50°
BCxFS 2 7.72 1.056 8.38" 4227 0.16° | 0.008" | 0.006 | 0.075" 8.00°

BC: biochar, FS: flooding stress, PH: plant height, RL: root length, RFW and RDW are root fresh and dry weight,
BPP: branches per plant, Chl: chlorophyll, Cart: carotenoid, RWC: relative water content * and ** indicates significant

at P < 0.05 and P < 0.01, respectively.

Photosynthetic pigments and leaf water status

The flooding showed a significant positive impact on photosynthetic pigments and RWC (Table 2).
Under flooding stress vs. well water conditions, chlorophyll a, chlorophyll b, and carotenoid contents were
decreased by >30% however, BC application showed promising results and improved the photosynthetic
pigments and leaf RWC (Table 5). The application of 2.5% BC increased chlorophyll a, chlorophyll b, and
carotenoid by 21.21%, 15.25%, and 7.19% under well water conditions, while 2.5% BC increased chlorophyll
a, chlorophyll b, and carotenoid by 21.21%, 15.25% and 7.19% under flooding stress 100%, 85.18% and 25.35%
as compared to control (Table 5).

Table 2. ANOVA sources, and significance in osmolytes and antioxidant activities of Brassica
Sources | DF EL MDA | H,O, | TSP FAA | Proline | APX CAT | POD | SOD
BC 2 87.50" 1.857 1.307 | 21.90° 9.59 0.028" | 174.26" | 5.86" 1.947 | 2.120°
FS 1 | 5582.72" | 83.59" | 34.61" | 192.73" | 107.11° | 0.231" | 1193.98 | 40.47" | 17.66" | 20.05
BCxEFS | 2 15.39" | 07197 | 0.102" | 0.067 0.42' 0.003" 13.91° 1.657 0.08" | 0.068

BC: biochar, FS: flooding stress, EL: electrolyte leakage: MDA: malondialdehyde, H2Oa: hydrogen peroxide, TSP:

total soluble proteins, FAA: free amino acids, APX: ascorbate peroxidase, CAT: catalase, POD: peroxidase, SOD:

superoxide dismutase, * and ** indicates significant at P < 0.05 and P < 0.01, respectively.

Oxidative stress markers, antioxidant activities, and osmolyte accumulation

The three traits (EL, MDA, and H,O;) production was severely increased under flooding conditions
(Table 3). The concentration of EL, MDA, and H,O, was significantly increased by more than >100 times
under flooding conditions (Figure 1). Nonetheless, the application of 2.5% BC particularly alleviated the
strong damage to cell integrity by decreasing the production of aforementioned oxidative stress markets (EL,
MDA, and H,0,). The activity of all the antioxidants was significantly increased under flooding conditions,
which indicates the brassica plants activated an antioxidant defense system to counter the toxic effects of

flooding (Figure 2). The application of BC increased the activity of all the tested antioxidants (APX, CAT,

5



Shao J ez al. (2024). Not Bot Horti Agrobo 52(3):13835

POD, and SOD); however, more promising results were seen under flooding conditions (Figure 1). The
application biochar particularly, 2.5% BC increased the APX, CAT, POD, and SOD activities by 42.29%,
45.58%, 40.56%, and 36.67% respectively as compared to the control. Overall, BC application enhanced the
antioxidant activity under normal and flooding stress according to the following ranking: 2.5% BC>1% BC>
control (Figure 2).

Table 3. ANOVA sources, and significance in tissue nutrient concentration and yield traits of Brassica

Oil
contents
BC 2 25.307 | 147.13 75.53' 46457 | 1445.1" | 0.408" | 39.02" | 7.49 18.48"

ES 1 | 245.017 | 1393.04 | 1014.75" | 286.40" | 20200.5" | 3.242" | 36091" | 76.59" | 328.53"
BCxEFS | 2 7.28" 1.58 224" 8.66" 51.5° 0.036' 1.82" | 0.057 1.24
BC: biochar, FS: flooding stress. N: nitrogen, Ca: calcium, Mg, magnesium, K: potassium, PPP: pods per plant, PL:
pod length, SPP: seeds per pod, SYPP: seed yield per pot. * and ** indicates significant at P < 0.05 and P < 0.01,

respectively.

Sources | DF N Ca Mg K PPP PL SPP SYPP

s Control
50 4 [ 1% Biochar
[ 2% Biochar

Electrolyte leakage (%)

WwW S

I Control
[ 1% Biochar
8 1 @ 2% Biochar

Malondialdehyde (n mol g-1 FW)

I Control c
[ 1% Biochar a
[ 2% Biochar

Hydrogen peroxide (n mol g-1 FW)

wWwW FS

Figure 1. Effect of different rates of BC application on electrolyte leakage (a), malondialdehyde (b) and
hydrogen peroxide (c) of brassica plants grown under normal and flooding stress conditions
The bars indicating the means of three replicates while different letters indicating the significance among treatments.
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Figure 2. Effect of different rates of BC application on APX (a), CAT (b), POD (c) and SOD (d) activities

of brassica plants grown under normal and flooding stress conditions

The bars indicating the means of three replicates while different letters indicating the significance among treatments

Flooding stress depressed the TSP and FAA, while concurrently boosting the proline synthesis (Table
3). Flooding stress decreased the TSP and FAA by 63.92% and 55.26% however; an increase of 34.37% in

proline concentration was seen under flooding stress. This indicates that brassica plants increased the proline

synthesis to counter the toxic effects of flooding stress (Figure 3).
The application of BC significantly increased the concentration of TSP, FAA, and proline under normal
and stressful conditions and in this context application of 2.5% BC remained the top performer as compared

to 1% BC application (Table 4).

