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ABSTRACT
Waterlogging stress is a major abiotic stress that negatively impacts crop yield. This problem will persist in the 21st century due to unpredicted unpredictable heavy rainfall in the era of climate change. Sesame (Sesamum indicum L.) is an important oilseed crop cultivated in tropical and sub sub-tropical regions of the world. The present experiment was performed to understand the variation in traits expression of sesame genotypes under waterlogging conditions. It was laid out in two a factor completely randomised design in which genotype (GT 2, Purva 1, GT 4 and GT 10) is the first factor and duration of waterlogging (12, 24, 36, 48 h) is the second factor in 4 replication. The soil vermicompost mix in the ratio of 1:1 was filled in plastic bags and 4 seeds were sown, w. Waterlogging was imposed at 30 days after sowing. Results, showed that morphological characters, shoot and root length, as well as dry weight, was were significantly (p<0.05) reduced under waterlogging conditions in all the genotypes. Adaptive root traits like the number of lacunae and aerenchyma area increased, while root cross cross-sectional area, total stele area, total cortex area and xylem vessel area declined across the genotypes under waterlogging. Among genotypes, GT 4 and Purva 1 showed more resilience than GT 2 and GT 10 under water logging, since they have a larger aerenchyma area and more a greater number of lacunae. Anaerobic respiration induces alcohol dehydrogenase activity in all genotypes, with relatively higher activity in GT 2 and Purva 1. Similarly, SOD and catalase activity was were also higher in GT T2 and Purva 1 under water logging.  Thus, genotypes GT 2 and Purva 1 have better capacity to adapt under waterlogging conditions since they maintain higher  biomass with higher expression of ADH, SOD and catalase activity under water logging conditions.
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INTRODUCTION
Sesame (Sesamum indicum L.) is one of the important oilseed crops utilised since the ancient period (Yadav et al., 2022).  It’s oil have has lots of medicinal properties since, it is rich in oleic and linoleic acid, with higher amounts of antioxidants, tocopherols and phenolics  (Myint et al., 2020). Waterlogging in crop fields due to sudden heavy rainfall causes significant yield loss.  Waterlogged soil have has less oxygen concentration because the diffusion of O2, was 10000 times slower in waterlogged soil than in air, which leads to an increase in anaerobic respiration (Bailey-Serres and Voesenek, 2008). O2 deﬁcit conditions also decrease the permealibity permeability through the membrane, increases root injury, also causes the cell necrosis, leaf wilting, reduced growth, and flower and fruit drops (Anee et al., 2019). Waterlogging also causes a reduction in plant growth, leaf axils per plant, seed yield and net photosynthesis. Waterlogging for longer duration leads to metabolic shift in plants, more toward formation of anaerobic metabolites such as lactic acid, ethanol and aldehydes, t. There are is also evidence of an increase in reactive oxygen species, like hydrogen peroxide was reported (Xu et al., 2005; Armstrong et al., 2019). Sesame is sensitive to waterlogging stress and yield loss was recorded due to heavy rainfall in South East Asia during Kharif (Linh et al., 2021). It was reported that Sesame chlorophyll content, photosynthesis, growth, biomass, capsule number and yield reduced under waterlogging (Saha et al., 2016, ; Khan et al., 2021). Sesame cultivation on waterlogged soil, decreased the growth rate, which leads to 90 % yield loss (Snowden et al., 1993). Plants under waterlogged conditions also adapt morphologically through adventitious roots, the formation of a cuticle layer in hypodermis or epidermis and elongation of meristematic tissue (Hattori et al., 2009). Moreover, aerenchyma is developed in the cortex of new and existing roots of some plant species, which is also thought to contribute to waterlogging tolerance (Arikado and Adachi, 1955; Armstrong et al., 1991). A major safe guarding mechanism against free radicals is provided by SOD, which catalyses the conversion of O2 to H2O2, then H2O2 is decomposed in the presence of catalase (CAT) and peroxidase (POD) (Bowler et al., 1992). In light of the above facts, the present experiment was proposed with the objectives to study the effect of effect of prolonged i.e. 48 48-hour waterlogging stress, on morphology, root anatomy and antioxidants response in Sesame (Sesamum indicum L.) genotypes.

