Principles of Plant Physiology I - Plant Water Relations and Mineral Nutrition

Soil and Plant Water Relations
Water and its importance; 
water, a substance composed of the chemical elements hydrogen and oxygen and existing in gaseous, liquid, and solid states. It is one of the most plentiful and essential of compounds. A tasteless and odourless liquid at room temperature, it has the important ability to dissolve many other substances. Indeed, the versatility of water as a solvent is essential to living organisms.
The Importance of Water:
· Agriculture:
The most important use of water is for agriculture. Irrigation is necessary for agriculture, and for that, water is the key component to produce food.
· Drinking:
The human body contains 50% to 78% of water according to the size of the body. Humans need to drink 7 litres of water every day to avoid dehydration.
· Health:
It plays an important role in digestion and other biological processes that occur in living organisms. It plays an important role in maintaining the pH of the body. It also helps in the movement of antibodies from the immune system.
· Regulator:
It helps in regulating body temperature. Water provides the necessary cooling effect to the body.
· Intoxication:
Water removes harmful toxins from the body through perspiration and urination. It prevents the building up of wastes in living organisms.
· Washing:
It is used to make emulsions and solutions which are used for washing purposes.


Molecular structure of water; 
[image: Water - H2O]
· H2O is the chemical formula for water. It consists of two hydrogen atoms and one oxygen atom held together by covalent bonds. 
· This liquid makes up 71% of the earth’s surface. The water molecule is made up of two hydrogen atoms that are joined together by a single chemical bond to an oxygen atom. 
· The nucleus of the majority of hydrogen atoms is made up entirely of protons.
· The hydrogen atoms in one water molecule are attracted to the nonbonding electron pairs of an adjacent water molecule’s oxygen atom. 
· The structure of liquid water is thought to be made up of aggregates of water molecules that constantly form and re-form.
Physical and Chemical Properties of Water:
· It is a colorless and tasteless liquid.
· Compared to other liquids, it has higher thermal conductivity, specific heat, surface tension, etc.
· Water is referred to as a universal solvent as most substances such as acids, salts, sugar, and gases readily dissolve in it.
· Water has the capability to form azeotropes with other solvents.
· The electrical conductivity of water is low. However, it can be improved by adding ionic substances that dissociate to give ions in the aqueous phase for carrying the charge.
Concept of water potential; 
At constant temperature and pressure, the difference in free energy present in the water of a system when compared with the free energy of pure water is called water potential.
Water potential is the potential energy of the water in a device relative to pure water, as both temperature and pressure are constant.
Important points related to water potential:
· It is measured in kPa (kilopascals) and is expressed by Ψ (Psi - A Greek letter).
· Water potential is never positive but has a maximum value of zero, that is, at atmospheric pressure, it is pure water.
· The more negative it is when it comes to impure water or water that has solutes in it, as the solute molecules attract water molecules and limit their freedom to travel.
Plant cell and soil water potential and their components; 
Soil water potential is the sum of four different components: gravitational potential + the matric potential + the pressure potential + the osmotic potential
Ψ = Ψs + Ψp + Ψg + Ψm
However, it is usually shortened into the following formula:
Ψ = Ψs + Ψp
Here, Ψs represents solute potential, Ψp represents pressure potential, Ψg represents gravitational potential, and Ψm represents the matrix potential or matric potential.
Solute Potential (Ψs)
Osmotic potential, also known as solute potential, is the amount by which the presence of a solute in pure water reduces the water potential. The free mobility of the water molecules decreases when solutes are introduced to pure water.
Since pure water has a zero solute potential, the potential of solute is either negative or less than zero. It is shown by the symbol Ψs. At atmospheric pressure, Ψw = Ψs.
Pressure Potential (Ψp)
The water potential increases when a pressure greater than atmospheric pressure is exerted on the solution. A cell becomes turgid when its internal pressure increases, which also increases its turgor pressure. The symbol for this is (Ψp). It is almost zero in plasmolysed cells. It can be harmful in the xylem vessels, where water is drawn by an open system and creates a tension of roughly –2 MPa on the surface of a plant leaf.
Gravitational Potential (Ψg)
It results from the gravitational force of attraction on the water potential. It is dependent on the acceleration brought on by gravity, the height of the water above the fixed value, and the density of the water. Since this gravitational potential is so small, it is usually ignored.
Matrix Potential (Ψm)
Matrix represents things that are on the surface, such as soil particles, cell walls, and protoplasm. Matrix potential results from the intermolecular interactions and H-bonds assisting in the bonding of water to the cytoplasm and cell wall. The matrix potential is usually ignored in plant cells and tissues because it has little effect on osmosis. The matrix potential always has a negative value. It is written as Ψm.
Dry seeds have significant matrix potential. If it is considered, the equation would be Ψw = Ψs + Ψp + Ψm.

Methods to determine cell and soil water potential;
Essentially, there are only two primary measurement methods for water potential—tensiometers and vapor pressure methods. 
Tensiometers work in the wet range—special tensiometers that retard the boiling point of water (UMS) have a range from 0 to about -0.2 MPa. 
Vapor pressure methods work in the dry range—from about -0.1 MPa to -300 MPa (0.1 MPa is 99.93% RH; -300 MPa is 11%)
Vapor Pressure Methods:
The WP4C Dew Point Hygrometer is one of the few commercially available instruments that currently uses this technique. Like traditional thermocouple psychrometers, the dew point hygrometer equilibrates a sample in a sealed chamber


Advantages:
The most current version of this dew point hygrometer has an accuracy of ±1% from -5 to -300 MPa and is also relatively easy to use. Many sample types can be analyzed in five to ten minutes, although wet samples take longer.
Limitations:
At high water potentials, the temperature differences between saturated vapor pressure and the vapor pressure inside the sample chamber become vanishingly small.
Limitations to the resolution of the temperature measurement mean that vapor pressure methods will probably never supplant tensiometers.
The dew point hygrometer has a range of -0.1 to -300 MPa, though readings can be made beyond -0.1 MPa using special techniques. Tensiometers remain the best option for readings in the 0 to-0.1 MPa range
Secondary Methods
Water content tends to be easier to measure than water potential, and since the two values are related, it’s possible to use a water content measurement to find water potential.
A graph showing how water potential changes as water is adsorbed into and desorbed from a specific soil matrix is called a moisture characteristic or a moisture release curve.
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                                            Example of a moisture release curve.
Matric Potential Sensors
Matric potential sensors use a porous material with known moisture characteristic. Because all energy systems tend toward equilibrium, the porous material will come to water potential equilibrium with the soil around it.
Using the moisture characteristic for the porous material, you can then measure the water content of the porous material and determine the water potential of both the porous material and the surrounding soil. Matric potential sensors use a variety of porous materials and several different methods for determining water content.
Accuracy can also be affected by temperature sensitivity. This method relies on isothermal conditions, which can be difficult to achieve. Differences in temperature between the sensor and the soil can cause significant errors.
 Limited Range
All matric potential sensors are limited by hydraulic conductivity: as the soil gets drier, the porous material takes longer to equilibrate. The change in water content also becomes small and difficult to measure. On the wet end, the sensor’s range is limited by the air entry potential of the porous material being used.
[image: Image of a METER Tensiometer in the ground]





Concept of osmosis and diffusion.
Osmosis and diffusion are the two types of passive transport which play a vital role in moving molecules in and out of the cell.
Osmosis
Osmosis is the process of moving solvent particles across a semipermeable membrane from the solvent’s higher concentration to the solvent’s lower concentration. The complete process does not require energy to take place.
For example, the absorption of water molecules from the soil through the roots of the plant.
Diffusion
Diffusion is the process of moving particles from a region of higher concentration to a region of lower concentration until equilibrium is reached.  Simple diffusion does not require energy; however, facilitated diffusion requires ATP.
For example, the aroma is diffused into the air by perfume sprays.
                                 To incorporate the movement of molecules in and out of the cell, two types of transport systems exist, namely osmosis and diffusion. These two systems are passive transport systems as they do not require any additional energy to function (however, facilitated diffusion requires ATP). The primary differentiating factor between the two systems is the medium in which they are employed. Osmosis can only function in a liquid medium, but diffusion can occur in all three mediums (solid, liquid and gas). Furthermore, osmosis requires a semi-permeable membrane, while diffusion does not. The intake of water in plants is an example of osmosis. Diffusion is observed when a drop of food colouring is added to a glass of water, where eventually, the entire water content becomes coloured.




