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Plants need sunlight as the source of energy.

In order to synthesize organic matter, plants require CO2, H2O, and minerals. 

Plants extract water and mineral nutrients from the soil in the form of inorganic ions.

CO2 is taken from the air.

NUTRITIONAL REQUIREMENTS OF PLANTS

Most of the absorbed water, about 90%, is lost in transpiration.

Most of the waster that remains in plants is used as a solvent, contributes to cell elongation and growth, and keep the cells turgid.

· Water contributes most of the hydrogen atoms and some of the oxygen atoms to be incorporated into carbohydrates during photosynthesis.

· Water is also accumulated in the central vacuole of plant cells, and contributes to the growth of the cell.

95% of the dry weight of plants is organic material, e. g. cellulose; 5% is inorganic matter.

Carbon, hydrogen and oxygen, therefore, make the bulk of the plant body.

Nitrogen, sulfur and phosphorus are also abundant.

About 50 elements have been identified in the body of plants.


Micronutrients and macronutrients

Essential nutrients are those required by the plant to grow and reproduce, to complete its life cycle.

Hydroponic culture is the method used to determine nutrient requirements in plants. 

Macronutrients are elements needed in large amounts.

· 9 macronutrients have been identified.
· Carbon, hydrogen, oxygen, nitrogen, sulfur, phosphorus, potassium, calcium and magnesium.
· Components of carbohydrates, proteins, hormones, lipids, cofactors in protein synthesis, component of chlorophyll, membrane structure and permeability, cell wall stabilization, regulation of stimuli.

Micronutrients are needed in trace amounts.

· 8 micronutrients have been identified.
· Chlorine, iron, boron, manganese, zinc, copper, molybdenum and nickel.
· Cofactors in enzyme function, component of redox enzymes and cytochromes, water balance, photolysis, chlorophyll formation, etc.
· Mostly involved in catalytic activities.

Magnesium is part of the chlorophyll molecule.

Potassium is an activator for over 40 enzymes, important in stomatal function and contributes to osmosis causing the turgidity of the cell, and ionic balance.

Iron is a component of electron transport systems.

Calcium is an enzyme activator, involved in membrane permeability and in cell walls formation and stability; it is also involved in many responses of cells to stimuli. 

Iron, manganese, copper, zinc, and molybdenum are enzyme activators.

Mineral deficiency symptoms depend on the function of the mineral and its mobility in the plant.


THE ROLE OF SOIL IN PLANT NUTRITION

Soil is made of inorganic materials, organic matter, soil air, soil water and soil organisms.

Most soils are formed from rock (parent material) that is gradually broken down into smaller and smaller particles by chemical, physical and biological processes called weathering.

The texture of the soil is determined by the percentages (by weight) of the different size inorganic particles.

· Sand (0.02 - 2.0 mm), silt (0.002 - 0.02 mm) and clay (< 0.002 mm).
· Particles larger than 2mm in diameter are called gravel and stone and are not considered soil particles.

Humus is the partially decayed organic portion of the soil. Humus holds water and minerals.

Topsoil is a mixture of soil particles, living organisms and humus.

Loam contains ideally 40% sand, 40% silt and 20% clay.

· Maximum capacity for holding cations and water, and being well aerated.
· Loam is the best soil for agriculture.

Soil organisms form a complex ecosystem.

· Bacteria, fungi, algae, worms, insects, plant roots, mammals.
· Organisms perform different functions: decomposition, aeration, and addition of nutrients.

Soil air has the same gases as atmospheric air but usually in different proportions.

· About 30% to 60% of the soil volume is composed of pores or air spaces.
· CO2 forms carbonic acid when mixed with water.
· N2 is used by nitrogen fixing bacteria.
· Most organisms and plant roots need O2.

Soil water originates as precipitation, which drains downward, or as ground water, which rises from the water table.

· Percolating water removes dissolved minerals and carries them downward out of the reach of roots - a process called leaching.
· Some anions are very soluble and easily removed by leaching, e.g. NO3-, H2PO4- and SO42-.
· Positively charged ions, cations, tend to adhere to clay particles.
· Presence of clay prevents leaching.

Clay particles have the greatest surface area and determine the fertility of the soil.

· Each clay particle has a negative charge on its outer surface.
· Cations bind to the surface of the clay particles.
· Roots secrete protons, H+, which are exchanged for the cations bound to the clay particles.
· Lowering of the pH increases the solubility of many cations.
· Plant roots absorb the resulting free ions.
· This process is called cation exchange.


