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Abstract

Pigeonpea (Cajanus cajan L. Millspaugh) is mainly grown in the rainfed ecosystem during the monsoon season on deep vertisols, and it
often faces transient waterlogging problems due to continuous and heavy downpours during early monsoon seasons. Thus, waterlogging
has become a significant issue in most of the pigeonpea growing areas of the semi-arid tropics due to heavy rain during the initial crop
growth stage, which causes 30 to 40% economic yield loss in India and around the world. Only a few sources of waterlogging tolerant
genotypes are available in pigeonpea but are not in the required duration. Hence, the present investigation was carried out to identify
waterlogging tolerant pigeonpea genotypes in different durations suitable for different agroecologies of India and to find ideal selection
indices as appropriate strategies to identify waterlogging tolerant genotypes. In this study, 162 genotypes were screened under in
vitro conditions for 2, 4, 6, and 8 days by submerging seeds. Of these, 33 genotypes could survive for eight days. Further, following a
standard screening protocol; these 33 pigeonpea genotypes were screened under pot culture for two years (2020 and 2021). Based on
different morpho-physiological parameters and waterlogging tolerant coefficient, genotypes ICP-10397, ICP-7507, ICP-7869, ICP-7148,
ICP-4903 ICP-16309, ICP-7375, ICP-6815, ICP-7507, and ICP-6128 were identified as tolerant to transient waterlogging. In addition, this
study reports the existence of substantial genetic variation for waterlogging tolerant traits in pigeonpea. Stress indices, such as stress
tolerance index) (STI), mean relative performance (MRP) and relative efficiency index (REI) were identified as the ideal selection index.
Therefore, identified genotypes are further validated and can be deployed in waterlogging tolerance pigeonpea breeding programs.
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establishment is the most crucial phase in flood-prone areas
(Khare et al. 2002; Sultana et al. 2013; Kumar et al. 2020).
Waterlogging stress occurs when soil pores around a plant’s
root zone are filled with water. This prevents the normal
movement of air in the root zone, resulting in a decline
in oxygen levels in the soil and, conversely, increases the

Introduction

Pigeonpea (Cajanus cajan L. Millspaugh) is a vital pulse
crop native to India (Van der Maesen 1980). Due to its
considerable variation in maturity group, it is adapted to
diverse agroecologies and cropping systems. It is extensively
cultivated in the arid and semi-arid tropics for food, fodder,
and other uses. India is the world’s largest pigeonpea
producer, producing 5.02 million tons from 6.09 million
ha (India-stat 2020-21). Though this crop can be grown in
diverse soil types; however, it grows best in well-drained
fertile soils. Although several improved varieties were
released for commercial cultivation across the country, their
productivity remains low, ~852 kg/ha, which is mainly due
to various constraints such as genetic, agronomic, biotic,
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and abiotic factors (Sultana et al. 2013).

In India, pigeonpea is mainly grown in the rainfed
ecosystem during the monsoon season (June to December)
on deep vertisols, and thus often, an early stage of the crop
is exposed to transient waterlogging due to continuous
and heavy downpours during early monsoon seasons
(Hingane et al. 2015; Kumar et al. 2020). Therefore, the initial
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carbon dioxide concentration. This state of minimal aeration
necessitates the plant to shift its metabolism from aerobic
to anaerobic dependency rapidly.

Consequently, the ATP and NADP production is limited,
eventually altering the reserve energy (Kumutha et al.
2008). Thus, the fermentation process deprives the plant’s
stored energy and releases by-products such as alcohols,
aldehydes, and reactive oxygen species (ROS), which are
detrimental to plant growth (Sairam et al. 2011). Further,
these anaerobic conditions support a unique microbial
community leading to a severe nutrient imbalance in the
soil (Laanbroek 1990). Moreover, it causes deficiency of N,
Mg, and Mn under waterlogged conditions due to increased
denitrification and nitrate leaching from the top soils has
been reported (Srivastava et al. 2009). This shift in nutrient
balance results in visible yellowing, a decrease in leaf
area, dry matter, relative water content, and degradation
of chlorophyll pigments, directly affecting the plant’s
photosynthetic ability (Kumutha et al. 2008). Reports
suggest that waterlogging stress causes a reduction in
soluble protein content, which further influences the carbon
assimilation of the pigeonpea (Kumar, 2020).