Difference between Osmosis and Diffusion

	Osmosis
	Diffusion

	It is limited only to the liquid medium.
	Occurs in liquid, gas and even solids.

	Requires a semipermeable membrane.
	Does not require a semipermeable membrane.

	Depends on the number of solute particles dissolved in the solvent.
	Depends on the presence of other particles.

	Requires water for the movement of particles.
	Does not require water for the movement of particles.

	Only the solvent molecules can diffuse.
	Both the molecules of solute and solvent can diffuse.

	The flow of particles occurs only in one direction.
	The flow of particles occurs in all the directions.

	The entire process can either be stopped or reversed by applying additional pressure on the solution side.
	This process can neither be stopped nor reversed.

	Occurs only between similar types of solutions.
	Occurs between the similar and dissimilar types of solutions.

	It involves the movement of only solvent molecules from one side to the other.
	It involves the movement of all the particles from one region to the other.

	The concentration of the solvent does not become equal on both sides of the membrane.
	The concentration of the diffusion substance equalises to fill the available space.

	Depends on solute potential.
	Does not depend on solute potential, pressure potential, or water potential.

	Only water or another solvent moves from a region of its high concentration to a region of its lower concentration.
	Any type of substance moves from area of highest energy or concentration to region of lowest energy or concentration.

	Not associated with uptake of minerals and nutrients.
	It helps in the uptake of minerals and nutrients.



Soil physical properties and water availability in different soils;
Soil acts as a sponge to take up and retain water. Movement of water into soil is called infiltration, and the downward movement of water within the soil is called percolation, permeability or hydraulic conductivity. 
Pore space
 in soil is the conduit that allows water to infiltrate and percolate. It also serves as the storage compartment for water.
Infiltration
 rates can be near zero for very clayey and compacted soils, or more than 10 inches per hour for sandy and well aggregated soils. Low infiltration rates lead to ponding on nearly level ground and runoff on sloping ground. 
Organic matter
Especially crop residue and decaying roots, promotes aggregation so that larger soil pores develop, allowing water to infiltrate more readily. Permeability also varies with 
Soil texture and structure. 
Permeability is generally rated from very rapid to very slow . This is the mechanism by which water reaches the subsoil and rooting zone of plants. It also refers to the movement of water below the root zone. Water that percolates deep in the soil may reach a perched water table or groundwater aquifer. If the percolating water carries chemicals such as nitrates or pesticides, these water reservoirs may become contaminated.
[image: ]
Water holding capacity designates the ability of a soil to hold water. It is useful information for irrigation scheduling, crop selection, groundwater contamination considerations, estimating runoff and determining when plants will become stressed. Available water capacity varies by soil texture.
[image: ]
Water holding capacity and approaches to improve WHC;
Water holding capacity is the amount of water a soil can hold for crops to use. Increased soil organic matter enhances your soil's ability to absorb water, leading to less water stress during both dry and wet periods. This can be achieved by-Incorporate compost, manures, or other stable organic materials. Grow and incorporate a high biomass cover crop. Add a perennial crop to your rotation. Add a sod crop to your rotation. Reduce tillage to provide less disturbance to soil biota and structure.
Concept of FC and PWP;
At “Field Capacity” (FC) the soil is wet and contains all the water it can hold against gravity. At the “Permanent Wilting Point” (PWP) the soil is dry and the plant can no longer extract any more water. The difference in the water content of soil between field capacity and the permanent wilting point gives the amount of soil water available for uptake by plants. Water holding polymers can be used as a soil conditioner to enhance the hydro-physical, physicochemical, and biological environments of the soil, increase soil water retention and release capacity, boost irrigation, water and nutrient use efficiency, raise crop yield and quality, and maintain environmental quality.
Water holding polymers and their relevance.
Water Holding Polymers in agriculture has provided solutions to the problems of the present day agriculture increasing of the soils capacity to store water.  Water holding polymers potentially influence soil evaporation and infiltration rates of water through the soils. Particularly, the polymers reduce irrigation frequency and compaction tendency, stop erosion and water runoff. Polymers store rainwater in the soil in dry conditions. As a result, this review aimed to given information about the benefits of water holding polymers in the arid and semi-arid regions of the world. There are three types of water-holding polymers that are widely used; natural polymers, semi-synthetic polymers and synthetic polymers.

Water Absorption and Translocation
Root structure 
As shown in Figure below, the tip of a root is called the root cap. It consists of specialized cells that help regulate primary growth of the root at the tip. Above the root cap is primary meristem, where growth in length occurs.
[image: Parts of a root]
A root is a complex organ consisting of several types of tissue. Above the meristem, the rest of the root is covered with a single layer of epidermal cells. These cells may have root hairs that increase the surface area for the absorption of water and minerals from the soil. Beneath the epidermis is ground tissue, which may be filled with stored starch. Bundles of vascular tissues form the center of the root. Waxy layers waterproof the vascular tissues so they don’t leak, making them more efficient at carrying fluids. Secondary meristem is located within and around the vascular tissues. This is where growth in thickness occurs. The structure of roots helps them perform their primary functions.
Root functions:
They have three major jobs: absorbing water and minerals, anchoring and supporting the plant, and storing food.
1. Absorbing water and minerals: Thin-walled epidermal cells and root hairs are well suited to absorb water and dissolved minerals from the soil. The roots of many plants also have a mycorrhizal relationship with fungi for greater absorption.
2. Anchoring and supporting the plant: Root systems help anchor plants to the ground, allowing plants to grow tall without toppling over. A tough covering may replace the epidermis in older roots, making them ropelike and even stronger. As shown in Figure below, some roots have unusual specializations for anchoring plants.
3. Storing food: In many plants, ground tissues in roots store food produced by the leaves during photosynthesis. The bloodroot shown in Figure below stores food in its roots over the winter.
[image: Root functions]
Mangrove roots are like stilts, allowing mangrove trees to rise high above the water. The trunk and leaves are above water even at high tide. A bloodroot plant uses food stored over the winter to grow flowers in the early spring.
Root architecture and relevance in water mining;
Crop roots alteration seems to be crucial for future climate resilient varieties and nutrients availability significantly altered the root architecture and growth and development responses under moisture deficit condition. 
Root architecture and root growth are important for exploration of soil for water and nutrients, as the acquisition of these resources drives plant growth. There are a myriad of root forms, ranging from woody roots to root hairs, and many of their various functions still remain unknown. 
Several important concepts, however, govern the development of roots and their direct and indirect effects on plant growth:
 (1) roots are highly plastic, i.e., architecture and growth are highly responsive to environmental conditions and therefore can optimize resource acquisition; 
(2) tradeoffs exist in root form and function. The costs of producing roots can yield benefits in terms of the acquisition of soil water and nutrients, and ultimately plant growth and fitness; 
(3) enormous variation exists among plant species in their root responses to abiotic stress; 
(4) genetic analysis has revealed that root architectural traits are often multigene or quantitative traits; 
(5) roots affect attributes of plant communities and ecosystems, due to their effects on resource acquisition, growth, productivity, water budgets, and nutrient cycling.

