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&% Cold stress, which includes both freezing and chilling temperatures, is a crucial
ﬁ“f@ environmental constraint that negatively affects winter vegetable crop output and
51 geographic variety. Winter vegetables, such as brassicas, leafy greens and root crops, often
&gwgw experience temperatures below their physiological optimum as global climatic patterns
&% become more erratic. Cellular membrane damage, oxidative stress and metabolic disruptions
4 are just a few of the unfavourable effects of this stress. Low temperatures cause stunted
“on growth, delayed maturation and a decreased marketable yield by limiting water and food
% intake, inhibiting enzyme activity and reducing photosynthetic efficiency. Prolonged
280 exposure to cold temperatures also alters gene expression and hormonal balance, which
90 diminishes plant vigor and stress tolerance. Implementing a thorough management strategy is

“ 0 necessary for both food security and farmer livelihoods to be successful. It analyses the
- physiological impacts of cold stress, looks at specific crop reactions and offers integrated
cE25%0 management options that include everything from physical protection and site selection to the

;; use of modern bio stimulants and genetic engineering.

Q%’Sg -

" Introduction

rs The Rabi or winter, season is essential for producing high-value vegetable crops in temperate
280 and subtropical countries. However, crops are frequently exposed to cold stress due to the

temperature drop currently, which poses a significant threat to vegetable yield. Chilling injury
(0-15 °C) and freezing injury (< 0 °C) are the two main categories of cold stress. Each
species has a certain temperature range for optimal physiological functioning, even though
many winter vegetables are thought of as cool-season crops. Essential metabolic functions,
including as photosynthesis, respiration and nutrition absorption, slow down when
temperatures fall below certain key thresholds. Additionally, by disrupting hormonal balance
and membrane integrity, extended exposure to cold reduces a plant's overall vigor. In severe
cases, sudden frost events can result in blossom abortion, insufficient curd or root growth and
irreversible tissue damage, all of which can ultimately lead to crop loss. Understanding these
clear field indicators requires analyzing the underlying physiological and biochemical
changes caused by cold stress in winter vegetable crops, which are

Phy3|olog|cal Changes Under Cold Stress

Photosynthesis Suppression

Rubisco and other photosynthetic enzymes are less active at low temperatures.

The rigidity of chloroplast membranes hinders electron transport in photosystem I1.
Causes a noticeable yellowing of the leaves and a decrease in chlorophyll content.
Respiration Imbalance

The synthesis of ATP is decreased by cold because it slows down mitochondrial
respiration.

Growth and repair processes are hampered by an energy deficiency.

e Incomplete respiration leads to the buildup of reactive oxygen species (ROS).
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. Nutrient Uptake & Assimilation
e A reduction in root membrane permeability limits the absorption of nutrients and water.
e lons like calcium, potassium and nitrogen have less mobility.
e The signs of nutrient deficiencies, such as stunted growth and chlorosis, intensify.
4. Hormonal Disruption
Cold stress alters levels of growth regulators:
e Abscisic acid (ABA): increases, triggering stomatal closure and stress signalling.
e Gibberellins & auxins: decrease, slowing cell elongation and division.
e Ethylene: may rise, leading to premature senescence and flower abortion.

Biochemical Changes Under Cold Stress

Membrane Lipid Composition

Cold reduces membrane fluidity by increasing saturated fatty acids.

Loss of flexibility disrupts transport of metabolites and ions.

Ice crystal formation (<0 °C) punctures membranes, causing irreversible cell death.
Protein Denaturation & Enzyme Inhibition

At low temperatures, structural proteins become unstable

The enzymes that fix carbon and assimilate nitrogen stop working.

As a form of defense, stress proteins (such as heat-shock and antifreeze proteins) may be
synthesized.

Reactive Oxygen Species (ROS) Accumulation

e Overexposure to ROS damages lipids, proteins and DNA.

Superoxide dismutase, catalase and peroxidase being examples of antioxidant enzymes
that plants activate.

Necrosis happens due to oxidative stress when antioxidant defense is insufficient.
Osmolyte Accumulation

Plants produce appropriate solutes, that include sugars, proline, glycine and betaine.

They stabilise membranes and proteins by functioning as cryoprotectants.

Assists in preserving osmotic equilibrium in freezing temperatures.

w e o o ™ o o o
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Table 1: Visible Symptoms Linked to Internal Changes

Field Symptom Underlying Cause
Leaf yellowing & wilting Reduced chlorophyll & impaired photosynthesis
Flower abortion Hormonal imbalance (low gibberellins, high ethylene)
Poor curd/root development Energy deficit & nutrient uptake inhibition
Tissue necrosis Membrane rupture due to ice crystals & ROS damage
Stunted growth Reduced respiration, ATP shortage, hormonal suppression

Implications for Crop Productivity
e Yield Losses: Flower abortion and a reduction in photosynthesis immediately reduce
economic yield.