Another notable impact observed is the reduction of
seminal root growth and root dry mass (Dubey and Asthana
1987; Chauhan et al. 1997). The amalgam of these effects in
the plant would profoundly impact the quality and yield of
the plant (Kumutha et al. 2008). Further, these episodes of
stagnant water film over the upper soil would also promote
the infestation and spread of Phytophthora species (Duncan
and Kennedy 2007; Saxena et al. 2018).

The impact of waterlogging stress on pigeonpea can
be managed through agronomic interventions such as
raised sloping seed beds, sowing on ridges, transplanting of
seedlings, and use of growth regulators (Abebe et al. 1992).
However, they add extra cost to the production and are not
an economically viable solution. Therefore, developing and
deploying potential waterlogging tolerant cultivars is an
economical and feasible alternative approach.

Earlier experiments on waterlogging tolerance in
pigeonpea were focused only on the survival ability of
the crop alone. However, based on past efforts in the
identification and development of stress-tolerant crop
varieties in many crops (Basavaraj et al. 2021; Wasae 2021;
Nagaraju et al. 2022) by involving grain yield as a main
selection criterion (Kumar et al. 2021) under stress condition.
Although the yield under stress (S) and non-stress (NS) had
aweak correlation, but positive wave emerged (Kumar et al.
2008), suggesting that the yield could be used as a primary
selection criterion.

In the earlier studies, different selection criteria have
been proposed for identifying the best genotypes for stress
and normal conditions in other crops for drought and high
temperature. However, there is no information on using

indices to identify tolerant genotypes for waterlogging
stress in pigeonpea. These quantitative indices enable
breeders to identify a superior performance of genotypes
under all circumstances. Hence, the study was indented
to identify early seedling stage waterlogging tolerant
pigeonpea genotypes based on appropriate selection
indices.

Materials and methods

A total of 162 genotypes which includes notified varieties,
checks, and diverse germplasm of pigeonpea collected from
the International Crops Research Institute for the Semi-Arid
Tropics (ICRISAT), Hyderabad, India, was used in the present
study (Supplementary Tables S1 and S2) during the wet
season of 2020 and 2021 for two successive years at ICAR-
National Institute of Abiotic Stress Management-Baramati,
India (18° 09’ 30.62"N and 74° 30’ 03.08"”E and 570 m above
mean sea level).

In vitro seed submergence experiment

The Invitro experiment was carried out at the seed stage
under controlled conditions following the methods of
Sultana et al. (2013) and Hingane et al. (2015). In brief,
each test genotype had 20 healthy seeds of uniform size
in four replicates. The test genotypes were subjected to
different durations of water submergence treatments in
250 mL beakers containing 150 mL of water at 25 + 1°C.
The submergence duration (treatment) was 2, 4, 6, and
8 days. For control, i.e. (no submergence treatment), the
germination test was carried out by placing 20 seeds of each
genotype in a paper towel method. Upon completion of
each of the stress treatment duration, seeds were taken out
and dried on afilter paper for 3 to 4 hours to remove excess
moisture and then placed on a paper towel in a petri dish
and kept at a steady temperature for germination (25 + 2°C)
in adarkroom. When the radicle length reached a minimum
of 2 mm, the seeds were considered to have germinated.
After 5 to 6 days of stress treatment, the germinated seeds
were counted, and the percent survival was estimated. The
seedling length (cm) was measured for each genotype under
the control and submergence conditions after respective
days of treatment (2, 4, 6, and 8 days). In addition, the
waterlogging tolerance coefficient (WTC) was estimated
for each genotype using the following formula (Habibullah
et al. 2021).

