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atmospheric nitrogen, thereby, reducing the cost of

cultivation and avoiding the environmental pollution.

The nitrogen fixation process in peanut (Arachis
hypogaea L.) is essential for providing nitrogen (N) for

the crop throughout the season, as it delivers about

50-80% of the total N required by the plant (Boddey et

al. 1990). The rates of N fixation for peanut range from

100 to 190 kg per ha (Boddey et al. 1990), and are

quite comparable to other N fixing crops such as

soybean [(Glycine max (L.) Merr., 85-155 kg N/ha)];

chickpea [(Cicer arietinum L.), 103 kg N/ha)]; and

pigeon pea [(Cajanus cajan (L.) Mills., 168-280 kg N/

ha)] (Elkan 1995). Like any other legumes, peanut

respond to water stress by reducing nodulation and

symbiotic nitrogen fixation (SNF). Hence, it is argued

that cultivars with yield under water stress conditions

should have high nitrogen fixing ability as SNF is an

important nitrogen source for growth and development

of legumes (Serraj et al. 1999; Pimratch et al. 2008).

Improvement in nitrogen fixing ability of peanut

can improve yield as well as soil fertility. But the

symbiotic N2 fixation is affected by water stress or

drought stress. Drought reduces rhizobial colonization

thus inhibiting the nodule development and function

(Arrese-Igor et al. 2011; Mohammadi et al. 2012).

Reduction in SNF under drought may be due to

reduction in photosynthetic activity thereby reducing

availability of carbohydrates (Arrese-Igor et al. 1999).

Reduction in SNF may also be due to non-availability

of water molecules for transport of N-compounds,

excess nitrogenous compounds in nodules (Marino et

al. 2007). Studies of Pankhurst and Sprent (1975) have

established a direct association between reduced water

potential and SNF and later studies of Djekoun and
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Introduction

Peanut is an oilseed leguminous crop rich in oil, protein,

carbohydrates and other micronutrients. In semi-arid

tropical regions peanut is mainly grown under rainfed

conditions where it is exposed to unfavourable

conditions such as water stress along with minimum

inputs (FAOLWB 2005; Wunna et al. 2009) causing

yield reduction. Hence, development of water stress

tolerant peanut genotypes is a major objective of peanut

breeding programs. Drought stress from peg initiation

to pod filling can greatly reduce the pod yield (Chuni

Lal et al. 2019; Songsri et al. 2008). Peanut can

symbiotically associate with Rhizobium and can fix
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Planchon(1991) have proved that SNF is more sensitive

to water stress than photosynthesis. Durand et al.

(1987) have established that water stress influences

nitrogenase linked respiration thereby reducing nodule

activity and causing 26% reduction in N supply

(Sellstedt et al. 1993). Decrease in soil moisture affects

root hair development which in-turn retard nodule

growth and N2 fixation (Ramos et al. 2003), hence

maintaining high SNF under drought could contribute

towards enhanced yield under water limited conditions

(Pimratch et al. 2008). Under drought stress, soluble

sugars increases and decreases solute potential in

nodule cells. Factors affecting SNF under drought

stress are carbon metabolism, nodule permeability to

oxygen and nitrogen feedback and common factor

which links these three factors is phloem flow

sensitivity to water flow (Serraj et al. 1999). Genotypic

differences in nodulation among peanut genotypes,

has been observed under drought stress by Pimratch

et al. (2008).

Seasonal variations observed among genotypes

are due to genotypic differences and genotype by

environment interaction (GEI) effect which makes

targeted selection of genotypes difficult (Chuni Lal et

al. 2019; Ajay et al. 2020). Selection of genotype in

presence of GEI could be accomplished by employing

stability models such as AMMI and GGE biplot

analyses which are most commonly used models.

Sources of variations and extent of contribution of

genotype (G) and GEI towards variations in nodulation

related characters under drought stress conditions has

not been studied. Hence, the objective of the present

study was to study genotype × environment interaction

on nodulation under mid-season water stress in peanut.

