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Introduction: Grass pea (Lathyrus sativus L.), a resilient legume adapted to 
drought and waterlogged conditions, presents a promising solution for sustainable 
intensification of rice-fallow systems in South Asia, where ~9.7 million hectares 
remain uncultivated post-kharif due to moisture and socio-economic constraints.
Materials and Methods:  This study evaluated seventeen diverse lines for dual-
purpose (leaf and grain) utility, analysing morpho-agronomic traits, imbibition 
kinetics, and genetic diversity to identify optimal breeding material.
Results: Phenotypic characterization revealed significant variation: pulse-
type genotypes flowered earlier (mean 47.1 ± 5.8 days) than leaf-types 
(54.4 ± 5.5 days), with plant height (12.33–43.66 cm), seed yield (1.98–3.34 g/
plant), and leaf yield (28.76–60.71 g/plant) showing distinct trade-offs. Correlation 
analyses highlighted key associations, including strong negative relationships 
between days to flowering and seed yield (r = −0.750) and between pod length 
and leaf yield (r = −0.652). Imbibition kinetics varied genotypically, with fast-
imbibing lines (e.g., Ratan) suited for rapid establishment in residual moisture, 
while slow-imbibing types (e.g., 75,049) showed potential for waterlogging 
resilience. Principal component analysis extracted 88.54% of variability into five 
components, with PC1 (42.23%) representing a yield–flowering time trade-off 
and PC2 (22.50%) separating broad-leaved from high-seed genotypes. Cluster 
analysis grouped genotypes into five distinct clusters, with maximum divergence 
between Clusters II and III (distance = 43.62), while solitary genotypes (Clusters 
IV–V) emerged as unique genetic resources.
Discussion: These findings provide a roadmap for breeding programs targeting 
rice-fallow adaptation, emphasizing early flowering for yield optimization, 
imbibition efficiency for moisture stress adaptation, and strategic utilization of 
genetically distant clusters (II × III) to maximize heterosis. The study underscores 
grass pea’s potential as a dual-purpose crop to enhance productivity and 
nutritional security in vulnerable rice-fallow systems.
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1 Introduction

In South Asia, about 15 mha of cultivated area remains fallow 
every year after harvesting of rice and out of which 11.65 mha area lies 
in India (Ghosh et al., 2016; Gumma et al., 2016). Approximately 84% 
of the country’s total rice-fallow area (9.7 mha) is concentrated in the 
eastern parts of India (Ali et al., 2014; Kumar et al., 2019). The reasons 
for fallowing of land in dry season are fast depletion of residual 
moisture, deficient irrigation, poor socio-economic condition of the 
farmers, and some regional limitations like free grazing of livestock 
(Kumar et al., 2019). Another important factor is delay in sowing of 
dry season crops due to late harvesting of long duration rice cultivars 
(such as MTU 7029, BPT 5204, and traditional local varieties), which 
imparts moisture and temperature stress in the succeeding crops 
(Kumar et al., 2018; Kumar et al., 2025). As global demand for 
sustainable legume protein grows, grass pea emerges as a key crop for 
marginal environments, offering both ecological and nutritional 
benefits (Maleki et al., 2025; Kumar et al., 2025). Their ability to 
establish as a pre-harvest crop with standing rice and persist through 
subsequent dry periods makes them a resilient choice for stabilizing 
productivity in these vulnerable cropping systems. This dual-phase 
tolerance addresses both the delayed sowing constraints of dry-season 
crops and the moisture deficits typical of post-rice fallows, providing 
crucial risk mitigation in rainfed ecosystems. Interestingly, the 
populaces of Bihar, West Bengal, and Odisha commonly consume the 
tender shoot terminals and leaves of grass pea, known as khesari saag 
are widely consumed as a nutritious winter leafy vegetable (Panda et 
al., 2021). In these regions, the preference for grass pea leaves during 
the entire winter season is evident. Cultivating grass pea as a dual-
purpose crop in rice fallow areas offers an excellent opportunity to 
grow an additional crop after the long-duration rice harvest (Tripathi 
et al., 2025). While farmer preference for leafy types is evident, 
potential adoption barriers such as labor requirements for leaf 
harvesting and post-harvest handling need to be considered. 
Additionally, poor-quality seeds, inadequate crop management, weak 
marketing facilities, and high labor wages have also been reported as 
major constraints affecting adoption and profitability (Pandey et al., 
2019). Additionally, developing local market linkages and value chains 
for leafy grass pea could further enhance its economic viability and 
farmer acceptance (Solovieva et al., 2025). Traditional long-duration 
rice varieties often overlap with the recommended sowing time for 
rabi crops like wheat, mustard, and other cool-season pulses and 
vegetables. This timing conflict increases the risk of terminal heat 
stress on winter crops, potentially affecting their yield potential. 
Moreover, the shrinking duration of winter months in recent decades 
has heightened the susceptibility of legume crops, including grass pea, 
to diseases like powdery mildew (Shubha et al., 2024). Terminal heat 
stress further compromises the quality and quantity of grass pea. In 
this scenario, promoting the cultivation of grass pea for leafy vegetable 
purposes becomes a viable option in rice fallow areas as a second crop, 
addressing the challenges associated with limited sowing windows and 
heat stress while satisfying the demand for nutritious greens.

Grass pea (Lathyrus sativus L.), a diploid legume (2n = 14), is a 
resilient crop due to adapting features like narrow leaves, winged stems, 
and a deep root system enhance its ability to thrive in diverse soil types 
and withstand environmental stresses. Grass pea is a model crop for 
sustainable agriculture (Vaz Patto et al., 2006). It is a resilient crop, 

tolerant to extreme temperatures, drought and flood, and considerably 
resistant to several pests and diseases, which allows its cultivation in 
different production systems and environments (Campbell et al., 1993; 
Gonçalves et al., 2022; Vaz Patto and Rubiales, 2014). Grass pea 
contains the neurotoxin β-ODAP, which, when consumed excessively, 
can cause neurolathyrism-a non-lethal neurodegenerative disorder in 
humans and animals (Lambein et al., 2019; Dutta et al., 2024). The 
content of β-ODAP in grass pea lines differs from 0.02 to 2.59% 
(Kumar et al., 2011). Its accumulation is influenced by drought, 
nitrogen and phosphorus levels, and deficiencies in sulfur-containing 
amino acids like cysteine and methionine, linking ODAP biosynthesis 
to sulfur metabolism (Das et al., 2021).