Seedling length under waterlogged condition

WTC =

Seedling length under control condition

Screening of pigeonpea genotypes in the pot culture

Out of 162, thirty-three genotypes showed tolerance to
water submergence (8 days) in the in vitro seed submergence
experiment. They were further used to screen for transient
waterlogging tolerance at the early stages of crop
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establishment (20 days after emergence). The screening
was carried out using plastic pots of 25 cm diameter, with
four 6 mm diameter holes in the base. Pots were filled with a
mixture of black soil and farmyard manure (FYM) in a ratio of
50:1 (V/V). Fertilizer (nitrogen, phosphorus, potassium, NPK)
was also applied as a basal dose; the amount was calculated
on a soil weight basis and adequately blended into the soil.
After filling, each pot was weighed to 12 kg to ensure the
same amount of soil mixture and constant moisture in each
pot. Eight pots were used for each genotype (four pots for
imposing waterlogging stress and four kept as a control).
Following a completely randomized design, filled pots were
sown, taking three seeds/pot at 18 to 20 mm depth. Before
the stress imposition, the number of plants in each pot was
counted. Waterlogging stress was imposed by immersing
pots in a cement tank filled with water for ten days and
maintaining a water level of 20 mm above the pot surface
during the entire duration of the whole experiment (10
days), while the control pots were kept at normal moisture.
Throughout the stress treatment, the water level in the pot
was maintained at the same level for ten days. After ten days
of stress treatment, excess water in the pots was drained out
and allowed to recover. The number of plants that survived
in each pot was counted five days after the waterlogging
stress treatment, and the rate of survival was calculated
based on the number of plants in each pot before and after
the treatment (Sultana et al. 2013; Hingane et al. 2015).

Measurement of yield and its attributing and
physiological traits

The yield and its attributing traits, such as days to 50%
flowering (DFF), plant height in centimetres (PH), number
of primary branches (NPB), number of secondary branches
(NSB), number of pods per plant (PP), number of seeds per
pod (SPP), 100 seed weight in gram (TW) and grain yield per
plantin gram (GY) were recorded in each treatment and each
replication. The amount of chlorophyll content (ug/g of Fresh
weight) present in the pigeonpea leaves was estimated by
following the method of Lichtenthaler and Wellburn (1983).

The maximum quantum yield of PS-1l (Qmax)
(Qmax)- (Fv/Fm)
which indicates the efficiency of PS-Il of genotype, was
assessed by using dark-adapted leaves and was measured
with a portable open gas exchange fluorescence system
GFS-3000-C equipped with a high-precision CO,/H.,O
infrared gas analyzer and a standard measuring head 3010-S
(Heinz Walz GmbH, Effeltrich, Germany).
Stress indices
The following stress indices were calculated based on Yield
under stress and control.

Where Ysi and Yci, are the yield of it variety under stress
and control, respectively. Ys and Yc are the average yields of
all varieties under stress and normal condition.
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Statistical analysis

The data recorded for all the parameters were used for
statistical analysis. Analysis of variance using Factorial RBD
was carried out. Correlation and PCA were also calculated.
All the analyses were performed using R statistical software
version 4.4.1.

Results

In-vitro experiment

The 162 diverse pigeonpea genotypes’ seeds were subjected
to different transient water submergence durations (2, 4, 6,
and 8 days) to identify tolerant and intolerant genotypes.
A total of 102 out of 162 genotypes survived only for two
days of submergence treatment; however, 13, 14, and
33 genotypes survived 4, 6, and 8 days of submergence,
respectively.

The survival percentages were calculated for thirty-three
genotypes that survived up to 8 days of submergence and
are presented in (Table 3). The survival percent varied from
20% (MAL-15) to 100% (GRG-811, ICP-6815, ICP-6845, ICP-
7223, 1CP-10228, ICP-10397, ICP-4903, ICP-7869) under eight
days of submergence (Fig. 1).