MATERIALS AND METHODS
Experimental details
The pot experiment was conducted during Kharif 2021 and 2022, in factorial completely randomized design setup with four replication at botanical garden greenhouse, Department of Genetic and Plant Breeding, C. P. College of Agriculture, S. D. Agricultural University, Sardarkrushinagar, Banaskantha, Gujarat, India which is situated at 24˚ - 36’ North latitude and 72˚ - 35’ East longitude with an altitude of 175.57 m above mean sea level. This region comes in the North Gujarat Agro-climatic Zone (AES-IV). Four sesame genotypes was were selected from the screening experiment, i.e., two relatively tolerant (GT 2 and Purva 1) and two relatively susceptible (GT 4 and GT 10) genotypes (Pandya, 2020). Seeds were grown in a soil and vermicompost mixture (1:1), in plastic bags. Thirty days after sowing, the bags containing seedlings were imposed subjected with waterlogging stress in a concrete block for 12, 24, 36 and 48 h. The plants were harvested after each stage of waterlogging and all observations were recorded. 
Morphological traits: Waterlogged sesame plants were uprooted carefully at 12, 24, 36 and 48 h, so that no root damage occursoccurred, washed in tap water to remove soil. Plants were divided with the help of a blade at the root shoot junction and observations were recorded. 
Shoot and Root length (cm): Shoot length (SL) was recorded with the help of a scale from the shoot base to the shoot tip. Similarly, root length (RL) was recorded by placing a scale between the base of the root to the tip of the root.  All observation was recorded in three replications and the data were averaged.
Shoot and root dry weight (g plant-1): Separated root and shoot were placed in the paper envelope and kept in pre pre-set hot air oven at 65 °C, for 24-48 hours or till the a constant weight was reached. After drying, the weight was measured in an electronic weight balance.
Root anatomy: Roots were harvested after 12, 24, 36 and 48 h of waterlogging, washed two times in tap water and first first-order lateral roots were cut with a razor blade. Root cross sections were placed in safranine dye (0.25g/L) for 5-10 minutes. Slides were prepared with root cross cross-section and observed in a microscope at 10X. The images were captured and traits like aerenchyma area (AA), number of lacunae (NL), xylem vessel area (XVA), total stele area (TSA), total cortex area (TCA) and root cross cross-sectional area (RCSA) were recorded using Root scan 2.0 (Burton et al., 2012).

Biochemical traits in root: Superoxide dismutase (SOD), Catalase (CAT) and Alcohol dehydrogenase (ADH) activity of root traits after 12, 24, 36 and 48 hours of waterlogging was were recorded as per the protocol of Dhindsa et al. (1981), Aebi et al. (1984), Hanson and Jacobson (1984), respectively.

Statistical analysis: The statistical analysis of the data was carried out using a factorial completely randomized design for determining the significance of differences among the genotypes' means and to draw valid conclusions, the data obtained by various observations were subjected to statistical analysis by ANOVA (Panse and Sukhatme, 1978)

Results
Morphological Traits
Shoot and root length (cm): SL and RL sesame genotypes after 30 days of sowing was were recorded at 12, 24, 36 and 48h of waterlogging during kharif 2021 and 2022, as shown in Tables 1 and 2 respectively. During both years SL was found to be significantly (p<0.05) differed with respect to Genotypes (G) and Waterlogging duration (WD), while G×WD, was found to non non-significant (p>0.0.5) indicates indicating SL of all genotypes decreased uniformly. But RL showed significant variations with respect to G, WD and their interactions during both years. SL of GT 2 was consistently maximum during both years, with a mean of 44.64 cm, followed by Purva 1 (43.67 cm), GT 10 (41.52 cm) and GT 4 (32.66 cm). Similarly, the root length of GT (9.94 cm) was the longest, followed by genotypes Purva 1 (8.63 cm), GT 10 (8.52) and GT 4 (7.94 cm). SL and RL remain smaller with an increase in waterlogging duration as compared to 12 h stress, across the genotypes. The genotype GT 2 maintained higher SL and RL under waterlogging in comparison to all the genotypes. 

Shoot and root dry weight: SDW and RDW were recorded for different waterlogging durations and data were presented in Tables 3 and 4. The analysis of variance revealed significant (p<0.05) main effects of genotype, waterlogging duration and interactions of genotype and waterlogging duration for root and shoot dry weight during both years, kharif 2021 and 2022. This indicates that SDW and RDW decreases with an increase in waterlogging duration across all the genotypes during both years.  Purva 1 maintained the maximum SDW, followed by GT 2, GT4 and GT 10 with minimum per cent decrease after 48 h of waterlogging. However, RDW was maintained at maximum in GT 2 after 48 h of waterlogging, followed by genotypes Purva 1, GT 10 and GT 4 during both years. Genotypes GT 2 also showed resilience under waterlogging as indicated by the minimum per cent decrease in RDW during both years.