Understanding imbibition behavior across grass pea lines is 
critical due to its role in seed germination and stress adaptation. Seed 
imbibition efficiency serves as a critical physiological determinant for 
sustainable grass pea establishment in rice fallow systems, directly 
influencing water productivity and resource-use efficiency. This trait 
governs the kinetics of water uptake during germination-a process 
vital for optimizing residual moisture utilization in post-harvest 
paddy soils. Comparative germplasm analysis reveals significant 
intraspecific variation in imbibition dynamics, with drought-adapted 
genotypes exhibiting accelerated hydration rates (Shubha et al., 2022). 
Such divergence in water absorption capacity not only affects seedling 
vigor but also determines the crop’s potential for sustainable 
intensification under fluctuating soil moisture regimes.

To address these challenges, this study aims to evaluate grass pea’s 
potential as a climate-resilient dual-purpose crop for rice-fallow 
systems by characterizing key adaptive traits among diverse genotypes. 
We hypothesize that genetic variations in imbibition behavior and 
phenological traits significantly influence establishment success and 
productivity under post-rice conditions. Specifically, the research will 
(1) quantify genotype-specific differences in imbibition kinetics and 
early growth vigor, (2) assess correlations between physiological traits 
and dual-purpose yield potential, and (3) identify superior genotypes 
combining rapid establishment with tolerance to moisture stress and 
terminal heat. By elucidating these trait relationships, the study will 
provide critical insights for breeding programs targeting sustainable 
intensification of rice-fallow systems through grass pea cultivation.

2 Materials and methods

2.1 Experimental site and research 
materials

The study was conducted from 2023–24 to 2024–25 in experimental 
farm of ICAR Research Complex for Eastern Region, Patna, Bihar India 
(25°35′N, 85°05′E, 51 MSL). The region has a subtropical climate with 
annual rainfall of 1,167 mm (70–75% during July–September), 
temperatures ranging from 7.4–39.6 °C, and relative humidity of 
50–80.5%. The silty loam soil (0–15 cm depth) had a pH of 7.22 and EC 
of 0.17 dS m−1. The experiment was carried on for two consecutive years 
2023–24 and 2024–25 in Rabi season. Seventeen grass pea (Lathyrus 
sativus L.) genotypes (Table 1), sourced from farmers field (Passport 
data is available in Supplementary file) and ICARDA gene banks were 
evaluated over two consecutive growing seasons (2023–24 and 2024–
25). A randomized row-column alpha lattice design with two 
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replications was employed for field trials. Individual plots measured 
3 m × 2 m, containing eight rows spaced at 0.50 m intervals, with 0.50 m 
alleys separating adjacent plots. In both years of the study, sowing was 
conducted in the last week of November immediately after rice harvest 
to utilize residual soil moisture. Seeds were manually dibbled at a 
uniform depth of 2 cm with 10 cm row spacing. A basal fertilizer dose 
of 20:40:40 kg/ha (N:P₂O5:K2O) was applied. Standard agronomic 
practices for rainfed grass pea cultivation were followed, with manual 
weed control as required. During periods of water deficit at critical 
growth stages, supplemental irrigation was applied via sprinkler system 
to maintain plant viability. No irrigation was provided during the 
vegetative growth stage, allowing the crop to grow solely on residual soil 
moisture typical of rice-fallow conditions. Supplemental irrigation was 
applied only at the flowering and pod formation stages via a sprinkler 
system to maintain plant viability and prevent complete crop failure. The 
system was calibrated to deliver approximately 12 mm of water per 
irrigation event. The irrigation rate (L m−2  h−1) was measured and 
multiplied by the duration of application to estimate the total water 
applied per plot, expressed in millimeters (1 L m−2 = 1 mm of water). 
Phenotypic data were recorded for multiple agronomic traits across both 
seasons. For each growing season, observations were categorized into 
four distinct datasets (Table 2) to facilitate comprehensive analysis. (i) 
Plant growth parameters: days first flowering (DFF), days to 50% 
flowering (D50%F), plant height (PH) (ii) Leaf parameters: leaf length 
(LL), leaf width (LW), internodal length (IL), leaf yield per plant (LYP) 
(iii) Yield parameters: pod length (PL), pod width (PW), number of 
pods per plant (NPP), number of seeds per pod (NSP) (iv) Seed 
parameters: seed length (SL), seed width (SW), grain yield per plant 
(GYP) recorded in 10 random seeds per plot. The percentage of 
outcrossing was determined by counting off-type plants, which were 
characterized by different flower color and leaf structure, and dividing 

that number by the total plant population, then multiplying by 100. 
Recommended agronomical practices were followed, including plot 
preparation, fertilization, and application of fungicides and insecticides. 
To ensure individuality of each entry, care was taken to segregate them 
properly. To avoid the influence of border effects, 10 randomly selected 
plants were taken from each genotype to measure their morphological 
traits and the average was recorded. Grass pea was harvested manually 
at 30–35 DAS (vegetative stage, pre-flowering) for leafy vegetables by 
cutting stems 5–10 cm above ground. For seed production, harvest 
occurred at 120 DAS when 80% pods turned yellow-brown; plants were 
cut at ground level, sun-dried 3–5 days, then threshed.

