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RESEARCH ARTICLE
An Evaluation of Screening Method for Iron Absorption/ Use Efficiency in Groundnut (Arachis hypogaea L.) Genotypes Ba
sed on Morpho - Physiological Responses

	ABSTRACT

The most promising remedy for iron chlorosis in calcareous soils is the exploitation of genetic variability in crops for iron absorption efficiency. A screening technique for the selection of iron efficient genotypes is highly warranted from the point of time and manpower
. The present work was aimed to screen groundnut genotypes for calcareous tolerance, based on morpho - physiological parameters with 40 groundnut genotypes in solution culture. The genotypes were grown for 21 days in full strength nutrient solution with and without iron (Fe) and 15 mM KHCO3. Chlorophyll content, catalase, peroxidase, NRase activity, active and total Fe concentrations, plant weight, root weight and root volume per plant were recorded for each genotype. Cluster analysis of the collected data showed that TAG 24, CO 7, VRI 13113, VRI 16086, VRI 13149, JL 24 and TMV 1 were among the Fe efficient genotypes with Fe tolerance index value of 94.6, 94.0, 93.6, 93.0, 91.8, 91.4 and 90.5
 respectively while TMV 13, AMABC 2017-8, VRI 16075 and VRI 16154 (81.3, 80.8, 80.7 and 79.3 respectively) were among the most Fe inefficient genotypes for calcareous soils.
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 INTRODUCTION

Groundnut (Arachis hypogaea L.) is an important oilseed crop grown worldwide on 28.51 million ha with a production of 45.95 million tonnes (INDIASTAT 2017-18). In India, groundnut (4.88 m ha, 9.25 m t) is the second most important oilseed next to soybean (10.33 m ha, 10.93 m t) (INDIASTAT 2017-18).  Of the essential nutrients, iron (Fe)  plays an important role in photosynthesis, respiration, nitrogen fixation, DNA synthesis, hormone production, chlorophyll formation, and is also a component of various redox and iron-sulphur enzymes ( Zheng,2010). Though the total Fe content of the soils are high, iron deficiency chlorosis (IDC) is common world-wide among crops grown in calcareous, alkaline, coarse textured, eroded, and low organic matter-containing and cold region soils as iron is less available for uptake in these soils. High pH and bicarbonate ion concentration in calcareous soils leads to IDC 
by suppressing iron uptake and translocation in plants(Ren et al. 2005).
In India, more than one-third of the soils are calcareous and spread mostly in the low rainfall areas of the western and central parts of the country, where groundnut is a major crop.  Hence, IDC is more prevalent in Gujarat, Maharashtra, Rajasthan, Tamil Nadu, and Karnataka states in India causing considerable reduction in pod yield (16-32%)  (Singh. 2001; Singh et al., 1995). IDC is also a common-problem in groundnut producing areas with calcareous soils in northern China  (Li et al., 2015) and Pakistan (Akhtar et al., 2013; Imtiaz et al., 2010) causing a significant reduction in yield.  Severity of IDC will be usually quite high after excessive rainfall and also for groundnut grown under irrigation due to high bicarbonate ion concentration in the rhizosphere (Singh et al., 1995 ; Zuo et al., 2007).  

Although Fe is commonly found in soil due to its low solubility and dissolution kinetics, the availability of Fe for plants is very limited, particularly in aerated alkaline and calcareous soils(Mengel, 1994; Shenker and Chen, 2005). Fe i
s essential for chlorophyll synthesis; as a result, insufficient Fe in leaves causes low chlorophyll levels and resulting in yellowing of younger leaves (Lucena, 2000; Chatterjee et al., 2017). As a consequence, many crop yields are negatively affected and impaired by low Fe bioavailability in soils (Martins et al., 2017).


Soil application of Fe as ferrous sulphate  is often been recommended to alleviate the problem of iron chlorosis and also concomitant loss in yield (Irmak et al., 2012; Singh and Dayal 1992). However, this is of little benefit to the crop as iron ionizes and gets converted into insoluble ferric (Fe3+) compounds which are unavailable to plants. Foliar application of ferrous sulphate has been often suggested by Frenkel et al. (2004) and Singh et al. (1993), but the major problem is poor translocation of applied Fe within the plant (Hüve et al., 2003). Although foliar spray of chelated form provides Fe in available form, their use is not popular and economically not feasible Cultivation of IDC resistant cultivars in calcareous soils is economically feasible and sustainable approach compared to application of iron containing fertilizers through soil or foliar spray. The groundnut cultivars are called ‘iron
 efficient’ if they respond to iron deficiency stress by inducing biochemical reactions that make Fe available.

MATERIALS AND METHODS

A solution culture experiment was conducted during 2018 to evaluate the groundnut genotypes for lime induced chlorosis tolerance in the Tamil Nadu Agricultural University, Coimbatore. Fourty groundnut genotypes were assessed for calcareous stress tolerance under in vivo experiment.