Root anatomy
Aerenchyma area and number of lacunae: Waterlogging causes a shortage of oxygen supply, leads leading to the induction of aerenchyma formation. ANOVA indicates that G, WD and G×WD for aerenchyma area and number of lacunae significantly (p<0.05) differed during both years of experimentation (Tables 6 and 7).  These indicates that AA and NL was were increased under waterlogging duration irrespective of the genetics of genotypes. The maximum aerenchyma area was recorded in GT 2 after 48 h of waterlogging, ; however per cent increase in AA was maximum in GT 4 with respect to 12 h. On an average of both years GT 2 have has 0.35 mm2, followed by Purva 1 (0.32 mm2), GT 10 (0.22 mm2) and GT 4 (0.13 mm2). Number The number of lacunae was also recorded as maximum in GT 2, followed by Purva 1, GT 10 and GT 4. The maximum per cent increase after 48 h  with respect to 12 h during 2021 was recorded in GT 2 (118.18 %) and Purva 1 (116.67 %) during Kharif 2022.
Total stele area (TSA): ANOVA revealed the significant main effect of both genotype and waterlogging duration (p<0.05) as well as genotype × waterlogging duration interaction, on total stele area, during both kharif  2021 and 2022 (Table 7). Genotype GT 2 exhibited maximum mean stele area (0.304 mm²), followed by Purva 1 (0.248 mm²), GT 10 (0.191 mm²) and GT 4 (0.162 mm²). The overall mean stele area across all genotypes declined from 0.286 mm² at 12 h to 0.171 mm² at 48 h. Maximum decline in TSA at 48 h was recorded in genotypes GT 2, during the year 2020 and 2021 was were 47.76 % and 47.31 % respectively.
Total cortex area (TCA): Waterlogging stress decreased the TCA of sesame, ; the effect of Genotypes and waterlogging duration was found to be significant (p<0.05), while the interaction of both was non non-significant (p>0.05). The mean data of replication was were presented in Table 8. The maximum cortex area was found in GT 10 (1.090 mm2), followed by GT 2 (1.063 mm2 ), GT 4 (1.002 mm2) and Purva 1 (0.979 mm2). The minimum per cent decrease of TCA in genotypes after 48 h also followed the following trends viz., Purva 1, GT 2, GT 4 and GT 10 during both years. 









[bookmark: _Hlk145716004]Table 1: Shoot length (cm) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	44.00
	45.17 (2.66)
	44.07 (0.16)
	43.32 (-1.55) 
	45.00
	46.17 (2.60)
	45.07 (0.16)
	44.32 (-1.51)
	44.64

	Purva 1
	44.52
	43.17 (-3.03)
	42.97 (-3.48)
	42.40 (-4.76)
	45.52
	43.92 (-3.51)
	43.72 (-3.95)
	43.15 (-5.21)
	43.67

	GT 10
	41.75
	41.46 (-0.69
	41.27 (-1.15)
	40.00 (-4.19)
	42.50
	42.21 (-0.68)
	42.02 (-1.13)
	41.00 (-3.53)
	41.52

	GT 4
	33.12
	32.82 (-0.91)
	32.32 (-2.42)
	30.87 (-6.79)
	33.87
	33.57 (-0.89)
	33.07 (-2.36)
	31.62 (-6.64)
	32.66

	Mean of kharif 2021 & 2022
	41.28 (12 h)
	41.06 (24 h)
	40.56 (36 h) 
	39.58 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.32
	0.32
	0.65
	0.28
	0.28
	0.56

	C.D. (p<0.05)
	0.93
	0.93
	NS
	0.79
	0.79
	NS

	C.V. %
	3.27
	2.73


*-/+ values in brackets indicates the percentage decrease/increase over 12 h

Table 2: Root length (cm) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	10.20
	9.81 (-3.82)
	9.75 (-4.41)
	9.72 (-4.71)
	10.32
	9.94 (-3.68)
	9.92 (-3.88)
	9.85 (-4.55)
	9.94

	Purva 1
	9.40
	8.47 (-9.89)
	8.24 (-12.34)
	8.15 (-13.30)
	9.52
	8.59 (-9.77)
	8.37 (-12.08)
	8.28 (-13.03)
	8.63

	GT 10
	9.05
	8.74 (-3.43)
	8.31 (-8.18)
	7.86 (-13.15)
	9.05
	8.74 (-3.43)
	8.43 (-6.85)
	7.96 (-12.04)
	8.52

	GT 4
	8.37
	8.13 (-2.87)
	7.97 (-4.78)
	7.05 (-15.77)
	8.50
	8.21 (-3.41)
	8.10 (-4.71)
	7.22 (-15.06)
	7.94 

	Mean of kharif 2021 & 2022
	9.30 (12 h)
	8.83 (24 h)
	8.63 (36 h)
	8.26 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.07
	0.07
	0.14
	0.06
	0.06
	0.12

	C.D. (p<0.05)
	0.20
	0.20
	0.40
	0.17
	0.17
	0.34

	C.V. %
	3.27
	2.78


*-/+ values in brackets indicates the percentage decrease/increase over 12 h
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Table 3: Shoot dry weight (g) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	5.45
	3.85 (-29.36)
	3.56 (-34.68)
	3.30 (-39.45)
	5.57
	3.98 (-28.55)
	3.68 (-33.93)
	3.42 (-38.60)
	4.10