Table 4. Effect of different rates of BC application on the growth traits of Brassica grown under normal

and flooding stress conditions

Treatments Biochar PH (cm) RL (cm) RFW (g) RDW (g) BPP
Control 135¢+3.09 35.22b+2.05 26.30c+1.23 13.30c+1.12 5.7bc+0.33
Well water 1% BC 145b+4.25 37.00b£2.98 33.00b+1.62 16.62b+0.98 6.7ab+0.53
2.5%BC 155a+5.23 42.21a+3.32 37.14a+2.76 20.31a+0.92 7.3a+£0.42
Control 97e¢+2.89 23.13d+1.89 13.38¢+1.87 5.66f+0.56 4.3d+0.48
Flooding stress 1% BC 111d+6.23 25.67d+2.26 | 18.67d+2.23 | 7.70e+0.48 5.3¢+0.33
2.5%BC 116d+4.10 29.51c+2.91 20.29d+2.98 9.31d+0.89 5.7bc+0.52

BC: biochar, FS: flooding stress, PH: plant height, RL: root length, RFW and RDW are root fresh and dry weight,
BPP: branches per plant. The values are means of three replicates with + SE and different letters with values indicating

significant differences among means.
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25
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[ 1% Biochar
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Free amino acods (ng g‘l FwW)
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1.0
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Figure 3. Effect of different rates of BC application on total soluble proteins (a), free amino acids (b) and
proline (c) concentration of brassica plants grown under normal and flooding stress conditions
The bars indicating the means of three replicates while different letters indicating the significance among treatments.

Nutrient concentration in plant tissues

Flooding stress resulted in a strong decrease in the concentration of nitrogen, calcium, magnesium, and
potassium. A relevant decrease in N and Ca concentration was observed under flooding conditions; similarly,
magnesium and potassium also underwent a relevant decrease in their concentration under flooding stress
(Table 6). Biochar application appreciably mitigated the above reduction in element concentrations and the
application of 2.5% BC appreciably increased the element concentrations as compared to the application of 1%
BC (Table 1). The usual ranking of BC in containment increase of aforesaid elements was observed as: 2.5%

BC>1% BC> control (Table 6).

Yield traits and oil content
Brassica yield and yield traits at harvesting were significantly curbed by flooding stress (Table 3). The

results indicated that under flooding vs. well water conditions, PPP, and PL were decreased by 27.27% and
19.14% respectively, while SPP and SYPP were reduced by 92.75% and 59.33% respectively (Table 7). The
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biochar application particularly 2.5% BC mitigated the adverse impacts of flooding stress and restored all the
yield traits and the overall ranking was seen as: 2.5% BC>1% BC> control (Table 7). The results indicated that
flooding stress also induced negative impacts on oil production and a decrease of 27.19% in oil content was

recorded under flooding conditions as compared to normal conditions (Figure 4). The application of 1% and
2.5% BC improved the oil contents by 8.78% and 16.17% while the application of 1% and 2.5% BC improved
the brassica oil contents by 5.48% and 14.46% respectively (Figure 4).

Table 5. Effect of different rates of BC application on photosynthetic pigments and relative water contents

of Brassica grown under normal and flooding stress conditions

Treatments Biochar Chlorophylla | Chlorophyll b Carotenoids RWC
application (mgg! FW) (mgg! FW) (mgg' FW) (%)
Control 0.66b+0.021 0.59¢+0.015 4.17b+0.044 59.60c+1.99
Well water 1% BC 0.74a£0.016 0.64b+0.019 4.38a+0.052 65.33b+2.23
2.5% BC 0.80a+0.029 0.68a+0.033 4.472+0.067 68.36a+3.22
Control 0.29¢+0.032 0.27f£0.029 2.84¢+0.038 36.62+2.24
Flooding stress 1% BC 0.47d+0.012 0.42¢+0.042 3.39d+0.042 42.50e%2.98
2.5%BC 0.58¢+0.019 0.50d+0.018 3.56c+0.054 49.12d+2.05

BC: biochar, FS: flooding stress, RW C: relative water content. The values are means of three replicates with + SE and

different letters with values indicating significant differences among means.

Table 6. Effect of different rates of BC application on nutrient concentration in plant tissues of Brassica

grown under normal and flooding stress conditions

Bu?cha}r Nitrogen Calcium Magnesium Potassium
Treatments application
mgg! DW

Control 12.80c¢+0.51 46.02¢+0.56 38.53¢+0.81 18.50¢+0.98
Well water 1% BC 16.57b+0.72 54.07b+0.78 42.37b+1.27 23.30b£0.74
2.5% 19.03a+0.42 56.07a+1.02 46.82a+1.33 26.40a+0.98

Control 7.88e+0.87 29.43£+0.65 24.83+0.98 13.00e+0.56
Flooding stress 1% BC 8.54¢+0.65 35.43¢+0.92 27.13ex0.97 15.17d+0.48
2.5% BC 9.85d+0.59 38.50d+1.16 30.70d+1.55 16.10d+0.76

BC: biochar, FS: flooding stress, RW C: relative water content. The values are means of three replicates with + SE and
different letters with values indicating significant differences among means.

Table 7. Effect of different rates of BC application on yield traits of brassica grown under normal and

flooding stress conditions

T Biochar Pods per Pod length Seeds per Seed yield per
reatments .
application plant (cm) pod pot (g)
Control 169¢+5.66 4.96c+0.12 15.70c+0.41 9.90b+0.22
Well water 1% BC 193b+6.76 5.28b+0.19 18.70b+0.53 11.18240.25
2.5% BC 204a+5.96 5.63a+0.22 21.66a+0.78 12.21a40.33
Control 109f+4.33 4.26e£0.10 7.67t£1.04 5.95¢£0.19
Flooding stress 1% BC 122¢+4.18 4.43¢20.25 9.67¢%0.56 6.85d+0.38
2.5% BC 135d+3.75 4.63d+0.21 11.67d+0.49 8.11c£0.91

BC: biochar, FS: flooding stress, RW C: relative water content. The values are means of three replicates with + SE and

different letters with values indicating significant differences among means.
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Figure 4. Effect of different rates of BC application on oil content of brassica grown under normal and
flooding stress conditions

The bars indicating the means of three replicates while different letters indicating the significance among treatments.