	 CO 1 (G1)
	CO 2 (G2)
	CO 4 (G3)
	CO 6 (G4)
	CO 7 (G5)

	ALR 1 (G6)
	ALR 2 (G7)
	ALR 3 (G8)
	VRI 2 (G9)
	VRI 5 (G10)

	VRI 6 (G11)
	VRI 7 (G12)
	VRI 8 (G13)
	TMV 1 (G14)
	, TMV 2 (G15)

	TMV 7 (G16)
	TMV 13 (G17)
	AVK2015-3 (G18)
	ALG 320 (G19)
	AMABC 2017-8 (G20)

	INS - 2016 -10 (G21)
	AMABC 2017-2 (G22)
	AMABC 2017-1(G23)
	GPBD - 4 (G24)
	TAG 24 (G 25)

	JL 24 (G26)
	ICGV 07772 (G27)
	NARAYANI (G28)
	ABHAYA (G 29)
	DHARANI (G 30)

	VRI- 13110 (G31)
	VRI- 16083 (G32)
	VRI- 13149 (G33)
	VRI- 16075(G34)
	VRI- 13154 (G35)

	VRI- 16084 (G36)
	VRI- 13159 (G37)
	VRI- 13153 (G38)
	VRI- 13113 (G39)
	VRI- 16086 (G40)


Plastic trays of 15 L capacity were used for conducting hydroponic culture which had been surface sterilized by wiping their surfaces with 70% ethanol to remove nutritional contamination. To aerate the solution, aqua pore tubing hooked in the side of tanks and connected via 4 mm plastic tubing to aquarium pump was used.

Fifteen litres of basal nutrient solution was taken in each tank. The concentrations of nutrients in the final solution were as follows (μM): CaCl2 (2400); K2SO4 (2400); Ca(NO3)2 (1600); MgSO4 (800); NH4NO3 (400); KH2PO4(80); FeEDTA (40); H3BO3 (20); MnSO4 (4); ZnSO4 (3);  CuSO4 (0.8); Na2MoO4 (0.12) (Tang et al., 1996). The pH of the nutrient solution was maintained at  6.0 by adjusting with either dilute HCL or NaOH for every two to three days. The nutrient solution was changed once in 7 days after transplanting (DAT). A KHCO3 concentration of 15 mM, buffered with 1.5 g l-1 CaCO3 was used to create bicarbonate concentration mimicking calcareous c
ondition. Totally there were four treatments (Nutrient solution, Nutrient solution (-Fe), Nutrient solution + KHCO3 buffered with CaCO3 + Fe, Nutrient solution + KHCO3 buffered with CaCO3 – Fe).

Seeds were treated with Propicanazole (0.2 %) for 2 minutes, shade dried and grown in coir pith plastic trays; wetted with half the strength of modified Hoagland solution. After 7 days germination of groundnut, uniform seedlings were randomly assigned to the four treatments, and transferred to the test nutrient solutions. Fifteen seedling per container was used which were replicated three times. The treatments were arranged in completely randomized block design. The experiment was conducted for  21 days.
SPAD readings were recorded using Chlorophyll Meter (SPAD 502) designed by the Soil Plant Analytical Development (SPAD) section, Minolta, Japan. The data was recorded as described by Peng et al. (1993). Nitrate reductase activity was estimated in fully expanded functional leaves following the method of  Nicholas et al. (1976) and the enzyme activity was expressed as (g NO2 g-1 h-1. Peroxidase activity was assayed according to Perur (1962) and Angelini et al. (1990) and expressed as ( OD 430 nm min-1 g-1. Catalase activity was estimated as per the procedure adopted by Gopalachari (1963) and expressed as µg H2O2 g-1min-1. Active iron content was analysed as described by Katyal et al. (1980). Plants were harvested 21 DAT, and measured  for root volume, shoot and root weight of all the groundnut genotypes.

Ranking of genotype for Fe efficiency

Cluster analysis is useful to analyse genotypes on the basis of multiple parameters simultaneously. All the obtained data were converted to relative values, i.e. Fe tolerance indexes before cluster analysis. Fe tolerance index was defined as the observations under Fe deficiency divided by the means of the controls (Fe sufficient). Cluster analysis was performed and cluster group rankings were obtained based on Ward’s minimum variance cluster analysis on the means of the Fe tolerance indexes for different morphological and physiological parameters including, root weight, shoot weight, root volume, active Fe and chlorophyll content (SPAD values), catalase and peroxidase activity. The distance between two clusters was calculated as the ANOVA sum of squares between the two clusters in all the parameters analysed. The cluster groups were identified in dendrograms. The number of cluster groups was determined by calculating the pseudo t2 which reached a local maximum. The cluster group rankings were obtained from the averages of means over multiple parameters in each cluster group, i.e., cluster mean, in order from highest to lowest averages. A sum was obtained by adding the numbers of cluster group ranking of each parameter in each genotype. The genotypes were finally ranked based on the sums in order that those with the largest sums were ranked as the most tolerant and those with the smallest sums were ranked as the least tolerant in terms of relative Fe tolerance ( Zeng et al. 2002).


Statistical analysis

Statistical analysis  was performed by using two-way ANOVA. Differences between mean values of treatments were evaluated using significant difference (SD) at a 0.05 significance level. Cluster Analysis was realized with ward’s method, using Euclidean Distance (SPSS 16.0 for Windows).

RESULTS AND DISCUSSION

Marked differences in shoot dry weight was observed in the groundnut genotypes in response to Fe deficiency when they are grown on bicarbonate (calcareous) solution . The maximum shoot weight (0.84 g plant-1) was recorded in VRI- 13149 under KHCO3 followed by 0.77 g plant-1 (ABHAYA) (Table 1). Similar to our findings, Puangbut et al. (2009) proved that higher biomass improved yield. The genotypes TMV 2, CO 2, ALR 2, VRI 2, VRI 13154 AND VRI 16084 showed lesser shoot weight in Fe induced deficiency conditions (0.28 g plant-1). However, some genotypes showed deviations from the trend and produced higher shoot weight in AVK 2015-3, ALG 320, AMABC 2017-2, TAG 24, VRI- 13110 and VRI- 16084 under Fe deficient conditions as compared to Fe sufficient conditions. Higher dry matter was observed in groundnut genotypes TCGS-273, TCGS-2, TCGS 37 and Kadiri 3 and evaluated them as iron efficient genotypes (Reddy et al., 1993). Similar findings were reported by Krishnasamy et al. (2005) on sorghum genotypes and they stated that iron- efficient genotype should not only be able to absorb Fe from deficient conditions but should also produce more dry matter.