Soil conservation

Soil formation is a slow process. It takes centuries in many cases for soil to become fertile through decomposition of organic matter and the weathering of rocks.

Only about 10% of the earth's land area is currently in agricultural production.

Constraints to agriculture: steep slopes, shallow soil, poor drainage, low nutrient level, metal toxicity, excess salts, and acidity.

Land is considered degraded when the soil is impoverished or eroded, water runs off or is contaminated more than is normal, vegetation is diminished, biomass production decreased, or wildlife diversity diminishes. 

This result in

· Lower crop yields in farmlands.
· Fewer livestock can be supported per unit of area in ranchlands.
· Fewer species in nature reserves.

Agriculture is an unnatural process that prevents the recycling of nutrients. It depletes the nutrient content of the soil.

When we harvest a crop, mineral nutrients are diverted from the chemical cycles going on that field.

Fertilizers

Nitrogen, potassium and phosphorous often limit plant growth.

· Inorganic fertilizers usually have the ratio of these nutrients expressed as N-P-K “15-10-15” meaning the % of each nutrient in the fertilizer. 

Calcium and magnesium are often limited in areas of high rainfall.

Overfertilization often occurs because farmers are not aware of the nutrient content of the soil they farm.

Manure, compost and fishmeal are organic fertilizers that must be decomposed before its nutrients become available to plants. 

· Inorganic and organic fertilizers release the same nutrients into the soil.

· Organic fertilizers release the nutrients slowly; inorganic fertilizers release the nutrients readily and are easily leached. 

Nitrates and phosphates are a major cause of aquatic ecosystem pollution.

Many countries have reported dangerous level of nitrates in ground water in farming areas, e.g. France, Germany, Denmark, and United States.

For adequate fertilization, the soil pH must be considered. Soil acidity affects the solubility of minerals and the cation exchange. 


Irrigation 

Efficiency of irrigation water use is rather low in most countries.

High evaporation rate and seepage may cause the loss of up to 80% of the water intended for irrigation.

Waterlogging or salinization is the result of overwattering.

Salinization makes the water potential of the soil lower than that of root cells, which then lose water instead of absorbing it. 

Irrigation problems are a major source of land degradation and crop losses worldwide.

Plant breeders are developing plant varieties that require less water. 

Erosion

It is a natural process that redistributes the products of weathering, and it is part of soil formation and soil loss.

It is a disaster only when it occurs in the wrong place at the wrong time.

A thin layer of top soil is removed every year until eventually nothing is left but poor-quality subsoil that requires more fertilizer and water to produce any crop at all.

It is estimated that 25 billion tons of soil are lost from croplands each year due to wind and water erosion, 1% of the cropland per year.

Erosion causes siltation of rivers, reservoirs, estuaries, wetlands and offshore reefs and banks.

Erosion could reduce agricultural production by 25% in Central America and Africa, and 20% in South America by the year 2003.

"The agricultural soils of Illinois represent our most basic resource and economic asset. Under current farming systems, however, approximately 138 million tons of soil erodes from agricultural cropland each year. An additional 20 million tons are lost from other agricultural lands. It has been stated by reliable authorities that in the State of Illinois we lose two bushels of soil for each bushel of corn we grow. If only half true, this statistic should open our eyes to a serious social problem. The evidence of this loss, as seen in eroding fields and polluted lakes and streams, is irrefutable. It is a multiple loss to society because eroded soil, for the most part, is removed from its food-producing role and becomes a costly, damaging pollutant in streams and lakes. This unfortunate fact is the dirty linen of modern American Agriculture." Mike Sager, Woodford County CFS Agriculture Advisor, University of Illinois, 1990.


Sustainable agriculture implements a variety of farming methods that conserve soil are environmentally safe and profitable.

Some areas have become unfertile due to contaminated soil and ground water with toxic levels of heavy metals.

Phytoremediation uses the ability of certain plants to extract from the soil and accumulate metals in parts of the plant.

NITROGEN IS THE MINERAL THAT HAS THE GREATEST EFFECT

Nitrogen, an element, is plentiful in the Earth's atmosphere. It exists there in the form of a
gas, with two nitrogen atoms bound together to form a molecule.

N2 is an extremely stable molecule that rarely reacts.