	Purva 1
	5.24
	4.96 (-5.34)
	4.65 (-11.26)
	3.72 (-29.01)
	5.25
	5.08 (-3.24)
	4.65 (-11.43)
	3.84 (-26.86)
	4.67

	GT 10
	3.74
	2.74 (-26.74)
	2.27 (-39.30)
	2.08 (-44.39)
	3.83
	2.85 (-25.59)
	2.39 (-37.60)
	2.21 (-42.30)
	2.76

	GT 4
	4.23
	3.95 (-6.62)
	3.55 (-16.08)
	2.87 (-32.15)
	4.35
	4.01 (-7.82)
	3.63 (-16.55)
	2.93 (-32.64)
	3.68

	Mean of kharif 2021 and 2022
	4.71 (12 h)
	3.92 (24 h)
	3.55 (36 h)
	3.05 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.05
	0.05
	0.11
	0.50
	0.50
	0.10

	C.D. (p<0.05)
	0.15
	0.15
	0.29
	0.14
	0.14
	0.28

	C.V. %
	5.63
	5.22


*-/+ values in brackets indicates the percentage decrease/increase over 12 h
Table 4: Root dry weight (g) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	0.141
	0.138 (-2.13)
	0.129 (-8.51)
	0.123 (-12.77)
	0.143
	0.140 (-2.10)
	0.132 (-7.69)
	0.125 (-12.59)
	0.134

	Purva 1
	0.099
	0.080 (-19.19)
	0.070 (-29.29)
	0.058 (-41.41)
	0.100
	0.082 (-18.00)
	0.072 (-28.00)
	0.060 (-40.00)
	0.078

	GT 10
	0.067
	0.064 (-4.48)
	0.060 (-10.45)
	0.057 (-14.93)
	0.070
	0.066 (-5.71)
	0.062 (-11.43)
	0.059 (-15.71)
	0.063

	GT 4
	0.070
	0.063 (-10.00)
	0.053 (-24.29)
	0.047 (-32.86)
	0.073
	0.066 (-9.59)
	0.056 (-23.29)
	0.049 (-32.88)
	0.060

	Mean of kharif 2021 and 2022
	0.095 (12 h)
	0.087 (24 h)
	0.079 (36 h)
	0.072 (48 h)

	ANOVA
	Genotypes
			WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.001
	0.001
	0.098
	0.001
	0.001
	0.002

	C.D. (p<0.05)
	0.002
	0.002
	0.005
	0.003
	0.003
	0.006

	C.V. %
	4.34
	5.51


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h
Table 5: Aerenchyma area (mm2) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021	
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	0.29
	0.30 (3.45)
	0.34 (17.24)
	0.37 (27.59)
	0.34
	0.35 (2.94)
	0.39 (14.71)
	0.42 (23.53)
	0.35

	Purva 1
	0.27
	0.29 (7.41)
	0.33 (22.22)
	0.33 (22.22)
	0.31
	0.34 (9.68)
	0.36 (16.13)
	0.37 (19.35)
	0.32

	GT 10
	0.18
	0.19 (5.56)
	0.19 (5.56)
	0.21 (16.67)
	0.21
	0.24 (14.29)
	0.25 (19.05)
	0.26 (23.81)
	0.22

	GT 4
	0.05
	0.13 (160.00)
	0.13 (160.00)
	0.16 (220.00)
	0.05
	0.14 (180.00)
	0.15 (200.00)
	0.17 (240.00)
	0.13

	Mean of kharif 2021 and 2022	
	0.21 (12 h)
	0.25 (24 h)
	0.27 (36 h)
	0.29 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.01
	0.01
	0.02
	0.01
	0.01
	0.02

	C.D. (p<0.05)
	0.02
	0.02
	NS
	0.02
	0.02
	NS

	C.V. %
	13.58
	12.39


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h
Table 6: Number of lacunae of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	27.50
	32.25 (17.27)
	42.50 (54.55)
	60.00 (118.18)
	34.50
	35.50 (2.90)
	43.75 (26.81)
	60.75 (76.09)
	42.09

	Purva 1
	24.50
	28.00 (14.29)
	38.25 (56.12)
	54.25 (121.43)
	25.50
	30.25 (18.63)
	39.75 (55.88)
	55.25 (116.67)
	36.96

	GT 10
	21.75
	29.50 (35.63)
	36.25 (66.67)
	45.50 (109.20)
	23.25
	29.50 (26.88)
	36.25 (55.91)
	45.75 (96.77)
	33.46

	GT 4
	20.25
	23.00 (13.58)
	31.00 (53.09)
	42.75 (111.11)
	20.50
	23.50 (14.63)
	33.00 (60.98)
	43.50 (112.20)
	29.68

	Mean of kharif 2021 and 2022
	24.72 (12 h)
	28.94 (24 h)
	37.59 (36 h)
	50.97 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	1.24
	1.24
	2.49
	0.77
	0.77
	1.54

