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Abstract

Drought tolerance remains a major challenge in improving Leucaena tarramba, a legume widely cultivated in
arid and semi-arid tropics. Effective screening for drought tolerance is critical for identifying Leucaena tarramba
putative mutants with improved adaptation to water-limited environments. A hydroponic system combined with
polyethylene glycol (PEG)-induced osmotic stress provides a controlled and reproducible platform for evaluat-
ing drought-related responses. This study aimed to screen M: mutants and identify promising drought-tolerant
putative mutants based on estimated estimates of genetic variability and key morpho-physiological responses
under drought-simulating osmotic stress induced by polyethylene glycol (PEG) 6000 in a hydroponic deep-water
culture system. Seeds from the Livestock Breeding and Forage Crops Center, West Nusa Tenggara, Indonesia
were irradiated with Co-60 gamma rays at Center for Isotope and Radiation Application under the National
Nuclear Energy Agency of Indonesia (PAIR-BATAN Indonesia) at doses ranging from 50 to 1000 Gy, with an
estimated LDso of 820 Gy based on survival at 21 days after planting. Following phenotypic evaluation of the
M. generation, materials derived from 0, 250, 500, and 750 Gy were advanced to the M2 generation. A split-
plot design was arranged with PEG levels consisted of 0, 10, 20% as main plot and irradiation doses included
0, 250, 500, and 750 Gy as subplots. The putative mutants of Mz were screened under hydroponic PEG stress
until 42 days after planting (DAP), followed by post-hydroponic greenhouse evaluations at 60 and 90 DAP.
Interaction between PEG and irradiation dose significantly affected several morpho-physiological traits. Under
10% PEG stress, the 250- and 500-Gy-derived M: putative mutants showed relatively better maintenance of
several growth-related traits together with adaptive physiological responses, whereas 20% PEG caused more
pronounced reductions in growth and physiological performance. Drought-tolerance screening based on indi-
vidual dry-weight values revealed considerable variation among M: putative mutants derived from 250, 500,
and 750 Gy. Stress selection indices varied among the M- irradiation-dose groups under PEG-induced osmotic
stress. Stress intensity increased from 0.68 under 10% PEG to 0.85 under 20% PEG. Under 10% PEG, STI
increased from 0.23 in the wild type to 0.41 in the 750 Gy group, while SSI decreased from 1.10 to 0.90. The
same trend was observed under 20% PEG, although STI values were lower overall. The 500 and 750 Gy groups
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had SSI values below 1 under both stress conditions, indicating lower relative susceptibility than the wild
type and 250 Gy groups. PCA based on individual morpho-physiological traits explained 89.5% of the total
variation and separated entries with maintained and reduced performance. Several M. putative mutants under
10% PEG, including 250Gy 2P1, 250Gy _3P1, 250Gy_4P1, and 500Gy_1P1-500Gy_4P1, showed maintained
performance and were identified as promising candidates. Preliminary broad-sense heritability estimates ranged
from 0.24 to 0.60 during the hydroponic phase and from 0.11 to 0.80 during the post-hydroponic evaluations at
60 and 90 DAP. Hydroponic PEG screening provides a useful preliminary framework for identifying promising
gamma-induced M2 putative mutants with maintained morpho-physiological performance under stress, which
can be prioritized for further progeny testing and molecular validation.

Keywords Drought tolerance - Estimates of genetic variability - Hydroponic screening - Leucaena
tarramba - Polyethylene glycol (PEG) - Putative mutants

Abbreviations

DAP  Day after planting

DWC Deep water culture

EC Electrical conductivity

GCV  Genetic coefficient variability
h? Heritability

LDy, Lethal dose 50

PCA  Principal component analysis
PCV  Phenotypic coefficient variability
PEG  Polyethylene glycol

SI Stress intensity

SSI Stress susceptibility index
STI Stress tolerance index

TDS  Total dissolved solids

Introduction

Plants are continually exposed to changing environmental conditions and must cope with various abiotic stresses,
including drought, salinity, UV-B radiation, extreme temperatures, and nutrient imbalances [1—4]. Drought is
among the most pervasive abiotic stresses affecting agricultural production, as it disrupts plant water relations,
impairs physiological and metabolic processes, and progressively reduces crop growth and productivity. When
prolonged or recurrent, these effects can diminish soil-plant system resilience, destabilize production, and ulti-
mately threaten the long-term sustainability of agricultural systems [5-7]. In addition, the intensification of
drought driven by climate change has resulted in decreased biomass production, accelerated land degradation,
and growing risks to global food and feed security [8—12]. These circumstances emphasize the urgent need for
strategic efforts to develop crop varieties capable of surviving in water-limited environments through integrated
approach in physiological adaptations, agronomic practices, and genetic enhancements [13—15].

While research on genetic improvement has advanced substantially in food legumes, studies focusing on for-
age legumes [16, 17], particularly those adapted to marginal environments, remain comparatively limited. This
research gap is critical, as forage legumes such as Leucaena tarramba (Leucaena leucocephala cv. Tarramba) pro-
vide multifaceted benefits beyond feed quality, encompassing soil fertility restoration and ecosystem resilience.
Leucaena tarramba, a perennial tree legume extensively cultivated as forage in tropical regions, plays a pivotal
role in sustainable livestock production systems by providing a protein-rich feed source from 23.7% to 34% [18],
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contributing to biological nitrogen fixation [19] and supporting the rehabilitation of degraded or marginal soils
[20, 21]. Although observable phenotypic variation exists among putative mutants in terms of drought tolerance
performance, the underlying natural genetic diversity within the available Leucaena tarramba germplasm remains
relatively narrow [22, 23]. This limited genetic study challenges for conventional breeding, which is further
constrained by the species’ long generation cycles [24, 25]. Harnessing and expanding this diversity through
alternative approaches, such as mutation breeding is therefore crucial to enhance drought adaptability and ensure
long-term forage sustainability in arid environments.

Mutations have been widely applied in plant breeding to generate novel genetic variations [26-28]. Induced
mutagenesis has emerged as a powerful tool for expanding estimates of genetic variability in forages, enabling
the exploration of stress tolerance genetics [29]. While mutation have revolutionized with precision genome-
editing techniques such as CRISPR-Cas9 targeted gene modification in many crops [30, 31], their application in
non-model forage legumes remains because of limited genomic resources, inefficient transformation/regenera-
tion protocols, and associated logistical challenges [32, 33]. Traditional mutagenesis approaches do not require
detailed genome annotations or elaborate transformation systems, and they can induce genome-wide variation
in a cost-effective manner, making them a valuable strategy for species with narrow genetic bases such as some
perennial forage legumes and limited breeding resources [34—36]. This approach remains highly relevant for
preliminary genetic improvement and the discovery of novel alleles associated with drought tolerance and other
adaptive traits. In addition, in mutation breeding studies, genetic potential can be inferred from the extent of
phenotypic variability expressed among mutant populations [37, 38]. In this context, the present study estimated
the genetic potential of Leucaena tarramba mutants based on observable differences in morphological and physi-
ological traits within the putative mutants of M,. Because all mutants were derived from a single parent line and
cultivated under identical environmental conditions, the observed variation in plant height, leaf morphology, and
other quantitative traits likely reflects newly induced genetic changes rather than environmental effects. Thus,
phenotypic divergence serves as a practical indicator of underlying genetic diversity among the mutants [39, 40].

In some legume species such as Leucaena tarramba, the exploration of potential mutants developed under
controlled environments represents a critical step toward identifying adaptive putative mutants with long-term
breeding potential [41, 42]. By combining controlled environmental screening systems such as hydroponic simu-
lation, mutagenesis enables the systematic identification of potential mutants that present superior performance
under controlled drought conditions [38, 43]. Compared to soil-based systems, hydroponics eliminates substrate
heterogeneity and provides uniform PEG-induced osmotic stress, enabling faster and more practical screening
of drought tolerance traits [44, 45]. Although several studies have examined the morpho-physiological responses
of leucaena to abiotic stress [46, 47], studies on the estimates of genetic variability of induced mutants under
artificially controlled environments remains limited. This gap highlights the need to identify putative mutants
capable of maintaining growth and physiological performance under drought stress and to determine whether
the resulting phenotypic variation can support forage-breeding programs. To broaden the phenotypic variation
available in Leucaena tarramba, gamma irradiation was used to generate putative mutant populations, which
were subsequently evaluated under a controlled hydroponic system using PEG 6000-induced drought-simulat-
ing osmotic stress. The novelty of this study lies in the integrated application of gamma-induced mutagenesis,
PEG-based hydroponic screening, morpho-physiological characterization, stress-tolerance indices, multivariate
analyses, and preliminary genetic-parameter estimation within a single screening framework. This study aimed to
identify phenotypically promising M- putative mutants and determine the traits most informative for early-stage
drought-tolerance selection. We hypothesized that gamma irradiation would generate sufficient phenotypic varia-
tion to produce differential responses to PEG-induced drought-simulating osmotic stress, enabling the identifica-
tion of putative mutants with a greater ability to maintain growth-related traits and exhibit adaptive physiological
responses under water-deficit conditions. The findings provide a practical basis for prioritizing promising putative
mutants for subsequent field evaluation, multi-environment testing, progeny-stability assessment, and molecular
validation, with potential application in the development of drought-resilient forage germplasm.
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Materials and methods