Principle component analysis

The results indicate that two components (PC1 and PC2) showed 91.7% total variance. The results
indicated BC application had a significant impact on growth, yield, and physiological and biochemical traits.
The flooding stress showed negative impacts on the growth of physiological and biochemical traits and oil
contents. Conversely, the application of BC offset the negative impacts of flooding stress and improved plant
growth, yield, and oil contents as compared to the control (Figure 5).
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Figure 5. The scores on left and loading plots on right of principal component analysis (PCA) showing the
effect of diverse treatments on studied traits under well water (a) and flooding stress (b) conditions

Discussion

In the present study flooding stress significantly reduced the growth and biomass production of brassica
plants (Table 1). The flooding stress leads to low oxygen concentration in the soil which makes plants
vulnerable to damage from low oxygen stress and resulting in a significant reduction in plant growth and
development (Qiu ez al., 2016; Zhou et al., 2021). Besides this, flooding stress also induced oxidative damage
increased the MDA and H,O, production, and reduced the leaf water status, therefore resulting in a significant
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loss in growth traits of brassica (Liu ez /., 2014; Yulianti and Sudrajat, 2016; Zuniga-Feest ¢z al., 2017). We
also observed the leaf yellowing after the imposition of flooding which might decreased the chlorophyll
synthesis, photosynthetic efficiency, and dry matter production, thereby leading to a decrease in plant growth.
The application of BC increased growth traits of brassica. This positive influence of BC in increasing the
growth under flooding stress could be attributed to a substantial increase in osmolyte accumulation,
antioxidant activities, nutrient uptake and reduction in ROS, and MDA production (Sun et al., 2017). The
root is a key pathway that regulates the above-growth plant growth and in the present study, BC increases the
root length and root growth which might improve the soil water status and increase the water consumption by
plants. Besides this, BC also increased soil water holding capacity, soil structure, soil permeability, and nutrient
availability which resulted in a significant increase in plant growth under stress conditions (Edeh ez 4/., 2020;
Gliniak ez /., 2020; Ghorbani ez al., 2022).

Chlorophyll is the main pigment for photosynthesis in plants (Yangez al., 2021), however, in the present
study, flooding stress significantly reduced the chlorophyll content of brassica plants. This could be ascribed
to flooding-induced oxidative that might damage the photosynthetic apparatus and increase the activity of
chlorophyll degrading enzymes which reduced chlorophyll synthesis (Yulianti and Sudrajat, 2017; Yan ez 4/,
2020; Creck et al., 2020). Under flooding stress leaf water status was also seriously decreased (Table 2).
Flooding stress reduces the leaf water potential because water transport can be inhibited by root hypoxia which
leads to a decrease in root hydraulic conductivity thus negatively affecting leaf water status in the above plant
parts (Else ez al., 2001; Yuan e 4l., 2022). We also noted that BC application increased chlorophyll synthesis
which was linked with improved water uptake, antioxidant activities, and reduced oxidative damage (Lehmann
etal.,2011; Habibi, 2012). In the present study, BC also showed a significant increase in leaf water status under
both normal and flooding conditions. Biochar retains the water and improves root growth and root osmotic
potential which favors an increase in water uptake and subsequently maintains better leaf water contents under
stress conditions (Abd El-Mageed ez a/., 2019; Liao ez al., 2019).

The cell membrane plays a regulatory role in controlling the exchange of substances inside and outside
of cells (Yin ez al., 2010). When the permeability of the plasma membrane is disrupted, there is extravasation
of intracellular electrolytes, which is manifested as an increase in conductivity (Masoumi ez /., 2012).

Flooding stress significantly increased the EL indicating that the cell membrane was severely damaged
under flooding stress. This damage causes a large amount of ions extravasation from the leaves, contributing to
increased electrolyte permeability and enhanced conductivity of the medium (Wang ez al., 2021). Flooding
stress also leads to the accumulation of MDA and H,O, which is consistent with earlier findings of Mahmood
et al. (2021). MDA is the final product of lipid peroxidation (Amnan ez 4/., 2022) and flooding stressed plants
produced more MDA over time. One of the possible reasons for this is the antioxidant enzymes might provide
alesser defense response against flooding stress and result in a significant increase in MDA production (Sharif
et al., 2018). The flooding stress increased the ROS production which was accompanied by increased
antioxidant activities. The brassica plants showed an increase in APX, CAT, POD, and SOD activities which
alleviated the flooding-induced oxidative damages (Da-Silva and do Amarante, 2020; Mahmood ez /., 2021;
Xie et al.,2021). Plants produced different osmolytes in response to stress conditions, and in the present study
flooding stress decreased the TSP and FAA however, proline (ROS scavenger) synthesis was significant
increased under flooding stress. The increase in proline synthesis maintains membrane stability protects the
plants from oxidative damage and improves the plant performance under stress conditions (Jia ez al., 2019;
Xiao et al., 2020).

The application of BC improves antioxidant activities and osmolyte accumulation, which lessens
oxidative injuries by decreasing MDA and H,O, production (Hafez ez 4/., 2020). Biochar mediated in oxidative
damage ensures the membrane stability and in return reduces the loss of important osmolytes (Hasanuzzaman
et al., 2021). The application of BC eradicated the H,O production and improved the activation of
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antioxidant enzymes which permit the plants to stand with flooding stress. The enhancement in antioxidant
activities with BC could result in improved water uptake, root growth, and soil properties (Ahmad ez al.,2019).
At the cellular level, BC may relieve oxidative injuries by using metabolic pathways more effectiveiy in
scavenging ROS, and leading to less membrane damage and improved plant performance (Hasanuzzaman ez
al.,2021; Salim ez 4l., 2021).