	C.D. (p<0.05)
	3.54
	3.54
	NS
	2.19
	2.19
	NS

	C.V. %
	14.34
	8.54


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h



Xylem vessel area (XVA) and root cross cross-sectional area (RCSA): Data pertaining to XVA and RCSA was were presented in Table 9 and Table 10. The waterlogging duration and genotypes of sesame have a significant (p<0.05) impact on XVA and RCSA, ; also interaction of Genotypes and waterlogging duration was found to be significant. The maximum XVA (0.044 mm2) ans RCSA (1.39 mm2) was were recorded in genotypes GT 2. The genotypes Purva 1 (0.035 mm2), GT 10 (0.026 mm2) and GT 4 (0.020 mm2) followed next to GT 2 regarding XVA. Similarly, regarding RCSA genotypes Purva 1 (1.27 mm2), GT 4 (1.26 mm2) and GT 10 (1.25 mm2) followed next to GT 2. The minimum per cent decrease of XVA after 48 h of waterlogging was recorded in GT 4, followed by GT 10, Purva 1 and GT 2 during both years. Regarding RCSA, the minimum per cent decrease after 48 h of waterlogging was recorded in genotype GT 10, followed by GT 4, Purva 1 and GT 2 during Kharif 2021 and 2022.


Biochemical Traits:
Superoxide dismutase activity: The SOD activity of the root was recorded at 12, 24, 36 and 48 h after waterlogging on 30 days -day-old sesame seedlings during Kharif 2021 and 2022 (Table 11). Genotype, waterlogging duration and their interaction, had a significant (p<0.05) impact on SOD activity. Among genotypes, Purva 1 showed the highest mean SOD activity (0.213 units mg⁻¹ fresh weight min⁻¹), followed by GT 2 (0.210), while GT4 and GT 10 have slightly lower activities of 0.208 and 0.205, respectively. SOD activity increased progressively with waterlogging duration from 0.176 at 12 h to 0.236 at 48 h. The maximum per cent increase in SOD activity was recorded in genotypes, GT 2 during both years, with 39.18 and 39.08, respectively.
Catalase activity: The effect of genotypes, waterlogging duration and their interaction on CAT activity, was found to be significant during kharif 2021 and 2022 (Table 12). CAT activity was maximum recorded in GT 2, with a mean value of 4.40 units mg⁻¹ fresh weight min⁻¹, which is followed by Purva 1 (3.75), GT 10 (3.54), and GT 4 (2.42). CAT activity increased significantly with increasing waterlogging duration, from 2.59 at 12 h to 4.45 units at 48 h. 

Table 7: Total stele area (mm2) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	0.402
	0.347 (-13.68)
	0.213 (-47.01)
	0.210 (-47.76)
	0.427
	0.376 (-11.94)
	0.233 (-45.43)
	0.225 (-47.31)
	0.304

	Purva 1
	0.301
	0.296 (-1.66)
	0.184 (-38.87)
	0.166 (-44.85)
	0.326
	0.321 (-1.53)
	0.208 (-36.20)
	0.184 (-43.56)
	0.248

	GT 10
	0.218
	0.174 (-20.18)
	0.170 (-22.02)
	0.162 (-25.69)
	0.237
	0.187 (-21.10)
	0.197 (-16.88)
	0.187 (-21.10)
	0.191

	GT 4
	0.180
	0.189 (5.00)
	0.158 (-12.22)
	0.114 (-36.67)
	0.198
	0.186 (-6.06)
	0.163 (-17.68)
	0.115 (-41.92)
	0.162

	Mean of kharif 2021 and 2022
	0.286 (12 h) 
	0.259 (24 h)
	0.191 (36 h)
	0.171 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.005
	0.005
	0.011
	0.006
	0.006
	0.001

	C.D. (p<0.05)
	0.016
	0.016
	0.032
	0.017
	0.017
	0.034

	C.V. %
	10.54
	10.48


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h
Table 8: Total cortex area (mm2) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	1.167
	1.114 (-4.54)
	1.004 (-13.97)
	0.891 (-23.65)
	1.217
	1.164 (-4.35)
	1.029 (-15.45)
	0.916 (-24.73)
	1.063

	Purva 1
	1.031
	0.995 (-3.49)
	0.929 (-9.89)
	0.887 (-13.97)
	1.081
	1.043 (-3.52)
	0.953 (-11.84)
	0.912 (-15.63)	 
	0.979

