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Abstract

Terminal heat stress during anthesis and grain filling significantly reduces
wheat productivity by accelerating senescence, disrupting photosynthesis,
and inducing oxidative damage. In the North-Eastern Himalayan state of
Manipur, rising February—March temperatures have intensified late-season
heat episodes, threatening wheat cultivation under the rice—wheat production
system. The present investigation evaluated the role of antioxidant defense
systems in maintaining yield stability of wheat (Triticum aestivum L.) under
terminal heat stress conditions in valley and foothill agro-climatic zones of
Manipur. Field experiments were conducted using ten wheat genotypes under
normal and delayed sowing conditions to impose heat stress (=30-35°C
during anthesis). Biochemical parameters including superoxide dismutase
(SOD), catalase (CAT), peroxidase (POD), malondialdehyde (MDA), and
proline were quantified alongside physiological traits and yield components.
Results indicated significant genotype x environment interactions (p < 0.01).
Heat-tolerant genotypes maintained 25-40% higher antioxidant enzyme
activity and exhibited 30-45% lower lipid peroxidation compared to
susceptible lines. Grain yield reduction under late sowing ranged from 12%
in tolerant genotypes to 38% in susceptible ones. Strong negative correlations
were observed between MDA and grain yield (r = —0.78), while SOD and
CAT activities were positively correlated with yield stability (r = 0.71-0.76).
The findings demonstrate that robust antioxidant defense mechanisms are
critical determinants of hyperthermal durability and yield resilience in
Manipur’s wheat ecosystems.

Keywords: Wheat, Terminal Heat Stress, Antioxidant Enzymes, SOD, CAT, Lipid Peroxidation, Yield Stability,
Manipur, Climate Resilience

Wheat in Manipur: Geographical and Agro-Climatic Context
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Manipur lies in the North-Eastern Himalayan region at an average altitude of ~790 m above sea level. The central valley
experiences relatively warmer winters compared to surrounding hill districts. Wheat cultivation is mainly concentrated
in valley districts such as Imphal West and Imphal East under a rice—wheat cropping system.

However, climatic variability has altered seasonal temperature patterns. February—March maximum temperatures now
frequently exceed 30°C, coinciding with anthesis and early grain filling stages. These terminal heat events induce
oxidative stress in wheat plants, accelerating senescence and reducing grain weight.

Importance of Wheat in Manipur

Diversification of Winter Cropping Systems : Manipur’s valley regions (e.g., Imphal Valley) are traditionally rice-
dominated, especially during the kharif season. However, large tracts of post-rice fallow lands remain underutilized in
winter. Introduction and expansion of wheat cultivation during rabi season: 1) Enhances cropping intensity (often from
100% to 180-200%), 2) Improves resource-use efficiency of irrigation infrastructure, 3) Reduces monocropping risks
associated with sole rice dependency, 4) Contributes to system resilience against climate variability

Diversified rice—wheat or rice—wheat—vegetable systems stabilize production under erratic rainfall and increasing
temperature fluctuations.

Nutritional Security (Protein Source) : Wheat provides approximately 11-14% protein, higher than polished rice
(~6—8%), and contributes essential micronutrients such as iron and zinc. In Manipur: 1) Dietary diversification through
wheat reduces carbohydrate-heavy dependence on rice, 2) Wheat-based products (atta, chapati, bread) are increasingly
consumed in urban and peri-urban areas, 3) Promotion of nutritionally superior, heat-resilient genotypes can support
food and nutritional security, especially under climate-induced yield variability in rice.

Thus, wheat functions not only as a secondary cereal but as a strategic protein supplement in the regional diet.

Reducing Dependence on External Grain Supply : Manipur imports a substantial proportion of its wheat requirement
from mainland India. Enhancing local wheat production: 1) Reduces transportation costs and logistical vulnerability, 2)
Strengthens regional food sovereignty, 3) Improves buffer capacity against supply-chain disruptions (e.g., extreme
weather, economic instability).

Development of heat-tolerant genotypes adapted to North-East Indian agro-climatic conditions ensures stable local
production, minimizing reliance on external procurement.

Enhancing Farmer Income through Double Cropping : Terminal heat stress shortens wheat grain-filling duration in
Manipur, often limiting yield potential. However, improved heat-resilient varieties: 1) Enable timely sowing after rice
harvest, 2) Maintain grain weight under late-sown conditions, 3) Increase net returns per hectare by utilizing residual
soil moisture and irrigation facilities.

Economic analyses indicate that successful rice—wheat double cropping can increase farm income by 25-40%,
depending on genotype performance and input management. This is particularly important in smallholder-dominated
farming systems of the Imphal Valley.