Genetic source preparation (M,-M, generation)

The seeds of Leucaena tarramba (Leucaena leucocephala cv. Tarramba) used as genetic source were obtained
from from Livestock Breeding and Forage Crops Center of Mataram Livestock and Animal Health Service, West
Nusa Tenggara, Indonesia. Seeds with a moisture content of 12—14% (measured using an MC-7821 moisture
meter), blackish-brown coloration weighing 0.06-0.07 g per seed were selected for gamma irradiation. Irra-
diation was conducted at the Center for Isotope and Radiation Application under the National Nuclear Energy
Agency of Indonesia (PAIR-BATAN Indonesia) using a 3-kCi Gamma Cell equipped with a Co-60 source, with
doses ranging from 50 to 1000 Gy, while 200 non-irradiated seeds served as the wild-type control. To break
dormancy, the seeds were soaked in hot water at 60—70 °C for 3 h before being sown in separate trays accord-
ing to irradiation dose and maintained in a greenhouse for 21 days. Following germination, the seedlings were
cultivated during the early growth phase under controlled greenhouse conditions (2627 °C and 75-80% rela-
tive humidity) in polybags (40 x 60 cm) and subsequently transplanted to the experimental field at a spacing of
2.0x2.5 m for comprehensive phenotypic evaluation. The irradiation doses used for LDso determination were
derived from the same initial irradiation experiment applied to the entire seed population, covering doses from the
non-irradiated control (0 Gy) to 1000 Gy. The response data obtained across this dose range were used to estimate
the LDso and determine the irradiation treatments subsequently evaluated in the M: and M= generations. In the Mu
generation, all surviving putative mutants derived from irradiation doses ranging from 50 to 750 Gy were evalu-
ated for morphological and physiological traits from germination to the flowering stage. Based on the M evalu-
ation, four irradiation-doses such as control (no irradiation), 250, 500, and 750 Gy, were selected for subsequent
drought-tolerance screening in the M2 generation. Within these dose groups, the putative mutant of M: showing
favorable morphological and physiological performance were selected and advanced for M seed production.
Thus, the M2 population was established from seeds produced by selected M putative mutants rather than from
the entire surviving M: population. The selected M: putative mutants were maintained through the reproductive
phase, including flowering, pod development, and seed maturation, and seeds were harvested at approximately
80% physiological maturity, 7-8 months after planting.

The selected putative mutant of M were grown to reproductive maturity, allowed to flower and develop pods,
and maintained until seed maturation. Mature seeds were subsequently harvested from these selected M: and
germinated to produce the M2 generation used in the present experiment. For the current screening, M2 popula-
tion was established from seeds produced by selected M: putative mutants. Within each irradiation-dose were
evaluated collectively according to their irradiation-dose origin and were not treated as separate maternal families
in the statistical design. Accordingly, maternal parent identity was not included as an independent experimental
factor.

The putative mutant of M2 were screened for drought response using a hydroponic deep-water culture (DWC)
system under greenhouse conditions at 26—27 °C and approximately 80% relative humidity, with different levels
of polyethylene glycol (PEG 6000)-induced osmotic stress. Genetic-related parameters derived from the M2 pop-
ulation were interpreted as preliminary estimates based on observed phenotypic variation rather than as definitive
evidence of genetically fixed differences. Further progeny evaluation and biomolecular validation are therefore
required to confirm the genetic basis and stability of the observed responses.

Experimental design

A split-plot experimental design was used to evaluate the effects of PEG-induced drought-simulating osmotic
stress, irradiation dose, and their interaction on plant responses. PEG treatment was assigned as the main-plot
factor because each hydroponic tray received a single PEG concentration, whereas irradiation dose was assigned
as the subplot factor within each tray.
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The main-plot factor consisted of three PEG 6000 treatments: PO (control, no PEG), P1 (moderate stress, 10%
PEG; approximately—0.6 MPa), and P2 (severe stress, 20% PEG; approximately—1.2 MPa). Each PEG treat-
ment was represented by four independent hydroponic trays corresponding to four experimental replications,
resulting in a total of 12 trays. Within each tray, four irradiation-dose treatments were arranged as subplots: wild
type (0 Gy), 250, 500, and 750 Gy. Thus, the experiment comprised 48 subplot experimental units (3 PEG lev-
els x4 replications x 4 irradiation treatments).

Each subplot contained five of putative mutants (M), resulting in 20 plants per tray and 240 plants overall.
For the split-plot analysis of treatment effects, the five plants within each subplot were treated as subsamples
rather than independent experimental replicates. Because plant mortality occurred in some PEG-induced osmotic
stress subplots, particularly under severe stress, measurements from the surviving plants available at the time of
assessment were averaged to obtain one subplot-level mean for each combination of replication, PEG treatment,
and irradiation dose. These subplot means were used for the inferential analysis of PEG, irradiation dose, and
PEG x irradiation-dose interaction effects. Thus, the subplot remained the experimental unit, and individual plants
were not treated as additional independent replicates.

For the full split-plot analysis of morphological traits, the statistical model included replication, PEG treat-
ment, irradiation dose, and the PEG x irradiation-dose interaction. The replication x PEG interaction was used as
the main-plot error term for testing the PEG effect, whereas the subplot residual was used to test irradiation dose
and the PEG X irradiation-dose interaction. The corresponding degrees of freedom were 3 for replication, 2 for
PEG, 6 for replication x PEG, 3 for irradiation dose, 6 for PEG x irradiation dose, and 27 for the subplot residual.
The split-plot model was expressed as follows [48, 49]:

Y =u+R+Pj+ (RP)ij + I+ (PI)jk + gk
Where;

Yix = the observed mean response for replication i, PEG level j, and irradiation dose k.

p= the overall mean.

Ri= the effect of replicationi (i=1, 2, 3, 4).

Pi= the effect of PEG level j (PO, P1, and P2) as the main-plot factor.

(RP);= the replication x PEG interaction

Li= the effect of irradiation dose k (0, 250, 500, and 750 Gy) as the subplot factor.

(PD)j= the PEG x irradiation interaction effect.

&ij—= the subplot residual error used to test the irradiation effect and the PEG x irradiation interaction.

Chlorophyll content, stomatal traits, and proline concentration were evaluated using three biological replicates
for each PEG x irradiation-dose treatment combination. These physiological measurements therefore followed a
reduced biological sampling design rather than the full four-tray replication structure used for the morphologi-
cal traits. The three biological replicates represented plant-level biological observations within each treatment
combination and were not considered additional tray-level experimental replications. Physiological traits were
therefore analyzed separately according to this reduced sampling structure.

Identification of individual M, putative mutants of Leucaena tarramba

In addition to the treatment-level analysis, individual M2 Leucaena tarramba were retained as identifiable entries
for phenotypic screening and multivariate analyses. Irradiated M: individuals were referred to as individual M-
putative mutant entries, whereas non-irradiated individuals were referred to as wild-type entries. Individual trait
values were retained for these analyses and were not replaced by subplot means. Each entry code consisted of
three components: irradiation-dose origin, experimental replication, and PEG treatment. The irradiation-dose
component was designated as Wildtype, 250 Gy, 500 Gy, or 750 Gy; the numerical component (1—4) indicated the
experimental replication in which the individual plant was evaluated; and PO, P1, or P2 indicated exposure to 0%,
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10%, or 20% PEG, respectively. Therefore, each complete code denotes the phenotypic observation of a single
M. Leucaena tarramba and is distinct from a subplot mean, replication mean, maternal family, or established
mutant line. The entries sharing the same irradiation-dose origin and replication number but evaluated under dif-
ferent PEG treatments correspond to different Mz individuals.

Artificial screening by hydroponic Deep-Water Culture (DWC)

The hydroponic Deep-Water Culture (DWC) system was established using containers with an 8 L capacity,
serving as the reservoirs for the nutrient solution. An artificial growth substrate was employed to support the
putative mutants of M2 which were positioned on styrofoam boards perforated with planting holes at a spacing
of 25 %30 cm. Each tray was equipped with air pumps and air stones to maintain sufficient aeration and prevent
hypoxic stress in the root zone. Prior to the application of drought stress treatments, M, Leucaena tarramba seeds
were germinated for 14 days to ensure uniform seedling establishment.