Plants cannot use nitrogen gas directly. 

For plants to absorb nitrogen, it must be in the form of NH4+ and NO3-.

NH4+ and NO3- are not derived from the parent rock but from the atmosphere. 

The recycling of nitrogen through the decomposition of humus provides a large amount of NH4+ and NO3-.

Some selected species of bacteria are capable of converting N2 to NH3 and NO3-, and use the energy released for metabolic functions.

In the soil, NH3 is converted to NH4+.

Nitrogen fixation is the process by which atmospheric N2 is reduced to NH3 and made available to produce amino acids and other nitrogen-containing organic compounds.

NH3 is made available to plants through the activity of soil bacteria (nitrogen-fixing bacteria) that fixes atmospheric nitrogen, and those that decompose organic material (ammonifying bacteria).

The conversion of N2 to NH4+ is complicated multistep process. It is energy expensive and requires a large amount of ATP. 

N2 + 8e- + 8H+ + 16ATP → 2NH3 + H2 + 16ADP + 16Pi

See a simplify diagram of the reaction at http://www.ls.huji.ac.il/~nurit/photosyn/Nitrogen/bacteroid.htm


The process is catalyzed by the enzyme complex nitrogenase that adds electrons and H+ to reduce N2. 

· Remember that the addition of H+ and of electrons causes the reduction of the substrate. 

In the soil, NH3 is converted to NH4+.

Nitrifying bacteria converts NH4+ to NO3-.

Xylem transports nitrogen compounds from the roots to other parts of the plant.


SYMBIOSIS OF PLANTS AND MICROBES

1. Symbiotic nitrogen fixation

· Root nodules form when two types of bacteria, Rhizobium and Bradyrhizobium, infect the roots of seedlings of leguminous plants (bean and pea family). 
· Rhizobium bacteria are often called rhizobia.
· Each species of plant is associated with a species of bacteria.
· This infection is not harmful to the plant, and is not the source of a disease. 
· Once inside the plant, the rhizobia are called bacteroids. Bacteroids live in vesicles within the root cells.
· The bacteroid produces the enzyme nitrogenase to catalyze the fixation of atmospheric nitrogen, N2 into ammonia, which may be utilized by the plant.
· The enzyme nitrogenase contains the metals Mb and Fe, and also S.
· The bacteroids establish a mutualistic symbiotic partnership with the plant, which is beneficial to the plant and the bacteria. 
· The plant provides energy-rich food, produced by photosynthesis, to the rhizobia. In return, the rhizobia fix nitrogen for the plant.

Development of the nodule. [See Fig. 37.11, page 765]

Nod factors (for nodule formation) are synthesized and secreted by rhizobia when they detect flavonoids released from leguminous plants.

Many flavonoids are yellow, orange, red, blue or black pigments found in flowers, leaves and fruits of plants.

Flavonoids stimulate rhizobial cells to produce Nod factors. Nod factors contain sugars as part of their molecular structure.

Each legume plant produces a different recognition flavonoid and each Rhizobium species responds with one or more unique Nod factors.

Nod factors bind to proteins on the surface of the root hair cell membrane.

When Nod factors bind to the surface of the cell membrane, they set off a series of reactions within the cell that leads to the transcription of some genes.

Bacteria digest (enzymatically) the cell walls.

The root hair ceases growth and instead deposits wall material at the invasion site.

Infection threads begin to form. These are tubular ingrowths from the root hairs’ cell walls. 

Infection threads are tubular structures formed by progressive inward growth of the root hair cell wall from the sites of penetration.

Infection thread appears to be an invagination of the host cell’s membrane

· Much dictyosome; i.e. Golgi; activity in this area. 
· Cellulose is laid down on inner surface of the membrane (same as in cell wall deposition) 

Therefore, rhizobia never actually enter the epidermal (root hair or other) cell. 

After the infection thread reaches the cortical cells, symbiotic bacteria are finally released into the host cells of the nodule. 

When the infection thread reaches a cell deep in the cortex, it bursts and the bacteria are engulfed by endocytosis into endosomes. At this time the cell goes through several rounds of mitosis - without cytokinesis - so the cell becomes polyploid. 

Now they are bacteroids (have the special N-fixation enzymes).

Rhizobia induce cell division in regions of the cortex, which the bacteria enter by means of branching infection threads.