Nitrogen, phosphorus, and potassium are the basic nutrients needed for plants and most of these
nutrients taken by plants by roots from the soil depend on the water conditions of the soil (Da Silva e 4l.,
2011). Flooding stress affects soil fertility and inhibits the nutrient absorption capacity of plants thus affecting
plant nutrient status (Martinez-Alcdntara er al., 2012). Different authors also found that flooding stress
negatively affects the nutrient uptake and concentration in plants (Wang ez al., 2017; Zhao ez al., 2023).
Biochar is a carbon-rich product and it directly improves the soil organic carbon (SOC) and soil physio-
chemical and biological properties (Zhang ez al., 2022). Biochar application increases the SOC owing to its
stable structure that reduces surface SOC oxidation and degradation of microbial communities and prevents
carbon mineralization (Yang ez 4/., 2020). Consequently, a BC-mediated increase in SOC improves nutrient
uptake and overall soil fertility (Zhang ez 4l., 2022). BC application increased nutrient uptake which could be
attributed to improved soil fertility, root growth, and an increase in nutrient concentration (Li ez al., 2022).

Flooding stress progressively exerted a detrimental effect on root respiration and nutrient uptake and it
also decreased the leaf water contents, and photosynthetic pigments and increased the MDA, H,O,, and ROS
production thus resulting in a reduction in brassica yield and yield traits and oil concentration (Lin ez /., 2020).
However, BC application significantly yields trait and oil concentrations of brassica under normal and flooding
stress. The use of BC increases water retention, microbial activities, photosynthetic activities, leaf water status,
and antioxidant activities and reduces ROS production which in turn increases plant growth and yield (Li e
al., 2022). Further, BC increases nutrient availability, uptake, and nutrient utilization efficiency, leading to
higher photosynthetic and assimilated production which in turn increases the production and quality (Liu ez
al., 2016; Phares ez al., 2020).

Conclusions

Flooding stress significantly reduced the growth and yield of brassica plants by flooding-induced
oxidative damages that impaired the leaf water status, and photosynthetic apparatus and altered the plant
osmolyte synthesis, and nutrient uptake. However, under such circumstances, the application of biochar
significantly improved physiological traits, leaf water status, potential osmolytes, antioxidant activities, and
nutrient uptake and reduced oxidative stress markers. This, in turn, improved the growth, yield traits, and oil
contents of brassica crops under normal and flooding stress conditions. Therefore, the application of BC could
be an effective approach to mitigate the adverse impacts of flooding stress. This is the first study conducted to
explore the mechanisms mediated by biochar to mitigate flooding stress. Therefore, transcriptomics,
metabolomics, and genomic studies are needed to discover the mechanisms behind biochar-mediated decrease
in flooding stress in plants.

Authors’ Contributions
Conceptualization: JS, FB, and ML. writing-original draft preparation: JS, FB, ML. writing-review and
editing: RM, FR, WT, XL, MA, NA, AU, SAA and SA. All authors read and

approved the final manuscript.

12



Shao J ez al. (2024). Not Bot Horti Agrobo 52(3):13835
Ethical approval (for researches involving animals or humans)

Not applicable.

Funding

This project was funded by Guangxi Key R&D program (Guike AB22035057 and Guike AB23026021)
China.

Acknowledgements

This project was supported by Researchers Supporting Project Number (RSP2025R7) King Saud
University, Riyadh, Saudi Arabia.

Conflict of Interests

The authors declare that there are no conflicts of interest related to this article.

References

Abd El-Mageed TA, El-Sherif AMA, Abd El-Mageed SA, Abdou NM (2019). A novel compost alleviates drought stress
for sugar beet production grown in Cd-contaminated saline soil. Agricultural Water Management 226(1):105831.
https://doi.org/10.1016/j.agwar.2019.105831

Acbi H (1984). Catalase iz vitro. Methods in Enzymology 105:121-126. https://doi.org/10.1016/50076-6879(84)0501 6-
3

Ahmad P, Ahanger MA, Alam P, Alyemeni MN, Wijaya L, Ali S, Ashraf M (2019). Silicon (Si) supplementation alleviates
NaCl toxicity in mung bean [Vigna radiata (L.) Wilczek] through the modifications of physio-biochemical
attributes  and  key  antioxidant  enzymes. Journal of Plant  Growth = Regulation 38:70-82.
bttps://doi.org/10.1007/500344-018-9810-2

Akhtar SS, Andersen MN, Liu F (2015). Residual effects of biochar on improving growth, physiology and yield of wheat
under salt stress. Agriculture Water Management 158:61-68. https://doi.org/10.1016/j.agwat.2015.04.010

Al Hinai MS, Ullah A, Al-Rajhi RS, Farooq M (2022). Proline accumulation, ion homeostasis and antioxidant defence
system alleviate salt stress and protect carbon assimilation in bread wheat genotypes of Omani
origin. Environmental and Experimental Botany 193:104687. https://doi.org/10.1016/j.envexpbor.2021. 104687

Amnan MAM, Aizat WM, Khaidizar FD, Tan BC (2022). Drought stress induces morpho-physiological and proteome
changes of Pandanus amaryllifolius. Plants 11(2):221. https://doi.org/10.3390/plants11020221

Ance TI, Nahar K, Rahman A, Al Mahmud J, Bhuiyan TF, Ul Alam M, Fujita M, Hasanuzzaman M (2019). Oxidative
damage and antioxidant defense in Sesamum indicum after different waterlogging durations. Plants 8(7):196.
https://doi.org/10.3390/plants8070196

Arnon DI (1949). Copper enzymes in isolated chloroplasts. Polyphenoloxidase in Beta vulgaris. Plant Physiology 24:1-
1. https://doi.org/10.1104/pp.24.1.1

Azeem A, Sun ], Javed Q, Jabran K, Du D (2020). The effect of submergence and eutrophication on the trait’s
performance of Wedelia trilobata over its congener native Wedelia chinensis. Water 12(4):934.
https://doi.org/10.3390/w12040934