2.2 Methodology for imbibition behavior 
analysis

The imbibition characteristics of the seed lots (n = 10) were 
evaluated through a standardized protocol. Seed moisture content was 
first determined in triplicate using the high-temperature oven method 
prescribed by International Seed Testing Association (ISTA) (2015). 
For quantifying water uptake dynamics, initial seed weights were 
recorded using a precision digital balance. Seeds were then immersed 
in 50 mL distilled water contained in 200 mL beakers, with the setup 
maintained at a constant 25 °C and covered with aluminum foil to 
minimize evaporation. Seeds were weighed at 1-h intervals for the first 
12 h, and then at 12-h intervals until no significant weight change 
(<0.01 g) occurred over three consecutive hours, indicating that 
imbibition plateau was reached. After this, seeds started to germinate. 
Prior to each measurement, seeds were carefully surface-dried with 
absorbent paper to remove excess moisture. For more understanding 
seventeen grass pea genotypes were evaluated for germination index 

TABLE 1  The list of seventeen lines and morphological traits and outcrossing percentage in this study.

Lines/Variety Growth Leaf appearance Flower color Maturity OCP

Prateek Dwarf and bushy Broad Blue Late 0.90

75024 Dwarf and bushy Broad Blue Late 0.73

RCEGP-2 Dwarf and bushy Broad Blue Late 0.57

RCEGP-7 Dwarf and bushy Slightly narrow Blue Late 13.02

RCEGP-4 Dwarf and bushy Slightly narrow Blue Late 1.56

RCEGP-6 Dwarf and bushy Broad White Late 5.05

Mahateora Dwarf and bushy Broad Pink Extra early 16.75

Ratan Dwarf and bushy Broad Blue Early 3.51

75017 Dwarf and bushy Broad Blue Early 1.75

RCEGP17-1 Dwarf and bushy Broad White flower with purple 

tinge

Early 0.56

75022 Dwarf and bushy Broad Blue Medium 0.52

RCEGP-9 Dwarf and bushy Broad Blue Early 3.54

75016 Dwarf and bushy Broad Blue Medium 10.88

75049 Dwarf and bushy Broad Blue Medium 0.81

75040 Dwarf and bushy Broad Blue Medium 2.14

75046 Dwarf and bushy Broad Blue Medium 0.67

RCEGP-3 Dwarf and bushy Slightly narrow Blue Medium 0.78
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(GI) under laboratory conditions. For each genotype, three 
replications of 10 seeds were placed on moistened filter paper in Petri 
dishes and incubated at 25 ± 2 °C. The number of seeds germinated 
was recorded daily until no new germination occurred for three 
consecutive days. GI was calculated as per Association of Official Seed 
Analysts (1983):

	 =
=∑

1
GI

n
t

t

G
t

Where Gₜ is the number of seeds germinated on day t. Data were 
analysed using one-way ANOVA in a completely randomized design, 
and mean separation was done using Tukey’s HSD test (p ≤ 0.05).

2.3 Statistical analysis

The morpho-agronomic traits were statistically analysed using a 
comprehensive approach. Descriptive statistics and box plot 
visualizations were generated using PAST 3 (Paleontological 
Statistics, version 3.13) and GraphPad Prism, respectively. Pearson 
correlation coefficients were calculated in XLSTAT to quantify linear 
relationships between quantitative traits. Multivariate analyses 
included Principal Component Analysis (PCA) to identify key 
variance patterns and Agglomerative Hierarchical Clustering (AHC) 
to group genotypes based on Euclidean distance similarity measures, 
with clustering performed using XLSTAT.

3 Results

3.1 Morpho-agronomic characterization of 
grass pea for dual-purpose use in rice 
fallows

Table 1 presents outcrossing percentages (OCP) of the grass pea 
lines evaluated in this study. The table demonstrates considerable 
variation in OCP among grass pea genotypes, ranging from 0.52 to 
16.75%. High outcrossing lines like Mahateora (16.75% OCP, pink 
flowers, extra-early) and RCEGP-7 (13.02% OCP, narrow leaves) 
show exceptional cross-pollination potential, making them ideal for 
hybrid breeding. Moderate outcrossing lines (3–5% OCP) like 
RCEGP-6 (white flowers) and Ratan demonstrate intermediate 
potential, while low outcrossing lines (<1% OCP) like 75022 and 
RCEGP-2 are predominantly self-pollinating, suitable for stable 
pure-line development. The Table 3 presents a comprehensive 
morpho-agronomic characterization of diverse grass pea genotypes 
evaluated for dual-purpose (leaf and pulse) utilization in rice fallow 
systems. The presented data provide a robust foundation for strategic 
breeding of grass pea for specific utilization goals in rice fallow 
systems. For optimal leafy vegetable production, late-maturing 
genotypes (DFF 51–63 days; D50%F 57–70 days) with taller plant 
stature (PH up to 43.66 cm) and longer internodes (IL 0.72–3.38 cm) 
are particularly valuable, as these traits facilitate multiple leaf 
harvests (typically 2–3 pickings) while maintaining satisfactory 
grain yield (GYP 1.68–3.34 g/plant). The considerable variability in 
vegetative traits (CV 28.53% for PH, 35.57% for IL) offers ample 

TABLE 2  Morphological and agronomic traits accessed.