The maximum root weight under stress condition (with bicarbonate +Fe), the genotypes VRI 2, CO 7 and  VRI 8 (0.53, 0.50 and 0.44 g plant-1 respectively) ………???, at the same time these genotypes  produced 0.70, 0.52 and 0.48 g plant-1 of root weight under Fe deficient conditions and calcareousness induced nutrient solution. The minimum shoot weight (0.17 g plant-1) was recorded with both CO 2 and VRI 16084 under calcareousness . Similarly, most of the genotypes recorded lower shoot weight with calcareousness induced nutrient solution
. Irrespective of genotypes, modified Hoagland solution treatment registered highest 
root volume compared to other treatments (Table 2). Rukam singh et al., (2007) results indicated that, genotypes showing high  dry matter were considered as tolerant genotypes and may be used for further breeding programme. In a NaCl tolerant lines of citrus sinensis, the growth medium inhibited root cell growth under salt stress (Ben-Hayyim and Kochba, 1983).
The data pertaining to Nitrate reductase activity  of groundnut genotypes as influenced by bicarbonate and conditions 
were recorded and presented in table 2. The Nitrate reductase activity was maintained at higher  level in iron sufficient conditions (control) compared to iron deficient conditions with bicarbonate. The genotypes Abhaya and AMABC 2017 -1 registered the higher values of NRase both under bicarbonate + Fe (2.50 and 2.39 µM of NO2 g-1hr-1) and without bicarbonate + Fe (2.56 and 2.50 µM of NO2 g-1hr-1) treatment (Table 2).  In the present study, irrespective of treatment conditions the genotype VRI 16084 recorded highest mean catalase activity (1.88, 1.66, 1.70 and 1.62 µM of H2O2 g-1 min -1 ) followed by Dharani compared to other genotypes in all the treatments respectively and lowest was recorded in TMV 7 (0.70 µM of H2O2 g-1 min -1) under iron deficient conditions (Table 3). Iron acts as an enzyme activator or cofactor in chlorophyll synthesis and activates several other enzymes including catalase, peroxidase, nitrate reductase and nitrogenase. Iron deficiency has been found to reduce the activity of oxidative stress-related enzymes like catalase and peroxidase in several plant species that is attributed to less Fe concentration in Fe- deficient leaves M’sehli et al. (2014) and Boodi et al. (2016). Mahurkar et al. (1992) finding also states that the ability of enzymes viz., CAT, POD and nitrate reductase decreased with the increase in degree of chlorosis in groundnut leave. Under iron deficiency conditions, the activity of both peroxidase and catalase enzyme decline. Our findings are also copes with Machold and Stephan (1964) as about 80 per cent and 50 per cent decrease in the activity of catalase and peroxidase enzymes, respectively due to iron deficiency.

The mean peroxidase activity was significantly higher under iron sufficient conditions compared to iron deficient soil conditions and KHCO3 treated nutrient solution. The mean POD activity was decreased by 2.19 and 3.3% respectively in KHCO3 induced and iron deficient condition over sufficient nutrient conditions. Irrespective of the genotypes, VRI 8, Abhaya and VRI 13113 recorded highest POD activity (12.4, 12.0 and 12.0 OD/min/g of FW respectively) and lowest was recorded in TMV 1 (6.3 OD/min/g of FW) (Table 3). Iron sufficient and iron deficient conditions results in variation of antioxidant enzymes (peroxidase and catalase) in all the groundnut genotypes. Boodi et al. (2016) observed reduction in peroxidase activity among all groundnut genotypes in iron deficient soil conditions compared to iron sufficient soil condition. However, a lower reduction was observed among resistant genotypes compared to susceptible ones probably due to comparatively higher active-Fe maintained in leaves under Fe-stress conditions. Similar results were obtained in the previous works of Sanjana (2004) in soybean genotypes and Nagarathnamma (2006) in groundnut genotypes. It turned out that the active involvement of this antioxidant enzyme was related, at least in part, to the tolerance of Fe-deficiency-induced oxidative stress (Essa et al. 2015).

Maximum SPAD (41.0 and 40.7) index was recorded by Dharani and TAG 24 respectively r with calcareous induced treatment with Fe
, while the same genotypes recorded higher SPAD value in Fe deficient condition as  42.5 and 42.6 respectively control condition. Irrespective of genotypes, lesser SPAD index average was given with bicarbonate – Fe treatment (25.8) and highest under control (32.9). Under calcareous induced treatment with Fe and without Fe, genotypes viz., AMABC 2017-8 and TMV 13 gave SPAD value below 20 and these genotypes were most sensitive to calcareousness (Table 4).  Similar results were also reported by Song et al. (2017), where  lesser SPAD values were recorded in Fe deficient plants as compared to the plants treated with foliar applications. High CaCO3 level and soil water content decreased the chlorophyll concentration (SPAD value) (Zuo et al., 2007). Li and Yanxi, (2007) reported that the physiological parameters i.e., SPAD and active Fe value are related to crop yield. Similar results were reported by Akhtar et al. (2013) and concluded that genotypes with more active Fe and SPAD values produced higher yield. 