The root nodule is a tumor-like growth that contains infected and uninfected cortical cells. 

The symbiosis of rhizobia is highly specific. The bacterium causing a nodule in one species of legume does not induce nodules in another species.

There are other plants that also form nitrogen-fixing mutualistic symbioses with bacteria.

Root nodules contain leghemoglobin, an iron-containing protein that acts as an oxygen buffer that binds reversibly with oxygen in order to keep its concentration constant so the intense respiration required continues. 

· Leg- portion of the name comes from legume.

Sites dealing with nitrogen fixation: 
http://www.ls.huji.ac.il/~nurit/photosyn/Nitrogen/Rhizobium-legumeassociation.htm
http://users.rcn.com/jkimball.ma.ultranet/BiologyPages/N/NitrogenFixation.html


2. Mycorrhizae

Mycorrhizae are mutualistic associations between roots and fungi.

The minerals move from fungus to root, the sugars from root to fungus. 

Plants need to extract large quantities of P and N from the soil.

· Fungi that grow in close association with the roots of plants help in the absorption of P and N.

· The fungus also releases growth factors that stimulate root growth, and antibiotics that may help to protect the root against pathogenic bacteria and fungi. 

The fungal hyphae (threads) can wrap around the root or can penetrate the root tissues.

This association of fungus and plant is mutually beneficial. It is called a mutualistic relationship.

Uninfected plants show signs of malnutrition.

In ectomycorrhizae the mycelium forms a dense sheath or mantle on the root surface. Hyphae extends into the soil and into the cortex and surrounds but do not penetrate the root cells

The hyphal extensions in the cortex form a network around the cells in the intercellular spaces (the apoplast) that facilitate nutrient exchange between the fungus and the cortical cells.

The epidermis of the roots do not form root hairs, are shorter, thicker and more branched that uninfected roots.

Ectomycorrhizae is commonly found in trees growing in temperate regions. Some have been found in the tropics also.

· Willow family (Salicaceae), birch family (Betulaceae), beech and oak family (Fagaceae) and pine family (Pinaceae) have ectomycorrhizal associations.

It possibly makes the trees more resistant to cold, dry conditions.

Most ectomycorrhizal fungi are basidiomycetes, but ascomycetes are also involved.

Orchid seed germinate only in the presence of suitable fungus.

· The fungus supplies the seedling with carbon compounds.
· Basidiomycetes and ascomycetes form these associations.

Endomycorrhizae penetrate root cell wall of the cortex, and does not form a mantle around the root.

The hypha grows into a tube that formed by invagination of the root cell's membrane. Once they have penetrated in this way, some of the hyphae become highly branched and form arbuscules with vesicles.

The other portion of the hypha extends into the surrounding soil and absorbs water and nutrients.

The hypha does not pierce the plasma membrane of the cell. 

It does not form a mat around the root. 

It occurs in about 90% of the plants including important crops like corn, wheat and members of the bean family.

The fungal component is usually a zygomycete. About 200 species are involved worldwide.

There is evidence that mycorrhizal associations existed very early and it might have been crucial in the colonization of land by plants about 450 million years ago.

The root nodules of legumes are more recent, about 65 - 150 million years old, during the evolution of angiosperms.


PARASITISM AND PREDATION IN PLANTS

Most plants obtain K, P, and N from the soil either through passive transport or with the help of mutualistic fungi.

In the tropic, however, there plants that do not follow this pattern.

Epiphytes are plants that grow on the branches or leaves of trees or other plants.

Epiphytes obtain their nutrients from rainwater that accumulates in crevices of the bark of trees or in folds of the leaves.

Some epiphytes are parasitic. 

Parasitic plants take food, water and nutrients from other plants.

There are about 3000 parasitic plants.

· Holoparasites are not photosynthetic and obtain everything they need from the host plant, e. g. dodder and Indian pipe.
· Hemiparasites are photosynthetic and make their own food, but obtain water and nutrients from the host plant, e. g. mistletoe.

Mistletoe, a hemiparasite, has haustoria epiphytic roots that penetrate the living host tree.

Parasitism is more damaging than competition and lowers the total productivity (biomass production) of the host plant.

Carnivorous plants make their own food through photosynthesis but they obtain their nitrogen and other minerals from animals they kill and digest.

Predation is most common in ecosystems with nutrient-poor soil.

Insect traps are modified leaves. See fig. 37.13.