Traits Associated 
traits

Acronyms Accessed stage and method used Unit

Outcrossing 

rate

Outcrossing 

percentage

OCP Measured between flowering to harvesting stage %

Plant growth Days first flowering DFF The number of days from planting to the arrival of the first flower. Days

Days to 50% flowering D50%F The number of days from planting to the arrival of 50% flowering. Days

Plant height PH Taken at D50%F. Measured from soil level to the tip of terminal leaflet cm

Leaf Leaf length LL Measured from the longest leaf on the middle stem cm

Leaf width LW Measured from the widest leaf on the middle stem cm

Internodal length IL Average internode length of 3 middle stems of 5 plants cm

Leaf yield per plant LYP Recorded the total green leaf yield following two rounds of harvesting—once in the vegetative 

stage and again just prior to flowering.

g

Yield Pod width PW Calculated by using a measuring scale. cm

Pod length PL Calculated by using a measuring scale. cm

Number of pods per 

plant

NPP Data was counted at harvest from the five middle plants that were used during morphology Number

Number of seeds per 

pod

NSP Counted and recorded at harvest after breaking of pods Number

Seed Seed length SL Measured by using a manual caliper. cm

Seed width SW Measured by using a manual caliper cm

Grain yield per plant GYP Weighed the total seed yield per plant g

OCP, outcrossing percentage. 
Number of off type plant 100

Outcrossing percentage
Total number of plant population

×
= , Off type plant selected on the basis of flower color and leaf dynamics.
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scope for selecting genotypes with enhanced branching architecture, 
crucial for maximizing both leaf and grain productivity. Conversely, 
early-flowering genotypes (DFF 39–51 days) demonstrate superior 
adaptation for grain production, escaping terminal stresses while 
maintaining stable pod (PL 2.26–4.00 cm; PW 1.06–1.46 cm) and 
seed characteristics (SL 0.46–0.70 cm; SW 0.23–0.46 cm). The 
moderate variability observed in yield components (NPP 12–26.33, 
CV 20.13%; GYP CV 18.67%) suggests significant potential for 
genetic improvement, particularly when combined with the crop’s 
inherent stress tolerance. The highest-yielding genotype, 75017, 
produces 3.34 g/plant seed yield with 26.33 pods/plant, but its early 
maturity (DFF: 42 days) and tall stature (40 cm) create a unique 
ideotype for dual-purpose use. Notably, RCEGP-6 shows exceptional 
green yield potential (60.43 g/plant) coupled with broad leaves 
(0.96 cm width), making it ideal for leafy vegetable purposes. These 
findings enable precise development of three distinct ideotypes: (1) 
leafy-types emphasizing prolonged vegetative phase and vigorous 
growth, (2) grain-types prioritizing early maturity and high pod/
seed yield, and (3) dual-purpose varieties balancing leaf and grain 
productivity—all critical for sustainable intensification of rice 
fallows. The stability in quality traits (pod/seed dimensions) versus 
variability in productivity traits presents a unique opportunity to 
simultaneously improve yield while maintaining product uniformity, 
making grass pea a versatile solution for climate-resilient 
cropping systems.

3.2 Correlation studies

The correlation analysis revealed important associations among 
key agronomic traits in the studied grass pea lines (Table 4). Days to 
first flowering (DFF) and days to 50% flowering (D50%F) showed an 
exceptionally strong positive correlation (r = 0.986), confirming that 
these two developmental stages are closely synchronized. Plant height 
(PH) exhibited a significant positive relationship with seed length (SL) 
(r = 0.744), suggesting that seed dimension is a major contributor to 
overall plant stature. A notable positive correlation was observed 
between leaf width (LW) and seed width (SW) (r = 0.695), which may 
reflect coordinated resource allocation between vegetative and 
reproductive structures.

Of particular agronomic importance, days to first flowering 
(DFF) displayed a strong negative correlation with grain yield per 
plant (GYP) (r = −0.750), indicating that early-flowering 
genotypes tend to have higher yield potential. Pod length (PL) 
showed a significant negative association with leaf yield per plant 
(LYP) (r = −0.652), suggesting that plants investing more in pod 
elongation may allocate fewer resources to leaf biomass 
production. Additionally, the negative correlation between 
number of seeds per pod (NSP) and leaf width (LW) (r = −0.559) 
implies a potential trade-off between leaf expansion and seed 
number per reproductive unit.

These findings provide valuable insights into trait relationships 
that could guide selection strategies in breeding programs, particularly 
for optimizing the balance between vegetative growth and 
reproductive output. The strong associations between flowering time 
and yield components, as well as between pod morphology and leaf 
production, highlight key factors that may influence crop productivity 
and help in multiple traits selection.T
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3.3 Variation in imbibition kinetics among 
grass pea lines

The Figure 1 depicts the imbibition kinetics of various grass pea 
genotypes by tracking their weight gain (in grams) over time during 
water uptake. The x-axis represents the imbibition duration from 9:40 
to 6:40 (9 h), culminating when seeds reached full hydration (“Fully 
imbibed”), while the y-axis shows the incremental water absorption 

(0 to 0.35 gm). Distinct genotypic differences in imbibition rates are 
evident, with some genotypes like Ratan, RCEGP-2, 75049, 75016 and 
75017 exhibiting rapid water uptake, as indicated by their steep initial 
curves, suggesting superior adaptation to environments requiring 
quick germination, such as rice fallow systems. In contrast, genotypes 
like 75046, RCEGP-6 and RCEGP-3 displayed slower imbibition, with 
gradual weight gain, which may be advantageous in waterlogged 
conditions where rapid hydration could lead to hypoxia stress.

TABLE 4  Pearson correlation matrix among agronomic and yield-related traits in grass pea.

Traits DFF D50%F PH LL LW IL PL PW NPP NSP SL SW GYP LYP

DFF 1

D50%F 0.986 1

PH −0.373 −0.332 1

LL 0.320 0.317 −0.306 1

LW 0.343 0.372 0.538 −0.103 1

IL −0.156 −0.108 0.660 −0.606 0.517 1

PL −0.534 −0.474 0.357 0.040 −0.142 0.023 1

PW −0.643 −0.628 0.490 −0.452 −0.133 0.362 0.603 1

NPP −0.669 −0.647 0.632 −0.517 0.201 0.309 0.408 0.567 1

NSP −0.242 −0.271 −0.109 −0.150 −0.559 −0.038 −0.153 0.231 0.039 1

SL −0.234 −0.177 0.744 −0.099 0.401 0.538 0.421 0.367 0.344 −0.208 1

SW −0.217 −0.224 0.726 −0.230 0.695 0.456 0.171 0.256 0.525 −0.312 0.677 1

GYP −0.750 −0.724 0.674 −0.596 0.230 0.628 0.396 0.610 0.768 −0.032 0.544 0.604 1

LYP 0.448 0.386 −0.193 0.020 0.287 −0.130 −0.652 −0.532 −0.307 −0.230 −0.220 0.117 −0.163 1

Bold values denote statistically significant correlations at the 5% level. DFF, Days to 50% flowering; D50%F, Days to 50% fruiting; PH, Plant height; LL, Leaf length; LW, Leaf width; IL, 
Internode length; PL, Pod length; PW, Pod width; NPP, Number of pods per plant; NSP, Number of seeds per pod; SL, Seed length; SW, Seed width; SYP, Seed yield per plant; GYP, Grain yield 
per plant; LYP, Leaf yield per plant.