Mechanism of water absorption and translocation;
Water absorption in plants is a biological process in which plants transport capillary water from the soil to the root xylem via root hairs during various plant processes such as respiration, transpiration, and osmosis.
Water is absorbed by higher plants through root hairs that come into contact with soil water and form a root hair zone a little behind the root tips. Root hairs are tubular hair-like prolongations of the cells of the epidermal layer of the roots (when the epidermis bears root hairs, it is also known as the piliferous layer). 
Mechanism of water absorption in plants
Water absorption in plants is a biological process in which plants transport capillary water from the soil to the root xylem via root hairs during various plant processes such as respiration, transpiration, and osmosis. Water supply is an important factor that influences all plant activities such as photosynthesis, internal water balance, and so on.
Water loss in plants can cause leaf wilting, stomatal closure, a reduction in photosynthetic activity, and protoplasm disorganisation. In plants, absorbed water usually exists in two phases: apoplastic water and symplastic water. Apoplastic water is found in the cell wall and xylem, whereas symplastic water is found in the cell protoplast.
Types of water absorption in plants
Plants typically absorb water in one of two ways:
· Active absorption of water
· Passive absorption of water
Active absorption of water
This type of water absorption necessitates the use of metabolic energy by root cells to perform metabolic activities such as respiration. Water absorption occurs in two ways in plants: osmotic absorption and non-osmotic absorption.
1. Osmotic active absorption of water: This type of water absorption occurs via osmosis, with water moving into the root xylem across the concentration gradient of the root cell. Because of the high concentration of solute in the cell sap and the low concentration of the surrounding soil, osmotic movement occurs.
2. Non-osmotic active absorption of water: Water absorption occurs here when water enters the cell from the soil against the cell’s concentration gradient. This necessitates the use of metabolic energy via the respiration process. As a result, as the rate of respiration increases, so will the rate of water absorption. Auxin is a growth hormone that increases the rate of respiration in plants, which increases the rate of water absorption.
Passive absorption of water
The use of metabolic energy is not required for this type of water absorption. Absorption occurs as a result of metabolic activity such as transpiration. Passive absorption is the type of water absorption that occurs as a result of transpiration pull. This creates tension or force, which aids in the upward movement of water into the xylem sap. The higher the transpiration rate, the greater the water absorption.
Role of Root Hairs in Water Absorption
Root hairs are tubular, hair-like, unicellular structures found in roots. The region of the root system from which the root hairs protrude is known as the Root hair zone. The only region that participates in water absorption activity is the root hair zone. The water-permeable zone is the root hair zone. Root hairs are outgrowths from the epidermal layer known as the piliferous layer.
The cell wall of root hair is made up of two layers of membrane. The outer layer of the cell wall contains pectin, while the inner layer contains cellulose. 
A selectively permeable cytoplasmic membrane exists beneath the cell wall. Specific substances will be allowed to pass through the cell or cytoplasmic membrane across the cell concentration gradient.
Inside the cytoplasmic membrane are root cells, nucleus, and vacuole or cell sap. Soil aggregates contain small droplets of water that are carried away by the root hairs into the root xylem via various mechanisms, the most common of which is osmosis.
Theories eXplaining water absorption and translocation; 
The following points highlight the three important theories of water translocation. The theories are: 1. Capillarity 2. Root Pressure 3. Cohesion Theory
1. Capillarity:
he smaller the diameter of the tube, the greater is the lifting force of the meniscus compared to the amount of water to be lifted. Hence the smaller the tube, the higher the column of capillary water will rise. Force of gravity also affects water uptake by capillarity.
According to this theory, water is first driven in due to force of adhesion between water and the walls of thin xylem vessels, i.e., tracheids. As the water flows upward along the wall, strong cohesive forces between water molecules begin to function and pull the water upward. This upward pull of water continues until the forces of adhesion and cohesion are balanced by downward force of gravity.
2. Root Pressure:
If a stem of plant is cut transversely above the soil surface, xylem sap will exude in the form of a drop from the cut surface. This exhibits the presence of a positive pressure in the xylem. This pressure is called root pressure.
Although, root pressure which is developed in the xylem of the roots can raise water to a certain height but it does not seem to be an effective force in ascent of sap due to following reasons:
(i) Magnitude of root pressure is quite low (about 2 bars).
(ii) Even in the absence of root pressure, ascent of sap continues.
(iii) Root pressures are not observed in conifers.
(iv) Mineral ions from the soil are taken up by roots and get deposited in the xylem vessels. Accumulation of ions in vessels leads to the lowering of osmotic potential.
(v) Root pressures are usually negligible, in temperate regions, where during summer transpiration is rapid.
 3. Cohesion Theory:
This theory was given by Henry Dixon in 1914. This theory is quite convincing and has been widely accepted. As the name suggests, the cohesion theory is based on the force of cohesion between water molecules. This forms a continuous water column throughout the xylem vessels of the plant, from the top to the root.
Water molecules remain joined to each other due to presence of H-bonds between them. Although H-bond is very weak, but when they are present in enormous numbers as in case of water, a very strong mutual force of attraction or cohesive force develops between water molecules and hence they remain in the form of a continuous water column in the xylem.
Aquaporins.

Aquaporins (AQP) are integral membrane proteins that serve as channels in the transfer of water, and in some cases, small solutes across the membrane. They are conserved in bacteria, plants, and animals. Structural analyses of the molecules have revealed the presence of a pore in the center of each aquaporin molecule.
In plants, water is taken up from the soil through the roots, where it passes from the cortex into the vascular tissues. There are three routes for water to flow in these tissues, known as the apoplastic, symplastic and transcellular pathways. Specifically, aquaporins are found in the vacuolar membrane, in addition to the plasma membrane of plants; the transcellular pathway involves transport of water across the plasma and vacuolar membranes. When plant roots are exposed to mercuric chloride, which is known to inhibit aquaporins, the flow of water is greatly reduced while the flow of ions is not, supporting the view that there exists a mechanism for water transport independent of the transport of ions: aquaporins. Aquaporins can play a major role in extension growth by allowing an influx of water into expanding cells - a process necessary to sustain plant development. Plant aquaporins are important for mineral nutrition and ion detoxification; these are both essential for the homeostasis of minerals such as boron. 
Aquaporins in plants are separated into four main homologous subfamilies, or groups: 
· Plasma membrane Intrinsic Protein (PIP) 
· Tonoplast Intrinsic Protein (TIP)]
· Nodulin-26 like Intrinsic Protein (NIP) 
· Small basic Intrinsic Protein (SIP) 
These five subfamilies have later been divided into smaller evolutionary subgroups based on their DNA sequence. PIPs cluster into two subgroups, PIP1 and PIP2, whilst TIPs cluster into 5 subgroups, TIP1, TIP2, TIP3, TIP4 and TIP5. Each subgroup is again split up into isoforms e.g. PIP1;1, PIP1;2. As isoforms nomenclature are historically based on functional parameters rather than evolutive ones, several novel propositions on plant aquaporines have been arisen with the study of the evolutionary relationships between the different aquaporins. Within the various selection of aquaporin isoforms in plants, there are also unique patterns of cell- and tissue-specific expression. 
Mycorrhizal association and its relevance in water mining.
Mycorrhizae are able to create a massive connection between the roots of a plant and with the surrounding soil, which allows the fungus to uptake nutrients such as nitrogen and phosphorus for the plant and increase the surface area of the roots. 
This increase in the area within the soil will increase the availability of nutrients and water for the plant’s consumption. Since nutrients and water are needed for plant growth, the mycorrhizal interaction can lead to an increase in the growth of the plant. 
A plant with a mycorrhizae interaction will be able to increase its nutrient and water uptake, while a plant without this mutual interaction will have to rely on its roots for the uptake of materials. 
Mycorrhizae form a network of filaments that associate with plant roots and draw nutrients from the soil that the root system would not be able to access otherwise. The fungi colonize the root system of a host plant, providing increased water and nutrient absorption capabilities while the plant provides the fungus with carbohydrates formed from photosynthesis.
Transpiration and Evaporative Cooling
What is Evaporation?
The natural process of transforming water from its liquid state to the gaseous state is mainly referred to as evaporation. This natural phenomenon generally takes place only when water is available- it can be from any water bodies including oceans, rivers, lakes, ponds, or even from the soil. The entire process requires large amounts of energy. In the process of evaporation, water molecules get converted to the water vapour and the converted water vapour molecules are evaporated into the atmosphere. Altogether, the total amount of energy required for the evaporation of one gram of water is about 600 calories of heat energy.
What is Transpiration?
Transpiration is a biological process in which the water molecules are lost in the form of water vapours from the aerial parts of the plants. This natural phenomenon is carried in all green plants and specifically take place in a tiny opening called as stomata. Along with the exchange of gases, stomata also helps in transpiration by actively opening and closing of their tiny pores for the movement of water molecules from their interior parts of the plants to the atmosphere in the form of vapours. Transpiration also transports nutrients from the soil into the roots and carries them to the various cells of the plant. This process helps plant to survive under conditions of severe drought. Transpiration is just a subset of the evaporation process.
Difference between Transpiration and Evaporation
	Transpiration
	Evaporation