;W; ‘s;_i" Cold Stress Management i
v Winter Vegetable Crops

- C<;id tress Effects -  Management Strategies
s N = —— 3

= Chlorosis & St =X -
T wilting - " . . Low Tunnels

Nutrient
Management

= Biostimulants
(Seaweed Extracts)
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Figure 1: Cold stress effects and management strategies
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e Quality Deterioration: Size, texture and nutritional value all become influenced by poor
root/curd development.

e Crop Failure Risk: In sensitive crops like tomatoes, peppers and cucurbits, severe frost
instances can decimate entire fields.

Vulnerable Winter Vegetable Crops and Their Symptoms

The ability of winter vegetable crops to withstand low temperatures varies greatly and even
cold-hardy species can sustain serious harm when exposed to temperatures beyond their
critical thresholds. For prompt and focused management actions, it is crucial to identify crop-
specific signs of cold stress.

A. Brassicas (Cabbage, Cauliflower, Broccoli)

Brassica vegetables are generally considered cool season crops because they can tolerate
relatively low temperatures. However, exposure to severe cold or frost can substantially
impair yield and quality, particularly during delicate development phases.

Symptoms: “Blindness” a condition where plants fail to develop heads or curds because of
damage to the apical meristem, can be caused by cold stress during early growth.
Additionally, low temperatures encourage the build-up of anthocyanin pigments, which cause
leaves and stems to become purple, particularly in broccoli and cabbage. Frost damage to
cauliflower frequently manifests as water-soaked lesions on curds, which eventually turn
brown and lose their marketability. Long-term cold can also result in delayed maturity and
loose curd formation.

Critical Stage: The most susceptible stages are young seedlings and the change from
vegetative to reproductive development. Damage sustained at these times frequently results in
significant yield loss and is unavoidable.

B. Solanaceous Crops (Potato, Tomato)

Due to their natural sensitivity to cold temperatures, solanaceous vegetables are frequently
impacted when cultivated in the early or late winter to increase market prices.

Symptoms: Potatoes that have suffered harmed by frost rapidly turn black and their leaves
fall; this phenomenon is sometimes described as the plant "melting" overnight. Even though
tubers may resist acute harm, persistent exposure to the cold reduces tuber bulking and
overall yield. In tomatoes, chilling stress results in poor fruit set, reduced pollen viability and
blossom drop. Fruits may display anomalies like cat-face, blotchy ripening and surface pitting
due to low temperatures, which substantially decreases their market value.

Physiological Impact: Cold stress disrupts membrane integrity and enzyme activity in
solanaceous crops, impairing photosynthesis and carbohydrate translocation. According to
Raza et al., (2019), exposure to low temperatures for more than 48 hours causes irreversible
damage to the photosynthetic apparatus in solanaceous vegetables, resulting in a permanent
reduction in yield potential.

C. Leafy Greens (Spinach, Lettuce)

Leafy green vegetables, including spinach and lettuce, are among the winter crops that can
withstand the lowest temperatures when compared to most fruiting vegetables. Despite their
relative robustness, they are nonetheless susceptible to frost damage, especially under
scenarios involving abrupt decreases in temperature and prolonged exposure to frigid
temperatures.

Symptoms: “Frost burning” which manifests as necrosis or scorching along the leaf edges
and tips, is the most typical sign of cold stress in leafy greens. When tissues collapse, affected
leaves may first exhibit water-soaked spots that eventually become brown or black. Lettuce is
particularly vulnerable to mechanical damage during harvesting and handling because cold
injury can result in leaf translucency, decreased leaf expansion and brittleness. Plants may
withstand little frost, but their marketability and consumer acceptability are greatly
diminished by the visual damage.
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Critical Stage: Young leaves that are actively growing are especially vulnerable to frost
damage. While damage near harvest immediately impacts quality and shelf life, cold stress
during early vegetative development inhibits biomass accrual.

Integrated Cold Stress Management Strategies

A careful combination of conventional agronomic knowledge and contemporary technology

treatments is needed to manage cold stress in winter vegetables. The best method for

reducing cold-induced damage and maintaining crop yield is an integrated strategy that
incorporates cultural, physical, chemical and biological techniques because no single method
can offer total protection.

