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Why do plants and animals need nitrogen?

Plants and animals need nitrogen in order to make proteins. Proteins are essential compounds for healthy growth and fully functioning organisms. However, nitrogen is often in short supply to plants in both natural and agricultural systems. If nitrogen supply limits the growth of plants then the animals which feed on the plants will also suffer. Farmers usually add artificial fertiliser (made by high energy-consuming industrial processes)  to replenish this nutrient in the soil after a crop has been harvested. However, there is another way of adding nitrogen to soils – using nitrogen-fixing bacteria!

A special relationship?
Many plants, particularly legumes (but also some trees such as Alnus, Casuarina, Myrica and Gunnera; cycads and the fern Azolla) have special relationships with bacteria. The bacteria live within the legumes, inside specialised organs called nodules, and fix nitrogen from the atmosphere. This is called a ‘symbiosis’ where both organisms benefit from the relationship. The bacteria receive sugars and ATP (a high energy compound) from the plant. In return for giving the bacteria a habitat, the plant receives a ‘fixed’ form of nitrogen.
How do bacteria fix nitrogen?
Some of these bacteria contain the enzyme ‘nitrogenase’ and have the name ‘diazotrophs’. This means they can fix nitrogen straight from the atmosphere and change it into soluble ammonia, using sugars and ATP from the plant. The ammonia is usually toxic to plants and so is immediately changed into amino acids or amides by the bacteria and used as raw material for their protein production. When the bacteria die, the ‘fixed’ nitrogen (usually in the form of amino acids) is released into the environment. The amino acids become ‘mineralised’ and are then available to be taken up by plant roots when dissolved in soil water, or taken up by other bacteria.
N2   + 8H+   +  8e-  +  16 ATP    2NH3  +  H2  + 16 ADP  +  16 Pi
16 ATP molecules are needed per fixed molecule of nitrogen gas – a high energy requirement and quite ‘costly’ for the plant.

‘Nitrogenase’ enzyme is highly sensitive to oxygen (which will destroy the enzyme if it is exposed to it for anything but a very short time), but oxygen is needed for aerobic respiration to supply the ATP for N-fixation. To get round this, legume nodules contain lots of ‘leghaemoglobin’ – an oxygen-carrying protein. Leghaemoglobin surrounds the bacteria in the cells of the nodules and transfers very rapidly a low concentration of oxygen to the bacteria. There is a striking similarity between the oxygen-carrying function of leghaemoglobin in legume nodules and that of animal haemoglobin in red blood cells. The legume nodule is a unique organ in its adaptation to house bacteria and encourage them to fix nitrogen from the atmosphere as efficiently as possible.
What do ‘nodules’ look like?
Root nodules

These form on roots when the N-fixing soil bacteria, called ‘rhizobia’, enter the root hairs of a legume (Figure 1, Figure 2). Suitable plants exude a chemical called a ’flavonoid’ which ‘switches on’ the nodulation genes of the rhizobia. A ‘chemical conversation’ then follows between plant and bacteria. The nodulation genes control the production of Nod factors that stimulate the plant, allowing the bacteria to enter root hairs and start producing a nodule. 
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Figure 1. Internal structure of a pea nodule infected by Rhizobium leguminosarum showing the apical meristem or growing point (m), blue-stained N-fixing cells within the infected zone (iz), and the peripheral uninfected cortex (c).
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Figure 2. Nodules (arrow) on Acacia schaffneri (Mimosoideae).

Stem nodules
Most legumes that can make nodules do so only on their roots, but there are a few groups of plants that also nodulate on their stems. They usually grow in wetlands or seasonally-flooded regions of the tropics. Nodulation of their stems in a flooded environment allows these legumes to fix nitrogen in wet conditions. Oxygen is needed continually by the bacteria (to supply ATP from aerobic respiration) and stem nodules allow the supply to continue even in water-logged conditions.
An example of a plant, which nodulates profusely both on its roots and stems is the legume Sesbania rostrata (Papilionoideae, Figure 4). It fixes large quantities of nitrogen, and it can be ploughed into the paddy field prior to the planting of the rice crop as a ‘green manure’. The fixed nitrogen which is released from the green manure can then be taken up by the growing rice and hence is a very good substitute for mineral fertiliser. 
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Figure 3, top left. Neptunia oleracea (Mimosoideae) plants floating on a pond in the Brazilian Pantanal wetlands. Note the thick, spongy stems that allow the plants to float (arrows); the adventitious roots that arise from these are nodulated.

Figure 4, top right. Nodules (arrows) on the stem of the hydrophytic legume, Discolobium pulchellum (Papilionoideae), which is very abundant in South American wetlands, such as the Pantanal.

Figure 5, bottom left.  A rice paddy field filled with the semi-aquatic legume Sesbania rostrata (Papilionoideae) used as a “green manure”. 

Figure 6, bottom right.  Photosynthetic stem nodules on S. rostrata (arrows). These unusual nodules form on the stem above the floodwater and allow this plant to fix N in paddy fields, and their photosynthetic ability greatly increases their N-fixing efficiency.
The use of legumes as nitrogen fixing crops and green manures is likely to become more widespread as the costs of artificial fertiliser rise owing to the increase in fossil fuel prices that are projected over the next 20 years or so.
Questions:
1. Explain why finding alternative ways of adding nitrogen to soils is better than the use of artificial fertilisers.





           (3)

2. What is meant by ‘symbiosis’? Name the ‘symbionts’ in the biological nitrogen fixation process.
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3. Why are ‘nitrogenase’ and leghaemoglobin so important to N-fixing bacteria?
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4.  Describe the process of ‘mineralisation’.
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5. Sesbania rostrata is a semi-aquatic legume’ used as a ‘green manure’. Explain the meaning of this term






(2)
How can we isolate the nitrogen-fixing bacteria and look at them?
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Figure 7. Bacterial colonies growing on agar supplemented with a mixture of nutrients that favour the growth of symbiotic rhizobia from legume nodules. A nodule has been crushed and the contents streaked onto the agar.

Data Handling Activity

In this experiment, three different species of Mimosa seedlings were given different nitrogen treatments. The three species were Mimosa pudica, Mimosa diplotricha and Mimosa pigra.

They were also inoculated with symbiotic bacteria at the same time.

The treatments were:

· 0.25 mM ammonium sulphate

· 1.25 mM ammonium sulphate

· 0.5 mM potassium nitrate

· 2.5 mM potassium nitrate
· Controls for each species were set up with zero nitrogen.

After a period of time the plants were examined and the number of nodules present on the roots were counted. The graph below shows the results.
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1. How many nodules per plant were formed in the controls?

2. How many nodules per plant were formed in Mimosa pudica in each of the four nitrogen treatments?

3. Calculate the % increase or decrease in nodule number in Mimosa pudica for each of the treatments as compared with the controls.

4. Describe the relationship between nodule number and concentration of nitrogen treatment for Mimosa pigra and Mimosa diplotricha. 

5. Suggest a reason why Mimosa pudica does not produce nodules at a concentration of 2.5 mM potassium nitrate.






Procedure:


Go to a pea or faba bean field or garden and dig up some nodulated plants. Pick off the nodules and rinse them in distilled water.


Surface sterilise them with <1% diluted bleach 


Crush them with tweezers on to an agar plate containing yeast mannitol broth (YMB) 


Incubate the plates at 30oC for 1-2 days until bacterial colonies appear. These should be the rhizobia (Fig. 7).
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