13



Shao J ez al. (2024). Not Bot Horti Agrobo 52(3):13835

Aziz AF, Yusuf NA, Tan BC, Khalid N (2017). Prolonged culture of Boesenbergia rotunda cells reveals decreased growth
and shoot regeneration capacity. Plant Cell Tissue and Organ Culture 130:25-36. hztps://doi.org/10.1007/511240-
017-1201-=

Bradford MM (1976). A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the
principle of protein-dye binding. Analytical Biochemistry 72:248-254. https://doi.org/10.1016/0003-
2697(76)90527-3

Castiglione S, Oliva G, Vigliotta G, Novello G, Gamalero E, Lingua G, Cicatelli A, Guarino F (2021). Effects of compost
amendment on glycophyte and halophyte crops grown on saline soils: Isolation and characterization of
rhizobacteria with plant growth promoting features and high salt resistance. Applied Sciences 11(5):2125.
hitps://doi.org/10.3390/app11052125

Chattopadhyay K, Chakraborty K, Samal P, Sarkar RK (2021). Identification of QTLs for stagnant flooding tolerance in
rice employing genotyping by sequencing of a RIL population derived from Swarna x Rashpanjor. Physiology and
Molecular Biology of Plants 27(12):2893-2909. https://doi.org/10.1007/s12298-021-01107-x

Creek D, Lamarque LJ, Torres-Ruiz JM, Parise C, Burlett R, Tissue DT, Delzon S (2020). Xylem embolism in leaves does
not occur with open stomata: Evidence from direct observations using the optical visualization technique. Journal
of Experimental Botany 71(3):1151-1159. https://doi.org/10.1093/jxb/erz474

Da Silva EC, Nogueira RIMC, Da Silva MA, de Albuquerque MB (2011). Drought stress and plant nutrition. Plant Stress
5(1):32-41. https://www.researchgate.net/publication/209959355

Da-Silva CJ, do Amarante L (2020). Time-course biochemical analyses of soybean plants during waterlogging and
reoxygenation. Environmental and Experimental Botany 180:11.
bttps://doi.org/10.1016/j.envexpbor.2020.104242

Edeh IG, Masek O, Buss W (2020). A meta-analysis on biochar’s effects on soil water properties—New insights and future
research challenges. Science of the Total Environment 714:136857.
https://doi.org/10.1016/j.scitotenv.2020.136857

Eigenbrod F, Gonzalez P, Dash J, Steyl I (2015). Vulnerability of ecosystems to climate change moderated by habitat
intactness. Global Change Biology 21(1):275-286. https://doi.org/10.1111/gcb. 12669

Else MA, Coupland D, Dutton L, Jackson MB (2001). Decreased root hydraulic conductivity reduces leaf water potential,
initiates stomatal closure and slows leaf expansion in flooded plants of castor oil (Ricinus communis) despite
diminished delivery of ABA from the roots to shoots in xylem sap. Physiologia Plantarum 111:46-54.
hitps://doi.org/10.1034/j.1399-3054.2001.1110107.x

Faloye OT, Alatise MO, Ajayi AE, Ewulo BS (2019). Effects of biochar and inorganic fertilizer applications on growth,
yield and water use efficiency of maize under deficit irrigation. Agricultural Water Management 165-178.
bttps://doi.org/10.1016/j.agwat.2019.02.044

Fischer BM, Manzoni S, Morillas L, Garcia M, Johnson MS, Lyon SW (2019). Improving agricultural water use efficiency
with biochar—A synthesis of biochar effects on water storage and fluxes across scales. The Science of the Total
Environment 657:853-862. https://doi.org/10.1016/j.scitotenv.2018.11.312

Ghorbani M, Amirahmadi E, Konvalina P, Moudry ], Birta J, Kopecky M, Teodorescu RI, Bucur RD (2022).
Comparative influence of biochar and zeolite on soil hydrological indices and growth characteristics of corn (Zea
mays L.). Water 14(21):3506. hetps://doi.org/10.3390/w 14213506

Gliniak M, Sikora J, Sadowska U, Klimek-Kopyra A, Latawiec A, Kubon M (2020). Impact of biochar on water
permeability in soil. IOP Conference Series: Materials Science and Engineering 960(4)042017.
https://doi.org/10.1088/1757-899X/960/4/042017

Guillermo ND, Silvia EM, Maria ER, Virginia MCL (2016). Physiological responses to alternative flooding and drought
stress episodes in two willow (Salix spp.) clones. Canadian Journal of Forest Research 47:174-182

Habibi G (2012). Exogenous salicylic acid alleviates oxidative damage of barley plants under drought stress. Acta Biologica
Szegediensis 56(1):57-63.

Hafez Y, Attia K, Alamery S, Ghazy A, Al-Doss A, Ibrahim E, Rashwan E, El-Maghraby L, Awad A, Abdelaal K (2020).
Beneficial effects of biochar and chitosan on antioxidative capacity, osmolytes accumulation, and anatomical

characters of water-stressed barley plants. Agronomy 10(5):630. hzps://doi.org/10.3390/agronomy10050630

14



Shao J ez al. (2024). Not Bot Horti Agrobo 52(3):13835

Hamilton PB, Van-Slyke DD (1943). The gasometric determination of free amino acids in blood filtrates by the
ninhydrin-carbon dioxide method. Journal of Biological Chemistry 150:231-250. https://doi.org/10.1016/S0021-
9258(18)51268-0

Hasanuzzaman M, Raihan MRH, Masud AAC, Rahman K, Nowroz F, Rahman M, Nahar K, Fujita M (2021). Regulation
of reactive oxygen species and antioxidant defense in plants under salinity. International Journal of Molecular
Sciences 22(17):9326. hrtps://doi.org/10.3390/ijms22179326

Hattori Y, Nagai K, Ashikari M (2011). Rice growth adapting to deepwater. Current Opinion in Plant Biology 14(1):100-
105. https://doi.ong/10.1016/5.pbi.2010.09.008

Herrera A (2013). Responses to flooding of plant water relations and leaf gas exchange in tropical tolerant trees of a black-
water wetland. Frontiers in Plant Science 4:106. hetps://doi.org/10.3389/pls.2013.00106