The hydroponic system was established following a modified International Rice Research Institute [50] proto-
col using an AB mix nutrient solution. Seedlings were acclimatized for 14 days before stress induction. Drought
stress was simulated using PEG 6000, with three designated treatments: PO (0% PEG; non-stress control), P1
(10% PEG, w/v; approximately —0.6 MPa), and P2 (20% PEG, w/v; approximately—1.2 MPa) [47, 51-53]. For
P1, PEG 6000 was added at 14 DAP to establish a final concentration of 10%, which was subsequently main-
tained throughout the hydroponic stress period. For P2, PEG 6000 was introduced stepwise, beginning at 14
DAP and reaching the designated final concentration of 20% at 21 DAP, to minimize abrupt osmotic shock. The
hydroponic solutions were continuously aerated and mixed to ensure uniform solute distribution and prevent
PEG stratification or precipitation.

Morpho-physiological responses of M, Leucaena tarramba were assessed at 42 days after planting (DAP),
representing the completion of the hydroponic PEG-induced drought-simulating osmotic stress screening phase.
After the hydroponic phase, the plants were transferred to greenhouse conditions for post-hydroponic evaluations
at 60 and 90 DAP.

The system was controlled throughout the hydroponic screening phase, with temperature maintained at
26-27 °C and relative humidity at approximately 80%. The nutrient solution pH was kept within the range of
5.2-6.2, monitored using a digital pH meter (PH-009(I) A, HWB, China) and adjusted with KOH or HsPO. as
required. The electrical conductivity (EC) and total dissolved solids (TDS) of the nutrient solution were mea-
sured using a TDS/EC meter (TDS & EC Hold, generic model, China). To sustain stable nutrient availability and
solution volume during the stress period, the reservoirs were supplemented weekly with fresh nutrient solution
containing the corresponding PEG concentration for each treatment (Fig. 1).

Observed parameter

The experiment comprised three sequential observations such as LDso determination, evaluation of M1 and M2
putative mutants generation.

During the LDso test, the observed parameter was seedling survival rate, assessed 21 days to estimate the irra-
diation dose causing 50% mortality through regression analysis.

In the M, generation, the observed morphological parameters included plant height (cm), plant length (cm),
number of leaves (unit), number of branches (unit), number of twigs (unit), stem diameter (cm), number of pods
(unit), and leaf area (cm2). Biomass-related traits consisted of whole plant weight (g), leaf fresh weight (g),
leaf dry weight (g), branch fresh weight (g), branch dry weight (g), twig fresh weight (g), twig dry weight (g),
pod fresh weight (g), and pod dry weight (g). Yield-related parameters included number of pod samples (unit),
average number of seeds per pod (unit), seed mass per 100 g (g), and pod sample mass (g). All parameters were
recorded monthly until the reproductive stage (7—8 months) to obtain M, seeds.
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Fig. 1 Graphical abstract M, Leucaena tarramba under hydroponically induced drought stress

For the M, generation, the observed morphological parameters included plant height (cm), number of leaves
(unit), number of branches (unit), and leaf area (cm2), fresh weight (g), dry weight (g), root weight (g), and root
length (cm). Physiological parameters comprised chlorophyll a, chlorophyll b, and total chlorophyll content
(umol m~?, which were quantified using a UV—Vis spectrophotometer (Shimadzu UV—Vis 1800) at 665 nm and
652 nm following the method of Porra et al. [54]. Stomatal characteristics were determined following Weyers
and Johansen [55], including number of stomata (unit) and stomatal density (stomata mm 2). The number of
stomata is expressed as the number of stomata per microscopic field, whereas stomatal density is expressed as
stomata mm 2 with images analyzed using ImageJ software (version 1.53). Proline content was measured spec-
trophotometrically using the ninhydrin method, with absorbance determined at 520 nm according to Bates et al.
[56]. Chlorophyll content, stomatal traits, and proline concentration were measured using three biological rep-
licates for each PEG x irradiation-dose treatment combination. Physiological measurements were performed on
surviving plants with sufficient viable tissue for analysis. These three biological replicates constituted a reduced
biological sampling design and were analyzed separately from the full four-replication split-plot dataset used for
morphological traits.

Stress-selection indices were calculated using plant dry weight (DW) under non-stress and PEG-induced
osmotic-stress conditions [57, 58]. Parameters related to the stress selection indices include stress tolerance index
(ST, stress intensity (SI), and Stress susceptibility index (SSI) based on formula [59].

Yp XY
Yxpxs

(%)

STI =
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Where;

51=1_(

SS1 = [1 - (%i)] /s

STI=Stress tolerance index.

SI=Stress intensity.

SSI=Stress susceptibility index.

Yp=Dry weight of a putative mutant under non-stress (control) conditions.

s

Yp

)

Ys=Dry weight of the same putative mutant under stress conditions.
Yp=Mean dry weight of all evaluated putative mutants under non-stress (control) conditions.

Ys=Mean dry weight of all evaluated putative mutants under stress conditions.

Those stress selection indices parameters had categories. The category and interpretation of the stress selection
indices according to Fernandez [59] as presented in Table 1.

Potential estimates of genetic variability was preliminarily estimated from phenotypic variation in the M-
population. Phenotypic variance (62Mz) was calculated from individual M: observations, while environmental
variance (62Mo) was estimated from the non-irradiated parental population evaluated under comparable condi-
tions. Genetic variance was estimated as 62g=02M:—062Mo. The preliminary genetic-parameter estimates based
on phenotypic variation have been mentioned below [60];

Where;
o’ =variance.

n=number of populations.
o’p=phenotypic variance.
o’g=genetic variance.

0.2

olg=o’p—ocle
= 02M2 — 02M0

o’e=environmental variance.

6°M, =M, population variance.

6°M, =variance of parents of Leucaena tarramba.
Broad-sense Heritability values were calculated by equation below;

Table 1 The interpretation
of the stress selection indi-
ces value

B BMC

o]

n—1

Parameter Value Category

Stress Tolerance Index (STI), STI>1.0 Tolerant
0.5<STI<1.0 Moderate tolerant
STI<0.5 Sensitive

Stress Intensity (SI) SI1=0.0 Very low stress
S1>0.0 Moderate stress
SI=1.0 Maximum stress

Stress Susceptibility Index (SSI) SSI=0 Very low susceptibility to stress
SSI<1 Relatively tolerant to stress
SSI=1 Susceptibility to stress
SSI>1 Sensitive to stress
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Where;

o2p =phenotypic variance.

062g=genetic variance.

According to Standfield [61], Heritability was expressed as a proportion from 0 to 1 and classified as high
(h2>0.5), moderate (0.2<h2<0.5), and low (h2<0.2). Genetic variation was determined based on the Pheno-
typic Coefficient Variability (PCV) and Genetic Coefficient Variability (GCV). The GCV was calculated in the
following equation;

2
PCV (%) = —V‘;P 100

GCV (%) = @ x 100
Where;

62p=phenotypic variance.

62g=genetic variance.

x= the average of observed parameter values.

PCV and GCV values were classified as low (< 10%), moderate (10-20%), and high (>20%) [62—64]. Because
phenotypic variance includes both genetic and environmental components, PCV is expected to be equal to or
greater than GCV when 6°p>cg. A small difference between PCV and GCV indicates a relatively limited envi-
ronmental influence on trait expression, whereas a larger difference suggests a greater environmental contribution
to phenotypic variation [64, 65].

Data analysis

The LDso value was estimated through regression analysis using CurveExpert 1.3, based on the survival rate data
of irradiated seeds. Data M; and M, mutants were analysed using both univariate and multivariate statistical
approaches to test for significant differences among irradiation doses, PEG concentrations, and their interactions
across the evaluated traits. Before analysis of variance (ANOVA), residual normality and homogeneity of vari-
ance were assessed using the Shapiro—Wilk, respectively. Residual plots were also visually inspected to identify
potential deviations from ANOVA assumptions. When significant effects were detected, mean separation was
conducted using Tukey’s Honest Significant Difference (HSD) test at p<0.01. For multivariate analysis, the M:
and M2 datasets were subjected to cluster analysis, principal component analysis (PCA), polar heatmap analy-
sis, and Pearson correlation analysis. The M: mutants were analysed using SAS 9.4 and RStudio version 4.2.3,
with trait standardization, K-means clustering, and hierarchical clustering performed to identify morphological
groupings using Ward’s method. The optimal number of clusters was determined using the elbow method. The
M. mutants were further explored using RStudio version 4.2.3 for PCA, correlation matrix analysis, and heatmap
construction. Final data visualization, including PCA biplots, cluster heatmaps, and Pearson correlation plots,
was completed using OriginPro 2025b.
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Table 2 Regression equation for LDy, of Leucaena tarramba gamma irradiation at 21 Days after Planting (DAP)

Parameter Model Equation R LDs,
Survival rate (%) Degree of polynomial y=49.9+0.27x-0.00 x2+1.53 x3 0.96 820 Gy
ypredicted survival rate (%), x gamma irradiation dose (Gy), R correlation coefficient, LDso estimated irradiation dose resulting in 50% survival

Fig.2 LD, of Leucaena tarramba S = 574708370
g?mma irradiation at 21 days after ,; 0.96405486
planting

Survival rate (%)

16-““ L I e e e e B e e B e e L I e e e e e e e B e e B
0.0 100.0 2000 300.0 400.0 5000 6000 700.0 800.0 900.0 1000.0

Irradiation Dose (Gy)

Results

LDs, Leucaena tarramba post gamma irradiation

The regression equation used to estimate the lethal dose (LDso) is presented in Table 2, while the relationship
between irradiation dose and survival rate is illustrated in Fig. 2.