Materials and methods

Experiment was conducted at ICAR-Directorate of

Groundnut Research, Junagadh (lat 21°31’N, long

70°36’E, 60 m amsl), India during 2012 and 2013

summer seasons (February to May), in a medium black

calcareous (17% CaCO3) clayey, Vertic Ustochrept

soil having 7.5 pH, 0.7% organic carbon, moderate

phosphorus availability (15 kg ha
-1

 P), 268 kg ha
-1

Nitrogen, 300-400 kg ha
-1 

potash, 5 kg ha
-1

 available

S and 1.6, 15 and 0.78 kg ha
-1

 DTPA extractable Fe,

Mn, and Zn, respectively. A total of 14 genotypes

consisting of 10 advanced breeding lines and four

check cultivars (Jun-27, GG-2, Girnar-3 and TG-37A)

were evaluated using split-plot design having

treatments in main plot and genotypes in subplots.

Treatments involved mid-season water stress (WS)

treatment imposed during flowering to pod

development stage and the other without water stress

(WWS). All the management practices recommended

for the region were followed.

The crop was sown on 3
rd

 and 4
th

 February in

the year 2012 and 2013, respectively, and harvested

at maturity during first fortnight of June. Fertilizers

were applied as recommended (40-50-50 kg ha
-1

 of

N–P2O5–K2O). Weeds were controlled manually three

times in both the treatments.Irrigation was provided

at regular intervals in WWS, while mid-season drought

stress conditions were mimicked under WS plots by

with-holding the irrigation from 40
th 

day after sowing

(DAS) to 75
th

 DAS (pod formation stage). Status of

soil moisture and temperature in the WS and WWS

plots was recorded at pod formation stage. Soil

moisture content was recorded regularly at 8 am, 12

pm and 4 pm at 0-5 and 5-10 cm soil depths on

alternate days and also before and after irrigation.

Observations were recorded on active number of

nodules (ANN), nodule numbers (NN), fresh nodule

weight (FNW) and dry nodule weight (DNW) at 60 and

80 DAS. Crop was harvested at maturity and pod yield

(PY ha
-1

) and haulm yield (HY ha
-1

) were recorded.

Statistical analysis

AMMI model was applied for nodulation related

characters using package ‘agricolae’ (de Mendiburu

2017) in R (R core team 2018). The Modified AMMI

stability Index (MASI) was calculated as described

by Ajay et al. (2018a) in R (R core team, 2018) using

the package ‘ammistability’ (Ajay et al. 2018b, 2019)

2 2

1

r
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n n

n

MASI PC x

=

= θ∑

Where, PCn: scores of n
th

 IPC; and θn:

percentage sum of squares explained by the nth

principal component interaction effect. Smaller MASI

scores indicate a more stable genotype across

environments. Simultaneous selection index for yield

and stability (SSI) was calculated as suggested by

Farshadfar et al. (2011) to select stable and high

yielding genotypes. SSI incorporates both mean pod

yield and stability in a single criterion. Low value of

this parameter shows desirable genotypes with high

pod yield and stability. Finally, total genotype selection

index (TGSI) was worked out for each genotype as a

sum of SSIs for all four nodule related traits i.e., ANN,

NN, FNW and DNW at 60 and 80 DAS, pod yield and

haulm yield. GGE-biplot analysis was performed using
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package ‘GGEBiplotGUI (Bernal and Villardon 2016)

in R (R core team 2018).

AMMI biplot for primary interaction component

(PC 1) and main effect of ANN, NN, FNW and DNW,

and GGE biplot for primary interaction component (PC

1) and main effect of ANN, NN,  FNW and DNW in

peanut genotypes under different environments at 60

and 80 DAS were computed and given in Figs. 1 to 4.

The genotypes designated are, 1 = Jun-27, 2 = PBS-

11058, 3 = PBS-11077, 4 = PBS-11084, 5 = PBS-

14060, 6 = PBS-14064, 9 = PBS-16023, 10 = PBS-

16031, 11 = PBS-16040, 12 = PBS-16041, 13 = PBS-

30055, 14 = GG-2, 15 = GIRNAR 3, 16 = TG 37 A,

and the conditions described as 2012-1 = WWS during

2012; 2012-2 = WS during 2012; 2013-1 = WWS during

2013  and  2013-2 = WS  during  2013  were

considered.