The maximum active Fe concentration (45.0 and 44.8 mg kg-1) was given by VRI- 16075 and VRI - 16086 respectively under Fe sufficient conditions, at the same time these genotypes gave active Fe concentration values of 29.8 and 35.1 respectively, under Fe deficient conditions. The maximum active Fe concentration (40.8 and 39.8 mg kg-1) was given by VRI- 16075 and VRI – 16086 respectively under calcareousness induced conditions, whereas minimum (13.3 and 14.9 mg kg-1) active Fe in case of Fe deficient and calcareousness induced conditions was obtained from TMV 13  and AVK 320 (Table 4). Active Fe concentration is an important parameter in Fe deficiency. As the parameter is related with chlorophyll content, both parameters affected each other. Active Fe concentration is directly correlated with the chlorophyll content. Similar results were proved by previous work by  Singh et al. (1990); Gao and Shi (2007). Ohwaki and Sugahara (1993) also reported that the genotypic differences of sensitive and resistant cultivars of chickpea to Fe-deficiency were attributed to the active iron in the leaves when grown under Fe-stress conditions. In the same line the active iron content of leaves of iron efficient groundnut genotypes was more than in iron inefficient groundnut genotypes in calcareous soil was reported by Kulkarni et al., 1995.

Based on multivariate analysis using Fe tolerance indexes such as morphological and physiological parameters using Ward’s minimum variance cluster analysis (Fig. 1), the genotypes were divided into seven cluster groups (Table 5). Based on this analysis varieties, TAG 24, CO 7, VRI 13113, VRI 16086, VRI 13149, JL 24 and TMV 1 ranked first falling in clusters ranked first
 with an averaged cumulative Fe tolerance indexes of 92.7 %, whereas TMV 13, AMABC 2017-8, VRI 16075 and VRI 13154 were among the stress sensitive genotypes with averaged Fe tolerance indexes of 80.51 %. Loop and Finck (1984) advocated the usefulness of total Fe, generally total Fe concentration in plant tissue is not related with the occurrence of chlorosis (Rashid et al. 1997).

CONCLUSION

Physiological and morphological attributes were affected more under iron deficient condition compared to iron sufficient condition in groundnut genotypes. Antioxidant enzymes like peroxidase, catalase were profoundly reduced in inefficient genotypes compared to efficient genotypes under iron deficient condition. Based on the morpho-physiological parameters studied, it can be suggested to assess Fe efficiency of groundnut genotypes. TAG 24, CO 7, VRI 13113, VRI 16086, VRI 13149 and JL 24 are the best five genotypes as these were screened out to be Fe deficiency tolerant genotypes based on Fe tolerance index values . The method demonstrated in this study, i.e., cluster group ranking of genotypes based on multiple morpho-physiological characters, can be applied in calcareous tolerance breeding to evaluate calcareous tolerance among genotypes with great advantage over conventional methods.
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Table.1. Biomass production of  different groundnut genotypes 
	GENOTYPES
	Shoot weight (g)
	Root
 weight (g)