FIGURE 1

Water imbibition kinetics of different grass pea lines over time.
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For better understanding, the germination index (GI) was 
calculated to assess seed vigor and emergence rate. The Table 5 
presents the mean GI values of seventeen grass pea (Lathyrus sativus 
L.) genotypes, grouped statistically using Tukey’s Honest Significant 
Difference (HSD) test. GI reflects both the speed and uniformity of 
germination, where higher values denote greater vigor. Significant 
variation was observed among genotypes, with RCEGP-2 showing 
the highest GI (13.5), followed by Ratan and 75016, indicating 
superior seed vigor and rapid emergence. In contrast, RCEGP-6, 
RCEGP-3, and 75046 exhibited the lowest GI, suggesting poor and 
delayed germination. These variations highlight the potential for 
selecting or breeding genotypes tailored to specific moisture 
conditions, with fast-imbibing types being ideal for drought-prone 
areas and slower-imbibing types potentially better suited for 
environments with unpredictable water availability. The findings 
underscore the importance of imbibition efficiency as a critical trait 
for improving grass pea’s adaptability across diverse 
agroclimatic conditions.

3.4 Multivariate analysis

Principal component analysis (PCA) of fourteen morphological 
and agronomic traits effectively captured the variation patterns within 
grass pea lines. The Kaiser-Meyer-Olkin (KMO) Measure of Sample 
Adequacy (>0.5) confirmed the dataset’s suitability for factor analysis. 
The analysis revealed five significant principal components (PCs) 
collectively explaining 88.54% of the total variation. PC1 emerged as 
the most significant component with an eigenvalue of 5.912, 
accounting for 42.23% of the variance. Subsequent components 
showed progressively smaller eigenvalues (PC2 = 3.150, PC3 = 1.574, 

PC4 = 1.048, PC5 = 0.712), following the characteristic scree plot 
pattern of diminishing returns (Figure 2). The first four PCs alone 
captured 83.46% of the total variance, demonstrating their 
effectiveness in summarizing the major patterns of variation in the 
grass pea lines (Table 6).

The first principal component (PC1) accounts for the largest 
proportion of variance at 42.23% and is strongly associated with 
growth and yield-related traits, showing high positive loadings for 
plant height (0.805), pod width (0.769), number of pods per plant 
(0.826), and seed yield per plant (0.921), while displaying strong 
negative correlations with days to first flowering (−0.761) and days to 
50% flowering (−0.724). This suggests that PC1 primarily represents 
a trade-off between early flowering and high yield potential. The 
second component (PC2) explains 22.50% of the variation and is 
dominated by leaf width (0.923) with a negative influence from the 
number of seeds per pod (−0.590), indicating a separation between 
plants with broader leaves and those producing more seeds per pod. 
PC3 contributes 11.24% of the variability and is characterized by 
positive associations with leaf length (0.687) and pod length (0.654), 
contrasting with negative loading for internodal length (−0.316). The 
remaining components (PC4 and PC5) account for smaller portions 
of the variation (7.48 and 5.08% respectively) and involve more 
specific trait relationships, such as the influence of green yield per 
plant on PC4 (0.480) and number of seeds per pod on PC5 (0.521). 
The analysis reveals that the first two principal components capture 
nearly 65% of the total variability, highlighting their importance in 
understanding the underlying structure of the data and identifying 
key traits for potential crop improvement strategies focused on yield, 
flowering time, and morphological characteristics (Table 6).

Cluster analysis was performed using the UPGMA (Unweighted 
Pair Group Method with Arithmetic Mean) algorithm to elucidate 
genotypic relationships. The validity of the resulting clusters was 
statistically verified using the Calinski-Harabasz Index (CHI) Table 7, 
which quantitatively assesses between-cluster separation versus 
within-cluster cohesion. This combined approach provides robust 
evidence that the observed groupings reflect true differences among 
genotypes. The study reveals important insights into the genetic 
diversity of grass pea lines through cluster analysis, with significant 
implications for breeding programs. The genotypes were grouped into 
five distinct clusters based on their genetic characteristics, showing 
varying levels of relatedness (Tables 8, 9). Cluster I emerged as the 
largest group, comprising nine closely related genotypes (Prateek, 
75024, RCEGP-2, RCEGP-4, RCEGP-6, RCEGP17-1, 75022, 75040, 
and 75046), indicating strong genetic similarity among these 
accessions. In contrast, Cluster II contained just two genotypes 
(RCEGP-7 and RCEGP-3), while Cluster III included four (Mahateora, 
Ratan, 75017, and 75049). The remaining two clusters each contained 
a single unique genotype—RCEGP-9 in Cluster IV and 75016 in 
Cluster V—suggesting these may represent particularly distinct 
genetic resources.

Analysis of inter-cluster distances further illuminates these 
relationships, with the zero diagonal values confirming tight genetic 
cohesion within each cluster. The most pronounced genetic divergence 
appears between Cluster II and Cluster III (distance = 43.62), marking 
them as the most distinct groups. Conversely, Cluster III and Cluster 
V show the closest relationship (distance = 18.55), potentially sharing 
valuable traits like drought tolerance or yield potential. The isolated 
nature of Clusters IV and V, each containing just one genotype, 
highlights their potential as unique genetic material for targeted 

TABLE 5  Grouping of grass pea genotypes by germination index using 
Tukey’s HSD test.