Results

Active number of Nodules (ANN)

AMMI model analysis of variance (ANOVA) for active

number of nodules at 60 days after sowing (ANN60)

and 80 days after sowing (ANN80) had all three sources

of variation namely, environment (E), genotype (G)

and interaction of GE highly significant. For ANN60,

sum of squares for environment main effect

represented 50.9% of the total ANN60 variation. The

differences between genotypes explained 20.72%,

while the effects of GE interaction explained 26.24%

of the total ANN60 variation (Table 1). Values for two

interaction principal component axis (IPCA) were also

highly significant and jointly accounted for 97.95% of

the GEI effect it had on ANN60. The IPCA 1 accounted

for 72.55% of the variation caused by interaction, while

IPCA 2 accounted for 25.4%. For ANN80, sum of

squares for environment main effect represented

40.4% of the total variation; genotypic differences

explained 36%, while the effects of GE interaction

explained 20% of the total ANN80 variation (Table 1).

Values for the first IPCAs were highly significant and

jointly accounted for 97.55% of the GEI effect it had

on the variation of ANN80. The IPCA 1 accounted for

87.8% of the variation caused by interaction, while

Table 1. Genotype-by-environment interaction (GEI) for nodule traits and pod yield in peanut genotypes using additive

main effects and multiplicative interaction model

source d.f ANN60 ANN80 NN60 NN80

m. s. ve% m. s. ve% m. s. ve% m. s. ve%

Rep 4 5.06 0.2 10.7300 0.33 8.73 0.19 22.00 0.07

Environment (E) 3 1723.32** 50.94 1766.49** 40.4 2532.21** 41.6 15782.60** 40.04

Genotype (G) 13 161.76** 20.72 363.26** 36 323.23** 23.01 2925.20** 32.16

GEI 39 68.29** 26.24 67.25** 20 141.85** 30.29 732.60** 24.16

IPCA 1 15 128.82** 72.55 153.54** 87.8 174.37** 47.28 1304.45** 68.48

IPCA 2 13 52.04** 25.4 19.68* 9.75 155.88** 36.63 485.59** 22.09

IPCA 3 11 4.94
ns

2.04 5.81
ns

2.43 80.91** 16.09 244.86** 9.43

Residuals 52 3.72 1.9 8.27 3.27 17.23 4.91 81.00 3.56

Source d.f FNW60 FNW80 DNW60 DNW80

m. s. ve% m. s. ve% m. s. ve% m. s. ve%

Rep 4 0.000 0.18 0.00 0.1 0.0000 0.82 0.000 0.22

Environment (E) 3 0.022** 29.9 0.17** 36.55 0.00096** 10.5 0.028** 36.69

Genotype (G) 13 0.008** 43.77 0.05** 41.91 0.00121** 57.28 0.008** 45.56

GEI 39 0.001** 24.42 0.01** 20.07 0.00015** 21.24 0.001** 15.76

IPCA 1 15 0.003** 73.01 0.01** 63.53 0.00023** 58.48 0.001** 55.52

IPCA 2 13 0.001** 23.84 0.01** 7.86 0.00017** 37.48 0.001** 30.12

IPCA 3 11 0.000* 3.14 0.00** 2.45 0.00002
ns

4.04 0.000** 14.36

Residuals 52 0.000 1.72 0.00 1.36 0.0000 10.15 0.000 1.78

ANN60: Active nodule number @60DAS; ANN80: Active nodule number @80DAS; DNW60: Dry nodule weight@60DAS; DNW80: Dry
Nodule weight @ 80DAS; FNW60: Fresh nodule weight@60DAS; FNW80: Fresh Nodule weight@80DAS; NN60: Nodule number@60DAS;
NN80: Nodule number @80DAS; PY: Pod yield (Kg/ha); HY: Haulm yield (Kg/ha); HI: Harvest Index; RWC: Relative water content; *:
significant @ P<0.05; **: significant @ P<0.01



280 Chuni Lal et al. [Vol. 81, No. 2

IPCA 2 accounted for 9.75%.

To visualise the performance of genotypes under

with and without water stress conditions over

consecutive years biplots were used. AMMI-1 biplot

was used to interpret the results of AMMI model of

ANN60 and ANN80 and are presented in Fig. 1a and

1c. The AMMI-1 graph is plotted with main effect and

IPCA1 for both genotypes and environments. Greater

the IPCA1 scores, either negative or positive, indicated

the specific adaptation of a genotype to certain

environments. Closer the IPCA1 scores to zero, the

more stable the genotype among the environments

under study. Genotypes Jun27, PBS14064 and GG2

exhibited high active nodules at 60DAS (Fig. 1a) and

80DAS (Fig. 1c) with high main (additive) effects

showing positive PC1 score. Genotypes PBS11084,

PBS16023 and Girnar3 experienced less

environmental interactions.