	
	With Carbonate
	Without Carbonate
	With Carbonate
	Without Carbonate

	
	+Fe
	-Fe
	+Fe
	-Fe
	+Fe
	-Fe
	+Fe
	-Fe

	CO 1
	0.37
	0.27
	0.53
	0.38
	0.32
	0.28
	0.38
	0.30

	CO 2
	0.27
	0.15
	0.27
	0.20
	0.17
	0.10
	0.23
	0.11

	CO 4
	0.46
	0.18
	0.54
	0.40
	0.32
	0.29
	0.34
	0.31

	CO 6
	0.47
	0.42
	0.51
	0.38
	0.34
	0.29
	0.36
	0.32

	CO 7
	0.47
	0.46
	0.56
	0.37
	0.50
	0.43
	0.52
	0.45

	ALR 1
	0.40
	0.36
	0.44
	0.34
	0.28
	0.24
	0.32
	0.29

	ALR 2
	0.28
	0.25
	0.36
	0.25
	0.24
	0.22
	0.27
	0.24

	ALR 3
	0.33
	0.23
	0.34
	0.30
	0.19
	0.24
	0.26
	0.16

	VRI 2
	0.29
	0.25
	0.34
	0.26
	0.53
	0.36
	0.70
	0.18

	VRI 5
	0.48
	0.45
	0.55
	0.41
	0.30
	0.20
	0.38
	0.12

	VRI 6
	0.30
	0.23
	0.32
	0.26
	0.35
	0.35
	0.33
	0.15

	VRI 7
	0.40
	0.23
	0.44
	0.34
	0.31
	0.30
	0.38
	0.34

	VRI 8
	0.60
	0.49
	0.66
	0.51
	0.44
	0.40
	0.48
	0.40

	TMV 1
	0.39
	0.27
	0.43
	0.35
	0.32
	0.33
	0.35
	0.30

	TMV 2
	0.26
	0.17
	0.27
	0.22
	0.24
	0.21
	0.28
	0.23

	TMV 7
	0.35
	0.18
	0.35
	0.28
	0.16
	0.14
	0.19
	0.15

	TMV 13
	0.30
	0.18
	0.55
	0.28
	0.25
	0.19
	0.26
	0.21

	AVK 2015-3
	0.44
	0.20
	0.43
	0.31
	0.27
	0.21
	0.31
	0.23

	ALG 320
	0.38
	0.20
	0.37
	0.35
	0.27
	0.17
	0.29
	0.20

	AMABC 2017-8
	0.27
	0.24
	0.43
	0.28
	0.24
	0.19
	0.26
	0.22

	INS - 2016 -10
	0.29
	0.19
	0.30
	0.23
	0.23
	0.23
	0.26
	0.19

	AMABC 2017-2
	0.40
	0.23
	0.39
	0.31
	0.31
	0.24
	0.32
	0.26

	AMABC 2017-1
	0.34
	0.31
	0.36
	0.31
	0.20
	0.17
	0.22
	0.18

	GPBD – 4
	0.32
	0.22
	0.35
	0.27
	0.18
	0.14
	0.23
	0.15

	TAG 24
	0.30
	0.15
	0.28
	0.23
	0.29
	0.22
	0.33
	0.25

	JL 24
	0.55
	0.39
	0.59
	0.46
	0.37
	0.34
	0.41
	0.33

	ICGV 07772
	0.31
	0.27
	0.34
	0.25
	0.28
	0.24
	0.31
	0.24

	NARAYANI
	0.47
	0.18
	0.47
	0.38
	0.26
	0.19
	0.26
	0.18

	ABHAYA
	0.77
	0.47
	0.77
	0.61
	0.38
	0.27
	0.53
	0.30

	DHARANI
	0.45
	0.48
	0.48
	0.37
	0.31
	0.29
	0.35
	0.30

	VRI- 13110
	0.70
	0.55
	0.65
	0.61
	0.25
	0.20
	0.28
	0.23

	VRI- 16083
	0.44
	0.45
	0.62
	0.42
	0.34
	0.28
	0.37
	0.32

	VRI- 13149
	0.84
	0.82
	0.85
	0.67
	0.33
	0.29
	0.36
	0.33

	VRI- 16075
	0.30
	0.23
	0.54
	0.26
	0.22
	0.18
	0.27
	0.20

	VRI- 13154
	0.28
	0.23
	0.52
	0.28
	0.26
	0.22
	0.32
	0.24

	VRI- 16084
	0.26
	0.19
	0.26
	0.21
	0.17
	0.13
	0.18
	0.16

	VRI- 13159
	0.53
	0.47
	0.85
	0.48
	0.46
	0.43
	0.49
	0.45

	VRI- 13153
	0.62
	0.49
	0.67
	0.52
	0.30
	0.17
	0.32
	0.24

	VRI- 13113
	0.68
	0.61
	0.80
	0.62
	0.34
	0.28
	0.34
	0.30

	VRI- 16086
	0.58
	0.46
	0.60
	0.46
	0.41
	0.38
	0.46
	0.38

	Mean
	16.5
	12.88
	19.38
	14.54
	11.66
	9.93
	13.5
	10.23


	Sources
	Shoot Weight
	Root Weight

	
	SEd
	CD (P=0.05)
	SEd
	CD (P=0.05)

	Genotypes (G)
	0.020
	0.040
	0.009
	0.017

	HCO3 (B)
	0.004
	0.008
	0.002
	0.004

	Iron (Fe)
	0.004
	0.008
	0.002
	0.004

	Gx B
	0.021
	0.052
	0.012
	0.024

	B*Fe
	0.006
	0.012
	0.003
	0.005

	G*Fe
	0.027
	0.052
	0.012
	0.024

	G*B*Fe
	0.037
	0.074
	0.017
	0.034


Table.2. Efficiency of different groundnut genotypes in nutrient solution culture experimen
t

	GENOTYPES
	Root  volume  (cc)
	Nitrate Reductase (µM of NO2 g-1hr-1)