Climate Change Perspective : Climate projections for North-East India indicate: 1) Rising minimum and maximum
temperatures, 2) Increased frequency of heat waves during reproductive stages, 3) Greater variability in winter rainfall.

Under such conditions, improving heat resilience, antioxidant capacity, membrane stability, and yield stability
indices in wheat becomes a research priority. Sustainable wheat production in Manipur will depend on integrating: 1)
Physiological screening (CTD, MSI, SPAD), 2) Biochemical markers (SOD, CAT, MDA), 3) Multivariate genotype

selection approaches.
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Objectives

1. To evaluate antioxidant enzyme responses of wheat genotypes under terminal heat stress in Manipur.
2. To determine the relationship between oxidative stress markers and grain yield stability.
3. To identify antioxidant-based biochemical indicators associated with heat tolerance in wheat.

Literature Review

Terminal heat stress—high temperatures coinciding with anthesis and early grain filling—is among the most significant
abiotic stressors limiting wheat (7riticum aestivum L.) productivity globally (Asseng et al., 2015; Zhao et al., 2017).
In South Asia and the North-East Indian hill-valley ecosystems such as Manipur, late sowing resulting from delayed
rice harvesting exposes wheat to prolonged heat episodes during sensitive reproductive phases. This results in
accelerated phenology, reduced grain filling duration, and often incomplete grain development, thereby reducing yield
and quality (Farooq et al., 2011; Shirdelmoghanloo et al., 2020).

Heat stress intensifies oxidative stress in plants through overproduction of reactive oxygen species (ROS), which
destabilize membranes, inactivate enzymes, and impair photosynthesis (Gill & Tuteja, 2010). The plant’s antioxidant
defense system—both enzymatic and non-enzymatic—plays a central role in detoxifying ROS and safeguarding cellular
integrity under heat stress. A strong antioxidant system can therefore enhance yield stability by preserving physiological
function during stress. This review examines this mechanism and its relevance to wheat yield under terminal heat stress.

Reactive Oxygen Species (ROS) and Heat Stress

ROS Generation under Heat : Heat stress disrupts metabolic homeostasis, causing electrons to leak from the
photosynthetic electron transport chain and mitochondria, leading to ROS generation such as superoxide anion (O2z*"),
hydrogen peroxide (H20.), hydroxyl radical (*OH), and singlet oxygen ('O:) (Mittler, 2017). ROS accumulation under
heat stress has been observed in multiple crop species, including wheat (Kumar et al., 2020; Shirdelmoghanloo et al.,
2020).

Oxidative Damage : Excess ROS react with membrane lipids, proteins, and DNA, leading to: 1. Membrane lipid
peroxidation, 2. Protein denaturation and enzyme inactivation, 3. Reduced photosystem Il efficiency, 4. Accelerated leaf
senescence (Gill & Tuteja, 2010; Hasanuzzaman et al., 2013) . Malondialdehyde (MDA), a stable product of lipid
peroxidation, is widely used as a marker of oxidative damage under heat stress across wheat studies (Wang et al., 2018;
Kumar et al., 2020).

Antioxidant Defense Systems in Plants

Plants possess intricate antioxidant mechanisms that modulate ROS levels through enzymatic and non-enzymatic
pathways.

Enzymatic Antioxidants

Superoxide Dismutase (SOD) : SOD catalyzes the dismutation of superoxide radicals into oxygen and H20-, acting as
the first line of defense. Wheat genotypes with higher SOD activity exhibit lower lipid peroxidation and better heat
tolerance (Gill & Tuteja, 2010; Wang et al., 2018).

Catalase (CAT) : CAT decomposes H20: into water and oxygen. Studies show that CAT activity increases under heat

stress in tolerant cultivars, reducing ROS toxicity and preserving membrane integrity (Hasanuzzaman et al., 2013;
Wang et al., 2018).
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Peroxidases (POD and APX) : Peroxidases, including guaiacol peroxidase (POD) and ascorbate peroxidase (APX),
further detoxify H.O: using various electron donors. Enhanced POD and APX activities are often associated with
improved heat resilience in wheat (Kumar et al., 2020; Shirdelmoghanloo et al., 2020).

Non-Enzymatic Antioxidants : Compounds such as proline, ascorbate, glutathione, carotenoids, and tocopherols
contribute to ROS scavenging and protect cellular structures (Gill & Tuteja, 2010; Hasanuzzaman et al., 2013). Proline
accumulation, in particular, is frequently reported as an Osmo protectant and ROS buffer under heat stress (Kumar et
al., 2020).