	It is a biological process.
	It is a physical process.

	Transpiration is a slow process.
	Comparatively a fast process.

	Occurs in living tissues.
	Involves non-living matter.

	In the process of transpiration water is lost from plant cells
	In this process, water is lost from the surface of plant parts

	Occurs through stomata, cuticle or lenticel.
	It occurs from the entire outer surface

	Occurs during the daytime.
	Occurs during day as well as night

	It is regulated by temperature, light, concentration, pH, hormones and carbon dioxide.
	There is no such regulations or control over the Evaporation.

	Surface remains wet
	Surface becomes dry

	It helps in the uptake of minerals and nutrients.
	It is not associated with minerals or nutrients uptake

	Transpiration is controlled by osmotic potential and water potential.
	Evaporation is independent of these processes

	Transpiration makes the surface of leaves and young stems wet and protects them from sunburn.
	Evaporation provides dryness to the free surface.






Relevance of transpiration; 
1. Transpiration helps in the conduction of water and minerals to different parts of the plants.
2. Due to the continuous elimination of water from the plant body, there is a balance of water maintained within the plant.
3.  It maintains osmosis and keeps the cells rigid.
4.  A suction force is created by transpiration that helps in the upward movement of water in the plants.
5. Certain hydrophilic salts are accumulated on the surface of the leaves, which keeps the leaves moist.
6. It maintains the turgidity of the cells and helps in cell division.
7. Optimum transpiration helps in the proper growth of the plants.
8. The cooling effect of a tree is due to the evaporation of water from its leaves.
Factors regulating transpiration; 
Different factors affecting the rate of transpiration are:
Cellular Factors
The cellular factors affecting the rate of transpiration are:
1. The orientation of leaf,
2. The water status of the plant,
3. Structural Peculiarities of the leaf,
4. Total number and distribution of stomata in a leaf.
Environmental Factors
The environmental factors affecting the rate of transpiration are:
1. Light,
2. Humidity,
3. Temperature,
4. Atmospheric pressure,
5. Wind speed or velocity.
Relative Humidity
The amount of water vapour present in the air at a particular time and temperature is expressed as a percentage of the amount required for saturation at the same temperature. The rate of transpiration is inversely proportional to relative humidity. More the relative humidity less is the transpirate rate.
Temperature
A high temperature lowers the relative humidity and opens the stomata even in darkness. As a result, the rate of transpiration increases.
Light
The stomata open during the day and close in the dark. Presence of light is directly proportional to the rate of transpiration.
Air
If the air is still, the transpiration rate is low. This is because the water vapour accumulates around the transpiring organs and reduce the diffusion pressure deficit of the air.
If the air is moving, the saturated air around the leaves is removed and the transpiration rate increases.
Water Availability
The transpiration rate is directly proportional to the absorption of water by the roots from the soil. A decrease in water absorption causes the closure of stomata and wilting, thereby reducing the rate of transpiration.
Surface Area of the Leaves
A leaf having more surface area will show more transpiration rate than the leaf with a lesser surface area.
Ascent of Saps
When water evaporates through the leaves, a pull is created through the xylem, and water moves back to the leaves. This is known as the transpiration pull.
The ascent of sap that is driven by transpiration depends on the following properties of water:
· Cohesion – This is the mutual attraction between molecules of water.
· Adhesion – The attraction of water molecules towards polar surfaces.
· Surface tension – The molecules of water are more attracted to each other in the liquid phase than in the gas phase.
Opening and Closing of Stomata
[image: Stomata opening and closure]
Stomata consist of a pair of guard cells with an aperture in between. It remains open during the daytime and is closed at night. The reason for the opening and closing of this structure is the turgidity of guard cells.
The interior wall of the guard cells present towards the aperture is dense and flexible. The stomata open when the turgidity of the guard cells increases. The exterior walls bulge out, and the interior walls form a crescent shape.
The orientation of the microfibrils in the guard cells also plays an important role in the opening of the stomata. The radial orientation of the microfibrils makes it easier for the stomata to open. The stomata close when the turgidity of the guard cells decreases due to the water loss and the interior walls form a crescent shape retrieve their original shape.
In dicots, the lower side of leaves have more stomata while in monocots, both the sides have an equal number of stomata.
Measurement of transpiration;
There are a number of methods for measuring transpiration. Some of these are:
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1. Weighing method: 
A small light weight potted plant can be weighed before and after the end of a certain period of time. The soil surface and the pot should be fully covered to prevent evaporation from the surfaces other than the plant. The loss in weight by the plant during that time is due to the loss of water by transpiration.
An improvement in the weighing method can be made by using a glass bottle with a graduated side tube, filled with water and a tube fitted into it as shown in Figure below. This would indicate the volume of water loss that can be compared with the loss in weight with the help of a weighing machine (B) or by converting cc into grams (1 cc water weighs lg)
Another weighing experiment can be made by using a test-tube filled with water and inserting a leafy shoot (no roots) in it and pouring some oil on the surface to prevent loss of water by evaporation. Rest the test tube in a small beaker and weigh them together. Remove the intact test-tube and keep it straight in the test-tube stand for a few hours. Weigh it again by keeping it in the same beaker. Any difference in weight will indicate loss of water by the shoot (due to transpiration).
2. Potometer method: Potometer (potos : drink, meter : measure) means a device that measures the water taken in by a plant.
A. Ganong's Potometer: 
                         A twig of some suitable plant (e.g. coleus) cut with a sharp knife is fixed in an apparatus as shown in Figure below. The entire apparatus is filled with water so that no air spaces are present. An air bubble is introduced into the horizontal graduated capillary tube which is dipping into the beaker containing water. [This is done by lifting the bent capillary tube above the coloured water so that air will be sucked in due to suction pull and is again dipped into the water.] As the transpiration proceeds, i.e., as the water is lost from the twig, a suction force is set up which pulls the water from the beaker and the bubble in the capillary tube moves along. The readings on the capillary tube would give the volume of water lost in a given time. The air bubble can be brought back to its original position by releasing some more water into the capillary tube by opening the stop-cock.
B. Darwin's potometer: Above figure is the simplest type of potometer used to measure the rate of transpiration. It consists of a glass tube with a side tube. A twig (fresh) is cut obliquely under water, and is inserted in the side tube through a single hole cork. The upper end of the straight tube is also corked and at the lower end a single tube cork with a capillary tube is fitted. A scale remains fitted on the capillary tube, whose lower part is dipped in a beaker containing water. An air bubble is introduced in the capillary tube through which water is absorbed, the rate of movement of bubble over a fixed distance is noted. The comparison of bubble movement under different conditions gives the rate of transpiration.
[Potometer does not measure water lost during transpiration but measures the water uptake by the cut shoot (L. potos : drink). Some of the water is used by the cells to carry out other processes, for example, manufacture of food (Photosynthesis). The potometer should be made completely water-tight and the twig should be cut obliquely (to allow larger surface for the water intake) and under water to avoid suction of an air bubble into the twig which will stop the absorption of water into the xylem.]
Limitations in the use of potometer:
· Introducing the air bubble is not very easy.
· The twig may not remain fully alive for a long time. Any changes in the outside air temperature may affect the position of the air bubble in the capillary tube.
Approaches to minimize evaporation and transpiration; 
Evaporation and transpiration are the two different types of naturally occurring process in the atmosphere.The natural process of transforming water from its liquid state to the gaseous state is mainly referred to as evaporation. Transpiration is a biological process in which the water molecules are lost in the form of water vapours from the aerial parts of the plants. 
Plants have adopted both morphological and anatomical methods to decrease excessive transpiration in order to reduce excessive water loss from the plant body.Some of these adaptations are: 
· Leaves shrink to thorns: When the leaves shrink to thorns, the surface area is reduced for transpiration. This reduces the water loss.