GGE-biplots explaining general genotypic

adaptation or stability across genotypes for ANN60

and ANN80 are presented in Fig 3a and Fig 3c. For

ANN60, genotype Jun27 had high ANN60 followed by

PBS14064 but they were very unstable. Genotypes

GG2 and TG37A had high ANN60 and were also stable

across different environments. For ANN80, genotype

Jun27 was superior followed by GG2 and genotype

PBS11077 had the least. Genotypes PBS14060 and

PBS14064 had high ANN80 and were also stable.

Modified AMMI stability index (MASI) revealed

variation in stability of ANN60 and ANN80 among

genotypes. For ANN60 lines PBS16023 and PBS11084

were highly stable and genotypes PBS11077 and

PBS14064 were least stable (Table 2). For ANN80

genotypes PBS11084 and PBS30055 were highly

stable and genotypes Jun27 and GG2 were least stable

Genotype PBS16023 with high rank mean (RM) for

ANN60 (6) and MASI rank of ‘1’ is the line with best

genotype selection Index (GSI) (7) followed by genotype

Jun27 with GSI of 8. Genotype PBS11084 with high

rank mean (RM) for ANN80 (6) and MASI rank of ‘1’ is

the line with best genotype selection Index (7) followed

by PBS14060 with GSI of 8.

Number of Nodules (NN)

AMMI model ANOVA for number of nodules at 60 days

after sowing (NN60) and 80 days after sowing (NN80)

had highly significant variation for E, G and GEI. For

NN60, environmental sum of squares represented

41.6% of the total NN60 variation; genotypic differences

explained 23%, while the effects of GE interaction

explained 30.29% of the total NN60 variation (Table

1). Values for the three principal components were

highly significant and accounted jointly for 100% of

the GEI effect on NN60. The IPCA 1 accounted for

47.28% of the variation caused by interaction, while

IPCA 2 and IPCA 3 accounted for 36.63 and 16.09%

respectively. For NN80, environmental sum of squares

B

C D

Fig. 1. AMMI biplot for primary interaction component (PC 1) and main effect of ANN and NN at 60 and 80 DAS in

peanut genotypes under different environments. a) ANN@60DAS (ANN60), b) NN @60DAS (NN60), c)

ANN@80DAS (ANN80) and d) NN @80DAS (NN80)

A
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represented 40.04% of the total NN80 variation;

differences between genotypes explained 32.16% of

the total NN80 variation, while GE interaction effects

explained 24.16% (Table 1). Values for the three IPCAs

were also highly significant and accounted jointly for

100% of the GEI effect on NN80. The IPCA 1

accounted for 68.48% of the variation caused by

interaction, while IPCA 2 and IPCA 3 accounted for

22.09 and 9.43% respectively. AMMI-1 biplot of NN60

and NN80 which can be used to explain the stability

of a genotype are presented in Fig. 1b and 1d.

Genotype Jun27 and PBS14060 had high nodules at

60 DAS whereas PBS16031 had low nodules for both

NN60 and NN80. Genotypes PBS16040 and

PBS16031, respectively for NN60 and NN80 were very

stable and experienced very low environmental effect.

Table 2. Rank of trait means (RM), rank of Modified AMMI Stability Index (RA), genotype selection Index (SSI) and Total