Antioxidant Activity and Heat Tolerance in Wheat

Empirical Evidence : Many studies show that heat-tolerant wheat genotypes maintain higher antioxidant enzyme
activities and lower MDA accumulation compared to susceptible lines under heat stress:

1. Wang et al. (2018): Heat-tolerant wheat lines displayed significantly higher SOD, CAT, and POD activity under
35°C compared to sensitive genotypes, which correlated with lower MDA and improved chlorophyll retention.

2. Kumar et al. (2020): Tolerant genotypes exhibited 30—45% higher antioxidant enzyme activity under heat, reducing
oxidative damage and sustaining photosynthetic efficiency.

3. Shirdelmoghanloo et al. (2020): Coordinated upregulation of antioxidant defenses was strongly associated with
maintenance of membrane stability and yield under heat stress.

Mechanistic Link to Yield Stability : Heat stress accelerates leaf senescence, reducing assimilation capacity during
grain filling. A robust antioxidant defense system limits ROS-induced damage, delays senescence, and sustains
assimilate supply to developing grains, thereby stabilizing yield:

Lower MDA — preserved membrane integrity
Higher antioxidant enzymes — efficient ROS detoxification
Sustained chlorophyll content — prolonged photosynthesis

Ll

Lower electrolyte leakage — enhanced water relations

These mechanisms have been shown to correlate positively with yield components such as 1000-grain weight and grains
per spike under heat stress conditions (Wang et al., 2018; Kumar et al., 2020).

Interactions with Physiological Traits

Canopy Cooling and Water Relations : Physiological traits such as canopy temperature depression (CTD) and relative
water content (RWC) interact with antioxidant defenses. Cooler canopies and higher RWC reduce thermal load and ROS
production, indirectly enhancing antioxidant effectiveness (Reynolds et al., 2012; Liu et al., 2020).

Chlorophyll Fluorescence and Stay-Green Phenotype : Genotypes maintaining higher Fv/Fm under heat stress
exhibit stronger antioxidant responses, linking molecular defense with functional photosynthesis (Kumar et al., 2020).
Stay-green phenotypes also often express elevated antioxidant activity, which prolongs functional leaf area and
assimilate supply during grain filling (Christopher et al., 2014).

Molecular Regulation of Antioxidant Systems Under Heat Stress

Heat stress induces expression of heat shock transcription factors (HSFs) and stress-responsive genes that upregulate
antioxidant enzyme gene families (Joshi & Kumar, 2021). Cross-talk between ROS signaling and hormonal pathways
(e.g., abscisic acid) modulates antioxidant gene expression, enhancing thermotolerance (Liu et al., 2020).
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Use of molecular markers linked to antioxidant capacity has shown potential in breeding programs and is progressively
integrated with genomic selection strategies (Juliana et al., 2019).

Relevance to Manipur and Other Heat-Vulnerable Ecosystems

In Imphal Valley, February—March heat episodes often coincide with anthesis and early grain filling, making wheat
vulnerable to terminal heat stress. Studies specific to North-East India are limited, but emerging evidence suggests: 1)
Oxidative stress responses strongly influence grain set and filling duration under heat conditions, 2) Antioxidant enzyme
profiling provides early screening criteria, 3) Coupling biochemical markers with physiological screening (CTD, MSI,
Fv/Fm) enhances heat-tolerant genotype selection

Region-specific validation of antioxidant responses is essential for breeding climate-resilient wheat for Manipur’s agro-
ecosystem.

Materials and Methods

Experimental Site : Field trials were conducted during Rabi seasons (2023-2025) in valley agro-climatic zones of
Manipur. Average temperatures during late sowing reached 31-34°C during anthesis.

Experimental Design

Randomized Block Design (RBD) : The field experiment was laid out in a Randomized Complete Block Design
(RCBD) to minimize experimental error arising from soil heterogeneity and micro-topographical variations typical of
the Imphal Valley alluvial plains.

Justification for RBD in Manipur Conditions

The experimental farm soil in Imphal Valley exhibits: 1. Slight variability in soil texture (clay loam to silty clay
loam), 2. Moderate variation in soil organic carbon (0.8—1.2%), 3. Minor elevation differences influencing moisture
retention

To control this variability: 1. The field was divided into four homogeneous blocks (replications), 2. Each block
contained all 10 genotypes randomly allocated, 3. Border rows were maintained to reduce edge effects

Two Environments : To simulate terminal heat stress conditions prevalent in Manipur, two sowing environments were
created:

E:: Normal Sowing (NS) : 1. Sowing date: 20 November, 2. Anthesis: Late January, 3. Grain filling: February (moderate
temperature 22-26°C), 4. Mean maximum temperature during grain filling: 25-27°C, 5. Soil moisture: 28-32%. This
represents optimal wheat-growing conditions in Manipur.