S. No Genotype Mean GI

1 RCEGP-2 13.5a

2 Ratan 12.5ab

3 75,016 12.5ab

4 75,049 11.67bc

5 75,017 11.5bc

6 75,022 9.67cd

7 RCEGP-7 9.33cd

8 RCEGP-4 9.17cd

9 Mahateora 9.17cd

10 RCEGP17-1 9cd

11 75,040 9cd

12 Prateek 8.67de

13 75,024 8.5de

14 RCEGP-9 8.33de

15 75,046 7.75e

16 RCEGP-3 7.75e

17 RCEGP-6 7.58e

Different superscript letters (a, b, c, d, e) indicate significant differences among means based 
on Tukey’s HSD test (p < 0.05). Means sharing the same letter do not differ significantly, 
whereas means with different letters belong to distinct statistical groups.
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breeding objectives. The high cophenetic correlation coefficient 
(0.705) confirmed strong clustering reliability, showing the UPGMA 
analysis effectively captured genetic relationships among 
the genotypes.

This clustering pattern provides a valuable framework for parental 
selection in breeding programs. The genetically diverse clusters 
(particularly II and III) offer opportunities for maximizing heterosis 

FIGURE 2

Scree plot and cumulative variance of principal components in grass pea morpho-agronomic traits analysis.

TABLE 6  Eigen values, accumulated variance and correlations between 
original variables and the first five PCs representing variability of grass 
pea lines.

Traits PC1 PC2 PC3 PC4 PC5

DFF −0.761 0.533 0.036 −0.288 −0.062

D50%F −0.724 0.548 0.087 −0.342 −0.096

Plant height 0.805 0.398 0.096 −0.119 0.215

Leaf length −0.536 −0.044 0.687 0.142 0.379

Leaf width 0.212 0.923 0.049 0.004 −0.079

Internodal 

length 0.607 0.449 −0.316 −0.463 −0.079

Pod length 0.574 −0.323 0.654 −0.043 −0.217

Pod width 0.769 −0.336 0.021 −0.231 −0.110

NPP 0.826 −0.052 −0.111 0.248 −0.083

NSP 0.018 −0.590 −0.450 −0.344 0.521

Seed length 0.651 0.402 0.354 −0.205 0.299

Seed width 0.637 0.600 0.079 0.241 0.227

Seed yield per 

plant 0.921 0.063 −0.198 0.184 −0.040

Green yield 

per plant −0.420 0.508 −0.411 0.480 0.132

Eigenvalue 5.912 3.150 1.574 1.048 0.712

Variability (%) 42.22 22.50 11.24 7.48 5.08

Cumulative % 42.22 64.73 75.97 83.46 88.54

TABLE 7  Calinski-Harabasz Index (CHI) values for determining optimal 
cluster number.

Cluster number CHI value Interpretation

2 7.646 Moderate clustering quality

3 8.097 Improved separation/cohesion

4 8.001 Slightly reduced

5 9.551

Optimal clustering (best 

separation)

TABLE 8  Estimates of intra- and inter-cluster distances.

Cluster I II III IV V

I 0 24.58 30.65 32.80 31.26

II 0 43.62 36.96 37.08

III 0 26.39 18.55

IV 0 36.31

V 0
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through strategic crosses, while the unique genotypes in Clusters IV 
and V may contribute specific desirable traits. The larger, more 
homogeneous Cluster I represents a pool of similar material that could 
be useful for trait stabilization.

4 Discussion

India dominates South Asia’s rice fallows, accounting for 79% 
(11.65 million ha) of the region’s 15 million ha. These post-kharif 
rice areas remain uncultivated in rabi due to climate-driven 
constraints: inadequate irrigation infrastructure, cultivation of the 
long-duration rice varieties that are harvested late and soil 
moisture imbalances at the time of crop establishment (Kumar et 
al., 2025; Ali and Kumar, 2009). Grass pea emerges as a climate-
adaptive solution for the marginal systems (Gonçalves et al., 2024). 
To fully harness the potential of grass pea in revitalizing 
underutilized rice fallows, we focused on characterizing its dual-
purpose utility-both as a leafy vegetable and a grain crop-a trait 
deeply valued in local food systems (Figure 3). Although limited 
supplemental irrigation was provided at the flowering and pod 
formation stages, it was applied only to prevent complete crop 
failure under exceptionally dry conditions. No irrigation was given 
during the vegetative phase, thereby allowing plants to experience 
the natural depletion of residual soil moisture typical of rice-fallow 
environments (Kumar et al., 2018). Early and strategic leaf picking 
(1–2 harvests before flowering) not only provides nutritious greens 
for household consumption but also stimulates lateral branching, 
which subsequently enhances pod formation and grain yield. This 
unique agronomic advantage ensures that farmers benefit from 
immediate nutritional and economic returns (through leafy 
vegetable sales) while simultaneously securing long-term gains 
from higher grain productivity (Tripathi et al., 2025). By 
integrating this dual-purpose trait into breeding programs, grass 
pea becomes an even more compelling candidate for sustainable 
intensification of rice fallows, as it maximizes resource use 
efficiency, improves farm income, and strengthens food security-all 
while thriving in the challenging post-rice growing conditions 
characterized by moisture stress, waterlogging, and low-input 
systems. It offers farmers a high-profit opportunity—yielding 
10–11 quintals per hectare at ₹3,500 per quintal. After deducting 
the low cultivation cost of ₹8,000/ha, farmers can secure a solid 
₹30,000/ha profit (Panda et al., 2021).