	
	With Carbonate
	With Carbonate
	With Carbonate
	With Carbonate

	
	+Fe
	-Fe
	+Fe
	-Fe
	+Fe
	-Fe
	+Fe
	-Fe

	CO 1
	0.75
	0.60
	0.85
	0.80
	2.02
	1.78
	2.50
	2.14

	CO 2
	0.85
	0.70
	0.90
	0.85
	1.78
	1.67
	1.89
	1.28

	CO 4
	1.70
	1.40
	1.75
	1.65
	2.22
	2.17
	2.28
	2.06

	CO 6
	1.70
	0.85
	1.95
	1.60
	2.11
	2.11
	2.11
	2.06

	CO 7
	1.70
	1.40
	1.80
	1.75
	2.06
	1.94
	2.17
	1.89

	ALR 1
	1.15
	0.90
	1.15
	1.05
	2.22
	2.06
	2.39
	1.94

	ALR 2
	0.75
	0.70
	0.90
	0.70
	1.67
	1.61
	1.72
	1.67

	ALR 3
	0.60
	0.50
	0.70
	0.45
	1.44
	1.44
	1.44
	1.50

	VRI 2
	1.40
	1.00
	1.50
	1.45
	1.17
	1.11
	1.22
	1.44

	VRI 5
	0.85
	0.90
	0.70
	0.90
	1.50
	1.33
	1.67
	1.50

	VRI 6
	0.75
	0.70
	0.60
	0.95
	1.61
	1.50
	1.72
	1.50

	VRI 7
	1.00
	0.70
	1.30
	1.00
	1.56
	1.39
	1.72
	1.61

	VRI 8
	1.40
	1.30
	1.55
	1.30
	1.94
	1.94
	1.94
	1.89

	TMV 1
	1.20
	0.50
	1.50
	0.45
	1.53
	1.39
	1.67
	1.50

	TMV 2
	1.30
	1.55
	1.60
	0.88
	2.06
	2.00
	2.11
	2.00

	TMV 7
	0.65
	0.55
	0.80
	0.55
	1.50
	1.44
	1.50
	1.44

	TMV 13
	1.35
	1.20
	1.50
	1.55
	1.56
	1.50
	1.56
	1.44

	AVK 2015-3
	0.72
	0.70
	0.80
	0.60
	1.11
	1.11
	1.11
	1.50

	ALG 320
	0.84
	0.70
	0.90
	0.90
	1.33
	1.33
	1.33
	1.33

	AMABC 2017-8
	1.25
	1.10
	1.35
	1.25
	1.22
	1.44
	1.22
	1.39

	INS - 2016 -10
	1.35
	0.90
	1.40
	1.35
	1.39
	1.50
	1.39
	1.39

	AMABC 2017-2
	1.20
	1.00
	1.30
	1.20
	1.44
	1.50
	1.44
	1.44

	AMABC 2017-1
	1.25
	1.10
	1.35
	1.20
	2.39
	2.28
	2.50
	2.11

	GPBD – 4
	0.85
	0.70
	0.85
	0.85
	1.72
	1.61
	1.83
	1.56

	TAG 24
	1.10
	0.80
	1.30
	1.15
	2.03
	1.89
	2.17
	2.00

	JL 24
	0.95
	0.70
	1.10
	1.00
	1.58
	1.44
	1.72
	1.33

	ICGV 07772
	0.85
	0.70
	0.95
	0.90
	1.44
	1.39
	1.50
	1.44

	NARAYANI
	0.75
	0.50
	0.80
	1.00
	1.33
	1.28
	1.39
	1.39

	ABHAYA
	0.66
	0.60
	0.70
	0.70
	2.50
	2.44
	2.56
	2.28

	DHARANI
	1.45
	1.10
	1.70
	1.55
	2.28
	2.11
	2.44
	2.00

	VRI- 13110
	0.65
	0.50
	0.70
	0.70
	1.33
	1.17
	1.50
	1.44

	VRI- 16083
	0.85
	0.70
	1.10
	0.90
	2.22
	1.94
	2.50
	2.06

	VRI- 13149
	1.45
	1.20
	1.70
	1.40
	2.19
	1.89
	2.50
	2.28

	VRI- 16075
	0.80
	0.70
	0.90
	0.90
	1.58
	1.44
	1.72
	1.33

	VRI- 13154
	0.70
	0.60
	0.80
	0.70
	1.50
	1.50
	1.50
	1.39

	VRI- 16084
	0.55
	0.50
	0.70
	0.50
	1.14
	1.11
	1.17
	1.44

	VRI- 13159
	1.15
	1.10
	1.30
	1.10
	2.03
	1.96
	2.11
	1.94

	VRI- 13153
	0.70
	0.50
	0.90
	0.70
	1.67
	1.61
	1.72
	1.17

	VRI- 13113
	1.00
	0.70
	1.30
	0.90
	2.14
	1.94
	2.33
	2.17

	VRI- 16086
	1.05
	0.80
	1.10
	1.00
	2.11
	1.94
	2.28
	2.17

	Mean
	41.17
	32.5
	46.05
	37.38
	1.67
	1.53
	1.84
	1.59


	Sources
	Root  volume  (cc)
	Nitrate Reductase (µM of NO2 g-1hr-1)

	
	SEd
	CD (P=0.05)
	SEd
	CD (P=0.05)

	Genotypes (G)
	0.042
	0.082
	0.08
	0.16

	HCO3 (B)
	0.009
	0.018
	0.02
	0.04

	Iron (Fe)
	0.009
	0.018
	0.02
	0.04

	G xB
	0.059
	0.116
	NS
	NS

	B x*Fe
	0.013
	0.026
	0.03
	0.05

	G x*Fe
	0.059
	0.116
	0.11
	0.22

	GxBxFe
	0.083
	0.164
	NS
	NS



	
	
	

	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	


	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	

	
	
	
	
	