· Decrease in the number of stomata: It is understood that the number of stomata is directly proportional to the transpiration rate. So, the reduction in the number of stomata reduces the transpiration rate.
· Waxy leaf cuticle: It is impermeable to water and thus prevents evaporation.The most effective solution to high evaporation losses of soil water is a cover of plant residues on the soil surface. 
· Agronomic practices that increase shading of the soil surface, and physical structures that concentrate rainwater, encouraging percolation to deeper layers, also reduce evaporation losses.
Concept of CCATD and its relevance:
CCATD :- CROP CANOPY AIR TEMPERATURE DIFFERENCE 
· The difference between canopy temperature and air temperature (ΔT) is reported to be a convenient criterion for the non-destructive evaluation of drought avoidance of crop varieties under field conditions in arid countries, where vapor pressure deficit (VPD) is high.
· High variability of temperature difference in the conditions of sufficient supply of water to plants was explained by the amount of dead plant residues in canopy, value of va- pour pressure deficit (VPD), actual evapotranspiration rate (ETA) and soil moisture content. 
· The diurnal and seasonal measurements of canopy-air temperature in different irrigation treatments showed the effect of changing soil water contents on canopy transpiration and consequently on canopy temperature. 
Energy balance: Solar energy input and output at crop canopy level:-
· Plants capture only about 1% of the solar energy that falls on them and use it for photosynthesis.
· Most of the sun’s radiation that falls on the earth is usually reflected back into space by the earth’s atmosphere
· This effective radiation is termed as the Photosynthetically Active Radiation (PAR).The energy flow takes place via the food chain and food web. During the process of energy flow in the ecosystem, plants being the producers absorb sunlight with the help of the chloroplasts and a part of it is transformed into chemical energy in the process of photosynthesis.
· This energy is stored in various organic products in the plants and passed on to the primary consumers in the food chain when the herbivores consume (primary consumers) the plants as food. 
· Then conversion of chemical energy stored in plant products into kinetic energy occurs, degradation of energy will occur through its conversion into heat.
Stomata- its structure, functions and distribution:-
·  Stomata are the tiny openings present on the epidermis of leaves. Stomata play an important role in gaseous exchange and photosynthesis. They control by transpiration rate by opening and closing.
· There are different types of stomata and they are mainly classified based on their number and characteristics of the surrounding subsidiary cells; Anomocytic Stomata, Anisocytic Stomata, Diacytic Stomata, Paracytic Stomata, Gramineous Stomata. 
· The stomata consist of minute pores called stoma surrounded by a pair of guard cells. Stomata, open and close according to the turgidity of guard cells. 
· The cell wall surrounding the pore is tough and flexible. The shape of guard cells usually differs in both monocots and dicots, though the mechanism continues to be the same.
· . Guard cells are bean-shaped and contain chloroplasts. They contain chlorophyll and capture light energy.The subsidiary cells surround the guard cells. 
· They are the accessory cells to guard cells and are found in the epidermis of plants. They are present between guard cells and epidermal cells and protect epidermal cells when the guard cells expand during stomatal opening.
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Functions of Stomata-
Gaseous exchange,removal of excess water in the form of water vapour,maintains the moisture balance according to weather by opening and closing.Stomata facilitate carbon dioxide uptake and release of oxygen during the process of photosynthesis.
Molecular mechanisms of stomatal opening and closing
· The supply of sugar and starch in the guard cells determines the process of stomatal closure and opening.
· The guard cells of the stomata contain sugar, which is generated by their chloroplasts in the presence of light.
· The sugar gets solubilized and the guard cells' concentration is also increased.
· Water enters guard cells by osmosis from surrounding cells due to the higher amount of cytoplasm in these cells. The stomata remain open as a result.
· When there is no light, the sugar in guard cells turns to starch.
· The starch is insoluble, so the guard cells have a lower concentration than the neighboring cells, and the neighboring cells osmotically remove the water from the guard cells, rendering them flaccid and the stomata close.
Concept of guard cell turgidity; role of K and other osmolytes;
Guard cell
· Guard cells are two kidney-shaped epidermal cells present around the pore known as the stoma.
· The cell walls of guard cells are unevenly thickened, the outer wall is thin and the inner wall is thick.
· Due to this differential, they attain a turgid state and open the stomatal pores (stoma) because of the turgor pressure that expands the cells.
· When the turgor pressure is zero, these cells become flaccid and the stomatal pore will be closed.
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Opening and closing of stomata:
· The opening and closing of stomata are due to the change in turgor pressure of the guard cell.
· During the daytime, the roots absorb more water due to greater transpiration pull and it is transported to different parts of the plant through the xylem.
· The guard cell, on receiving this water, swells and attains a turgid state.
· As a result of this, the stomatal pore is open.
· At night, the roots absorb less water, thus the guard cell becomes flaccid and shrinks.
· As a result, stomatal pores close.
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Role of ABA in stomatal closure
ABA is a key hormone that regulates water status and stomatal movement. Abscisic acid-induced stomatal closure is mediated by ion efflux from guard cells. Ion efflux in turn leads to osmotic water efflux and a reduction in the turgor and volume of the guard cells, resulting in stomatal closure. Under drought conditions, plants produce and accumulate increased amounts of ABA in the guard cells, and this induces stomatal closure to conserve water.
Guard cells response to environmental signals:
· Guard cells optimise leaf gas exchange in response to changing environmental conditions and their turgor is controlled by alterations in atmospheric CO2 concentration, light intensity, humidity and the drought hormone abscisic acid.
· Guard cells are located in the leaf epidermis and pairwise surround stomatal pores, which allow CO2 influx for photosynthetic carbon fixation and water loss via transpiration to the atmosphere. 
· Signal transduction mechanisms in guard cells integrate a multitude of different stimuli to modulate stomatal aperture.
·  Stomata open in response to light. In response to drought stress, plants synthesize the hormone abscisic acid (ABA) which triggers closing of stomatal pores.
Signalling cascade associated with stomatal opening and closure:
·  Guard cells have become a well-developed system for dissecting early signal transduction mechanisms in plants.
· Guard cells respond cell-autonomously to physiological stimulation, allowing cell biological analyses of stomatal opening and closing in response to various stimuli.
· The hormone ABA triggers a signalling cascade in guard cells that results in stomatal closure and inhibits stomatal opening. Stomatal closure is mediated by turgor reduction in guard cells, which is caused by efflux of K+ and anions from guard cells, sucrose removal, and a parallel conversion of the organic acid malate to osmotically inactive starch. 
· Plant signaling networks is the one triggered by ABA in guard cells, causing stomatal closure.The gene(s) encoding the ABA receptor(s), however, remained elusive. 
· Most of the ABA signal transduction components were found by classic "forward" genetic screens for either increased or reduced sensitivity to ABA.
Antitranspirants and their relevance in agriculture
                    Antitranspirants are compounds applied to the leaves of plants to reduce transpiration. They are used on Christmas trees, on cut flowers, on newly transplanted shrubs, and in other applications to preserve and protect plants from drying out too quickly.
Antitranspirants may reduce transpiration in three different ways:
·  By reducing the absorption of solar energy and thereby reducing leaf temperatures and transpiration  rates.
· By forming thin transparent films which hinder the escape of water vapours from the leaves
· By promoting closure of stomata (by affecting the guard cells around the stomatal pore), thus decreasing the loss of water vapours from the leaf.
There are of four type of antitranspirants ; 
1. Stomatal closing type,
2. Film forming type,
3. Reflectance type
4. Growth retardant.
Water use efficiency 
·  Water use efficiency (WUE) is defined as the amount of carbon assimilated as biomass or grain produced per unit of water used by the crop.
· water use efficiency can be estimated by calculating amount of water consumed per unit of CO2
Transpiration efficiency, a measure of intrinsic WUE:-
· Transpiration is the biological process by which water is lost in the form of water vapour from the aerial parts of the plants.