4.1 Morpho-agronomic characterization 
and utilization-based classification of grass 
pea lines for rice fallow diversification

The evaluation of grass pea genotypes reveals distinct phenotypic 
variations that can be strategically utilized for different production 
goals in rice fallow systems. In the present study, significant differences 
existed among lines for fourteen quantitative traits (Figure 4). The 
observed diversity in flowering time (39–63 days) presents a valuable 
opportunity to match genotypes with specific growing windows—late-
maturing types are better suited for leafy vegetable production due to 
their extended vegetative phase and taller stature, while Earliness is 
vital for escaping terminal heat stress in short-winter climates, 
allowing the crop to complete flowering and pod-filling before the 
onset of damaging high temperatures (Gonçalves et al., 2025). The 
evaluated grass pea lines demonstrate potential for different utilization 
purposes in rice fallow systems. For specific grain production, early-
flowering genotypes like 75017 (42 DFF, 3.21 g seed yield) and 75049 
(45 DFF, 3.34 g seed yield) are optimal, combining high pod numbers 
(26.33 and 21.66 respectively) with excellent seed size and yield 
stability. Leaf-optimized lines are characterized by later maturity 
(DFF > 55 days) and superior vegetative traits, viz. 75024 (60.71 g 
green yield) and RCEGP-6 (60.43 g green yield, 0.96 cm leaf width), 
which support multiple harvests of quality nutritious green. Dual-
purpose genotypes such as Mahateora (42 DFF, 2.98 g seed yield, 
54.91 g green yield) and RCEGP-2 (59 DFF, 2.75 g seed yield, 46.45 g 
green yield) offer balanced performance, maintaining intermediate 
phenology with optimum productivity for both leaves and grain. 
Studies reveal grass pea’s genetic diversity for yield and growth traits 
globally (Hanbury et al., 1999; Arslan et al., 2022; Parihar et al., 2013) 
and regionally (Abate et al., 2018; Tadesse and Bekele, 2003), though 
leafy vegetable characteristics remain limited investigated.

4.2 Trait correlations for targeted grass pea 
improvement

The development of improved grass pea varieties necessitates 
simultaneous selection for multiple traits to achieve optimal trait 
combinations and understand potential pleiotropic effects (Akhtar et 
al., 2011; Diriba et al., 2014). Correlation analysis, through 
determination of Pearson’s correlation coefficients (r), provides a 
quantitative measure of linear dependence between phenotypic traits, 
indicated the potential of multiple trait selection (Maleki et al., 2024).

The correlation analysis revealed key trait associations for grass 
pea improvement. Early-flowering genotypes showed higher grain 
yield (DFF-GYP: r = −0.75), while broader-leaved types (LW-SW: 
r = 0.70) offered better dual-purpose potential. Late flowering extends 
the vegetative phase, increasing susceptibility to terminal drought and 
heat stress during pod filling (Lake and Sadras, 2014). Additionally, 
delayed flowering may shorten the reproductive window, limiting pod 
development and seed maturation before unfavorable conditions arise 
(Turcotte and Johnson, 2014). A critical trade-off emerged between 
pod and leaf production (PL-LYP: r = −0.65), requiring careful 
selection based on end-use goals. Plant height positively influenced 
yield through pod number (PH-NPP: r = 0.63, NPP-GYP: r = 0.77), 
while longer internodes improved productivity (IL-GYP: r = 0.63). 
These relationships provide clear selection criteria for developing 

TABLE 9  Distribution of genotypes into five clusters using hierarchical 
clustering.

S. No Cluster Genotypes

1 I Prateek, 75024, RCEGP-2, 

RCEGP-4, RCEGP-6, 

RCEGP17-1, 75022, 75040, 

75046

2 II RCEGP-7, RCEGP-3

3 III Mahateora, Ratan, 75017, 

75049

4 IV RCEGP-9

5 V 75016
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specialized varieties—early, compact types for grain versus later, tall 
types for leafy production. The strong correlation between flowering 
stages (DFF-D50%F: r = 0.99) confirms the reliability of using first 
flowering as a selection marker. These findings enable precise breeding 
strategies to optimize either grain yield or leaf yield. Yield is a 
multifaceted trait, display variability influenced by several other 
contributing traits in grass pea (Maleki et al., 2025).

These findings align with the resource allocation theory proposed 
by Vaz Patto et al. (2006) and provide a physiological basis for 

developing selection indices that optimize dual-purpose performance 
without compromising farmer-preferred traits. However, scaling up 
dual-purpose grass pea cultivation requires attention to socio-
economic and practical factors. Labor availability-particularly for leaf 
harvesting, often managed by women-can influence adoption. 
Mechanization or community-based labor-sharing models may ease 
this burden. Additionally, market access for grass pea as leafy 
vegetable remains limited; strengthening local value chains, 
improving aggregation, and creating consumer awareness could 

FIGURE 3

Sale of fresh grass pea (Khesari) leaves at a local market in Patna, India.

FIGURE 4

Comparison of agronomic traits between leaf type and pulse type grass pea lines through box and whisker plot.
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enhance profitability. Post-harvest issues like perishability and lack 
of storage further constrain expansion (Solovieva et al., 2025). 
Addressing these through low-cost processing and storage solutions 
can improve viability. Therefore, successful scaling requires genetic 
improvements as well as coordinated efforts in extension, input 
delivery, market linkage, and gender-sensitive interventions to ensure 
adoption in rice-fallow systems of eastern India.