	GT 10
	1.253
	1.165 (-7.02)
	0.982 (-21.63)
	0.869 (-30.65)
	1.278
	1.190 (-6.89)
	1.007 (-21.21)
	0.894 (-30.05)
	1.080

	GT 4
	1.189
	0.996 (-16.23)
	0.922 (-22.46)
	0.851 (-28.43)
	1.214
	1.021 (-15.90)
	0.947 (-21.99)
	0.876 (-27.84)
	1.002

	Mean of kharif 2021 and 2022
	1.179 (12 h)
	1.085 (24 h)
	0.971 (36 h)
	0.887 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.025
	0.025
	0.051
	0.022
	0.022
	0.044

	C.D. (p<0.05)
	0.071
	0.072
	NS
	0.063
	0.063
	NS

	C.V. %
	10.04
	8.57


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h

 Table 9: Xylem vessel area (mm2) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	0.100
	0.033 (-67.00)
	0.018 (-82.00)
	0.010 (-90.00)
	0.109
	0.038 (-65.14)
	0.023 (-78.90)
	0.013 (-88.07)
	0.044

	Purva 1
	0.051
	0.036 (-29.41)
	0.033 (-35.29)
	0.015 (-70.59)
	0.056
	0.038 (-32.14)
	0.036 (-35.71)
	0.017 (-69.64)
	0.035

	GT 10
	0.032
	0.024 (-25.00)
	0.024 (-25.00)
	0.017 (-46.88)
	0.034
	0.029 (-14.71)
	0.026 (-23.53)
	0.022 (-35.29)
	0.026

	GT 4
	0.023
	0.022 (-4.35)
	0.014 (-39.13)
	0.017 (-26.09)
	0.026
	0.022 (-15.38)
	0.017 (-34.62)
	0.020 (-23.08)
	0.020

	Mean of kharif 2021 and 2022
	0.053 (12 h)
	0.030 (24 h)
	0.023 (36 h)
	0.016 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.001
	0.001
	0.002
	0.001
	0.001
	0.002

	C.D. (p<0.05)
	0.003
	0.003
	0.006
	0.002
	0.002
	0.005

	C.V. %
	15.95
	12.13


      *-/+ values in brackets indicates the percentage decrease/increase over 12 h
Table 10: Root cross cross-sectional area (mm2) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	1.71
	1.45 (-15.20)
	1.21 (-29.24)
	1.12 (-34.50)
	1.76
	1.50 (-14.77)
	1.23 (-30.11)
	1.14 (-35.23)
	1.39

	Purva 1
	1.41
	1.26 (-10.64)	 
	1.20 (-14.89)
	1.13 (-19.86)
	1.43
	1.28 (-10.49)
	1.22 (-14.69)
	1.15 (-19.58)
	1.27

	GT 10
	1.32
	1.28 (-3.03)
	1.21 (-8.33)
	1.18 (-10.61)
	1.34
	1.30 (-2.99)
	1.23 (-8.21)	 
	1.21 (-9.70)
	1.25

	GT 4
	1.31
	1.29 (-1.53)
	1.25 (-4.58)
	1.15 (-12.21)
	1.33
	1.31 (-1.50)
	1.27 (-4.51)
	1.18 (-11.28)
	1.26

	Mean of kharif 2021 and 2022
	1.45 (12 h)
	1.33 (24 h)
	1.23 (36 h)
	1.16 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.01
	0.01
	0.02
	0.01
	0.01
	0.02

	C.D. (p<0.05)
	0.04
	0.04
	0.08
	0.02
	0.02
	0.05

	C.V. %
	4.60
	3.20


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h


Alcohol dehydrogenase activity: ADH activity was also recorded in sesame root during both years, under waterlogging conditions and data were summarized in Table 13. Significant (p<0.05) effect on ADH activity were was observed for genotypes, waterlogging duration and their interaction. ADH activity recorded maximum in GT 2 (1.64 units mg⁻¹ fresh weight min⁻¹), Purva 1 followed closely at 1.46 and then GT 10 and GT 4 have lower values of 1.24 and 1.11, respectively. ADH activity increased with waterlogging durations, from 0.71 at 12 h to 2,13 units at 48 h. Highest The highest per cent increase in ADH activity was recorded in Purva 1, followed by GT 2.