Seedling measurement and submergence tolerance
After eight days of submergence treatment, seedling
lengths of 33 pigeonpea genotypes were measured. The
genotypes viz., ICP-4903, ICP-7148, ICP-7869, 7507, and ICP-
10397 recorded significantly highest seedling lengths under
both control as well eight days of submergence treatment
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Table 2. Analysis of variance (ANOVA) for the yield and its attributing traits of pigeonpea genotypes as influenced by waterlogging stress

Source of Variation DF DFF PH NPB NSB PP SPP T™W GY
Factors A (Stress and Control) 1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Factor B (Genotypes) 32 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Interaction 32 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Years 1 NS NS NS NS NS NS NS NS

*NS-Non-significant

Note: DF: Degrees of Freedom, DFF: Days to 50% flowering, PH: Plant Height, NPB: Number of Primary branches, NSB: Number of Secondary
Branches, PP: Pods per plant, SPP: Seeds per pod, TW: Test Weight, GY: Grain yield per plant
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Fig. 1. Survival percent of diverse genotypes of pigeonpea under
different submergence durations. The bars on the columns represent
the SE, and different letters differ significantly by LSD (p < 0.01)

(Fig. 2). Conversely, genotypes such as ICP-7076, ICP-7803,
and GRG-152 exhibited the lowest seedling length under
eight days of submergence. Further, waterlogging tolerant
coefficient (WTC) was also estimated. Genotypes ICP-10397,
ICP-7507, ICP-7869, ICP-7148, ICP-4903 ICP-16309, ICP-7375,
ICP-6815, ICP-7507, and ICP-6128 exhibited significant
highest waterlogging tolerant coefficients, whereas
genotypes such as ICP-7426, ICP-8255, ICP-6370, ICP-16309,
ICP-7375 are at far and MAL-15 recorded lowest WTC (Fig. 3).

Screening of pigeonpea genotypes in the early
seedling stage

Thirty-three out of 162 pigeonpea genotypes that survived
up to 8 days of submergence at the seed stage were further
screened for waterlogging tolerance at the early seedling
stage in the pot. Combined analysis of variance revealed a
significant difference among normal and waterlogging stress
conditions for all the traits studied at a 0.5% probability level.
The genotypes also showed significant differences for all the
traits at a 1% probability level, and their interaction was also
significant (Table 1).

Physiological response of pigeonpea genotypes to
the transient waterlogging

Waterlogging at the early seedling stage of pigeonpea
significantly reduced the chlorophyll content compared to
the control (p<0.05). Genotypes ICP-10397, ICP-7375, ICP-
10228, ICP-7869, ICP-4903, ICP-6370, ICP-7148, ICP-8255,
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Fig. 2. Seedling length (mm) of thirty-three pigeonpea genotypes after
8 days of submergence
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Fig. 3. Waterlogging tolerant coefficient of diverse pigeonpea
genotypes

ICP-6845, and ICP-7426 recorded highest total chlorophyll
content under control and waterlogging condition, whereas
ICP-8602 showed lowest total chlorophyll content among
all the genotypes under both waterlogging and control
conditions (Fig. 4).

The quantum efficiency of PS-Il decreased under
waterlogging conditions compared to the control condition
in all the genotypes. Photosynthetic health of (Quantum
efficiency of PS-1I) of pigeonpea genotypes ICP-10397, ICP-
7375, 1CP-10228, ICP-7869, ICP-4903, ICP-6370, ICP-7148, ICP-
8255, ICP-6845, and ICP-7426 was significantly high under
both control and waterlogging condition, whereas MAL-15
and ICP-7803 had lower PS-Il efficiency under waterlogging
stress (Fig. 5).