Seedling survival showed a nonlinear response to increasing gamma-irradiation dose at 21 days after planting
(DAP) (Fig. 2), with observed survival ranging from approximately 25% to 85% across the tested doses. Survival
remained relatively high at intermediate irradiation levels, reaching its maximum at 500 Gy, before declining
markedly at higher doses. A third-degree polynomial regression provided a good fit to the survival response
(r=0.964; R2=0.929) (Table 2). The LDso was estimated by setting the predicted survival rate to 50% (y=50)
and solving the fitted equation for irradiation dose (x). The relevant root within the experimental dose range cor-
responded to an approximate LDso of 820 Gy.

Morphological traits of M, Leucaena tarramba post gamma irradiation

The analysis of morphological traits in the M: Leucaena tarramba population revealed clear phenotypic variation
among the irradiated mutants. Cluster analysis, performed using Ward’s method, was applied to identify pat-
terns of similarity and divergence across putative mutants. The optimal number of clusters was estimated using
the Elbow method, where a distinct inflection point at K=4 indicated the most suitable grouping. Four clusters
were retained to capture intermediate putative mutants with overlapping characteristics (as illustrated in Fig. S1).
Additionally, the resulting dendrogram and polar heatmap illustrating the distribution of standardized all traits of
M, Leucaena tarramba is presented in Fig. S2. Therefore, the cluster group for those traits of M, Leucaena tar-
ramba is presented in Table 3.

Table 3 showed that Group I represented the high-performing cluster, characterized by the plant height
(397.00£14.06 cm), the largest number of leaves (432.91+£31.59), and the highest biomass and pod yield
(whole plant weight: 42,411.45+409.90 g; pod dry weight: 58.90+9.91 g). In contrast, Group IV consisted of
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Table 3 Morphological and Trait Group | Group 11 Group 111 Group IV
biomass traits of M; Leu- Plant Height (cm) 397.00+ 14.06° 366.89+6.36" 374.85£6.72°  317.75+£7.95°
caena tarramba post gamma . pjant L ength (cm) 414.00+14.53* 369.42+8.93° 389.76+6.26°  335.16+8.15°
irradiation in reproductive Number of Leaves 432.91+31.59* 269.47+18.55%  289.68+18.64°  224.5+15.68"
phase (unit)
Number of Branches ~ 22.09+2.14% 20.21+1.32% 23.20+£0.97 15.19£0.70°
(unit)
Number of Twig 55.64+12.82° 13.42+1.58" 15.32+1.41° 13.22+1.61°
(unit)
Stem Diameter (cm) ~ 34.50+1.112 30.43+1.22° 31.07£0.70° 25.95+0.74°
Number of Pod (unit)  236.36+45.22° 108.26+£21.71% 38.79+11.73° 75.34+14.17%
Leaf Area Meter 207.93+15.94 213.63+6.76 222.16+6.93 184.06+6.16
(em?)
Whole Weight (g) ~ 4241.45+409.90*  2790.47+193.14* 2936.12+198.92° 2021.66+119.91°
Leaf Fresh Weight 121.18+10.83% 142.63+10.14% 60.70+4.14° 77.34+5.84%
(8
Leaf Dry Weight (g) 51.18+5.60° 56.21+3.06* 28.00+1.90" 30.94+2.03°
Branch Fresh Weight  124.63+5.71 165.05+14.43° 95.79+6.76" 106.16+6.43°
(8)
Branch Dry Weight 59.09+7.66° 114.11+31.54* 52.64+3.76" 52.19+2.93"
€3]
Twig Fresh Weight 35.45+7.59° 53.53+6.29° 35.38+3.54° 30.09+2.73°
(8
Twig Dry Weight (g)  18.63+3.03° 27.74+3.58" 19.64+1.96® 16.69+1.30°
Pod Fresh Weight (g)  107.90+17.02° 54.68+9.68" 66.61+5.41° 35.25+6.37°
Pod Dry Weight (g) 58.90+9.91° 29.11+4.15° 39.55+3.47° 21.47+4.15°
Number of Pod 157.00+21.85° 88.00+13.54¢ 122.00+£11.86"  158.10+£12.47°

Samples (unit)

. Average Number of 18.48+£0.26% 18.86+0.51° 16.90+0.34° 18.47+0.32%
Clusters were generated using Seeds (unit)
AS. Val t
SAS. Values are presented as Mass of Seed per 100 5.09+0.21° 5.71£0.21° 533+0.11° 5.66+0.14%
mean=+ SE; different superscript
.. .. . Gram (g)
letters indicate significant differ- b b b b
ences according to Tukey’s HSD Mass of Pod Sample 119.30+£22.61 103.37+£15.45 104.74+11.58 151.41+£11.23

test at p<0.01 (8

the lowest-performing individuals, with significantly reduced plant height (317.75+7.95 cm), number of leaves
(224.5+£15.68), and pod dry weight (21.47+4.15 g). Groups II and III captured intermediate phenotypes.

A clear dose—response relationship was observed when irradiation treatments were mapped to these groups
(attached as Fig. S2). The wild-type group was mostly classified into Groups II and III, indicating moderate
growth performance. Its values were lower than Group I (high performance) but better than Group IV (low per-
formance). Treatment with low to medium doses (50-250 Gy) often placed individuals in Group I, confirming
this range as optimal for producing high morphological and biomass performance, highlighting high biomass
and yield potential. At higher doses (300—500 Gy), most putative mutants were placed in Group IV, which was
marked by reduced all traits. At very high doses (500-750 Gy), no high-performing putative mutants (Group I)
were found, and nearly all mutants fell into Groups III and I'V. To complement the data presented in Table 3, Fig. 3
shows Principal Component Analysis (PCA) that illustrates the multidimensional variation among Leucaena tar-
ramba mutants.

Figure 3 illustrates the phenotypic distribution of M1 Leucaena tarramba individuals based on principal com-
ponent analysis. PC1, PC2, and PC3 explained 20.6%, 15.9%, and 14.0% of the total variance, respectively,
accounting for a cumulative 50.5% of the observed variation. Wildtype individuals (G2-Wildtype-2, G2-Wild-
type-3, G3-Wildtype-4, G2-Wildtype-5, G3-Wildtype-6, and G3-Wildtype-7) occupied a relatively overlapping
region, reflecting comparatively similar agronomic characteristics. The 250 Gy individuals (G1-250-1, G2-250—
4, and G4-250-6) remained relatively close to the wildtype distribution, although some individuals shifted along
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Fig. 3 Principal component analysis (PCA) of M, Leucaena tarramba

the principal component axes, indicating changes in particular agronomic traits. The 500 Gy individuals (G4-
500-1, G2-500-2, G1-500-3, G3-500-5, G2-500—6, and G3-500-7) showed a broader distribution and consid-
erable overlap with both the wildtype and irradiated individuals. Similarly, the 750 Gy individuals (G4-750-1,
G3-750-3, G4-750-4, G2-750-5, and G3-750-7) were dispersed across the PCA space, indicating heterogeneous
responses to the higher irradiation dose. The substantial overlap among treatment groups suggests that irradiation
dose did not produce completely distinct phenotypic groups; instead, gamma irradiation generated consider-
able individual variation within and among doses. These trends suggest that gamma irradiation contributed to
increased phenotypic variation in Leucaena tarramba, providing a useful basis for identifying putative mutants
with potentially adaptive traits. This pattern highlights the heterogeneous response of M1 generation to gamma
irradiation and supports the selection of individual plants with distinct agronomic characteristics for further
evaluation in subsequent generations.