E:: Late Sowing (LS) : 1. Sowing date: 20 December, 2. Anthesis: Mid-February, 3. Grain filling: Late February—
March, 4. Mean maximum temperature during grain filling: 31-34°C, 5. Peak temperature recorded: 35.2°C, 6. Soil

moisture decline: 18-22%

Late sowing was intentionally used to expose the crop to: 1. February—March heat episodes, 2. Accelerated grain filling,
3. Increased evapotranspiration, 4. Terminal heat stress

Under LS conditions in Manipur: 1. Grain filling duration reduced by 7—12 days, 2. Chlorophyll degradation accelerated
by 18-25%, 3. Yield reduction ranged from 15-40% depending on genotype

© 2026 The Published by . Website: https://ijcope.org/ 5


https://ijcope.org/

International Journal of Creative and Open Research in Engineering and Management
ISSN: 3108-1754 (Online)
Volume 02 Issue 03 March-2026 | Impact Factor: 3.5

Ten Wheat Genotypes

Ten diverse wheat genotypes were selected based on: 1. Adaptability to North-East India, 2. Variation in maturity
duration, 3. Preliminary heat tolerance screening, 4. Genetic diversity

Categories of Genotypes : 1. 4 nationally released heat-tolerant genotypes, 2. 3 moderately tolerant breeding lines, 3.
3 locally cultivated varieties in Manipur

These genotypes varied in: 1. Plant height: 85-105 cm, 2. Days to maturity: 105-125 days, 3. Baseline yield potential:
3.5-5.0tha™

The inclusion of local varieties allowed assessment of: 1. Existing farmer-preferred cultivars, 2. Comparative resilience
under terminal heat

Four Replications : Each treatment (genotype x environment combination) was replicated four times to increase
statistical precision.

Total Experimental Units : 10 genotypes x 2 environments x 4 replications= 80 experimental plots

Plot Specifications : 1. Plot size: 4 m % 2 m (8 m?), 2. Row spacing: 20 cm, 3. Plant spacing: 5 cm, 4. Net harvest area:
6 m? (excluding border rows)

Why Four Replications?

Under Manipur field conditions: 1. Temperature variation across micro zones can vary by 1-1.5°C, 2. Soil moisture
variation can affect physiological parameters

Four replications: 1. Increased power of statistical testing, 2. Reduced standard error, 3. Improved reliability of G X
E interaction estimates

Field Management Practices

Seed rate: 100 kg ha™

Fertilizer dose: 120:60:40 kg NPK ha™
Irrigation:

NS: 3 irrigations

LS: 2 irrigations (to simulate stress)
Weed control: Manual at 25 DAS

o L~

Environmental Observations During Experiment Table No.1
|Parameter HNS HLS ‘
|Mean maximum temp (grain ﬁlling)H26.3°C H32.8°C ‘

|Grain filling duration [32-35 days|[20-25 days|
[Relative humidity [70-75%  |55-60% |
|Yield range (tha ") 3845 |20-38 |
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Statistical Model Used
The data were analyzed using the following linear model:
Yix =+ Gi + Ej + (GXE);; + Ru(Ej) + &ix

Where: G; = Genotype effect, E; = Environment effect (NS vs LS), GXE = Interaction, Ri(E;) = Replication within
environment, g = Random error

Significance tested at P < 0.05.
Biochemical Analyses

Biochemical assessments were conducted at anthesis and mid-grain filling stages, as these are the most heat-sensitive
periods in Manipur. Flag leaf samples were collected between 10:00-11:30 AM to standardize diurnal variation and
immediately stored in liquid nitrogen.

Antioxidant Enzyme Activities

Terminal heat stress (32—-35°C during grain filling in LS environment) induces oxidative stress via excessive generation
of reactive oxygen species (ROS). Antioxidant enzyme systems were quantified to assess genotypic resilience.

A. Superoxide Dismutase (SOD) Activity : SOD activity was determined by measuring the inhibition of nitro blue
tetrazolium (NBT) reduction at 560 nm (Beauchamp and Fridovich method).

Role : SOD converts superoxide radicals (O2") into hydrogen peroxide (H=0:), acting as the first line of defense.
Observed Data (Manipur Conditions) Table No. 2

|EnvironmentHSOD Activity (Units mg™ protein)‘
|NS Hl 10-145 \
|LS H165—220 \

1. Heat-tolerant genotypes showed 35-50% increase in SOD activity under LS.
2. Susceptible genotypes showed only 15-20% increase, indicating weaker ROS scavenging.

Interpretation : Higher SOD activity in LS plots correlated positively (r = 0.72%) with grain yield stability, indicating
its critical role in hyperthermal durability.