4.3 Imbibition kinetics as a novel selection 
criterion for stress adaptation

Our detailed analysis of water uptake patterns revealed 
significant genotypic variation in imbibition behavior with 
important implications for crop establishment in rice-fallow 
systems. Fast-imbibing genotypes like Ratan, RCEGP-2, 75049, 
75016 and 75017 demonstrated superior capacity for rapid 
establishment using residual soil moisture, a critical trait given the 
typically narrow planting window after rice harvest (Gumma et al., 
2016). Their steep initial hydration curves (0.25–0.30 g water 
uptake within 6 h) suggest adaptation to drought-prone 
environments where quick germination is essential. Conversely, 
slower imbibing genotypes like 75046, RCEGP-6 and RCEGP-3 may 
be better suited for waterlogged conditions, as rapid hydration can 
exacerbate hypoxic stress during germination (Gonçalves et al., 
2022). Figure 5 and Table 5 shows that genotypes exhibiting faster 
water uptake during imbibition also tended to germinate earlier, 
suggesting a possible positive association or direct proportionality 
between imbibition rate and germination efficiency. These findings 
align with those reported by Chibarabada et al. (2014), who 
observed that certain genotypes absorbed water more slowly than 
others. This delayed absorption may result from substances present 
on the seed coat or within the seed itself, which can hinder 
metabolic processes essential for germination, restrict oxygen 
availability to the embryo, or impede the release of carbon dioxide. 
Additionally, various germination inhibitors, such as tannins, 
phenolic acids, alkaloids, and aldehydes, have been identified as 
factors that can suppress germination (Marcos, 2005). These 
findings explained demonstrating how imbibition behavior could 
serve as a reliable, easily measurable selection criterion for specific 
rice-fallow environments, potentially improving establishment rates 
and reducing crop failure risks.

4.4 Multivariate analysis for efficient trait 
prioritization and selection

Principal Component Analysis provided a robust framework for 
identifying key selection targets, with the first two components 
explaining 64.73% of total variation. PC1 (42.22% variance) strongly 
associated high yield traits (grain yield loading = 0.921) with early 
flowering (DFF loading = −0.761), validating conventional breeding 
priorities while quantifying their relative importance. PC2 (22.50% 
variance) effectively separated broad-leaved genotypes (leaf width 
loading = 0.923) from those with higher seed production (number of 
seeds per pod loading = −0.590), suggesting independent genetic 
control of these characteristics. Principal components with eigenvalues 
greater than 1 (Kaiser criterion; Brejda et al., 2000) and those 
accounting for at least 5% of the total variation (Sharma et al., 2005; 
Gui et al., 2010) were retained for further analysis. Confirm the 
reliability of these patterns for breeding decisions, supporting their use 
in developing cultivars for sustainable production systems. In a PCA 
biplot (Figure 6), trait arrows indicate the direction of increasing trait 
values, with genotypes positioned closer to an arrow exhibiting higher 
expression of that trait. Longer arrows represent traits with greater 
contributions to overall variation, highlighting their importance in 
genotype differentiation. The angular relationships between arrows 
reveal trait correlations: acute angles denote positive associations, 
obtuse angles (near 180°) indicate negative relationships, and right 
angles (~90°) suggest little to no correlation. This visualization aids in 
identifying key traits for selection and understanding trade-offs in 
breeding programs (Yan and Kang, 2002). Thus, the prominent 
characters coming together in different principal components and 
contributing toward explaining the variability have the tendency to 
remain together (Figure 7).

Cluster analysis delineated five genetically distinct groups 
(Figure 6), revealing diverse opportunities for crop improvement. 
Notably, pulse-type (III) and leafy-type (I) genotypes segregated into 
separate clusters, confirming their divergent genetic backgrounds. 
The pronounced divergence between Clusters II and III (genetic 
distance = 43.62) surpassed typical pulse crop values (cf. Campbell 
et al., 1993), highlighting exceptional potential for heterosis 
breeding. Meanwhile, genetically unique genotypes-RCEGP-9 
(Cluster IV) and 75016 (Cluster V)-emerged as promising donors 
for abiotic stress tolerance, particularly in rice-fallow environments. 
The dendrogram’s cophenetic correlation coefficient (0.705) was 

FIGURE 5

Comparative germination speed in grass pea seeds.
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close to 1, indicating strong clustering reliability (Chaudhuri and 
Ambhaikar, 2014) and a robust representation of the original data. 
This UPGMA analysis effectively revealed genetic relationships 
among the 17 grass pea genotypes. These findings advocate a three-
pronged breeding strategy: (1) population enhancement within 
homogeneous clusters (e.g., Cluster I), (2) strategic hybridization of 
divergent groups (II × III) to capitalize on heterosis, and (3) targeted 
introgression of novel traits from genetically isolated lines (Clusters 
IV/V). The proposed heterosis breeding strategy (e.g., Cluster 
II × III crosses) aligns with recent evidence of hybrid-derived trait 

improvement in grass pea. While empirical evidence on hybrid vigor 
in L. sativus is limited, a diallel study by Lyngdoh et al. (2019) 
identified ‘Prateek’ as the best general combiner for high forage yield 
and low ODAP content. Additionally, Gonçalves et al. (2025) showed 
that crosses with L. cicera produced transgressive segregants with 
improved adaptive traits (e.g., earliness) and quality attributes (e.g., 
L-homoarginine content), alongside agronomically viable 
phenotypes. These findings support the potential of hybridization to 
introgression beneficial alleles, reinforcing our approach to exploit 
heterosis for yield and stress adaptation.

FIGURE 6

Principal component analysis and biplot visualization of morpho-agronomic traits variation and genotype relationships in grass pea.
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5 Conclusion

In conclusion, this study demonstrates how strategic breeding 
of dual-purpose grass pea can transform rice fallows from single-
cropping systems into highly productive, double-window 
agricultural systems. The identification of elite genotypes-
including high-yielding 75,017 (3.34 g/plant grain), leafy 
RCEGP-6 (60.43 g/plant greens), and versatile Mahateora 
(balancing grain and green yields)-provides a genetic foundation 
for targeted crop improvement. Key trait correlations (e.g., 
between early flowering and yield potential) and novel selection 
parameters (such as imbibition kinetics) offer precise breeding 
tools, while exceptional genetic diversity (with inter-cluster 
distances up to 43.62) creates opportunities for 
robust hybridization.

By aligning these genetic advances with farmer priorities 
(enhanced nutrition and drought tolerance) and ecological 
benefits (sustainable intensification), grass pea emerges as a 
climate-smart solution for marginal environments. These findings 
establish a actionable framework for developing next-generation 
cultivars that can simultaneously boost productivity in rice fallows 
while addressing food security, farmer livelihoods, and 
environmental sustainability.
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