Morpho-physiological traits of M, Leucaena tarramba under PEG-induced drought-simulating osmotic
stress in hydroponics

The morpho-physiological assessment of the M, generation of Leucaena tarramba was conducted to evaluate
the effects of gamma irradiation and the combined influence of gamma-induced mutations with drought stress
at different levels. The results are presented into two parts. The first part reports the analysis of variance, which
shows the differences among putative mutants under hydroponic phase (attached in Table S1). The second one
describes the morpho-physiological traits of M, mutants grown under drought-simulating osmotic stress induced
by polyethylene glycol (PEG), illustrated in Fig. 4.
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According to Table S1, irradiation doses significantly affected the morpho-physiological traits of the mutants.
Plant height in the mutants ranged from 14.33 to 20.24 c¢m, which was higher than the wild-type group, with
heights ranging from 15.07 to 17.15 cm. Leaf area also showed an increase, ranging from 21.65 to 22.40 cm2
in mutants, and 20.86 to 21.37 cm2 in the control. Similar significant increases (»<0.01) were observed for the
number of leaves, number of branches, dry weight, fresh weight, and root length, but root weight did not show a
significant effect. Chlorophyll a content ranged from 20.88 to 27.46 umol m 2 higher than in the wild-type group
17.40 to 19.86. Similar significant increases were also observed for chlorophyll b and c. Stomatal traits showed a
different pattern, with the 250 Gy-treated putative mutants having about half the control's values. Among these,
putative mutant 250Gy _4 had the lowest values where 9.44 unit number of stomata and 318.309 mm 2 stomatal
density), while wild-type 4 had the highest (24.40 unit number of stomata and 776.67 mm 2 stomatal density).
Proline content was lowest in 250Gy _1 (0.78 pmolg™1 FW) and highest in 500Gy _3 (1.52 pumolg~1 FW). Mutants
500Gy 1, 500Gy _2, 750Gy _1, 750Gy _3, and 750Gy_4 were the best performers in both morphological and
physiological traits, particularly in chlorophyll content. 250Gy _1 had the highest proline content, and wild-type
4 in stomatal traits. In accordance with Table S1, those mutants were treated with different concentrations of PEG
6000 to stimulate drought stress under hydroponic conditions. The interactions between gamma irradiation dose
and PEG 6000 as drought stress grown under hydroponic system are presented in Fig. 4a and b.

The analysis in Fig. 4a and b indicated that the interaction between irradiation doses and PEG levels signifi-
cantly affected (» <0.01) the morpho-physiological traits of the M, Leucaena tarramba. Figure 4a revealed a clear
trend regarding the effect of irradiation on the traits. Mutants exposed to 250 Gy and 500 Gy showed a significant
increase in morphological traits compared to the wild-type group, with the best results observed under moderate
PEG concentrations (10%). Mutants under the 250 Gy dose, those without PEG stress, showed moderate growth,
plant height (22.95 cm), leaf area (24.18 cm?2), and root weight (3.38 g). However, when exposed to 10% PEG,
there was reduction in growth, plant height (14.34 cm), leaf area (21.80 cm?2), and root weight (1.98 g). The
addition of 20% PEG caused a more severe decline, with plant height (2.82 cm), leaf area (17.45 cm2), and root
weight (1.42 g).

Conversely, putative mutants irradiated at 500 Gy showed better growth. Without PEG, putative mutants
reached plant height (26.82 cm), leaf area (23.97 cm2), and root weight (3.52 g). Under 10% PEG, the reductions
in growth were less severe than with 250 Gy, as the mutants maintained plant height (15.58 cm), leaf area (22.18
cm?2), and root weight (2.07 g). However, under 20% PEG, growth still declined, with plant height (5.03 cm), leaf
area (17.63 cm?2), and root weight (1.21 g).

Interestingly, at 750 Gy without PEG, putative mutants showed optimal growth, with plant height (28.72 cm),
leaf area (24.30 cm?2), and root weight (3.83 g). Even under 10% PEG, the putative mutants showed moderate
reductions, with plant height (16.60 cm), leaf area (22.53 cm2), and root weight (2.21 g). Under 20% PEG, the
putative mutants still maintained better growth than those under 250 Gy and 500 Gy, with plant height (6.40 cm),
leaf area (17.76 cm2), and root weight (1.29 g). For the non-irradiated (control) treatment, the putative mutants
without PEG showed moderate growth, with plant height (22.34 cm), leaf area (23.07 cm2), and root weight
(3.38 g). However, with the addition of 10% PEG, the putative mutants experienced a reduction in growth, with
plant height (13.71 cm), leaf area (21.45 cm2), and root weight (1.95 g). Under 20% PEG, performance dropped
significantly, plant height at 4.69 cm, leaf area at 17.21 cm2, and root weight at 1.33 g, demonstrating the severe
effects of high drought stress in the absence of irradiation. This trend is observed across other traits, including the
number of leaves, branches, and dry weight (DW) and fresh weight (FW).

Figure 4b illustrates the physiological responses of Leucaena tarramba mutants under varying irradiation
doses and PEG-induced drought-simulating osmotic stress. Overall, increasing PEG concentration caused a clear
decline in chlorophyll pigments, stomatal traits, and proline accumulation across all irradiation levels. In the
250 Gy treatment, total chlorophyll content dropped from 88.4 umol m2 at 0% PEG to 10.2 umol m2 at 20%
PEG, while stomatal density decreased from 634 mm 2 to 77 mm 2. A similar trend occurred at 500 Gy, where
chlorophyll fell from 86.3 pmol m2 to 15.9 umol m2, and stomatal density from 789 mm2 to 304 mm2.
The 750 Gy mutants resulted in the sharpest decline. Interestingly, proline levels, expected to rise under stress,
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remained stable under moderate PEG (10%) but declined at severe stress (20%), particularly in the 500 Gy and
750 Gy mutants. Plants without irradiation or PEG showed the highest chlorophyll (82.7 pmol m™2) and stomatal
density (946 mm2), confirming that both gamma exposure and osmotic stress substantially suppressed physi-
ological performance.

Stress selection indices on M, Leucaena tarramba under PEG-induced drought-simulating osmotic
stress in hydroponics

Stress selection indices provide a comprehensive analysis of the Stress Tolerance Index (STI), Stress Intensity
(SD), and Stress Susceptibility Index (SSI) for various mutants. The categories for each index offer the drought
tolerance characteristics of these mutants as presented in Table 4.

Stress indices based on dry weight (DW) showed variation among the M: irradiation-dose groups under PEG-
induced osmotic stress (Table 4). Stress intensity (SI) was 0.684 under 10% PEG and increased to 0.854 under
20% PEG, reflecting the stronger effect of the higher PEG concentration on dry-weight reduction. Under 10%
PEG, STI increased from 0.226 in the wild type to 0.285, 0.347, and 0.413 in the 250, 500, and 750 Gy groups,
respectively. The same trend was observed under 20% PEG, although STI values were lower overall, ranging
from 0.110 in the wild type to 0.183 in the 750 Gy group. According to the applied STI classification, all irradia-
tion-dose groups were categorized as sensitive under both stress conditions. SSI showed an opposite trend, with
lower values in the higher irradiation-dose groups. Under 10% PEG, SSI decreased from 1.102 in the wild type
and 1.034 in the 250 Gy group to 0.968 and 0.905 in the 500 and 750 Gy groups, respectively. Under 20% PEG,
SSI values were 1.031, 1.010, 0.987, and 0.973 for the wild type, 250, 500, and 750 Gy groups, respectively.
Based on the applied SSI classification, values below 1 in the 500 and 750 Gy groups indicate lower relative sus-
ceptibility to PEG-induced drought-simulating osmotic stress than the wild type and 250 Gy groups. However,
the differences among irradiation-dose groups were smaller under 20% PEG, suggesting that the relatively better
dry-weight maintenance observed in the higher irradiation-dose groups became less pronounced under severe
stress.

Polar heatmap and principal component analysis of M, Leucaena tarramba under PEG-induced
drought-simulating osmotic stress in hydroponics

To further examine the phenotypic patterns underlying these group-level stress responses, individual M: entries
were subsequently explored using a polar heatmap and PCA based on the combined morpho-physiological traits.
These visualizations were used to provide a larger overview of trait variation among individual entries across
irradiation-dose groups and PEG treatments.

The polar heatmap analysis comprehensively visualizes morpho-physiological traits of M, Leucaena tarramba
mutants treated between irradiation doses and PEG hydroponically simulated drought stress. The polar heatmap
clustering among putative mutants is presented in Fig. 5.