Morphological and yield traits

The pigeonpea genotypes exhibited significant differences
for the traits such as days to 50% flowering, plant height,
number of primary branches, number of secondary
branches, pods plant?, seeds pod™, test weight and grain
yield plant’ under both control and waterlogging conditions
and their interactions were also significant (Table 2). Among
the diverse pigeonpea genotypes, ICP-5863 was the earliest
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Table 3. The pattern of survivability percentages of 33 pigeonpea
genotypes in 2, 4, 6, and 8 days of seed submergence

S.No. Genotypes Survival %
2 Days 4 Days 6 days 8 Days

1 GRG-152 100 90 40 30
2 GRG-811 100 100 100 100
3 ICP-5028 100 100 90 83
4 Mal-15 60 60 40 20
5 ICP-7035 100 100 40 40
6 ICP-6929 100 80 40 40
7 ICP-6992 80 50 40 40
8 ICP-7076 100 100 70 50
9 ICP-6815 100 100 100 100
10 ICP-6845 100 100 100 100
11 ICP-7375 100 100 100 100
12 ICP-7426 100 100 100 100
13 ICP-7507 100 100 100 100
14 ICP-7260 100 60 60 50
15 ICP-9414 100 100 80 70
16 ICP-7148 100 100 100 100
17 ICP-7314 100 100 100 100
18 ICP-15382 100 80 50 30
19 ICP-16309 100 100 100 100
20 ICP-16264 100 100 100 50
21 ICP-7803 100 100 80 80
22 ICP-7869 100 100 100 100
23 ICP-8152 100 100 90 60
24 ICP-8602 100 100 90 85
25 ICP-8255 100 100 100 100
26 ICP-5863 100 100 100 100
27 ICP-6128 100 100 100 100
28 ICP-6370 100 100 100 100
29 ICP-7366 100 80 80 80
30 ICP-7223 100 100 100 100
31 ICP-10228 100 100 100 100
32 ICP-10397 100 100 100 100
33 ICP-4903 100 100 100 100

to flower under both control and waterlogging treatment
(81 and 83 days, respectively). Plant height was highest
in genotype ICP-8152 and ICP-7035 under control and
waterlogging conditions, respectively, whereas the lowest
plant height was observed in ICP-7148. Pods plant™is notably
highest under control conditions compared to waterlogging

mcontrol W stress

it

Genotypes

Total Chlorophyll content (mg gt}

Fig. 4. Total chlorophyll content of pigeonpea genotypes under both
waterlogging and controlled conditions
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Fig. 5. Quantum efficiency of PS-Il of diverse pigeon pea genotypes
under control and transient waterlogging condition
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conditions. In control and stress conditions, a higher number
of pods plant’ was recorded in ICP-7314 and ICP-7507. Test
weight was significantly reduced under waterlogging stress
in pigeonpea genotypes compared to non-stress. The test
was highest among ICP-7035 under normal conditions and
ICP-7869 under waterlogged conditions. Grain yield plant’
is one of the essential traits for increased yield production.
In the present study, ICP-7314 and ICP-7507 produced the
highest grain yield plant’ under normal and waterlogging
stress conditions, respectively.

Stress tolerance indices

Different selection indices were calculated and presented
in Table 4 based on the yield under stress and control
conditions. The highest value for STI was recorded by
genotypes ICP-16309, ICP-7148, ICP-8255, ICP-6845, ICP-6815,
ICP-10228, ICP-6370, ICP-10397, ICP-4903, ICP-7869, ICP-7507,
whereas the least STl was observed for ICP-7366. However,
tolerant checks ICP-5028 (0.19) and MAL-15 (1.73) recorded
low and high STl values. Genotypes ICP-7869 (0.73), ICP-6370
(1.4), ICP-4903 (1.98), ICP-10228 (1.99), ICP-7507 (2.52), ICP-
6845 (3.55), ICP-7148 (3.79), ICP-10397 (3.97), ICP-6815 (5.34),
ICP-8255 (6.5), ICP-7426 (6.74), ICP-16309 (6.77) recorded
notably very low per cent yield reduction (PYR) compared
to tolerant check, MAL-15 (8.19) and ICP-5028 (58.75). SSPI
was highest in genotype ICP-7314, whereas it was very low
in genotypes viz., ICP-7869, ICP-6370, ICP-10228, and ICP-
4903. A higher value of RWI was noted in ICP-7148, ICP-10397,
ICP-6845, ICP-7507, ICP-10228, ICP-4903, ICP-6370, and ICP-
7869. Higher yield stability was observed in genotypes viz.,
ICP-7375, ICP-7426, ICP-16309, ICP-8255, ICP-6815, ICP-6845,
ICP-7148, ICP-10397, ICP-7507, ICP-10228, ICP-4903, ICP-7869
and ICP-6370.
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Table 4. Estimates of Stress Tolerance indices for different pigeonpea genotypes