IPCC Climate Change (2021). The Physical Science Basis. Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change; IPCC: Geneva, Switzerland

JiaLT, Qin X, Lyu DG, Qin §J, Zhang P (2019). ROS production and scavenging in three cherry rootstocks under short-
term waterlogging conditions. Plants 11(15):2052. https://doi.org/10.3390/plants11152052

Jia W, Ma M, Chen J, Wu S (2021). Plant morphological, physiological and anatomical adaption to flooding stress and
the underlying molecular mechanisms. International Journal of Molecular Sciences 22(3):1088.
bttps://doi.org/10.3390/ijms22031088

Lehmann J, Rillig MC, Thies J, Masiello CA, Hockaday WC, Crowley D (2011). Biochar effects on soil biota-A
review. Soil Biology and Biochemistry 43:1812-1836. hztps://doi.org/10.1016/].50ilbio.2011.04.022

Li C, Zhao C, Zhao X, Wang Y, Lv X, Zhu X, Song X (2022). Beneficial effects of biochar application with nitrogen
fertilizer on soil nitrogen retention, absorption and utilization in maize production. Agronomy 13(1):113.
bttps://doi.org/10.3390/agronomy13010113

Lin HH, Lin KH, Huang MY, Su YR (2020). Use of non-destructive measurements to identify Cucurbit species
(Cucurbita maxima and Cucurbita moschata) tolerant to waterlogged conditions. Plants 9(9):1226.
hitps://doi.org/10.3390/plants 9091226

Liu SW, Zhang YJ, Zong YJ, Hu ZQ, Wu S, Zhou ], Jin YG, Zou JW (2016). Response of soil carbon dioxide fluxes, soil
organic carbon and microbial biomass carbon to biochar amendment: A meta-analysis. GCB Bioenergy 8:392-406.
bttps://doi.org/10.1111/gcbb. 12265

LiuZ, ChengR, Xiao W, Guo Q, Wang N (2014). Effect of off-season flooding on growth, photosynthesis, carbohydrate
partitioning, and  nutrient  uptake in  Distylium  chinense.  PLoS  One  9(9):e107636.
bttps://doi.org/10.1371/journal.pone.0107636

Liao F, Yang L, Li Q, Xue J, Li Y, Huang D, Yang L (2019). Effect of biochar on growth, photosynthetic characteristics
and nutrient distribution in sugarcane. Sugar Tech 21:289-295. https://doi.org/10.1007/512355-018-0663-6

Loreti E, van Veen H, Perata P (2016) Plant responses to flooding stress. Current Opinion in Plant Biology 33:64-71.
hetps://doi.0rg/10.1016/j.pbi.2016.06.005

Loreti E, Valeri MC, Novi G, Perata P (2018). Gene regulation and survival under hypoxia requires starch availability and
metabolism. Plant Physiology 176(2):1286-1298. https://doi.org/10.1104/pp.17.01002

Mahmood U, Hussain S, Hussain S, Ali B, Ashraf U, Zamir S, Al-Robai SA, Alzahrani FO, Hano C, El-Esawi MA (2021).
Morpho-physio-biochemical and molecular responses of maize hybrids to salinity and waterlogging during stress
and recovery phase. Plants 10(7):1345. https://doi.org/10.3390/plants1007134S

Martinez-Alcdntara B, Jover S, Quinones A, Forner-Giner MA, Rodriguez-Gamir ], Legaz F, Iglesias DJ (2012). Flooding
affects uptake and distribution of carbon and nitrogen in citrus seedlings. Journal of Plant Physiology
169(12):1150-1157. https://doi.org/10.1016/j.jplph.2012.03.016

Masoumi A, Kafi M, Nabeati ], Khazaci HR, Davari K, Zare Mchrgerdi M (2012). Effect of drought stress on leaf water
status, electrolyte leakage, photosynthesis parameters and chlorophyll fluorescence of two kochia ecotypes (Kochia
scoparia) irrigated with saline water. Iranian Journal of Field Crops Research 10:476-484.
https://doi.org/10.22067/gsc.v10i3.17666

Miao LF, Yang F (2017). Sex-specific responses to winter flooding, spring waterlogging and post-flooding recovery in
Populus delroides. Scientific Reports 7(1):2534. https://doi.org/10.1038/541598-017-02765-2

Mehmood S, Saeed DA, Rizwan M, Khan MN, Aziz O, Bashir S, Ibrahim M, Ditta A, Akmal M, Mumtaz MA, Ahmed
W (2018. Impact of different amendments on biochemical responses of sesame (Sesamum indicum L.) plants

15



Shao J ez al. (2024). Not Bot Horti Agrobo 52(3):13835

grown in lead-cadmium  contaminated  soil. Plant  Physiology and  Biochemistry 132:345-355.
https://doi.org/10.1016/j.plaphy.2018.09.019

Mehmood S, Waqas A, Muhammad R, Muhammad I, Ahmed SAME, Allah D, Sana I, Muhammad I, Weidong L (2021).
Comparative efficacy of raw and HNOj-modified biochar derived from rice straw on vanadium transformation
and its uptake by rice (Oryza sativa L.): Insights from photosynthesis, antioxidative response, and gene-expression
profile. Environmental Pollution 289:117916. hztps://doi.org/10.1016/j.envpol.2021.117916

Mehmood S, Ou W, Ahmed W, Bundschuh J, Rizwan M, Mahmood M, ... Li W (2023). ZnO nanoparticles mediated by
Azadirachta indica as nano fertilizer: Improvement in physiological and biochemical indices of Zea mays grown in
Cr-contaminated soil. Environmental Pollution 339:122755. hetps://doi.org/10.1016/j.envpol.2023.122755

Mehmood S, Ahmed W, Mahmood M, Rizwan MS, Asghar RMA, Alatalo JM, ... Ali F (2023). Aquaculture sediments
amended with biochar improved soil health and plant growth in a degraded soil. Marine Pollution
Bulletin 191:114899. https://doi.org/10.1016/j.marpolbul.2023.114899