Table 4 Stress selection indices of M irradiation-dose groups under PEG-induced drought-simulating osmotic stress

Irradiation-dose group Stress treatment STI Category SI Category SSI Category

Wild type 10% PEG 0.23 Sensitive 0.68 Moderate stress 1.10 Sensitive to stress

250 Gy 10% PEG 0.28 Sensitive 0.68 Moderate stress 1.03 Sensitive to stress

500 Gy 10% PEG 0.35 Sensitive 0.68 Moderate stress 0.97 Relatively tolerant to stress
750 Gy 10% PEG 0.41 Sensitive 0.68 Moderate stress 0.90 Relatively tolerant to stress
Wild type 20% PEG 0.11 Sensitive 0.85 Moderate stress 1.03 Sensitive to stress

250 Gy 20% PEG 0.13 Sensitive 0.85 Moderate stress 1.01 Sensitive to stress

500 Gy 20% PEG 0.16 Sensitive 0.85 Moderate stress 0.99 Relatively tolerant to stress
750 Gy 20% PEG 0.18 Sensitive 0.85 Moderate stress 0.97 Relatively tolerant to stress
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Fig.5 Polar heatmap analysis of M, Leucaena tarramba under hydroponically induced drought stress based on standardized
trait values (z-scores). Colors represent relative values from low (purple/blue) to high (yellow/red), and the dendrogram
indicates mutant similarity. Plant height (PH), number of leaves (NOL), number of branches (NOB), and leaf area (LAM),
fresh weight (FW), dry weight (DW), root weight (RW), and root length (RL), chlorophyll a, b and Total (Chla, Chlb, Chltot)
Number of stomata (NOS), Stomatal density (SD), and Proline (Prol)

Figure 5 presents a polar heatmap of wildtype and putative mutants across all PEG concentrations (PO, P1,
and P2), illustrating the overall variation in response from non-stress to severe stress conditions. The visualiza-
tion highlights a clear dose-response trend, showing how trait performance gradually shifts as PEG concen-
tration increases. The color gradient from red to blue delineates three major clusters: Cluster I, dominated by
red—orange hues, comprises all PO putative mutants such as Wildtype 1P0 to Wildtype 4P0, 250Gy _1PO to
50Gy_4P0, 500Gy _1P0 to 500Gy_4P0, and 750Gy_1P0 to 750Gy_4P0), which maintained high morphological-
physiological traits such as PH, NOB, NOL, DW, FW, chla, chlb, and chlTot indicating optimal growth under
non-stress conditions. Cluster II, with intermediate green—yellow tones, includes putative mutants Wildtype 1P1
to Wildtype 14P1, 250Gy _1P1 to 250Gy_4P1, 500Gy _1P1 to 500Gy _4P1, and 750Gy _1P1 to 750Gy_4P1),
representing reduced morpho-physiological traits, yet the putative mutants remain capable of surviving and
maintaining minimal physiological activity under prolonged stress conditions. Cluster III, positioned opposite
to Cluster I and shaded in blue—purple, groups all P2 putative mutants such as Wildtype 1P2 to Wildtype 4P2,
250Gy _1P2 to 250Gy_4P2, 500Gy_1P2 to 500Gy_4P2, and 750Gy _1P2 to 750Gy _4P2), which showed severe
damage for the traits at 20% PEG. Interestingly, the parameters NOS and SD showed the opposite trend, with
notable exceptions in Wildtype 3P2, 500Gy 3P2, and 750Gy _3P2, as well as in Wildtype 1P2—-Wildtype 4P2,
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which displayed higher NOS and SD values despite the high-stress environment. In contrast, the Prol parameter
followed a reversed pattern compared to the general clustering trend, where higher stress levels corresponded to
greater proline accumulation.

PCA was performed using the combined morpho-physiological traits under PEG-induced drought-simulating
osmotic stress. This analysis was used to visualize the multivariate relationships among wild-type plants and M>
putative mutants and to identify entries showing maintained or reduced performance profiles.

The Principal Component Analysis (PCA) biplot (Fig. 6) showed distinct grouping of individual screening
entries based on their morpho-physiological traits. The first principal component (Dim1) explained 74.4% of the
total variation, while the second principal component (Dim2) accounted for 15.1%, together explaining 89.5%
of the variation in the dataset. Entries categorized as Maintained performance (blue circles) were predominantly
distributed on the positive side of Diml. These included several M. putative mutants, such as 250Gy_2P1,
250Gy 3P1, 250Gy _4P1, 500Gy 1P1, 500Gy 2P1, 500Gy 3P1, and 500Gy 4P1, which were associated with
relatively higher values of plant height (PH), leaf area (LAM), dry weight (DW), total chlorophyll (ChlTot),
number of branches (NOB), and fresh weight (FW).

In contrast, entries categorized as Reduced performance (yellow triangles) were predominantly positioned
on the negative side of Diml. These included several wild-type entries and M. putative mutants, such as
Wildtype 1P1, Wildtype 2P2, Wildtype 3P2, 250Gy _1P2, 250Gy _2P2, and 250Gy _4P2. Their positions were
generally associated with lower values of several growth- and physiological-performance traits, indicating a less
favorable overall morpho-physiological profile under PEG-induced drought-simulating osmotic stress. The PCA
also showed differences in the contribution of other physiological traits. Number of stomata (NOS) and stomatal
density (SD) contributed mainly to variation along Dim2, whereas proline (Prol) was oriented toward the nega-
tive side of Dim1 and was more closely associated with entries showing reduced performance.
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Fig. 6 Visualization of PCA based on morpho-physiological traits among wild-type plants and M- putative mutants of
Leucaena tarramba under hydroponically induced drought stress. Plant height (PH), number of leaves (NOL), number of
branches (NOB), and leaf area (LAM), fresh weight (FW), dry weight (DW), root weight (RW), and root length (RL), chlo-
rophyll a b and Total (Chla, Chlb, Chltot) Number of stomata (NOS), Stomatal density (SD), and Proline (Prol)
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Correlation among morpho-physiological traits on putative mutants of M, Leucaena tarramba under
PEG-induced drought-simulating osmotic stress in hydroponics

Further analysis after PCA, including correlation, provides a comprehensive study of morpho-physiological traits
under hydroponically induced drought stress. Figure 7 illustrates the correlation among traits on M, Leucaena
tarramba under hydroponically induced drought stress.

The correlation matrix revealed clear associations among morpho-physiological traits (Fig. 7). Plant height
(PH) showed a highly significant and positive correlation (p<0.01) with most traits, particularly number of
branches (NOB, »=0.99), dry weight (DW, »=0.91), and root length (RL, »=0.90). Likewise, leaf arca (LAM)
and number of leaves (NOL) were strongly correlated to chlorophyll b (Chlb, »=0.93) and total chlorophyll
content (ChlTot, =0.95). A consistent pattern of positive correlations was observed among Fresh weight (FW)
and dry weight (DW), and root weight (RW) demonstrated strong correlations (»=0.87—0.99). Chlorophyll pig-
ments also correlated closely with growth attributes, with Chlb showing a strong association with DW (»=0.94)
and ChlTot presenting the strongest correlation with RL (»=0.97). In contrast, stomatal traits, including number
of stomata (NOS) and stomatal density (SD), showed weak and non-significant correlations with other variables
(r<0.25), indicating their limited contribution to agronomic performance under hydroponic stress conditions.
Furthermore, proline (Prol), an osmoprotectant commonly accumulated under abiotic stress, displayed a signifi-
cant negative correlation with all traits. The strongest inverse relationships were observed with PH (r=-0.93),
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Fig.7 Correlation among traits on putative mutants of M, Leucaena tarramba under hydroponically induced drought stress.
Plant height (PH), number of leaves (NOL), number of branches (NOB), and leaf area (LAM), fresh weight (FW), dry weight
(DW), root weight (RW), and root length (RL), chlorophyll a b and Total (Chla, Chlb, Chltot) Number of stomata (NOS),
Stomatal density (SD), and Proline (Prol). * p-value<0.01, * p-value
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DW (r=-0.92), and ChlTot (»=-0.89), indicating that when proline levels increased, morpho-physiological traits
declined.

Preliminary genetic-parameter estimates of M, Leucaena tarramba following gamma irradiation

Gamma irradiation can induce phenotypic variation that may reflect underlying genetic changes in subsequent
generations. Tables 5 and 6 present the morpho-physiological variation observed in M, Leucaena tarramba during
the hydroponic phase at 42 DAP and the post-hydroponic greenhouse phase at 60 and 90 DAP. Because irradia-
tion dose represents an experimental treatment, the observed variation is interpreted as phenotypic evidence and
as a basis for preliminary genetic-parameter estimates, pending further progeny and molecular validation.

Phenotypic variance (62p) was higher than genetic variance (c2g) for all evaluated traits, indicating varying
contributions of environmental effects to phenotypic expression. Table 5 showed that broad-sense heritability (h2)
ranged from 0.24 for chlorophyll b to 0.60 for root weight. High heritability was observed for plant height (0.56),
number of leaves (0.52), number of branches (0.54), root weight (0.60), number of stomata (0.59), and stomatal
density (0.59), whereas the remaining traits showed moderate heritability. The phenotypic coefficient of varia-
tion (PCV) ranged from 5.52% for stomatal density to 47.50% for root weight, while the genotypic coefficient of
variation (GCV) ranged from 4.26% to 36.79% for the same traits. PCV was consistently higher than GCV across
all traits. Root weight exhibited the highest PCV and GCV values (47.50% and 36.79%, respectively), followed
by number of stomata (31.12% and 24.00%), indicating relatively high phenotypic and estimates of genetic vari-
ability for these traits. In contrast, stomatal density showed the lowest PCV and GCV values (5.52% and 4.26%,
respectively). The differences between PCV and GCV across traits indicate that both genetic and environmental
components contributed to the observed phenotypic variability.