Genotype STI PYR SSPI RWI MRP REI YSI

GRG-152 0.15 77.8 0.78 0.35 1.70 1.39 0.22
GRG-811 0.11 76.1 0.49 0.37 1.75 0.60 0.24
ICP-5028 0.19 58.8 0.21 0.64 1.15 0.32 0.41
Mal-15 1.73 8.19 0.05 1.43 3.21 2.50 0.92
ICP-7035 0.35 356 0.10 1.01 1.10 0.30 0.64
ICP-6929 0.40 27.1 0.07 1.14 1.04 0.27 0.73
ICP-6992 0.32 62.5 0.47 0.59 2.35 1.28 0.37
ICP-7076 0.14 61.9 0.19 0.60 0.98 0.22 0.38
ICP-6815 1.45 534 0.03 1.48 2.57 1.60 0.95
ICP-6845 1.32 3.55 0.02 1.51 2.29 1.26 0.96
ICP-7375 0.93 8.2 0.03 1.43 1.73 0.73 0.92
ICP-7426 0.77 6.74 0.02 1.46 1.39 0.47 0.93
ICP-7507 3.07 252 0.03 1.52 5.25 6.60 0.97
ICP-7260 0.63 13.8 0.04 135 1.29 0.41 0.86
ICP-9414 0.15 52.7 0.12 0.74 0.76 0.14 0.47
ICP-7148 1.15 3.79 0.02 1.50 2.00 0.97 0.96
ICP-7314 0.70 68 1.50 0.50 0.59 9.63 0.32
ICP-15382 0.25 353 0.07 1.01 0.78 0.15 0.65
ICP-16309 1.12 6.77 0.03 1.46 2.04 1.01 0.93
ICP-16264 0.44 1.3 0.02 1.39 0.86 0.18 0.89
ICP-7803 0.21 42.6 0.09 0.90 0.78 0.15 0.57
ICP-7869 1.83 0.73 0.00 1.55 3.04 221 0.99
ICP-8152 0.27 20.8 0.03 1.24 0.63 0.10 0.79
ICP-8602 0.09 67.5 0.20 0.51 0.87 0.17 0.32
ICP-8255 1.21 6.5 0.03 1.46 2.20 1.17 0.93
ICP-5863 0.1 63.8 0.18 0.57 0.86 0.17 0.36
ICP-6128 0.54 36.5 0.16 0.99 1.70 0.73 0.63
ICP-6370 1.57 14 0.01 1.54 2.65 1.67 0.99
ICP-7366 0.05 83.9 0.54 0.25 1.62 0.42 0.16
ICP-7223 0.19 62.6 0.28 0.58 1.40 0.45 0.37
ICP-10228 1.55 1.99 0.01 1.53 2.63 1.65 0.98
ICP-10397 1.60 3.97 0.02 1.50 2.79 1.88 0.96
ICP-4903 1.76 1.98 0.01 1.53 2.99 2.14 0.98

Note: STI: Stress tolerance index, PYR: Percent Yield reduction SSPI: Stress susceptibility percentage index, RWI: Relative waterlogging index,
MRP: Mean relative performance, REl: Relative efficiency index, YSI: Yield Stability Index