· The transpiration rate is directly proportional to the absorption of water by the roots from the soil. A decrease in water absorption causes the closure of stomata and wilting, thereby reducing the rate of transpiration.
· Drip irrigation is the most efficient water and nutrient delivery system for growing crops.Drip method of irrigation gives many advantages over the gravity surface irrigation methods in terms of water savings and yields. Drip irrigation systems have high (90 percent) water application efficiency and have been proved as one of the best ways to increase water productivity
· . Water logging and salinity are also completely absent under drip method of irrigation. It also helps in attaining early maturity of crops, higher quality produce, increased crop yields and higher fertilizer-use efficiency, reduction in weed growth, less labour requirement and less electric power consumption, cost of cultivation especially in inputs like fertilizers, labour, tilling and weeding.It also allows fertigation, which is the application of fertilizers through the irrigation system.
Approaches to measure WUE-
· New Jal Shakti Ministry has been formed by merging the Ministry of Water Resources, River Development and Ganga Rejuvenation and the Ministry of Drinking Water and Sanitation. This will allow faster decision-making on all subjects related to water. 
· Various schemes with the multipurpose aim of conserving water, minimizing its wastage and ensuring equitable distribution have been started by the government .
· Jal Shakti Abhiyaan (JSA) is a campaign for water conservation and water security in India. The Abhiyaan aims to focus on integrated demand and supply management of water at the local level, including creation of local infrastructure for source sustainability using rainwater harvesting, groundwater recharge and management of household wastewater for reuse.  The scheme involves five important water conservation interventions such as water conservation and rainwater harvesting, renovation of traditional and other water bodies/ tanks, reuse, borewell recharge structures, watershed development and intensive afforestation.
Stomatal and mesophyll regulation on WUE; 
·  The control of gaseous exchange between the leaf and bulk atmosphere by stomata governs CO2 uptake for photosynthesis and transpiration, determining plant productivity and water use efficiency. The balance between these two processes depends on stomatal responses to environmental and internal cues and the synchrony of stomatal behavior relative to mesophyll demands for CO2.
·  The rapidity of stomatal responses with attention to their relationship to photosynthetic CO2 uptake and the consequences for water use. 
· The influence of anatomical characteristics on the velocity of changes in stomatal conductance and explore the potential for manipulating the physical as well as physiological characteristics of stomatal guard cells in order to accelerate stomatal movements in synchrony with mesophyll CO2 demand and to improve water use efficiency without substantial cost to photosynthetic carbon fixation. 
· Manipulating guard cell transport and metabolism is just as, if not more likely to yield useful benefits as manipulations of their physical and anatomical characteristics. Achieving these benefits should be greatly facilitated by quantitative systems analysis that connects directly the molecular properties of the guard cells to their function in the field.
· Mechanism for stomatal closing:
1. Uptake of Ca+2 into the cytosol 
2. Depolarize the membraness
3. Anion channel opened and Cl- and malate released from the vacuole. 
4. K+ channel opened and K+ released from vacuole and subsequently into subsidiary cells.
Passioura’s yield model emphasizing WUE:
The importance of water use efficiency (WUE) in influencing grain yield underwater limited conditions can be explained by the following model give by passioura. 
Grain Yield = TX * TE * HI
Where T = Total transpiration by the crop canopy
          TE = Transpiration Efficiency or WUE
          HI = Harvest Index (Economic Fraction of Dry matter)
This relationship provides an analytical tool to select the genotype with high levels of T and TE. 
Physiology of water stress in plants; 
·  Plant water stress' has been defined as being when plant water status is reduced sufficiently to affect normal plant functioning
· Causes of Water deficit: A combination of limited water absorption and high evaporative demand. Generally, plant water deficits may be considered as being induced by either insufficient available soil water or a high atmospheric evaporative demand.
· Response of Plants to water deficit:Water deficit has an adverse effect on plant growth,Water deficit reduces photosynthesis by closing stomata, decreasing the efficiency of the carbon fixation process, suppressing leaf formation and expansion, and inducing the shedding of leaves, Closure of stomata decreases greenhouse emission diffusion, finally reducing the expansion of the plant,Response of leaves to water stress is by inward curling or exhibiting a wilted appearance as a result of an absence of turgor in leaves.
Types of stress are plants exposed to
1. Drought stress: This is due to a lack of water for photosynthesis.
2. Overwatering: Presence of excess water in the soil which provides less oxygen supply for the roots.
3. Salt stress: The presence of excess salts in soil is toxic to the plants.
Effect of moisture stress at molecular, cellular, organ and plant level:-
· Moisture stress is the result of an inbalance between the supply furnished by the soil water and the amount needed by the plant as determined by the atmosphere, assuming a complete crop cover.
· Stomatal response, ROS scavenging, metabolic changes, and photosynthesis are all affected when plants are subjected to water stress. These collective responses lead to an adjustment in the growth rate of plants as an adaptive response for survival.
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           ILLUSTRATION OF THE RESPONSE OF PLANTS TO WATER STRESS
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MODEL FOR THE ROLE OF SIGNALING FACTORS IN STOMATAL CLOSURE    AND RETROGRADE SIGNALING DURING WATER STRESS.
Drought indices and drought tolerance strategies; Drought tolerance traits.
Drought indices:
· Drought indices are tools or measures used to assess and quantify the severity, duration, and spatial extent of drought conditions. These indices provide valuable information for monitoring and managing droughts, helping to inform decision-making in various sectors such as agriculture, water resource management, and disaster .
· Drought indices are quantitative measures that characterize drought levels by assimilating data from one or several variables (indicators) such as precipitation and evapotranspiration into a single numerical value. 
· Three popular categories are meteorological, agricultural and hydrological drought indices.
Some of them are
1. Palmer Drought Severity Index (PDSI) 
2. Standardized Precipitation Index (SPI)
3. Standardized Precipitation Evapotranspiration Index (SPEI) 
4. Crop Moisture Index (CMI)
5. Soil Moisture Index (SMI)
6. Standardized Runoff Index (SRI)
Drought tolerance strategies :
· Plants employ various drought tolerance strategies to survive and adapt to water-deficient conditions.It help plants conserve water, maintain cellular hydration, and continue essential physiological processes.
· Drought-tolerant plants often invest resources in root growth and proliferation,smaller leaf size, reduced leaf area, thicker cuticles, and the presence of trichomes or hairs on leaf surfaces such modifications help to minimize water loss by reducing evaporation, closed stomata, leaf shedding helps to reduce transpiration.
Some common drought tolerance strategies employed by plants are
· Drought avoidance
· Drought tolerance/survival
· Drought resistance
· Succulence and water storage
· Leaf modifications
Drought tolerance trait :
· A drought tolerance trait refers to a specific characteristic or genetic trait exhibited by plants that enables them to withstand and survive drought conditions.
·  These traits play a crucial role in enhancing a plant's ability to cope with water scarcity, maintain cellular functions, and sustain growth and development.
 Some common drought tolerance traits found in plants are 
· Deep root systems
· Osmotic adjustment
· Reduced transpiration rate
· Cuticle thickness and wax deposition
· Drought-responsive gene expression
· Antioxidant defense mechanisms
· Stomatal regulation
·  It is a complex trait influenced by multiple mechanisms and adaptations that allow plants to survive and thrive under limited water availability.These traits help plants maintain their growth, development, and productivity even under drought conditions. 
Role of mineral nutrients in plant’s metabolism; Essential elements and their classification;Beneficial elements
Role of mineral nutrients in plant’s metabolism:
1. Mineral nutrients play a crucial role in the metabolism of plants. They are essential for various biochemical and physiological processes that are vital for plant growth, development, and overall functioning that occur within plants, including growth, development, and reproduction
2. Mineral nutrients are the proper functioning of plants' metabolic processes, and their availability and balance are crucial for ensuring optimal plant growth, development, and productivity.
· There are actually 20 mineral elements necessary or beneficial for plant growth.
                            [image: ]
                                    Fig : Mineral nutrients in plant metabolism 