Phenotypic variance (62p) was higher than genetic variance (c2g) for all evaluated traits at both 60 and 90
DAP. Table 6 showed that, at 60 DAP, broad-sense heritability (h2) ranged from 0.07 for stem diameter (DS)
to 0.74 for plant height (PH). High heritability was observed for PH (0.74), number of leaves (NOL; 0.58), and
number of branches (NOB; 0.54), whereas DS (0.07) and LAM (0.11) showed low heritability. PCV ranged
from 13.02% for DS to 54.56% for LAM, while GCV ranged from 3.48% for DS to 21.24% for NOB. PCV was
consistently higher than GCV, with the largest difference observed for LAM (54.56% vs. 17.81%), indicating a
relatively strong environmental contribution to its phenotypic variation.

At 90 DAP, broad-sense heritability ranged from 0.35 for PH to 0.80 for DS. High heritability was observed
for NOL (0.64), DS (0.80), and leaf area (LA; 0.70), whereas PH (0.35) and NOB (0.46) showed moderate heri-
tability. PCV ranged from 14.60% for PH to 64.77% for LA, while GCV ranged from 8.59% to 54.15% for the
same traits. LA exhibited the highest PCV and GCV values (64.77% and 54.15%, respectively), together with
high heritability (h2=0.70), indicating substantial phenotypic and estimates of genetic variability. Overall, PCV
remained higher than GCV across all traits at both observation periods, reflecting varying degrees of environ-
mental influence on trait expression.

Discussion

The optimal irradiation dose for mutation breeding typically lies near the lethal dose for 50% mortality (LDso)
[66, 67]. LDso for Leucaena tarramba was determined to be 820 Gy. This relatively high value is attributed to
the hard seed coat, which requires greater energy for radiation penetration and subsequent cellular damage [68].
Generally, seeds exhibit higher radiation tolerance than vegetative tissues due to their dormant state and pro-
tective seed coverings [69, 70]. Comparing to other legume species, the LDso value for Leucaena tarramba is
relatively higher, demonstrating its greater tolerance to ionizing radiation. This substantial difference indicates
that Leucaena tarramba possesses stronger seed coat hardness and higher cellular repair capacity compared to
other legumes such as Phaseolus vulgaris (318 Gy), Indigofera zollingeriana (330 Gy), and Vigna subterranea
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Table 6 Genetic estimates of putative mutant (M,) Leucaena tarramba in post-hydroponic phase

Parameter 60 DAP 90 DAP

PH NOL NOB DS LAM PH NOL NOB DS LA
o2p 347.82 88.11 4.95 0.1 1341.34 551.84 898.92 7.92 12.03 5734.69
o2e 91.38 36.7 23 0.09 1198.48 360.7 324.7 43 2.38 1725.49
62g 256.44 51.41 2.65 0.01 142.86 191.14 574.22 3.62 9.65 4009.2
h? 0.74 1 0.58" 0.541 0.07" 0.11% 0.35M 0.641 0.46M 0.8 0.701
PCV (%) 18.51 23.12 29.03 13.02 54.56 14.6 27.44 27.42 28.14 64.77
GCV (%) 15.9 17.66 21.24 4.12 17.81 8.59 21.93 18.54 252 54.15

o2p Phenotypic Variance, 62g Genetic Variance, o2e Environmental Variance, 42 Broad-sense heritability expressed as a proportion (0-1), H
High heritability (h2>0.5), M Moderate heritability (0.2<h2<0.5), L Low heritability (h2<0.2), PCV Phenotypic Coefficient Variability, GCV
Genetic Coefficient Variability, # High Heritability, M Moderate Heritability, L Low Heritability, PH Plant Height, NOL Number of Leaves,
NOB Number of Branches, DS Stem Diameter, LAM Leaf Area

(160 Gy) [71-73]. Similarly, Vicia faba putative mutants resulted genotypic differences in LDso, varying from
140 to 669 Gy, depending on genotype and sowing time [74]. Such a high LDso value suggests that higher irra-
diation doses are required to induce effective mutagenesis while maintaining sufficient viability for subsequent
generations, highlighting its potential genetic resource for next generations (M- and beyond) [73, 75-77].
Gamma irradiation has long been recognized as an effective mutagenic agent capable of inducing a wide range
of genetic variations in plants. In the M, generation of Leucaena tarramba, noticeable alterations in morphologi-
cal traits were observed, reflecting the immediate physiological and genomic disturbances caused by ionizing
radiation. The morphological responses of M; mutants are often heterogeneous, as most induced mutations at
this stage are not yet genetically stabilized or homozygous [8, 78]. Consequently, phenotypic variation within and
among individual plants of the same treatment group tends to be high. Because these mutations remain unstable
and heterogeneous, they segregate and are expressed differently within different parts of the same plant or among
individual plants [79, 80]. It is important to emphasize that increasing irradiation doses in M; Leucaena tarramba
led to a marked reduction in agronomic performance, particularly in traits related to vegetative growth. Generally,
increasing radiation doses corresponded with a gradual decline in morphological and biomass traits. High doses
often resulted in reduced germination and stunted seedling growth [81], likely due to damage to chromosomal
integrity and the accumulation of reactive oxygen species (ROS) leading to oxidative stress [82]. In contrast,
moderate doses occasionally stimulated slight increases in certain growth parameters, a phenomenon commonly
referred to as “hormetic effects,” where low-level radiation induces adaptive metabolic responses that temporar-
ily enhance growth or repair mechanisms [83]. Despite the phenotypic variability, certain putative mutant of M1
showed unique or potentially beneficial morphological traits. However, since the M, generation primarily repre-
sents heterozygous and unstable mutants, such traits must be validated and stabilized in subsequent generations
(M, and beyond) through selfing or clonal propagation. The identification and propagation of promising variants
from the M, population are therefore critical for advancing to the selection phase of mutation breeding [26].
Polyethylene glycol (PEG) is widely used to simulate drought stress in stress screening [16, 84—86]. Higher
concentrations of PEG (20% and above) severely inhibited growth and germination, while moderate levels
(5-10%) allowed for differentiation among putative mutants, identifying those with higher drought tolerance
[87, 88]. Similarly, in lentils, PEG concentrations of 5—-10% did not significantly affect germinability, but higher
concentrations (20-25%) completely inhibited growth, highlighting the importance of selecting appropriate PEG
levels for stress studies [16]. Studies in maize and cucurbits have confirmed PEG’s effectiveness in differentiat-
ing tolerant from sensitive lines [89, 90]. Hydroponic deep water culture (DWC) combined with PEG-induced
drought-simulating osmotic stress provides an efficient system for screening legumes under drought. This method
facilitates the precise identification of tolerant putative mutants and strengthens the evaluation of morpho-phys-
iological traits in mutant lines. Previous studies have shown that DWC optimizes nutrient uptake [38, 91, 92].
Combined with PEG-induced drought-simulating osmotic stress, offers an efficient method to screen legumes
for drought tolerance. This approach enables precise identification of resilient putative mutants while reinforcing
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the morpho-physiological potential, thereby supporting breeding strategies for improved resilience under water-
limited conditions [93]. In this study, the application of 10% and 20% PEG effectively differentiated the drought
response of Leucaena tarramba putative mutants, indicating its suitability as a screening medium. Interaction
between PEG-induced drought-simulating osmotic stress and gamma irradiation, indicating PEG's effectiveness
as a drought stress selection agent [94, 95]. This present study highlights the intricate interaction between induced
drought stress and mutagenesis in plant performance. The results demonstrate that PEG-induced drought-simu-
lating osmotic stress significantly reduces several morpho-physiological parameters of Leucaena tarramba. As
Habtegebriel et al. [96] and Mahpara et al. [97] state, increasing PEG concentrations intensify drought-simulating
osmotic stress, leading to substantial reductions in vegetative growth and overall plant vigor.

The hydroponic PEG system offers several advantages over soil-based screening. It enables uniform stress
imposition, precise control of nutrient availability, and early detection of tolerant lines [38, 98]. In Leucaena tar-
ramba, morphological indicators such as chlorophyll, stomata and proline emerged as reliable markers of drought
tolerance. These responses suggest that certain putative mutants developed adaptive mechanisms to maintain
osmotic balance, possibly through enhanced accumulation of osmolytes such as proline and soluble sugars. Such
biochemical adjustments are known to stabilize cellular membranes and preserve enzymatic functions under
osmotic stress [99, 100]. However, the hydroponic PEG-screening approach presents several methodological
limitations. PEG induces osmotic stress uniformly in controlled environments, yet it cannot fully mimic com-
plex field drought conditions involving fluctuating soil moisture and temperature [101]. In the present study, the
absence of field validation limits the agronomic relevance of the findings, as putative mutant x environment inter-
actions remain untested. Moreover, the lack of molecular and biochemical analyses constrains the understanding
of stress adaptation mechanisms. Future studies should include field validation and molecular profiling, including
antioxidant and epigenetic analyses, to strengthen drought-tolerance screening [100, 102—105].