Interrelationships among the stress indices and
genotypes

Principal component analysis was conducted to study the
interrelationship between stress indices and genotypes.
A total of 7 components were formed; among them, PC1
and PC2 together explained 91.12 % of the total variability

(Fig. 6). Among the various indices, YSI, REl, STI, and RWI
contributed the highest to PC1, whereas PYR and SSPI
contributed the highest to PC2. PC1 mainly had genotypes
viz., ICP-10397, ICP-7375, ICP-10228, ICP-7869, ICP-4903, ICP-
7869, ICP-6370, ICP-7148, ICP-8255, ICP-6845, and ICP-7426
MAL-15, and are situated on the positive side of the axis of
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Scr00 plot Vatablos - PCA

Percetageof extinedvaracos

Fig. 6. Scree plot depicting the percent of variance explained by
each principal component and Contribution of each variable to total
variability in PC1 and PC2

PC1, and the sensitive ones ICP-7366, ICP-8602 are located
on the negative side of the PC2 (Fig. 7).

Discussion

Climate change-induced erratic precipitation patterns
render agriculture highly vulnerable to drought and flood
events. The inability of dryland legumes such as pigeonpea
(Krishnamurthy et al. 2011; Sultana et al. 2013; Kumar et al.
2020), soybean (Chandra et al. 2022), chickpea (Palta et al.
2010), etc. to endure hypoxia or anoxia conditions at the
root zone, results in significant yield losses which in turn
affects pigeonpea productivity and food security. Anoxia
or hypoxia conditions caused by waterlogging instigate
a series of modifications in plants’ morpho-physiological
and biochemical traits. That negatively impacts growth,
development, and yield (Langan et al. 2022). Therefore,
developing and deploying waterlogging tolerant varieties
is urgently needed to cope with production demand. Hence,
it is imperative to screen and identify waterlogging-tolerant
pigeonpea genetic resources. However, efforts have been
made to identify sources of waterlogging tolerance in
pigeonpea, but they have been limited to very few studies
(Chauhan et al. 1997; Krishnamurthy et al. 2012; Sultana et
al. 2013).

Most economically essential traits otherwise absent
in the modern-day varieties persist in the landraces and
wild species. Therefore, the present experimental material
was designed in such a way as to include as much genetic
variation as possible for the traits being studied. It consists
of a diverse collection of genotypes, including high-yielding
notified cultivars (9), breeding lines (68), and worldwide
germplasm collections of landraces (85). Among the 162
genotypes studied, 124 are native to India, 38 are exotic
collections from Bangladesh, Myanmar, China, Italy, Kenya,
Zambia, Uganda, Thailand, USA, Australia, Trinidad and
Tobago, Nepal, Malawi, Myanmar, and Sri Lanka, origins
representing widespread geographical diversity. As a result
of the abundance of genetic variability, this genetic material
is a good source for selecting superior genotypes for the
traits under consideration. Sultana et al. (2013) used 272
diverse pigeonpea genotypes originating from different
countries with different maturity duration and seed colours
to screen for waterlogging tolerance at seed, pot, and field
conditions. Based on in-vitro screening, 162 genotypes
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were grouped into tolerant (33), moderately tolerant (13),
susceptible (14), and highly sensitive (102). The mortality rate
increased with the increased duration of seed soaking, and
many of the highly susceptible genotypes started putrefying
immediately after two days of submergence. However,
some of the tolerant genotypes survived even after eight
days of seed soaking. In-vitro studies demonstrated the
existence of substantial genetic variation for waterlogging
tolerance in pigeonpea, even at the seed stage. If the seeds
of grain legumes are soaked in water for a longer time, over
accumulated water leads to rapid damage to the seeds,
resulting in decay and improper germination (Powell and
Matthews 1978). The differences between mortality rates
observed in the present study might be attributed to the
diverse origin of these genotypes and their genetic nature.
Additionally, it might be linked to variations in imbibition
rates and the levels of reserved elements in the seeds.
(Sultana et al. 2009, 2013).