Mehmood S, Ahmed W, Alatalo JM, Mahmood M, Imtiaz M, Ditta A, ... Rinklebe J (2022). Herbal plants-and rice straw-
derived biochars reduced metal mobilization in fishpond sediments and improved their potential as
fertilizers. Science of the Total Environment 826:154043. https://doi.org/10.1016/j.scitotenv.2022.154043

Mukherjee S, Choudhuri M (1983). Implications of water stress-induced changes in the levels of endogenous ascorbic acid
and hydrogen peroxide in Vigna seedlings. Physiologia Plantarum 58:166-170. https://doi.org/10.1111/5.1399-
3054.1983.tb04162.x

Nakano Y, Asada K (1987). Purification of ascorbate peroxidase in spinach chloroplasts; its inactivation in ascorbate-
depleted medium and reactivation by monodehydroascorbate radical. Plant and Cell Physiology 28:131-140.
https://doi.org/10.1093/oxfordjonrnals.pcp.a077268

Ni JJ, Chen XW, Ng CWW, Guo HW (2018). Effects of biochar on water retention and matric suction of vegetated soil.
Géotechnique Letters 8(2):124-129. https://doi.org/10.1680/jgele. 17.00180

Nishiuchi S, Yamauchi T, Takahashi H, Kotula L, Nakazono M (2012). Mechanisms for coping with submergence and
waterlogging in rice. Rice 5:2. hetps://doi.ong/10.1186/1939-8433-5-2

Phares CA, Atiah K, Frimpong KA, Danquah A, Asare AT, Aggor-Woananu S (2020). Application of biochar and
inorganic phosphorus fertilizer influenced rhizosphere soil characteristics, nodule formation and
phytoconstituents of cowpea grown on tropical soil. Heliyon 6(10):€05255.
bttps://doi.org/10.1016/j.heliyon.2020.e05255

Qiu LIU, Zhihui LI, Jiyou WU (2016). Research progress on leaf anatomical structures of plants under drought stress.
Agricultural Science & Technology 17:4-7.

Rao KM, Sresty TVS (2000). Antioxidative parameters in the seedlings of pigeon pea (Cajanus cajan L.) Millspaugh) in
response to Zn and Ni stresses. Plant Science 157:113-128. hetps://doi.org/10.1016/50168-9452(00)00273-9

Steel RGD, Torrie JH, Dickey DA (1996) Principles and procedures of statistics: a biometric approach, 3rd edn. McGraw
Hill Book Co. Inc., New York.

Rengifo E, Tezara W, Herrera A (2005). Water relations, chlorophyll a fluorescence, and contents of saccharides in tree
species of a tropical forest in response to flood. Photosynthetica 43:203-210. hz2ps://doi.org/10.1007/511099-005-
0034-x

Salim BBM, Abou El-Yazied A, Salama YAM, Raza A, Osman HS (2021). Impact of silicon foliar application in enhancing
antioxidants, growth, flowering and yield of squash plants under deficit irrigation condition. Annals of
Agricultural Sciences 66:176-183. https://doi.org/10.1016/j.a045.2021.12.003

Sattar A, Sher A, Jjaz M, Ul-Allah S, Butt M, Irfan M, Rizwan MS, Ali H, Cheema MA (2020). Interactive effect of
biochar and silicon on improving morpho-physiological and biochemical attributes of maize by reducing drought
hazards. Journal of Soil Science and Plant Nutrition 20:1819-1826. h#tps://doi.org/10.1007/542729-020-00253-7

Striker GG (2012). Time is on our side: The importance of considering a recovery period when assessing flooding
tolerance in plants. Ecological Research 27:983-987. hrtps://doi.org/10.1007/511284-012-0978-9

Sharif R, Xie C, Zhang HQ, Arnao MB, Ali M, Ali Q, Muhammad I, Shalmani A, Nawaz MA, Chen P (2018). Melatonin
and its effects on plant systems. Molecules 23(9):2352. hrtps://doi.org/10.3390/molecules23092352

Sun CX, Chen X, Cao MM, Li MQ, Zhang YL (2017). Growth and metabolic responses of maize roots to straw biochar
application at different rates. Plant and Soil 416:487-502. https://doi.org/10.1007/511104-017-3229-6

16



Shao J ez al. (2024). Not Bot Horti Agrobo 52(3):13835

Tomczyk A, Sokolowska Z, Boguta P (2020). Biochar physicochemical properties: pyrolysis temperature and feedstock
kind effects. Reviews in Environmental Science and Bio/Technology 19:191-215.
bttps://doi.org/10.1007/511157-020-09523-3

Velikova V, Yordanov I, Edreva A (2000). Oxidative stress and some antioxidant systems in acid rain-treated bean plants:
protective role of exogenous polyamines. Plant Science 151:59-66. https://doi.org/10.1016/50168-
9452(99)00197-1

Voesenck LAC]J, Bailey-Serres J (2015). Flood adaptive traits and processes: An overview. New Phytologist 206:57-73.
https://doi.org/10.1111/nph.13209

Wang AF, Roitto M, Lehto T, Sutinen S, Heinonen J, Zhang G, Repo T (2017). Photosynthesis, nutrient accumulation
and growth of two Bezula species exposed to waterlogging in late dormancy and in the early growing season. Tree
Physiology 37:767-778. https://doi.org/10.1093/treephys/tpx021

Wang J, Sun H, ShengJ, Jin S, Zhou F, Hu Z, Diao Y (2019). Transcriptome, physiological and biochemical analysis of
Triarrhena sacchariflora in response to flooding stress. BMC Genetics 20(1):88. hztps://doi.org/10.1186/512863-
019-0790-4

Wang HB, Miao LF, Fan Y (2021). Effects of prolonged waterlogging stress on growth and physiological characteristics
of mango seedlings. Natural Science Journal of Hainan University 39:141-145.