Under 10% PEG level, several irradiated mutants maintained better growth and physiological performance
than the wild type or control. This response may reflect a greater capacity to maintain cellular turgor, pho-
tosynthetic pigments, energy metabolism, and antioxidant protection under moderate osmotic stress. Gamma-
induced wheat mutants with improved drought tolerance have similarly shown lower chlorophyll degradation and
changes in proteins associated with chloroplasts, mitochondria, ATP production, and cellular homeostasis under
PEG treatment [ 106—108]. However, because these mechanisms were not directly measured in the present study,
the observed responses of the putative mutants should be interpreted as possible phenotypic adaptations, while
the underlying biomolecular mechanisms responsible for these responses remain to be confirmed through further
molecular and progeny-based analyses. In contrast, 20% PEG likely imposed a stronger osmotic constraint that
severely restricted physiological activity. The simultaneous decline in multiple traits therefore indicates general
stress injury rather than successful acclimation. Although proline commonly functions as an osmoprotectant, its
reduction under severe stress may indicate that cellular damage exceeded the capacity to maintain proline bio-
synthesis and metabolic homeostasis or that the energy and substrates required for its synthesis became limited
[109-111]. A progressive decline in proline content with increasing PEG-induced stress levels has been reported
in Moringa stenopetala, while proline concentration in Vicia sativa was not correlated with field yield perfor-
mance, indicating that proline may reflect the physiological response to water-deficit stress rather than serve as a
reliable standalone predictor of drought tolerance [112—114].

The improvement physiological performance of M, mutants under hydroponic conditions suggests that gamma
irradiation can expand adaptive plasticity to water-deficit environments, particularly under moderate stress. In
legumes, water scarcity during vegetative and reproductive stages severely limits photosynthesis, assimilate allo-
cation, and reproductive development [27, 28]. Nevertheless, legumes rely on complex defense networks inte-
grating antioxidant enzymes, ascorbate peroxidase, catalase, and superoxide dismutase, with hormonal signaling
to maintain redox homeostasis [115, 116]. Gamma irradiation may potentiate these mechanisms through tran-
scriptional modulation of stress-related genes [117], accounting for the greater vigor of irradiated Leucaena tar-
ramba under drought-simulating osmotic stress with PEG levels. However, the attenuation of growth at 20% PEG
indicates that irradiation-derived tolerance remains effective only within species-specific physiological limits, as
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also observed in gamma-irradiated chickpea [118] Moderate irradiation (~500 Gy) stabilized chlorophyll pig-
ments and enhanced proline accumulation, both essential components of drought adaptation. Proline acts as an
osmoprotectant that sustains cell turgor, protects proteins and membranes, and regulates ROS detoxification [119,
120]. The heterogeneous responses among moderate-dose mutants under 10% PEG level stress reveal expanded
estimates of genetic variability useful for mutation breeding.

Under PEG-induced osmotic stress simulating drought conditions, clear physiological differentiation arises
between wild-type and putative mutants. The wild-type plants consistently exhibited superior vigor, greater leaf
turgidity, and higher photosynthetic stability, reflecting their inherent physiological robustness under controlled
osmotic stress [38, 121]. Stress indices showed that the 500 and 750 Gy groups had lower relative susceptibility
than the wild type and 250 Gy groups. Under 10% PEG, the 750 Gy group had the highest STI (0.41) and the
lowest SSI (0.90), while the 500 Gy group also showed an SSI below 1. A similar pattern was observed under
20% PEG, although STI values were lower overall and all irradiation-dose groups remained classified as sensi-
tive based on STI. These results indicate that the higher irradiation-dose groups, particularly 500 and 750 Gy,
maintained dry weight relatively better at the group level under PEG-induced drought-simulating osmotic stress.
Mutants derived from high irradiation doses displayed significant growth inhibition, chlorosis, and reduced bio-
mass accumulation, symptoms frequently associated with radiation-induced DNA damage and metabolic disrup-
tion [122, 123].

The maintenance of growth and physiological traits under 10% PEG level may reflect a greater capacity for
osmotic adjustment and preservation of cellular function. However, these mechanisms were not directly mea-
sured in this study and should therefore be regarded as biological interpretations rather than confirmed responses.
Independently of the stress-index analysis, individual morpho-physiological and multivariate screening identified
several Mz putative mutants with maintained performance under 10% PEG level. Entries from the 250, 500, and
750 Gy treatments showed relatively favorable combinations of growth, biomass, chlorophyll, and other physi-
ological traits in the heatmap and PCA. Several individuals, including 250Gy _2P1, 250Gy_3P1, 250Gy _4P1,
500Gy _1P1-500Gy_4P1, and 750Gy 1P1-750Gy 4P1, were associated with the maintained-performance pro-
file and can therefore be considered promising Ma putative mutant candidates for further selection. Their identi-
fication was based on individual morpho-physiological and multivariate performance rather than on individual
STI, SI, or SSI values. From a plant-breeding perspective, these individuals may provide useful preliminary mate-
rial for further drought-response selection in Leucaena. However, their breeding value remains to be confirmed
through progeny testing, field evaluation, multi-environment testing, forage-quality assessment, and molecular
or genomic characterization.

The maintenance of growth and physiological traits under 10% PEG level may reflect a greater capacity to
maintain cellular function under moderate osmotic stress. However, these mechanisms were not directly mea-
sured in the present study and should therefore be interpreted as possible biological explanations rather than
confirmed mechanisms. Several M- putative mutants from the 250 and 500 Gy treatments, including 250Gy _2P1,
250Gy 3P1, 500Gy _1P1, and 500Gy 3P1, maintained several growth-related traits under 10% PEG level and
showed comparatively favorable morpho-physiological profiles. Similar responses have been reported in Medi-
cago sativa and alfalfa following gamma irradiation, where selected irradiated materials showed improved
performance under water-deficit conditions associated with changes in osmolyte accumulation and antioxidant
responses [32, 118, 124-126]. Nevertheless, such physiological mechanisms were not directly evaluated in the
present study.

Preliminary genetic-parameter estimates further indicated that the relative contribution of genetic and environ-
mental components varied among traits and developmental stages. During the post-hydroponic greenhouse phase
at 60 and 90 DAP, estimated genotypic variance exceeded environmental variance for several traits, accompanied
by moderate-to-high broad-sense heritability for selected traits. These results suggest that part of the observed
phenotypic variation may have a genetic basis, although the estimates remain preliminary because they were
obtained from early-generation M- materials. Progeny evaluation in subsequent generations is therefore required
to determine whether the observed differences are stable and heritable. Similar studies in Festuca pallescens and

BMC Plant Biology N BMC



Article in Press https://doi.org/10.1186/s12870-026-10008-8

Medicago sativa have also reported genetic contributions to morpho-physiological variation under water-stress
conditions [127]. The narrow PCV-GCYV differences reflect strong genetic control, whereas wider gaps in traits
indicate greater environmental influence [39, 63]. As emphasized by Yazdi et al. [128] and Ali [127] that herita-
bility measured at later stages provides more reliable selection indices.

Conclusion

Under 10% PEG level, several irradiated M- putative mutants of Leucaena tarrramba maintained growth and
physiological performance better than under 20% PEG level, whereas the higher PEG concentration markedly
reduced overall plant performance.

Stress selection indices, recalculated at the irradiation-dose-group level, provided complementary information
on the relative response of each irradiation treatment. The 500 and 750 Gy groups had SSI values below 1 under
both 10% and 20% PEG, indicating lower relative susceptibility than the wild type and 250 Gy groups. However,
all irradiation-dose groups remained classified as sensitive based on STI, indicating that the relatively better
response of some irradiation groups did not represent confirmed drought tolerance.

PCA explained 89.5% of the total variation and identified several M2 putative mutants with maintained per-
formance under PEG-induced osmotic stress, particularly under 10% PEG. Entries including 250Gy 2P1,
250Gy _3P1, 250Gy _4P1, 500Gy 1P1-500Gy_4P1, and 750Gy _1P1-750Gy_4P1 showed maintained multivari-
ate performance and were therefore considered promising M2 putative mutant candidates for further selection.

Preliminary broad-sense heritability estimates ranged from 0.24 to 0.60 during the hydroponic phase and from
0.11 to 0.80 during post-hydroponic evaluations at 60 and 90 DAP. These estimates indicate that the relative
genetic contribution varied among traits and developmental stages.

This hydroponic screening PEG-induced osmotic drought stress was useful for identifying promising M- puta-
tive mutants at an early stage of mutation breeding. Group-level stress indices supported the comparison among
irradiation treatments, while individual morpho-physiological and multivariate analyses helped select promising
mutants for further progeny testing, field evaluation, and molecular validation.

Supplementary Information The online version contains supplementary material available at https://doi.org/10.1186/
$12870-026-10008-8.
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