 
	GENOTYPES
	Active Iron
	SPAD index


	
	With Carbonate
	Without Carbonate
	With Carbonate
	Without Carbonate

	
	+Fe
	-Fe
	+Fe
	-Fe
	+Fe
	-Fe
	+Fe
	-Fe

	CO 1
	27.8
	23.7
	32.0
	25.0
	36.1
	34.4
	37.9
	35.7

	CO 2
	29.6
	24.0
	33.8
	26.7
	30.6
	24.0
	33.8
	26.7

	CO 4
	29.0
	22.6
	32.0
	25.0
	30.8
	26.4
	32.0
	28.0

	CO 6
	31.0
	27.0
	35.2
	28.2
	34.0
	27.0
	35.2
	28.9

	CO 7
	26.7
	22.3
	28.5
	24.0
	27.3
	22.3
	28.5
	24.0

	ALR 1
	33.4
	31.5
	37.6
	30.4
	36.4
	31.5
	37.6
	30.4

	ALR 2
	23.6
	18.9
	25.2
	18.1
	32.5
	32.2
	35.9
	32.8

	ALR 3
	28.6
	23.6
	32.8
	25.8
	26.3
	22.1
	32.8
	25.8

	VRI 2
	23.1
	21.1
	27.3
	20.3
	24.5
	19.7
	27.3
	20.3

	VRI 5
	30.1
	28.0
	34.4
	27.3
	30.2
	28.0
	34.4
	27.3

	VRI 6
	32.3
	35.2
	36.7
	31.6
	27.9
	24.9
	31.7
	25.5

	VRI 7
	32.4
	28.7
	35.3
	28.2
	33.9
	29.1
	35.3
	30.0

	VRI 8
	38.4
	29.3
	42.1
	29.9
	38.2
	36.5
	42.1
	38.0

	TMV 1
	26.8
	24.2
	29.6
	23.8
	28.8
	32.2
	35.7
	34.1

	TMV 2
	34.8
	26.3
	38.4
	30.7
	34.5
	31.2
	38.4
	33.6

	TMV 7
	26.5
	25.0
	30.1
	24.4
	26.5
	24.0
	30.1
	24.4

	TMV 13
	15.9
	13.3
	20.4
	13.0
	17.9
	13.3
	20.4
	13.0

	AVK 2015-3
	17.3
	14.9
	21.6
	14.9
	18.3
	14.9
	21.6
	14.9

	ALG 320
	29.4
	27.2
	33.6
	26.4
	30.4
	26.3
	33.6
	26.4

	AMABC 2017-8
	21.0
	18.6
	25.2
	18.0
	19.4
	18.6
	25.2
	18.0

	INS - 2016 -10
	25.8
	22.1
	29.9
	22.7
	24.6
	22.1
	29.9
	22.7

	AMABC 2017-2
	29.1
	26.8
	33.4
	26.3
	28.4
	26.8
	33.4
	26.3

	AMABC 2017-1
	38.5
	23.7
	42.7
	30.5
	28.4
	23.7
	32.2
	26.0

	GPBD - 4
	21.5
	19.3
	25.7
	18.5
	22.2
	19.3
	25.7
	18.5

	TAG 24
	38.7
	34.7
	42.6
	35.5
	40.7
	34.7
	42.6
	35.5

	JL 24
	24.9
	19.6
	27.1
	19.9
	28.8
	24.0
	32.9
	27.1

	ICGV 07772
	20.3
	18.1
	24.4
	16.7
	20.3
	15.9
	24.4
	16.7

	NARAYANI
	21.0
	18.7
	25.3
	18.2
	22.0
	18.7
	25.3
	18.2

	ABHAYA
	33.4
	27.0
	37.7
	29.9
	32.4
	27.0
	37.7
	29.9

	DHARANI
	38.0
	32.0
	42.5
	35.1
	41.0
	35.8
	42.5
	35.1

	VRI- 13110
	19.0
	15.2
	23.2
	14.8
	31.2
	27.6
	34.7
	27.5

	VRI- 16083
	33.9
	30.3
	37.1
	30.0
	35.9
	30.3
	37.1
	30.0

	VRI- 13149
	24.2
	21.8
	28.5
	21.6
	27.2
	21.8
	31.3
	27.1

	VRI- 16075
	40.8
	28.6
	45.0
	29.8
	22.9
	22.8
	29.9
	22.2

	VRI- 13154
	22.4
	18.8
	28.0
	19.0
	24.4
	18.8
	28.0
	19.0

	VRI- 16084
	27.3
	24.2
	32.3
	23.0
	30.3
	24.2
	32.3
	23.0

	VRI- 13159
	35.0
	30.8
	39.8
	32.6
	38.0
	35.8
	39.8
	32.6

	VRI- 13153
	27.0
	20.9
	31.6
	24.3
	28.0
	20.9
	31.6
	24.3

	VRI- 13113
	31.6
	29.9
	36.3
	29.8
	34.6
	29.9
	36.3
	29.8

	VRI- 16086
	39.8
	35.7
	44.8
	35.1
	39.0
	33.8
	41.3
	35.1

	MEAN
	28.7
	24.6
	32.7
	25.1
	29.6
	25.81
	32.96
	26.61

	
	
	
	
	
	
	
	
	

	Sources
	SEd
	CD (p=0.05)
	SEd
	CD (p=0.05)

	Genotypes (G)
	0.41
	0.81
	0.49
	0.97

	HCO3 (B)
	0.09
	0.18
	0.11
	0.22

	Iron (Fe)
	0.09
	0.18
	0.11
	0.22

	G*B
	0.58
	1.15
	0.70
	1.38

	B*Fe
	0.13
	0.26
	0.16
	0.31

	G*Fe
	0.58
	1.15
	0.70
	1.38

	G*B*Fe
	0.82
	1.63
	0.99
	1.95


Table.5. Ranking of genotypes based on Fe tolerance indexes in a cluster analysis (Ward’s minimum variance analysis). All the data  presented in relative values (percentage) calculated per plant.
	GENOTYPES
	Sht Wt
	Root Wt
	Root Vol
	NRASE
	CAT
	POD
	Act Fe
	SPAD
	Mean
	cum avg
	cluster grouping
	Gen ranking

	CO 4
	85.2
	94.1
	97.1
	97.4
	96.7
	82.4
	90.6
	96.3
	92.5
	91.26
	1
	3

	ALR 1
	90.9
	87.5
	100
	92.9
	90.3
	86.6
	88.8
	96.8
	91.7
	
	
	

	CO 1
	92.5
	84.2
	94.1
	93.6
	92.6
	86.7
	86.9
	95.3
	90.7
	
	
	

	VRI- 16083
	71.0
	91.9
	95.5
	92.8
	90.9
	90.9
	91.4
	96.8
	90.1
	
	
	

	AMABC 2017-1
	88.9
	81.8
	92.6
	88.4
	85.0
	79.6
	90.2
	88.2
	86.8
	84.59


	2
	4

	VRI 6
	84.4
	81.8
	91.7
	88.4
	92.0
	76.7
	88.0
	88.0
	86.4
	
	
	