genotype Selection Index (TGSI) for Nodule traits and Pod yield in Peanut

Genotype ANN60 ANN80 NN60 NN80

RM RA SSI RM RA SSI RM RA SSI RM RA SSI

Jun-27 1 7 8 1 13 14 1 12 13 1 14 15

PBS-11058 8 12 20 12 10 22 9.5 3 12.5 8 9 17

PBS-11077 11 13 24 14 12 26 7.5 13 20.5 13 5 18

PBS-11084 8 2 10 6 1 7 11 1 12 9 7 16

PBS-14060 4 6 10 2 6 8 3 8 11 2 12 14

PBS-14064 2 14 16 3 7 10 2 14 16 3 8 11

PBS-16023 6 1 7 7 3 10 12 5 17 6 3 9

PBS-16031 14 11 25 11 8 19 14 7 21 14 11 25

PBS-16040 8 8 16 8 4 12 7.5 2 9.5 12 13 25

PBS-16041 13 4 17 13 11 24 13 6 19 11 1 12

PBS-30055 12 5 17 9 2 11 5 9 14 10 6 16

GG-2 3 10 13 4 14 18 6 4 10 5 4 9

GIRNAR 3 10 3 13 10 9 19 9.5 10 19.5 4 10 14

TG 37 A 5 9 14 5 5 10 4 11 15 7 2 9

Genotype FNW60 FNW80 DNW60 DNW80 TGSI

RM RA SSI RM RA SSI RM RA SSI RM RA SSI

Jun-27 1 14 15 1 14 15 1 14 15 1 14 15 110.0

PBS-11058 8 5 13 9 3 12 9 9 18 4 3 7 121.5

PBS-11077 10 12 22 14 12 26 8 10 18 14 12 26 180.5

PBS-11084 11 8 19 10 7 17 10 4 14 6 9 15 110.0

PBS-14060 3 4 7 2 13 15 2 13 15 3 7 10 90.0

PBS-14064 2 13 15 3 8 11 3 11 14 2 10 12 105.0

PBS-16023 7 1 8 5 11 16 6 3 9 9 13 22 98.0

PBS-16031 14 11 25 12 9 21 13 1 14 13 8 21 171.0

PBS-16040 6 6 12 7 6 13 5 6 11 10 6 16 114.5

PBS-16041 13 9 22 13 10 23 14 5 19 12 11 23 159.0

PBS-30055 9 3 12 11 5 16 11 2 13 11 2 13 112.0

GG-2 5 2 7 4 4 8 7 7 14 7 5 12 91.0

GIRNAR 3 12 10 22 6 1 7 12 8 20 5 1 6 120.5

TG 37 A 4 7 11 8 2 10 4 12 16 8 4 12 97.0

Description of trait names could be obtained from Table 1
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GGE-biplots explaining general genotypic

adaptation or stability across genotypes for NN60 and

NN80 are presented in Fig. 3b and Fig. 3d. For NN60,

genotype Jun27 was superior followed by PBS14064

but they were very unstable. Genotypes PBS14060

had high NN60 and were also stable across different

environments. For NN80, genotype Jun27 was superior

and genotype PBS16031 had the least value.

Genotypes PBS14060 had high NN80 and were also

stable.

Variation in NN60 stability among genotypes as

revealed by MASI identified lines PBS11084 and

PBS16040 as highly stable and genotypes PBS14064

and PBS11077 as least stable (Table 2). Genotype

PBS16040 with high RM for NN60 (7.5) and MASI

Table 3. Nitrogen fixation related traits at 60 and 80 DAS and pod yield of 14 peanut genotypes under different water