Discussion:
Waterlogging causes hypoxia in the root zone, which lowers energy for nutrient uptake (Setter and Waters, 2003), leads to nutrient imbalance cause a reduction in photosynthesis, as a results, plant biomass declines. In the present study, GT 2 and Purva 1 maintained relatively higher plant height under prolonged waterlogging conditions, while for root length, shoot and root dry weight, the maximum value was exhibited by GT 2 under waterlogging conditions.  Waterlogging significantly reduced the RL, SL, RDW and SDW in all the genotypes. Reduction was relatively more pronounced in GT 4, indicating its high sensitivity to water logging. The genotype maintained its shoot length, root length, shoot dry weight and root dry weight were relatively tolerant than other genotypes, have been reported in wheat (Malik et al., 2001; Boru et al., 2003), maize (Mano and Omori, 2007) sesame (Saha et al. 2016). Similarly, genotypes have the capacity for anatomical adaptations under waterlogging play a critical role in mitigating the adverse effects. In the present study, AA and NL increased with an increase in duration of waterlogging across all the genotypes. GT 2, have maximum AA and NL, indicating its better adaptability to hypoxic conditions, while, GT 4 showed the least. The aerenchyma tissue helps in increasing oxygen supply to the root from the shoot, results resulting into better respiration, which helps in providing resilience against waterlogging stress (Justin and Armstrong, 1987; Drew et al., 2000), and also formation of lacunae, which is an adaptive response against waterlogging (Evans, 2004). The enhanced aerenchyma formation and waterlogging tolerance have been reported in rice by Zhen et al. (2020).

Table 11: Super Oxide Dismutase (SOD) (enzyme unit mg-1 fresh weight minute-1) of sesame as influenced by water logging durations   in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	0.171
	0.198 (15.79)
	0.226 (32.16)
	0.238 (39.18)
	0.174
	0.204 (17.24)
	0.231 (32.76)
	0.242 (39.08)
	0.210

	Purva 1
	0.185
	0.204 (10.27)
	0.227 (22.70)
	0.237 (28.11)
	0.186
	0.205 (10.22)
	0.227 (22.04)
	0.238 (27.96)
	0.213

	GT 10
	0.173
	0.184 (6.36)
	0.229 (32.37)
	0.235 (35.84)
	0.173
	0.184 (6.36)
	0.229 (32.37)
	0.235 (35.84)
	0.205

	GT 4
	0.174
	0.196 (12.64)
	0.230 (32.18)
	0.232  (33.33)
	0.176
	0.196 (11.36)
	0.230 (30.68)
	0.234 (32.95)
	0.208

	Mean of kharif 2021 and 2022
	0.176 (12 h)
	0.196 (24 h)
	0.229 (36 h)
	0.236 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.001
	0.001
	0.002
	0.001
	0.001
	0.002

	C.D. (p<0.05)
	0.002
	0.002
	0.004
	0.002
	0.002
	0.004

	C.V. %
	1.47
	1.87


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h
Table 12: Catalase (enzyme unit mg-1 fresh weight minute-1) of sesame as influenced by water logging durations in various genotypes at 30 DAS 
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	3.55
	4.14 (16.62)
	4.73 (33.24)
	5.01  (41.13)
	3.71
	4.19 (12.94)
	4.78 (28.84)
	5.06 (36.39)
	4.40

	Purva 1
	2.21
	2.75 (24.43)
	4.59 (107.69)
	5.15 (133.03)
	2.61
	2.85 (9.20)
	4.62 (77.01)
	5.17 (98.08)
	3.75

	GT 10
	2.10
	2.70 (28.57)
	4.30 (104.76)
	4.58 (118.10)
	2.31
	2.95 (27.71)
	4.57 (97.84)
	4.78 (106.93)
	3.54

	GT 4
	2.05
	2.17 (5.85)
	2.40 (17.07)
	2.89 (40.98)
	2.21
	2.22 (0.45)
	2.48 (12.22)
	2.94 (33.03)
	2.42

	Mean of kharif 2021 and 2022
	2.59 (12 h)
	2.99 (24 h)
	4.26 (36 h)
	4.45 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.02
	0.02
	0.05
	0.05
	0.05
	0.10

	C.D. (p<0.05)
	0.08
	0.08
	0.16
	0.14
	0.14
	0.29

	C.V. %
	3.29
	5.86


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h

Table 13: Alcohol Dehydrogenase (ADH) (enzyme unit mg-1 fresh weight minute-1) of sesame as influenced by water logging durations in various genotypes at 30 DAS
	Genotypes
	Kharif 2021
	Kharif 2022
	Mean

	
	Waterlogging Duration (WD)
	Waterlogging Duration (WD)
	

	
	12 h
	24 h
	36 h
	48 h
	12 h
	24 h
	36 h
	48 h
	

	GT 2
	0.91
	1.21 (32.97)
	1.66 (82.42)
	2.70 (196.70)
	0.96
	1.26 (31.25)
	1.71 (78.13)
	2.75 (186.46)
	1.64

	Purva 1
	0.47
	1.36 (189.36)
	2.08 (342.55)
	2.55 (442.55)
	0.52
	1.43 (175.00)
	2.13 (309.62)
	2.60 (400.00)
	1.46