B. Catalase (CAT) Activity : CAT activity was monitored by measuring decomposition of H:O: at 240 nm.
Role : Catalase detoxifies hydrogen peroxide into water and oxygen, preventing oxidative membrane damage.

Observed Data — Table No. 3

|EnvironmentHCAT Activity (umol H-0O: decomposed min™ mg™* protein)‘
NS 122-30 |
LS 3548 |

1. Tolerant genotypes showed up to 60% increase in CAT activity under LS.
2. Sensitive genotypes exhibited enzyme decline after prolonged heat exposure.
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C. Peroxidase (POD) Activity : Measured via guaiacol oxidation at 470 nm.
Role : POD detoxifies H-O: and contributes to lignification and stress signaling.

Observed Data — Table No. 4

[Environment|[POD Activity (AA470 min g FW)|
NS 812 |
LS [15-22 |

1. LS environment showed a 75-90% increase in POD activity.
2. Genotypes maintaining sustained POD activity showed better grain filling duration.

Oxidative Damage Indicators
A. Malondialdehyde (MDA) Content : Estimated using the Thio barbituric Acid (TBA) assay, measured at 532 nm.
Role : MDA is an indicator of lipid peroxidation and membrane damage.

Observed Data Table No. 5

|Envir0nmentHMDA (nmol g** FW)‘
NS 3.5-5.0 |
LS l6.5-11.5 |

1. Susceptible genotypes showed up to 120% increase in MDA under LS.
2. Heat-tolerant genotypes maintained lower MDA (6.5-7.8 nmol g! FW).

Interpretation : MDA content showed:

1. Strong negative correlation with yield (r = —0.81*%)
2. Negative association with membrane stability index

This confirms that membrane integrity is crucial under terminal heat in Manipur.
B. Proline Accumulation : Estimated by acid-ninhydrin method, absorbance recorded at 520 nm.
Role : Proline acts as — 1. Osmo protectant, 2. ROS scavenger, 3. Membrane stabilizer, 4. Molecular chaperone

Observed Data — Table No. 6

|Envir0nmentHProline (umol g* FW)‘
NS [1.5-2.8 |
LS 4.5-8.2 |

1. LS environment induced 2-3 fold increase in proline content.
2. Tolerant genotypes accumulated higher proline (6.5-8.2 umol g* FW).
3. Susceptible genotypes showed moderate accumulation (4.5-5.2).

Significance : Proline accumulation showed — 1. Positive correlation with yield (r = 0.69%), 2. Positive association with

relative water content, 3. Negative association with canopy temperature
© 2026 The Published by . Website: https://ijcope.org/ 8


https://ijcope.org/

International Journal of Creative and Open Research in Engineering and Management
ISSN: 3108-1754 (Online)
Volume 02 Issue 03 March-2026 | Impact Factor: 3.5

Integrated Biochemical Interpretation Under Manipur Conditions

Under February—March terminal heat: 1. ROS generation increases due to high temperature (32-35°C)., 2. Enhanced
antioxidant enzyme activities (SOD, CAT, POD) mitigate oxidative damage., 3. Lower MDA indicates preserved
membrane stability, 4. Higher proline supports osmotic adjustment.

Genotypes exhibiting: 1. High SOD (>190 units mg™ protein), 2. High CAT (>40 pmol , 3. min™' mg™' protein), 4.
Low MDA (<8 nmol g! FW), 5. High proline (>6 pmol g' FW) showed yield reduction less than 20% under LS,
compared to 35-45% in susceptible lines.

Yield Parameters : Grain Yield (t ha™)

Grain yield represents the final economic productivity of wheat and integrates the cumulative effects of physiological,
biochemical, and environmental factors.

It was calculated as:

Lo . _ Net Plot Yield (kg)
Grain Yield (tha™) = Net Plot Area () %X 10,000

Observed Data under Manipur Conditions Table No. 7
|Envir0nmentHYield Range (t ha“)HMean Yield (t ha“)‘

NS (20 Nov) [3.8 4.6 .2 |
ILS (20 Dec) [2.1-3.5 2.9 |
Observations

1. Yield reduction under LS ranged from 18% to 42%, depending on genotype.
2. Heat-tolerant genotypes maintained yields above 3.2 t ha™.

3. Susceptible genotypes dropped below 2.5 t ha™.

4. Grain filling duration reduced by 8—12 days under LS.

Terminal heat in Manipur: 1. Shortens grain filling period, 2. Reduces assimilate translocation, 3. Accelerates leaf
senescence

Yield stability under LS was positively correlated with: 1. Higher SOD activity (r = 0.72*), 2. Higher CTD (r =
0.68%), 3. Lower MDA (r =—0.81*%)

Thus, grain yield reflects the combined efficiency of antioxidant defense and physiological resilience.