	ABHAYA
	83.1
	71.7
	85.7
	87.1
	89.8
	83.7
	88.6
	85.9
	84.5
	
	
	

	VRI 2
	85.3
	75.7
	86.7
	87.7
	87.4
	77.2
	84.6
	89.7
	84.3
	
	
	

	GPBD - 4
	85.7
	78.3
	88.2
	88.5
	81.8
	79.0
	83.7
	86.4
	84.0
	
	
	

	CO 2
	77.8
	73.9
	88.9
	83.6
	91.8
	74.2
	87.6
	90.5
	83.5
	
	
	

	ALR 3
	88.2
	73.1
	85.7
	90.3
	81.5
	75.5
	87.2
	80.2
	82.7
	
	
	

	VRI 8
	90.9
	91.7
	90.3
	100.0
	97.0
	92.7
	91.2
	90.7
	93.1
	92.36
	3
	2

	TMV 2
	96.3
	92.9
	93.8
	97.6
	92.4
	91.2
	90.6
	89.8
	93.1
	
	
	

	ALR 2
	94.4
	88.9
	83.3
	97.1
	100
	92.8
	93.7
	90.5
	92.6
	
	
	

	CO 6
	92.2
	94.4
	87.2
	100.0
	95.3
	85.5
	88.1
	96.6
	92.4
	
	
	

	DHARANI
	93.8
	85.7
	85.3
	93.4
	97.3
	96.5
	89.4
	96.5
	92.2
	
	
	

	VRI- 13159
	92.9
	93.9
	84.6
	96.2
	94.5
	90.4
	87.9
	95.5
	92.0
	
	
	

	VRI 7
	90.9
	89.5
	84.6
	90.7
	92.7
	93.2
	91.8
	96.0
	91.2
	
	
	

	TAG 24
	107
	90.9
	92.3
	93.6
	93.9
	92.7
	90.9
	95.5
	94.6
	92.70
	4
	1

	CO 7
	92.9
	96.2
	94.4
	94.9
	91.9
	92.1
	93.7
	95.8
	94.0
	
	
	

	VRI- 13113
	93.8
	100
	96.2
	91.9
	91.7
	93.3
	87.1
	95.3
	93.6
	
	
	

	VRI- 16086
	93.3
	93.5
	95.5
	92.5
	90.4
	95.7
	88.8
	94.4
	93.0
	
	
	

	VRI- 13149
	98.8
	91.7
	94.1
	91.6
	91.8
	94.2
	84.9
	86.9
	91.8
	
	
	

	JL 24
	93.2
	90.2
	90.9
	91.9
	95.2
	90.6
	91.9
	87.5
	91.4
	
	
	

	TMV 1
	90.7
	91.4
	93.3
	91.6
	93.7
	92.1
	90.5
	80.7
	90.5
	
	
	

	VRI- 16084
	100
	83.3
	78.6
	88.0
	87.3
	82.4
	84.5
	93.8
	87.2
	84.36
	5
	6

	VRI- 13110
	87.7
	82.1
	78.6
	88.7
	86.4
	80.4
	81.9
	89.9
	84.5
	
	
	

	VRI- 13153
	82.1
	81.3
	77.8
	87.2
	85.3
	85.3
	85.4
	88.6
	84.1
	
	
	

	TMV 7
	82.9
	84.2
	81.3
	93.3
	86.0
	66.1
	88.0
	88.0
	83.7
	
	
	

	AMABC 2017-2
	87.2
	87.5
	84.6
	86.8
	75.3
	73.9
	87.1
	85.0
	83.4
	
	
	

	VRI 5
	87.3
	79.0
	78.6
	83.8
	86.4
	75.4
	87.5
	87.8
	83.2
	
	
	

	TMV 13
	54.6
	84.6
	90.0
	87.2
	90.0
	78.7
	77.9
	87.8
	81.3
	80.51
	6
	7

	AMABC 2017-8
	62.8
	84.6
	88.9
	84.4
	88.8
	76.4
	83.3
	77.0
	80.8
	
	
	

	VRI- 16075
	55.6
	81.5
	88.9
	86.1
	84.8
	81.5
	90.7
	76.6
	80.7
	
	
	

	VRI- 13154
	53.9
	81.3
	87.5
	86.7
	81.8
	75.8
	80.0
	87.1
	79.3
	
	
	

	ALG 320
	75.7
	86.2
	88.9
	85.7
	87.9
	77.7
	87.5
	90.5
	85.0
	84.51
	7
	5

	AVK 2015-3
	79.1
	87.1
	90.0
	83.8
	87.8
	76.7
	80.1
	84.7
	83.7
	
	
	

	INS - 2016 -10
	83.3
	88.5
	85.7
	80.6
	91.5
	80.8
	86.3
	82.3
	84.9
	
	
	

	ICGV 07772
	82.4
	83.9
	89.5
	87.3
	87.0
	81.3
	83.2
	83.2
	84.7
	
	
	

	NARAYANI
	78.7
	84.6
	87.5
	89.9
	86.5
	77.4
	83.0
	87.0
	84.3
	
	
	


(Sht wt – Shoot weight; Root wt -  Root weight, Root vol -  Root volume, CAT – Catalase; POD – Peroxidase, ACT FE – Active iron; SPAD -  Soil Plant Analysis Development (SPAD) chlorophyll meter; cum avg – cumulative average; gen ranking – genotype ranking
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Figure.1. Multivariate analysis using Fe tolerance indexes in morphological and physiological parameters using Ward’s minimum variance cluster analysis 
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