1. Cultural Practices

o Site Selection

The first line of defense against cold stress is careful site selection. Winter veggies should not

be grown in low-lying regions or “frost pockets” where chilly air tends to build up on calm

evenings. Fields with mild slopes and adequate air drainage are less vulnerable to frost
damage. Slopes facing south or south-east get more solar radiation during the day, which
raises nighttime temperatures and lowers the danger of frost.

e Nutrient Management

Improving cold tolerance requires a balanced diet. Potassium (K) is one of the key minerals

that has been repeatedly demonstrated to increase vegetable crops' resistance to cold (Singh,

2021). Under low-temperature stress, potassium maintains cell turgor, controls osmotic

potential and stabilizes cellular membranes. Additionally, enough potassium feeding

decreases electrolyte leakage and improves glucose translocation. “Potassium acts as an
internal antifreeze by lowering the freezing point of the cell sap, thereby improving plant
survival under cold conditions ”

e Irrigation Management

Strategic irrigation is a helpful but sometimes disregarded method of avoiding frost. Gentle

watering in the evening or prior to an anticipated frost event helps control soil temperature

since moist soil retains and releases more heat than dry soil. The gradual release of stored
warmth during the night eliminates temperature fluctuations close to the root zone and
canopy, minimizing frost damage.

2. Physical Protection Measures

a. Plastic Mulching: One useful method for preserving soil heat is the use of plastic
mulches, especially transparent or black polyethylene. These mulches keep the root
environment warmer by absorbing solar radiation during the day and releasing stored heat
at night. Plastic mulching not only moderates temperature but also increases crop
tolerance to cold stress by improving moisture retention, suppressing weeds and
improving nutrient usage efficiency.

b. Low Tunnels and Row Covers: A protected microclimate is created around the crop by
low tunnels and floating row coverings composed of polyethylene sheets or non-woven
cloth. When compared to open field settings, these structures can boost the ambient
temperature by 3-5 °C, greatly lowering the risk of frost damage. They are particularly
helpful for leafy greens and early-season crops because they protect plants from chilly
winds and minimize radiative heat loss on clear winter nights.

3. Chemical and Bio stimulant Interventions

a. Cryoprotectants: Under cold stress, exogenous administration of Osmo protectants such
proline and glycine betaine aids plants in maintaining cellular water balance. These
substances lessen electrolyte leakage, stabilize proteins and membranes and shield
enzymatic function from exposure to low temperatures.

b. Salicylic Acid (SA): By triggering the plant's defensive signalling pathways, foliar
application of salicylic acid at extremely low concentrations has been demonstrated to
improve cold tolerance. By increasing antioxidant activity and stress-responsive gene
expression, SA causes systemic acquired resistance and prepares plants to react to
imminent cold stress more effectively.
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c. Seaweed Extracts: Amino acids, minerals and natural growth regulators are abundant in
seaweed-based bio stimulants. By strengthening cell walls, boosting antioxidant defense
systems and increasing overall plant vigor, their application helps crops tolerate cold
stress.

4. Modern Approaches: Breeding and Biotechnology

While short-term management practices are essential, the long-term and sustainable solution

to cold stress lies in improving the genetic resilience of vegetable crops.

e Marker-Assisted Selection (MAS): The discovery of cold-responsive (COR) genes and
transcription factors like C-repeat binding factors (CBF), which control plant reactions to
low temperatures, has been made possible by developments in molecular breeding.
Breeders can quickly generate cold-tolerant cultivars by effectively incorporating these
features into market types using marker-assisted selection (Zhang et al., 2022).

e Grafting Techniques: A useful and efficient method for reducing cold stress in delicate
vegetable crops is grafting. Grafting susceptible scions onto cold-hardy rootstocks—such
as wild cucurbits or stress-tolerant tomato lines has demonstrated notable efficacy in
preserving root activity, nitrogen absorption and overall plant development in low-
temperature environments in crops like watermelon and tomatoes.

Advantages of Proactive Cold Stress Management

Investing in protection measures like low tunnels, bio stimulants and balanced nutrition offers
several key benefits:

Extended Growing Window: Enables farmers to transplant early and harvest late, helping
them take advantage of high market prices in the off-season.

Improved Quality and Marketability: Averts physiological deformities such as scarred
tomatoes or “blind” cauliflower, guaranteeing that produce aligns with premium and export
standards.

Enhanced Resource Efficiency: Preserves healthy root systems and metabolic rates,
guaranteeing the plant makes the most effective use of water and fertilizers.

Lowered Disease Susceptibility: Maintains the plant’s cuticle (skin) integrity and serves as a
natural defense against opportunistic fungal pathogens such as Botrytis.

Retention of Seed Vigor: Guarantees that seeds produced by mother plants have excellent
germination rates and robust seedlings in subsequent seasons.

Conclusion

Cold stress is not unmanageable, even though it remains a major barrier to the production of
winter vegetables. Given the instability of the climate, a strategy of continuing to do business
as usual is no longer sufficient. By combining modern techniques, such as low tunnels and
bio-stimulants, with conventional cultural practices like strategic watering and balanced
fertilisation, farmers can significantly mitigate risks. The main aim of controlling cold stress
is to maintain the plant's metabolic “momentum ™. It is more important to protect our winter
vegetables to ensure the resilience of the entire food chain and the financial stability of
farming communities during the worst months of the year than it is to save a crop simply.
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