regimes

Genotype ANN60 ANN80 NN60 NN80 FNW60

WWS WS WWS WS WWS WS WWS WS WWS WS

Jun27 21.75 16.75 26.50 18.25 42.50 29.00 101.75 56.25 0.133 0.128

PBS-11058 9.50 5.25 7.00 2.25 17.00 14.75 56.25 16.25 0.030 0.032

PBS-11077 8.50 5.75 2.75 1.25 25.00 11.25 20.00 10.25 0.033 0.019

PBS-11084 6.25 8.50 12.50 9.00 14.25 16.00 36.25 30.25 0.020 0.021

PBS-14060 15.00 9.50 21.75 18.00 29.50 21.50 80.00 53.00 0.077 0.047

PBS-14064 9.00 25.25 20.75 17.50 18.75 33.00 49.75 64.25 0.048 0.092

PBS-16023 8.25 10.00 13.25 7.00 13.50 16.25 61.75 17.75 0.020 0.043

PBS-16031 3.25 3.00 4.00 5.50 13.50 9.75 14.00 8.25 0.016 0.016

PBS-16040 8.00 6.75 9.25 9.25 17.50 18.75 24.75 23.00 0.033 0.040

PBS-16041 3.50 8.00 2.25 6.00 9.00 18.75 39.00 16.25 0.018 0.016

PBS-30055 6.50 6.50 9.50 6.25 25.75 19.50 35.50 26.25 0.030 0.026

GG-2 11.25 13.75 20.75 16.50 18.50 19.50 51.75 30.25 0.037 0.042

GIRNAR-3 4.25 10.25 7.00 7.75 10.50 21.25 66.25 43.75 0.014 0.023

TG-37A 9.25 14.25 17.00 14.75 14.50 31.00 39.00 34.75 0.030 0.082

Genotype FNW80 DNW60 DNW80 PY HY

WWS WS WWS WS WWS WS WWS WS WWS WS

Jun27 0.304 0.234 0.060 0.048 0.137 0.115 3537 1216 23.25 21.80

PBS-11058 0.140 0.056 0.010 0.012 0.082 0.036 3307 1280 32.20 23.45

PBS-11077 0.029 0.017 0.016 0.008 0.015 0.012 3854 1844 27.30 16.90

PBS-11084 0.087 0.087 0.007 0.015 0.051 0.053 2283 600 32.35 22.05

PBS-14060 0.307 0.152 0.036 0.015 0.106 0.074 3174 852 27.05 23.35

PBS-14064 0.252 0.173 0.020 0.031 0.100 0.097 2637 814 33.80 27.00

PBS-16023 0.188 0.058 0.009 0.016 0.071 0.025 2861 1172 39.15 31.45

PBS-16031 0.041 0.016 0.005 0.010 0.023 0.017 2129 477 27.45 18.80

PBS-16040 0.149 0.066 0.021 0.015 0.060 0.032 2855 1144 27.05 21.80

PBS-16041 0.032 0.028 0.006 0.007 0.018 0.023 3409 1573 26.05 20.85

PBS-30055 0.077 0.046 0.010 0.011 0.043 0.022 4413 1758 35.35 18.80

GG-2 0.149 0.104 0.008 0.016 0.051 0.049 3261 1191 30.10 17.00

GIRNAR-3 0.117 0.117 0.009 0.012 0.052 0.056 3199 1445 36.35 24.65

TG-37A 0.110 0.101 0.013 0.031 0.050 0.049 4377 1678 29.70 16.40

Description of trait names could be obtained from Table 1
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rank of ‘2’ is the line with best genotype selection

Index (9.5) followed by genotype GG2 with GSI of 10.

Variation in NN80 stability among genotypes as

revealed by MASI identified lines PBS16041 and

TG37A as highly stable and genotypes PBS16040 and

Jun27 as least stable (Table 2). Genotype PBS16023,

GG2 and TG37A were the best lines with GSI of 9

each, respectively.

Fresh Nodule weight (FNW)

AMMI model ANOVA for fresh nodule weight at 60

days after sowing (FNW60) and 80 days after sowing

(FNW80) had highly significant variation for E, G and

GEI. For FNW60, sum of squares for environment main

effect explained 29.9% of the total FNW60

variation,genotypic differences explained 43.8%, while

GE interaction effects explained 24.4% (Table 1).

Values for the three principal components were also

highly significant and accounted jointly for 100% of

the GEI effect it had on the variation of FNW60. The

IPCA 1 accounted for 73.01% of the variation caused

by interaction, while IPCA 2 and IPCA 3 accounted

for 23.84 and 3.14% respectively. For FNW80,

environmental main sum of squares effect represented

36.55% of the total FNW80 variation. The differences

between genotypes explained 41.91% of the total

FNW80 variation, while the effects of GE interaction

explained 20.07% (Table 1). Values for the three

principal components were also highly significant and

accounted jointly for 100% of the GEI effect it had on

the variation of FNW80. The IPCA 1 accounted for

63.53% of the variation caused by interaction, while

Fig. 2. AMMI biplot for primary interaction component (PC 1) and main effect of FNW and DNW at 60 and 80 DAS in

peanut genotypes under different environments a) FNW @60DAS (FNW60), b) DNW @60DAS (DNW60), c)

FNW @80DAS (FNW80) and d) DNW @80DAS (DNW80)

IPCA 2 and IPCA 3 accounted for 7.86 and 2.45%,

respectively.