	GT 10
	0.59
	1.09 (84.75)
	1.53 (159.32)
	1.66 (181.36)
	0.60
	1.14 (90.00)
	1.53 (155.00)
	1.71 (185.00)
	1.24

	GT 4
	0.77
	0.89 (15.58)
	1.21 (57.14)
	1.51 (96.10)
	0.82
	0.90 (9.76)
	1.22 (48.78)
	1.56 (90.24)
	1.11

	Mean of kharif 2021 and 2022
	0.71 (12 h)
	1.16 (24 h)
	1.63 (36 h)
	2.13 (48 h)

	ANOVA
	Genotypes
	WD
	Genotypes ×WD
	Genotypes
	WD
	Genotypes ×WD

	S.Em. ±
	0.01
	0.01
	0.02
	0.01
	0.01
	0.02

	C.D. (p<0.05)
	0.03
	0.03
	0.06
	0.04
	0.04
	0.08

	C.V. %
	3.40
	3.99


     *-/+ values in brackets indicates the percentage decrease/increase over 12 h











In our study, the total stele area and cortex area was were recorded to be reduced with increasing waterlogging duration. Overall growth of the plant and it’s root tissue development, particularly vascular tissue, cortex would significantly decline under prolonged waterlogging conditions (McDonald et al., 2002). The decrease in the stele and cortex area might be stoppage in no new formation offormation of new cells and al so a decline in cell elongation and differentiation under waterlogging.
Adaptive traits like a higher cortex to -to-stele ratio under waterlogging, would be important to induce aerenchyma formation in the cortex leads leading to efficient supply of oxygen in vascular tissue (Yamauchi et al., 2021). In present TSA and TCA was were recorded significantly higher in GT 2 and GT 10 respectively, . However, with respect to TCA, GT 2 was at par with GT 10, thus GT 2 overall have has better adaptability under waterlogging through maintenance of cell division and elongation. The higher cortex to stele ratio reported in rice and havehas better adaptation under waterlogging (Yamauchi et al., 2021). Hypoxia under waterlogging causes a reduction in ATP production, a decrease in cell division and cell elongation. In our study, waterlogging causes a reduction in both XVA and RCSA across the genotypes. However, GT 2 have has a minimum per cent decrease in XVA and RCSA. The higher root cross cross-section and xylem tissue helps in the adaptation of the root under waterlogging. Zhen et al. (2020) also reported that tolerant rice genotypes maintain root cross cross-sectional area as an adaptive traits under waterlogged conditions.
	Increase An increase in antioxidant capacity of the cell, provides resilience to the crops under waterlogging stress through protection towards against oxidative stress. Plants synthesize SOD and catalase, two important enzymes which that detoxify superoxide radicals (O2-) into hydrogen peroxide (H2O2) and water and oxygen, respectively (Jaleel et al., 2009). In our study, SOD and catalase enzyme activity increased, under prolonged waterlogging. Genotype, Purva 1 and GT 2 exhibited the relatively higher SOD and catalase activity than GT 10 and GT 4. Similarly, waterlogging waterlogging-tolerant genotypes showed elevated antioxidant enzyme activity  in maize (Bin et al. 2010), Sorghum (Zhang et al 2019), Soybean (Garcia et al., 2020), and Sesame (Sun et al., 2009). Hypoxia and anaerobiosis increase the pyruvate fermentation, via two alternative pathways to aerobic respiration first one is  lactic acid production by lactate dehydrogenase (LDH) activity and the second one via pyruvate decarboxylase (PDC) turns pyruvate in to acetaldehyde, l. Later on acetaldehyde will be reduced to ethanol by alacohol dehydrogenase (ADH) activity (Zabalza et al., 2009). Increase An increase in activity of LDH, PDC and ADH provides tolerance to crop under waterlogging conditions (Zhang et al. 2016). Thus, ADH is key enzyme for anaerobic respiration, facilitates ATP formation under hypoxic conditions, in the present study, ADH activity of plants, increased progressively under waterlogging, across the genotypes. GT 2, have which has highest ADH activity, indicates that it cabapility capability to cope up with long long-duration waterlogging stress, than the other studied genotypes. Higher activity of ADH is a substitute for energy under waterlogged conditions, which leads to better survival (Sairam et al., 2009, ; Wang et al., 2016).
Conclusion
From the present study, we conclude that shoot and root growth resilience, enhanced aeranchyma formation, higher ADH activity, and increased SOD and CAT activity are key traits in sesame for screening under waterlogging conditions. Genotype GT 2 emerged as the most promising genotype under waterlogged conditions, having the capacity to maintain shoot and root growth, with relatively higher ADH and antioxidant capacity, along with enhanced development aerenchymaaerenchyma development, higher cortex to steel ratio, as well as higher xylem root cross sectional area ratio. These findings provide valuable insights for breeding programs aimed at developing waterlogging-tolerant sesame varieties.
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