Screening of genotypes in the pot culture revealed that
most survived genotypes are medium to late in maturity.
The present results were in agreement with the results of
Matsunaga et al. 1994; Sultana et al. 2013 and Kumar et al.
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2020. Thisimplies that medium to late-maturing genotypes
will receive ample time for recovery compared to short-
duration genotypes. Besides these, waterlogging tolerance
is also associated with seed coat color. The dark seed coat is
associated with high tannin and phenolic compounds, which
help slow water uptake and enhance survival. Seeds with
dark colors would survive and germinate even after more
than ten days of submergence in soybean (Hou and Thseng
1991) and pigeonpea (Sultana et al. 2013). In the present
study, interestingly, along with dark-coated genotypes,
some of the white (cream color) genotypes (ICP-6815, ICP-
7507, ICP-7869, and ICP-8152) also germinated well despite
eight days of submergence.

The effect of waterlogging stress on physiological
and yield-related traits in pigeonpea genotypes was also
assessed. Waterlogging stress negatively influenced the
growth, development, and yield of pigeonpea genotypes by
reducing plant height, number of branches per plant, pods
per plant, number of seeds per pod, test weight, and final
economic grain yield. Reduction in these traits is associated
with decreased photosynthetic efficiency under stress
and plant height (Figs. 2 and 4). It may be due to a decline
in cell growth and expansion that limits the overall plant
architecture under waterlogging stress (Kumar et al. 2020).

The stress indices were calculated to ascertain the most
effective and desirable index for identifying waterlogging
tolerant pigeonpea genotypes based on correlations
between the grain yield of genotypes under stress and
non-stress conditions. In the recent past, researchers
exploited these indices for drought tolerance in rice
(Hussain et al. 2021), low phosphorous tolerance rice (Kale
et al. 2021; Basavaraj et al. 2021), salinity (Singh et al. 2015),
and low nitrogen (Khan and Mohammad 2016). Based on
these indices, genotypes were identified as tolerant and
intolerant to different stresses in crops like rice (Hussain
et al. 2021; Basavaraj et al. 2021), wheat (Farshadfar et al.
2012), and maize (Naghavi et al. 2013). Based on the previous
investigations, the present study was carried out to group
genotypes tolerant and intolerant to waterlogging stress.
Anideal selection index or indices could correlate with grain
yield under contrasting conditions (Mitra 2001). According to
Farshadfar et al. (2001), a perfect selection index s effectively
and highly associated with grain yield under stress and
control environments.

Stress indices such as STI, MRP and REl were ideal
selection indices due to significant positive association with
grain yield under stress (Ys) (Fig. 8). These findings revealed
that higher tolerance index and low susceptible index values
could identify tolerant genotypes. The genotypes such as
ICP-16309, ICP-7148, ICP-8255, ICP-6845, ICP-6815, ICP-10228,
ICP-6370, ICP-10397, Mal-15, ICP-4903, ICP-7869, and ICP-7507
were tolerant to waterlogging, and all other genotypes
were moderate to susceptible to waterlogging conditions.

On the other hand, indices SSPI was a better indicator for
grainyield under non-stress conditions based on significant
positive association.

In summary, based on In-vitro and pot experiment
genotypes ICP-10397, ICP-7507, ICP-7869, ICP-7148, ICP-
4903 ICP-16309, ICP-7375, ICP-6815, ICP-7507, and ICP-6128
identified as tolerant to transient waterlogging at an early
stage of the pigeonpea as these possess high WTC, survival
rate, seedling length, etc. A considerable genetic variation
exists for waterlogging tolerance among pigeonpea
genotypes. Therefore, there is an opportunity for genetic
improvement of the trait through a breeding program.
Hence, identified genotypes can be further validated,
and then they can be deployed in waterlogging tolerance
pigeonpea breeding programs.
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