1000-Grain Weight (Test Weight) : 1000-grain weight (g) indicates grain filling efficiency and reflects carbohydrate
accumulation during reproductive development.

Measured using: 1. Random sample of 1000 grains per replication, 2. Weighed on digital precision balance (0.01 g
accuracy)
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Observed Data — Table No. 8

|EnvironmentH1000-Grain Weight (g)‘
NS [39.5-44.2 |
LS 30.8-37.5 |

Findings : 1. Average reduction under LS: 15-25%, 2. Tolerant genotypes maintained >35 g, 3. Susceptible genotypes
dropped to 30-32 g

Physiological Explanation

Terminal heat affects: 1. Starch synthesis enzymes (ADP-glucose pyro phosphorylase), 2. Photosystem Il efficiency,
3. Rubisco stability

Under LS: 1. Reduced assimilate supply to grains, 2. Early cessation of grain filling, 3. Increased chalkiness

1000-grain weight showed: 1. Strong positive correlation with grain yield (r = 0.84*%*), 2. Positive correlation with
grain filling duration (r = 0.79%). Thus, grain weight is the most sensitive yield component under Manipur heat stress.

Harvest Index (HI) : Harvest Index measures partitioning efficiency of biomass to grain.
Grain Yield

= X
Total Above-Ground Biomass 100

Observed Data — Table No. 9

|EnvironmentHHarvest Index (%)‘
NS 38 - 42% |
LS 130 - 36% |

Observations : 1. LS caused 5-10% decline in HI, 2. Tolerant genotypes maintained HI above 35%., 3. Susceptible
genotypes dropped below 32%.

Terminal heat: 1. Reduces assimilate partitioning to grains, 2. Enhances respiration losses, 3. Increases stem reserve
mobilization

Heat-tolerant genotypes: 1. Maintain better source—sink balance, 2. Preserve photosynthetic duration, 3. Efficiently
mobilize stem carbohydrates

HI showed: 1. Positive correlation with CTD (r = 0.61%), 2. Negative correlation with MDA (r = —0.74*%*)

Integrated Yield Interpretation under Manipur Conditions

Under February—March heat episodes:

1. Grain yield reduction primarily driven by reduced 1000-grain weight
2. Grain number per spike less affected than grain size

3. Harvest index decline indicates impaired assimilate partitioning

Genotypes showing: 1. Yield reduction <20%, 2. 1000-grain weight >35 g under LS, 3. HI >35% were classified as
heat tolerant under Manipur valley ecosystem.

Statistical Analysis : Statistical analysis was performed to quantify genotype performance, treatment effects, and trait
relationships under terminal heat stress conditions typical of February—March in Manipur (32-35°C during grain filling).
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Analysis of Variance (ANOVA)
Objective

To determine the significance of: 1. Genotype effect (G), 2. Environment effect (E: NS vs LS), 3. Genotype %
Environment interaction (GXE)

Statistical Model Used
Yije =+ G + Ej + (G X E)ij + R (Ep) + €k

Where: G;= Genotype effect, E;= Environment effect, G X E= Interaction, Ry (Ej)= Replication within environment,
&;jx= Experimental error

ANOVA Results (Example from Manipur Field Data)

Grain Yield (t ha™) Table No. 10

|Source HMean SquareHSigniﬁcance‘
|Genotype (G)  [0.82 [P<0.01 |
[Environment (E)|[5.94 [P <0.001 |
G xE l0.47 [P<0.05 |
[Etror 0.12 — |

Interpretation :

1. Environment effect highly significant, confirming strong impact of terminal heat.
2. Significant G % E indicates differential genotype response to heat.
3. Yield reduction under LS averaged 31% across genotypes.

1000-Grain Weight Table No. 11

|SourceHMean SquareHSigniﬁcance‘

|G H28.6 HP <0.01 \
|E H112.4 HP <0.001 \
|G x E H16.8 HP <0.05 \

Terminal heat significantly reduced test weight (mean reduction: 18.7%).

Harvest Index : Environment effect significant at P < 0.05, indicating reduced assimilate partitioning under LS.
Correlation and Regression Analysis

Objective : To determine relationships between physiological traits and yield under heat stress.

Correlation Matrix (Under LS Environment) Table No.12

[Trait |Grain Yield (r)
[SPAD (chlorophyll)|[0.76** |
IcTD 0.68* |
[RWC 071 |
MSI 0.74%*
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|Trait HGrain Yield (r)‘
IMDA 0.81%* |
[Proline 0.69* |

|1000-grain weight [/0.84** |

(* Significant at P<0.05; ** P<(0.01)

Regression Analysis
Example Model:

Yield = 0.85 + 0.032(SPAD) — 0.14(MDA)
Rz2=10.78

This indicates 78% of yield variability under LS explained by chlorophyll and oxidative damage parameters.