Essential elements and their classification :
· Elements which are required by all living organisms to maintain their normal growth, metabolism and development are known as essential elements
· Structural components are Carbon (C), hydrogen (H), and oxygen (O) are supplied by air and water.
· The six macronutrients, nitrogen (N), phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), and sulfur (S) are required by plants in large amounts.
· The rest of the elements are required in trace amounts (micronutrients). Essential trace elements include boron (B), chlorine (Cl), copper (Cu), iron (Fe), manganese (Mn), sodium (Na), zinc (Zn), molybdenum (Mo), and nickel (Ni). 
                     [image: ]             
                                    Fig : Classification of Essential nutrients .
Beneficial elements :
4. These are not considered as essential for the basic growth and development of all plant species, but they can have positive effects on plant growth, health, and productivity under certain conditions. 
5. These elements are not universally required by all plants, but they can provide various benefits when present in the plant's environment
6. Beneficial mineral elements include Silicon (Si) , Cobalt (Co), selenium (Se) and Sodium (Na) , Aluminium (Al)
Factors influencing the nutrients availability; critical levels of nutrients
Factors influencing the nutrients availability :
· Nutrient availability in soil is influenced by  parental rock material, particle size, humus and water content, pH, aeration, temperature, root surface area, the rhizoflora, and mycorrhizal development.
· Soil pH is one of the most well-known factors affecting mineral solubility and, thereby, availability
The availability of nutrients is influenced by various factors, including:
· Soil composition : Soils with high organic matter content, good structure, and appropriate pH levels tend to have better nutrient availability.
· Soil pH : Soil pH affects nutrient availability by influencing chemical reactions and microbial activity. Different nutrients have different optimal pH ranges for uptake by plants. 
· Soil moisture : Adequate soil moisture is necessary for nutrient uptake by plants. Waterlogged or overly dry soils can hinder nutrient availability as they affect the movement of nutrients through the soil and their absorption by plant roots
· Organic matter content : Organic matter serves as a source of nutrients and improves the soil's ability to retain and release nutrients over time.
· Nutrient interactions : The presence of certain nutrients can affect the availability of others. For example, an excess of one nutrient may lead to a deficiency in another due to nutrient interactions and competition for uptake by plants.
· Plant root health : Healthy roots are essential for nutrient uptake. Damage to roots, such as from disease, pests, or environmental stress, can limit the plant's ability to access and absorb nutrients.
· Microbial activity : Microbes, such as mycorrhizal fungi, form symbiotic relationships with plant roots, enhancing nutrient uptake. Other microorganisms decompose organic matter, releasing nutrients for plant uptake.
· Fertilizer application : Amount of fertilizer applied to the soil can impact nutrient availability. Improper fertilizer application can lead to nutrient imbalances or leaching, reducing availability for plant uptake.
· Climate and weather conditions : Climate and weather patterns, including temperature, rainfall, and sunlight, influence nutrient availability. Extreme conditions like drought or excessive rainfall can affect nutrient solubility.
· Crop rotation and management practices : Proper crop rotation and management practices can influence nutrient availability.Some plants have specific nutrient requirements or release certain compounds that can affect the availability of nutrients for subsequent crops.
Critical levels of nutrients :
· Critical levels of nutrients refer to the minimum concentration or content of essential nutrients in the soil or plant tissue below which plant growth and productivity are negatively affected. These critical levels vary depending on the specific nutrient and the type of plant being grown.
·  Critical levels or ranges vary among plants and nutrients, but occur somewhere in the transition between nutrient deficiency and sufficiency.
· Monitoring nutrient levels and ensuring they remain above the critical levels, farmers can optimize nutrient availability and avoid nutrient deficiencies or toxicities that can hinder plant growth and yield.
Functions of mineral elements in plants 
Functions of mineral elements in plants :
· Around 105 minerals have been discovered and about 60 to 65 minerals are absorbed by plants from the soil. Different species of plants take up different minerals. 
·  A few essential minerals required by plants for their growth and development are 
· calcium, nitrogen, potassium, phosphorus, magnesium, sulfur, etc.
· Certain minerals like phosphorus and magnesium are essential for the reproduction, growth, and development of the plant.
· Potassium elements increase the quality of fruits and vegetables.Potassium, sodium, magnesium and other elements are involved directly in the metabolism of the plant.