AMMI-1 biplot explaining stability of genotypes

for FNW60 and FNW80 are presented in Figs. 2a and

2c. FNW60 was high in genotype Jun27, PBS14064

and PBS14060, whereas PBS16031 and PBS16041

had low FNW60 and FNW80. Genotypes, TG37A and

Girnar3 were highly stable for FNW60 and FNW80,

respectively and experienced very low environmental

influence.

GGE-biplots explaining general genotypic

adaptation or stability across genotypes for FNW60

and FNW80 are presented in Fig. 4a and Fig. 4c. For

FNW60, genotype Jun-27 had high fresh nodule weight

at 60 DAS followed by PBS-14064 but they were very

unstable. Genotype, GG-2 had large fresh nodule

weight and was also stable across different

environments. For FNW80, genotype Jun-27 had large

nodule fresh weight at 80 DAS and genotype PBS-

16041 had the least. Genotype, Girnar-3 had stable

fresh nodule weight over different environments but

had low nodule weight compared to Jun-27.

Variation in FNW60 stability among genotypes

as revealed by MASI identified lines PBS-16023 and

PBS-30055 as highly stable and genotypes PBS-

14064 and Jun-27 as least stable (Table 2). Genotype

PBS-14060 and PBS-30055 with high mean FNW60

and high MASI rank are the line with best genotype

selection Index (7) followed by genotype PBS-16023

with GSI of 8. Variation in FNW80 stability among

A

C D

B
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genotypes as revealed by MASI identified lines Girnar-

3 and TG-37A as highly stable and genotypes PBS-

14060 and Jun-27 as least stable (Table 2).

Dry Nodule weight (DNW)

AMMI model ANOVA for dry nodule weight at 60

(DNW60) and 80 (DNW80) days after sowing had highly

significant variation for E, G and GEI. For DNW60,

sum of squares for E, G and GEI 10.5%, 57.28% and

21.24% respectively (Table 1). Values for the three

interaction principal components were also highly

significant and accounted jointly for 100% of the GEI

effect it had on the variation of DNW60. IPCA 1

accounted for 58.48% of the variation caused by

interaction, while IPCA 2 and IPCA 3 accounted for

37.48 and 4.04% respectively. For DNW80, sum of

squares for E, G and GEI represented 36.69%, 45.56%

and 15.76%, respectively (Table 1). Values for the

A-ANN60 B-NN60

C-ANN80
D-NN80

Fig. 3. GGE biplot of primary interaction component (PC 1) and main effect of ANN and NN at 60 and 80 DAS in

peanut genotypes under different environments. a) ANN @60DAS (ANN60), b) NN @60DAS (NN60), c) ANN

@80DAS (ANN80) and d) NN @80DAS (NN80)
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three principal components were also highly significant

and accounted jointly for 100% of the GEI effect it

had on the variation of DNW80. IPCA 1 accounted for

55.52% of the variation caused by interaction, while

IPCA 2 and IPCA 3 accounted for 30.12 and 14.36%,

respectively.

AMMI1 biplot for DNW60 and DNW80 are

presented in Fig. 2b and 2d whereas GGE biplotsare

presented in Fig. 4b and Fig. 4d. Genotypes Jun-27

and PBS-14064 had high DNW60 and DNW80 whereas

genotypes PBS16031 and PBS16041were low for both

traits as per AMMI and GGE biplots. Genotypes,

PBS16040 and Girnar3 experienced very low

environmental influence for DNW60 and DNW80,

respectively.

Variation in DNW60 stability among genotypes

as revealed by MASI identified lines PBS16031 and

PBS30055 as highly stable and genotypes PBS14060

and Jun-27 as least stable (Table 2). Genotype

PBS16023 with high RM for DNW60 and MASI rank

are the line with best genotype selection Index (9)

followed by genotype PBS16040 with GSI of 11. For

DNW80, Girnar3 and PBS30055 identified as highly

stable and genotypes PBS16023 and Jun27 as least

stable (Table 2). Genotypes, Girnar3 and PBS11058

were the best lines with GSI of 6 and 7, respectively.