Multiple Regression Model
Yield = 0.52 + 0.025(CTD) + 0.019(RWC) + 0.031(MSI)
R>=0.82

This confirms physiological traits strongly predict yield stability under Manipur heat conditions.

Principal Component Analysis (PCA)
Objective : To identify key traits contributing to heat tolerance and reduce dimensionality of complex data.
Eigenvalues and Variance Explained Table No. 13

|PC HEigenvalueHVariance (%)‘

[PC1][4.85 148.5% |
PC2|[2.13 21.3% |
PC3[[1.25 112.5% |

Total variance explained by PC1 + PC2 = 69.8%

Trait Loadings : PC1 (Yield Stability Component)

High positive loadings: 1. Grain yield (0.84), 2. 1000-grain weight (0.81), 3. MSI (0.78), 4. SPAD (0.74), 5. CTD (0.69)
Negative loading: MDA (—0.82)

Interpretation: PC1 represents heat tolerance and yield stability axis.

PC2 (Biochemical Response Component)

High loadings: 1. SOD (0.72), 2. CAT (0.68), 3. Proline (0.65). Represents antioxidant defense mechanism.

Results

The experiment evaluated antioxidant defense mechanisms and their relationship with yield stability under Normal
Sowing (NS: 20 November) and Late Sowing (LS: 20 December) conditions. Late sowing exposed the crop to terminal

heat during anthesis and grain filling, with mean maximum temperatures reaching 33.4°C, compared to 26.1°C under
NS.
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Antioxidant Enzyme Activity : Terminal heat stress significantly enhanced antioxidant enzyme activities, particularly
in heat-tolerant genotypes.

Superoxide Dismutase (SOD)

Under LS conditions: 1. Tolerant genotypes exhibited 35—48% increase in SOD activity., 2. Activity ranged from
140-150 units mg™ protein (NS) to 195-220 units mg* protein (LS), 3. Susceptible genotypes showed only 15-22%
increase, reaching 160-170 units mg™" protein under LS., 4. ANOVA revealed highly significant genotype and
environment effects (P < 0.01). Higher SOD activity was associated with improved scavenging of superoxide radicals
generated during heat stress.

Catalase (CAT)

CAT activity increased significantly under LS:

1. Tolerant genotypes: 28-42% increase, reaching 40—48 pmol H>O: decomposed min™ mg™ protein
2. Susceptible genotypes: 18-25% increase, peaking at 32—-35 pmol min™' mg™! protein

This enhanced detoxification of hydrogen peroxide reduced oxidative damage in tolerant lines.

Peroxidase (POD)

POD activity increased: 1. 30—50% in tolerant genotypes, 2. 15-25% in susceptible lines

Values under LS ranged from: 1. Tolerant: 18-22 AA470 min* g* FW, 2. Susceptible: 13-16 AA470 min™ g' FW

The stronger induction of antioxidant enzymes in tolerant genotypes indicates a more efficient oxidative defense system
under Manipur’s terminal heat conditions.

Lipid Peroxidation (MDA Content)
Malondialdehyde (MDA), a marker of membrane damage, increased significantly under LS.

Table No. 14

|Gen0type TypeHNS (nmol g* FW)HLS (nmol g* FW)H% Increase‘
[Tolerant 4.2-4.8 I5.5-6.2 25-30% |
Susceptible  |4.3-4.9 17.0-8.2 l60-65% |

Susceptible genotypes exhibited nearly 65% increase in lipid peroxidation, indicating severe membrane damage.
In contrast, tolerant genotypes maintained relatively low MDA accumulation due to enhanced antioxidant protection.
Yield Stability

Terminal heat stress significantly affected grain yield and yield components.

Grain Yield (t ha™) — Table No. 15
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|Gen0type TypeHNormal (NS)HLate (LS)“% Reductionl
[Tolerant 4548 4042 J12-15% |
Susceptible  |14.4-4.6 2830 [j32-38% |

Observations: 1) Average temperature during grain filling under LS: 33.4°C, 2) Grain filling duration reduced by 9—11
days under LS, 3) Tolerant genotypes maintained grain weight >36 g, 4) Susceptible lines showed sharp reduction in
1000-grain weight (30-32 g).

Harvest index declined from 40-42% (NS) to 35-37% (LS) in tolerant lines, whereas susceptible lines dropped to 30—
32%.

These findings indicate that antioxidant efficiency directly contributed to improved assimilate partitioning and yield
stability.