Wang X, Komatsu S (2022). The role of phytohormones in plant response to flooding. International Journal of Molecular
Sciences 23(12):6383. hrtps://doi.org/10.3390/ijms23126383

Xiao YS, Wu XL, Sun MX, Peng FT (2020). Hydrogen sulfide alleviates waterlogging-induced damage in peach seedlings
via enhancing antioxidative system and inhibiting ethylene synthesis. Frontiers in Plant Science 11:696.
bttps://doi.org/10.3389/fpls.2020.00696

Xie RJ, Zheng L, Jiao Y, Huang X (2021). Understanding physiological and molecular mechanisms of citrus rootstock
seedlings in response to root zone hypoxia by RNA-Seq. Environmental and Experimental Botany 192:14.
bttps://doi.org/10.1016/j.envexpbor.2021.104647

Xu X, Wang H, Qi X, Qiang X, Chen X (2014). Waterlogging-induced increase in fermentation and related gene
expression in the root of cucumber (Cucumis sativusL.). Scientia Horticulturae 179:388-395.
https://doi.org/10.1016/j.scienta.2014.10.001

Yang L, Liao F, Huang M, Yang LT, Li YR (2015). Biochar improves sugarcane seedling root and soil properties under a
pot experiment. Sugar Tech 17:36-40. hetps://doi.org/10.1007/s12355-014-0335-0

Yang S, Chen X, Jiang Z, Ding J, Sun X, Xu J (2020). Effects of biochar application on soil organic carbon composition
and enzyme activity in paddy soil under water-saving irrigation. International Journal of Environmental Research
and Public Health 17(1):333. heps://doi.org/10.3390/ijerph 17010333

Yin DM, Chen SM, Chen FD, Guan ZY, Fang WM (2010). Morpho-anatomical and physiological responses of two
Dendranthema species to waterlogging. Environmental and Experimental Botany 68(2):122-130.
bttps://doi.org/10.1016/j.envexpbot.2009.11.008

Yuan LB, Chen MX, Wang LN, Sasidharan R, Voesenck LA, Xiao S (2022). Multi-stress resilience in plants recovering
from submergence. Plant Biotechnology Journal 21:466-481. hzps://doi.org/10.1111/pbi. 13944

Yulianti Y, Sudrajat DJ (2016). Morphological responses, sensitivity and tolerance indices of four tropical trees species to
drought and  waterlogging. Biodiversitas  Journal of Biological ~Diversity 17(1):110-115.
https://doi.org/10.13057/biodiv/d170116

Zhang X (1992). The measurement and mechanism of lipid peroxidation and SOD, POD and CAT activities in biological
system. Research Methodology of Crop Physiology 208-211.

Zhang R, QuZ, Liu L, Yang W, Wang L, Li J, Zhang D (2022). Soil respiration and organic carbon response to biochar
and their influencing factors. Atmosphere 13(12):2038. https://doi.org/10.3390/atmos13122038

Zhong Z, Kobayashi T, Zhu W, Imai H, Zhao R, Ohno T, Rehman SU, Uemura M, Tian J, Komatsu S (2020). Plant-
derived smoke enhances plant growth through ornithine-synthesis pathway and ubiquitin-proteasome pathway in
soybean. Journal of Proteomics 221:103781. https://doi.org/10.1016/).jprot.2020.103781

Yan W, Zhong Y, Shangguan Z (2020). Elevated temperature exacerbates the effects of drought on the carbon and
hydraulic characteristics of Robinia pseudoacacia seedlings. Agricultural and Forest Meteorology 280:107794.
bttps://doi.org/10.1016/j.agrformet.2019.107794

17



Shao J ez al. (2024). Not Bot Horti Agrobo 52(3):13835

Yang YJ, Bi MH, Nie ZF, Jiang H, Liu XD, Fang XW/, Brodribb TJ (2021). Evolution of stomatal closure to optimize
water-use efficiency in response to dehydration in ferns and seed plants. The New Phytologist 230(5):2001-2010.
bttps://doi.org/10.1111/nph.17278

Zhou P, Qian J, Yuan W, Yang X, Di B, Meng Y, Shao J (2021). Effects of interval flooding stress on physiological
characteristics of apple leaves. Horticulturae 7(10):331. hztps://doi.org/10.3390/horticulturae7100331

Zhao Y, Wang D, Duan H (2023). Effects of drought and flooding on growth and physiology of Cinnamomum camphora
seedlings. Forests 14(7):1343. https://doi.org/10.3390/f14071343

Zuniga-Feest A, Bustos-Salazar A, Alves F, Martinez V, Smith-Ramirez C (2017). Physiological and morphological
responses to permanent and intermittent waterlogging in seedlings of four evergreen trees of temperate swamp

forests. Tree Physiology 37(6):779-789. https://doi.org/10.1093/treephys/tpx023

The journal offers free, immediate, and unrestricted access to peer-reviewed research and scholarly work. Users are
OPEN ACCEss| allowed to read, download, copy, distribute, print, search, or link to the full texts of the articles, or use them for any

other lawful purpose, without asking prior permission from the publisher or the author.
License - Articles published in Notulae Botanicae Horti Agrobotanici Cluj-Napoca are Open-Access,

distributed under the terms and conditions of the Creative Commons Attribution (CC BY 4.0) License.
BY © Articles by the authors; Licensee UASVM and SHST, Cluj-Napoca, Romania. The journal allows the author(s) to

hold the copyright/to retain publishing rights without restriction.

Notes:

»  Material disclaimer: The authors are fully responsible for their work and they hold sole responsibility for the articles published
in the journal.

»  Maps and affiliations: The publisher stay neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

»  Responsibilities: The editors, editorial board and publisher do not assume any responsibility for the article’s contents and for
the authors’ views expressed in their contributions. The statements and opinions published represent the views of the authors
or persons to whom they are credited. Publication of research information does not constitute a recommendation or

endorsement of products involved.

18