Discussion

Reduced soil water potential affects root hair

development and nodule growth (Gallacher and Sprent

1978) and N2 fixation (Ramos et al. 1999). Water stress

alters cultivars nodule structure and intercellular

glycoprotein content. Even when nodules are formed

water stress can also lead to morphological and

physiological alterations (Guerin et al. 1990). Water

stress also alters nodule structure and intercellular

glycoprotein content (Ramos et al. 2003). Apart from

water availability N2 fixation due to nodules are also

affected by various environmental factors such as

temperature (Ferrari et al. 1967), low soil pH (Ramos

and Boddey 1987), Al toxicity (Franco and Munns

1982) and other factors. Influence of these

environmental stresses on nodulation under drought

stress conditions also finally affects genotypic

selection for water stress conditions. Thus, in the

present study we are focusing on evaluating genotype-

environment interaction effects on nodulation

characters under water stress conditions in peanut.

The study showed highly significant effect of G,

E and GEI for all nodule related traits (ANN60, ANN80,

NN60, NN80, FNW60, FNW80, DNW60 and DNW80).

Rodino et al. (2011) also observed sufficient variability

among bean genotypes for nodulation which would help

in initiating a breeding program for symbiotically active

line. They also observed association between

environmental factors and nodule numbers which is in

agreement with our findings as all the nodule

parameters were significantly influenced by

environment and GE interactions.

This is an indication that response of peanut

genotypes to nodulation is highly dependent on the

environmental factors such as temperature, rainfall,

humidity, soil characteristics etc. where they are

grown. For most of the nodulation traits, the contribution

of E to the total variation was higher than the effect of

the G and GEI, except for FNW where G effects

contributed more to the total variation than E and GEI.

Similar trend was reported by Agoyi et al. (2017)  and

Salvucci et al. (2012) who observed higher contribution

of E against G and GEI for nodule related traits

indicating that selection of genotype based on multi-

environment selection for target traits is best strategy

instead of single environment to achieve selection gain

(Bernardo 2014; Agoyi et al. 2017). Several authors

have reported the importance of the environmental

effect on nodulation in diverse legume plants (Silvester

1983; Nicolas et al. 2002). Yusuf et al. (2008)

emphasized that nodulation in soybean is influenced

by genotypes, environment, and Bradyrhizobia and

their interaction.

Interplay of G, E and GEI interactions have made

selection of genotypes in breeding programs difficult

and to overcome this problem multi-environment trials

are used (Golkari et al. 2016; Chen et al. 2017; Ajay

et al. 2020). Traditional statistical methods like linear

regression ANOVA and PCA are often not effective

for understanding and evaluating complex data from

multi-environments trails. In contrast to the standard

statistical analyses, AMMI incorporates ANOVA

andPCA into a single model and enables simple visual

interpretation of the GEI (Abakemal et al. 2016;

Edwards 2016). The AMMI and GGE results displayed

on the GE biplot enables determination of main effect

of the genotype, the environment, and the most

meaningful GE interactions. It also enables clustering

of genotypes based on similarity of response

characteristics and identifying potential trends across

environments (Bocianowski et al. 2018).

AMMI and GGE analyses revealed significant

GEI for ANN60, ANN80, NN60, NN80, FNW60,
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FNW80, DNW60 and DNW80. AMMI and GGE

analysis permit estimation of GE interactions and helps

to identify genotypes best adapted to target

environment. All the three-stability analysis such

AMMI, GGE and MASI have identified genotype Jun27

as top performer for various nodule characters but the

performance of this genotype is unstable and is

influenced by environmental factors. Jun27 was

followed by PBS14060 and PBS14064 for various

nodule characters. Total genotypic selection index

(TGSI) was computed by adding SSIs of ANN60,

ANN80, NN60, NN80, FNW60, FNW80, DNW60 and

DNW80, to obtain single selection index for all nodule

related traits. Genotypes PBS14060 and GG2 with

TGSI of 90 and 91 respectively were highly stable

genotypes with high average values for various nodule

related characters. It could be concluded that

contribution of E, G and GEI to the total variation is

A-FNW60 B-DNW60

C-FNW80
D-DNW80

Fig. 4. GGE biplot for primary interaction component (PC 1) and main effect of FNW and dry DNW at 60 and 80 DAS

in peanut genotypes under different environments a) FNW @60DAS (FNW60), b) DNW @60DAS (DNW60), c)

FNW @80DAS (FNW80) and d) DNW @80DAS (DNW80)
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highly significant for all the traits studied. All three-

stability analysis identified genotypes PBS14060 and

GG2 were found as the best ones with high values for

various nodulation characters and high stability across

environments.
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