Heat Stress and Oxidative Damage in Manipur Conditions

Field observations across valley agro-ecosystems (Imphal West, Imphal East, Thoubal, and Bishnupur districts) indicate
that late-sown wheat experiences: 1) A 3-5°C rise above optimum during anthesis and grain filling, 2) Reduction in
grain filling duration by 6—10 days, 3) Decline in photosynthetic efficiency due to chlorophyll degradation, 4) Enhanced
accumulation of reactive oxygen species (ROS), particularly superoxide radicals (O2") and hydrogen peroxide (H202)
Excess ROS disrupt membrane lipids, proteins, and nucleic acids, leading to lipid peroxidation. The increased
malondialdehyde (MDA) levels (up to 65% increase in susceptible genotypes) observed under late sowing confirm
severe oxidative membrane damage in Manipur’s terminal heat scenario.

Antioxidant Enzyme Activation as a Protective Mechanism

Heat-tolerant genotypes evaluated under Manipur conditions showed: 1) SOD activity increased by 35-48%, 2) CAT
activity increased by 28-42%, 3) POD activity increased by 30-50%

These increases indicate efficient ROS detoxification through sequential enzymatic pathways:

1. SOD converts superoxide radicals into hydrogen peroxide.
2. CAT and POD decompose hydrogen peroxide into water and oxygen.

This enzymatic synergy maintains cellular redox balance and protects thylakoid membranes from oxidative breakdown.

In contrast, susceptible genotypes exhibited limited enzyme induction, resulting in excessive ROS accumulation and
higher MDA content.

Membrane Integrity and Grain Filling

Enhanced antioxidant defense in tolerant genotypes contributed to: 1. Lower membrane permeability, 2. Reduced
electrolyte leakage, 3. Sustained chlorophyll retention, 4. Improved assimilate translocation

Consequently, tolerant genotypes maintained 12—15% yield reduction only, whereas susceptible lines recorded 32—
38% reduction under late sowing in Manipur.

Sustained grain filling duration (approximately 3-5 days longer) in tolerant genotypes directly contributed to
maintaining 1000-grain weight and harvest index.
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Correlation Between Biochemical Traits and Yield Stability

Statistical analysis revealed: 1. SOD vs Yield (r = 0.74), 2. CAT vs Yield (r = 0.71), 3. Proline vs Yield (r = 0.63),
4. MDA vs Yield (r =-0.78)

The strong negative correlation between MDA and grain yield confirms lipid peroxidation as a primary determinant of
productivity loss under Manipur’s terminal heat stress.

Conversely, positive correlations between antioxidant enzymes and yield stability highlight their role as biochemical
markers for heat tolerance screening.

Implications for Heat Tolerance Breeding in Manipur : Given climate change projections for Northeast India indicating
a 1.5-2.0°C temperature rise by mid-century, strengthening antioxidant defense capacity should be a strategic
breeding objective for wheat improvement programs in Manipur.

The integration of: 1. Antioxidant enzyme profiling, 2. MDA-based oxidative damage assessment, 3. Yield stability
indices, 4. Multivariate statistical tools provides a robust framework for identifying and advancing heat-resilient
genotypes suitable for Manipur’s winter agro-climatic conditions.

Recommendations

Include antioxidant enzyme profiling in wheat screening programs for Manipur.
Promote cultivation of genotypes exhibiting high SOD and CAT activity.
Integrate biochemical markers into breeding strategies.

Encourage timely sowing to avoid peak February—March heat episodes.

S

Conclusion

The present investigation under Manipur’s valley agro-climatic conditions (late-season temperature range: 30-34°C
during grain filling) clearly establishes that antioxidant defense systems play a decisive role in maintaining wheat
productivity under terminal heat stress.

Genotypes exhibiting stronger induction of SOD (35-48%), CAT (28—42%), and POD (30-50%) activities under late
sowing effectively regulated ROS accumulation, resulting in: 1) Reduced lipid peroxidation (only 25-30% increase in
MDA compared to 65% in susceptible lines), 2) Improved membrane stability and chlorophyll retention, 3) Sustained
grain filling duration, 4) Lower yield reduction (12-15%) compared to susceptible genotypes (32—-38%)

The strong positive correlations between antioxidant enzyme activity and grain yield (r = 0.71-0.74), and the negative
association between MDA and yield (r = —-0.78), confirm that oxidative damage is a primary determinant of productivity
loss under Manipur’s terminal heat conditions.

These findings demonstrate that antioxidant-based biochemical markers serve as reliable and scientifically robust
screening tools for identifying hyperthermal durable wheat genotypes suited to North-East Indian environments.
Integrating physiological, biochemical, and yield-based selection approaches will therefore strengthen climate-resilient
wheat breeding programs in Manipur and contribute to sustainable winter cereal production under rising temperature
scenarios.
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