Macronutrient elements:
	            Element name
	                     Source 
	               Major role

	Nitrogen (N)
	Soil in the form of nitrate or ammonical salts;
Atmospheric nitrogen by bacteria and cyanobacteria
	Protein synthesis; constituent of proteins, nucleic acid,
cytoplasm, chlorophyll, cytochromes etc

	      Phosphorous (P)
	Soluble phosphate ( H3PO4)
	Constituent of lipoprotein membranes, nucleic acids, nucleoproteins, ATP, NADP, etc.

	     Potassium (K)
	Inorganic salts	
	Most abundant in young parts, activator of enzymes;
translocation of carbohydrates, cell division, permeability and hydration

	
   Sulphur (S)
	Soluble sulphate of the soil; atm.SO & shy;2 and SO3 in low conc,
	Forms amino acids like cysteine and methionine;
vitamins like thiamine; ferrodoxin, and volatile oils.

	     Calcium (Ca)
	Carbonate of lime
	Constituent of middle lamella of cell wall;
affects permeability of cell membrane; lipid metabolism activator of ATP-ase.

	Magnesium (Mg)
	 Carbonate, sulphate and silicate
	Essential constituent of chlorophyll; acts as catalyst;
activator for enzymes; stabilization of ribosomal particle.






Micronutrient elements:
	     Element 
	      Source 
	     Major role

	  Iron (Fe)
	Ferric and ferrous compounds.
	Constituent of fd, cytochromes; chlorophyll synthesis.

	   Manganese (Mn)
	Oxide forms
	Activator of enzymes decarboxyleses, reductases;
photolysis of water, formation of chloroplast.

	 Copper (Cu)
	Complex organic compounds
	A part of Plastocyanin; as a catalyst in nitrogen fixation; constituent of acetic acid oxidase, Cytochrome oxidase, etc.

	  Boron(B)
	Borate ions
	Translocation of sugar; metabolism of carbohydrate and fat;
germination of pollen.

	  Zinc (Zn)
	Magnetite
	Synthesis of tryptophan; activator of several enzymes;
role in protein synthesis, chlorophyll formation.

	 Molybdenum (Mo)
	Occurs in the soil in three forms:
Dissolved, exchangeable and non exchangeable forms; available to the plants mostly as molybdate ions.
	Essential constituent of the enzyme nitrogenase and
thus very important in nitrogen metabolism.

	  Chlorine (Cl)
	Chloride ions
	Activator of enzyme for photolysis of water



Deficiency and toxicity symptoms in plants
Deficiency and toxicity symptoms in plants :
· The deficiencies of nitrogen, iron, copper, and sulfur result in stunted growth, insufficient chlorophyll in leaves, cell senescence etc.
· A deficiency occurs when an essential element is not available in sufficient quantity to meet the needs of the growing plant.
·  Nutrient toxicity occurs when an element is in excess of plant needs and decreases plant growth or quality.If the mineral elements are present in very high concentrations, they might prove toxic to the protoplasm of plants. For eg :copper
	      Element 
	     Deficiency symptom 
	   Toxicity symptom 

	           N
	Chlorosis (yellowing) of older leaves, stunted growth, reduced leaf size, delayed maturity.
	Dark green foliage, excessive vegetative growth, reduced fruiting or flowering.

	           P
	Stunted growth, purplish or reddish coloration of leaves, delayed maturity, poor root development.
	Rare in most plants, but can cause reduced nutrient uptake and imbalances with other nutrients.

	            K
	Chlorosis at leaf margins, necrosis (tissue death) at leaf tips, reduced fruit quality, weak stems.
	It can cause reduced uptake of other nutrients and imbalance in plant metabolism.

	          Ca
	Necrosis and deformity in young leaves, blossom end rot in fruits, poor root development.
	It can lead to reduced uptake of other nutrients and imbalances.

	         Mg
	Interveinal chlorosis (yellowing between leaf veins), leaf curling, reduced growth.
	It can interfere with the uptake of other cations like potassium and calcium.



	      Element 
	 Deficiency symptom 
	     Toxicity symptom

	      Fe
	Interveinal chlorosis (yellowing between leaf veins) in young leaves, leaf vein remains green.
	It  can cause leaf bronzing or darkening, reduced growth.

	     B
	Death of growing points, distorted or stunted growth, hollow stems or fruits.
	Necrosis and death of growing points, reduced root growth.

	     Zn
	Chlorosis in new leaves, stunted growth, malformed leaves, reduced fruit set.
	It can cause reduced root growth and affect the uptake of other nutrients.

	     Cu
	Chlorosis, wilting, dieback of shoot tips, twisted or deformed leaves.
	It can lead to reduced root growth and affect iron metabolism.

	     Mn
	Interveinal chlorosis, necrosis, reduced growth, and poor fruit development.
	It can cause brown spots on leaves, reduced growth.



Mechanism of mineral uptake and translocation; Ion transporters; Genes encoding for ion   transporters; localization   of   transporters
Mechanism of mineral uptake and translocation : 
· Mineral uptake and translocation roots of plants take minerals from the soil and pass them further towards other parts of plants through vascular tissues present in plants like Xylem and Phloem.
· Uptake and translocation of mineral nutrients by plants is an essential aspect of the life cycle of plants. 
· Roots of plants take minerals from the soil and pass them further towards other parts of plants through vascular tissues present in plants like Xylem and Phloem.
· Passive absorption: It is the movement of mineral ions into the root cells along the concentration gradient by diffusion without the direct use of metabolic energy. It is also known as physical absorption
· Active absorption: It is the direct expenditure of metabolic energy along with mineral absorption. Ions from the cell’s outer space move into the inner space during active mineral absorption, which normally occurs against the concentration gradient or electric potential gradient. As a result, it requires metabolic energy, which is obtained either directly or indirectly from the cell’s metabolism. Active absorption is a selective process.
                                [image: ]
                                               Fig : Uptake and translocation of minerals
Ion transporters :
Ion transport across the plasma membrane contributes to cell motility by affecting the membrane potential and voltage-sensitive ion channels. Channel proteins, gated channel proteins, and carrier proteins are three types of transport proteins that are involved in facilitated diffusion.
Xylem and Phloem   mobility; Nutrient transport to grains at maturity; Strategies to acquire and transport minerals under deficient levels.
Xylem and phloem are two specialized tissues found in vascular plants that play a crucial role in the transport of water, nutrients, and other substances throughout the plant.Xylem transports water and minerals upward from the roots, while phloem transports organic nutrients throughout the plant in both upward and downward directions. Both xylem and phloem tissues have specialized structures that enable the transport of fluids and substances, but they differ in terms of the types of cells involved and the mechanisms driving their mobility.
The transport of these nutrients to the grains involves the coordinated activity of both the xylem and phloem tissues.In the case of grains, the developing endosperm acts as a primary sink tissue, actively importing sugars and other nutrients from the phloem. The phloem delivers sugars to the developing grains, where they are utilized for the synthesis of starches, proteins, and other storage compounds. This process is crucial for the accumulation of nutrients in the grains.
Plants have developed several strategies to acquire and transport minerals, even under deficient levels in the soil. These strategies help plants maximize nutrient uptake efficiency and ensure their survival and growth.Some of the strategies are Increased 1.Root Surface Area, 2.Root Exudation , 3.Acidification of Rhizosphere, 4.Ion Exchange, 5. Mycorrhizal Associations, 6.Nutrient Redistribution , 7.Transporter Adaptation
Role of mycorrhiza, root exudates and PGPRs in plant nutrient acquisition:
· Mycorrhiza refers to a mutually beneficial association between plant roots and certain types of fungi. This symbiotic relationship plays a crucial role in plant nutrient acquisition, especially in nutrient-deficient soils. Enhancing plant nutrient uptake, improving water absorption, increasing drought tolerance, supporting disease resistance, promoting nutrient cycling, and enhancing stress tolerance are mycorrhizae essential components of plant adaptation and ecosystem functioning, particularly in nutrient-deficient soils.
· Root exudates refer to the organic compounds released by plant roots into the surrounding soil.Root exudates can enhance nutrient availability in the rhizosphere, the soil region influenced by root activity. Plants release organic acids, such as citrate, malate, and oxalate, that can chelate or solubilize mineral nutrients, making them more accessible for root uptake. 
· PGPRs play a significant role in plant nutrient acquisition by solubilizing nutrients, fixing nitrogen, improving nutrient uptake efficiency, producing growth-promoting substances, enhancing disease resistance, mitigating abiotic stresses, and modulating the rhizosphere microbial community.
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