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Key ideas 

This download was prepared to provide supporting background material for primary and secondary trainee teachers for use during their ‘college’ sessions. It tries to put the knowledge into a meaningful context, and encourages them to take a broad view of their subject.

All living things are made of cells 

The history of scientific ideas shows that knowledge has changed over time with the introduction of technology and new ideas. This can also mirror children’s maturing scientific perspectives; younger children rely primarily on immediate sense experience, while older children can start to understand that scientific ideas go beyond this. This is well exemplified by the ideas about cells. Hence, mediaeval views were naïve, mirroring young children’s perspectives, and increasing complexity of scientific ideas through history, linked to developing technology and accumulating knowledge match how children’s views become more sophisticated (on the whole) with experience and inculcation to the discipline of science. 

The existence of cells has been known about since the 17th century with the development of the microscope. In 1665 Robert Hooke in his book Micrographia described cork as being made up ‘a great many little boxes’, which he called ‘pores or cells’ from the Latin cellulae meaning small rooms. However, it was only in the nineteenth century when lenses were refined to make the microscope a useful tool that scientists fully realised that cells were the building block of all living things (put forward in the 1830s by German biologists Schlieden and Swann), while the idea that all cells come from other cells (proposed by another German, Virchow in 1855) eradicated the idea of spontaneous generation, prevalent before this time and opened up the field of biology for exploration of living things through investigating cell structure and function, leading  to the fields of study of cytology, histology, anatomy, physiology and genetics, which are the cornerstones of modern biology. 

Thus, the concept of living things being made of cells is one of the foundational ideas in biology. It can be introduced at KS2 and is best developed through KS3/4 through examining a range of cell types under microscopes and looking at photographs of cells from different tissues and organs in context of studies of the organ systems of animals and plants. 

Plant and animal cells

Plant cells are easily examined by tearing a thin piece of onion skin, or rhubarb or taking cross and transverse sections of plant stems to make microscope slides. Animal cells are best examined as photographs or as prepared slides. Scrapings of cheek cells obtained from cotton buds can be easily prepared, though there is a very small health and safety risk (of AIDS infection). CLEAPSS encourages tutors to continue to advocate this technique (pupils look at their own cheek cells) even though may be banned by some LEA’s or schools. However, pre-prepared slides not made by pupils can be used for observations. Similarly, blood cell slides are easily prepared for observation, but this also involves a health and safety risk and is generally not now carried out in classrooms. Plant cells can be stained with iodine and animal cells with methylene blue solution to highlight their features. Yeast cells as single celled fungi can be easily seen under a microscope.

The main features to emphasise are:

· Cells have a cell membrane, which controls the entry and exit of materials. 

· Plants in addition have a cellulose cell wall, which supports the cell and gives plants their rigid structure. In contrast, animal cells need to be able to change shape easily, so animals use skeletons or shells if they need support. Plant cells usually have a vacuole, which contains cell sap and provides support through outward pressure (turgor pressure) on the cell wall. 

· The inside of the cell (cytoplasm and nucleus) contains all the parts that keep the cell alive. There are a number of organelles present in the cytoplasm, including the mitochondria, which are the site of respiration of food (interestingly, these are thought to be related to ancient bacteria, which formed symbiotic relationships with early cells and have been associated ever since – they have their own genes, replicate independently and are transmitted to the next generation through the cytoplasm surrounding the egg). Plant cells may have plastids, including green chloroplasts, which contain chlorophyll and are the site of photosynthesis. Colourless plastids usually contain starch as food storage.  

· The nucleus is the controlling centre of the cell and contains the genes in DNA sequences on chromosomes, which govern development and the working of cells. Genes are passed on to the next generation when the cell divides. 

· Cell size is limited by how far materials can travel within them. Cells cannot grow above a certain size, because the materials (e.g. digested food, oxygen) would not be able to pass to the centre and wastes could not be removed. 

Cell structure and function

It is important to reinforce the link between cells, tissues, organs, organ systems and the body as an integrated system. Thus, cell functions influence behaviour of organisms and ecological interactions can ultimately be understood as influenced by activity to support cell functions. These ideas can be developed through a range of biological topics to show how cell structure links to function. Thus, human physiology studies can highlight how tissues with particular functions occur in, e.g. bone (support), muscle (movement by shortening and relaxation of muscle fibres), the intestine (absorption of digested food) and pancreas (secretion of enzymes). The same can be shown for plants through cells of the stem (e.g. phloem for transport of food, xylem for transport of water and support), leaf (e.g. stomata cells for gas movement, mesophyll cells for photosynthesis) and root (e.g. root hairs for absorption, cortex for food storage).

Chemicals of cells

It is important to identify the basic chemical components of cells and their properties, as this helps to explain the physiology of cells. Important points to emphasise are:

· Water: cells are 75% water and will die if the water content falls much below this, hence we need water to survive. All chemical reactions take place in solution as this allows molecules to move and interact with each other. Water also has a high capacity for heat; hence it can absorb a lot of heat without it damaging proteins in the cytoplasm. However, as water freezes at 0° C cells are damaged if the temperature drops below freezing. Significantly, as water is most dense at 4°C ice floats, which prevents the seas from freezing and allows for life in the oceans to have evolved and survive.

· Proteins: Proteins are made of chains of amino acids (there are about 20 different amino acids in animal proteins), which are folded in particular shapes and with cross-linkages. Structural proteins contribute to cell structure e.g. in cell membranes, ribosomes, chromosomes. Enzymes are particularly important proteins as they control all chemical reactions in the cell. They work by a ‘lock and key’ mechanism in which they link reactant chemicals by having particular shaped sites where the chemicals can fit and combine together. It is useful to demonstrate this through cut-out models to show that it is the enzyme shape that allows other chemicals on specific enzyme sites, so facilitating chemical combination. The reactions are also sensitive to factors such as temperature (increased energy facilitates increased chemical activity through increased movement of molecules in the cell) and pH, e.g. digestive enzymes in the gut (the acid stomach activates protein digestion through pepsin, though amylase in saliva, which breaks down starch, needs neutral pH). Enzymes are produced in ribosomes in the cytoplasm (on the endoplasmic reticulum – a network of microtubules in the cell) under control from the genes, which are held on code sequences on DNA on the chromosomes in the nucleus. The codes are translated by a messenger molecule (RNA), and sequences of amino acids are strung together and eventually folded with cross-linkages to make specific proteins from the DNA code. The ‘lock and key’ mechanism of enzymes means that enzymes are specific to particular reactions and it is the production of enzymes in the cell under instruction from the DNA that controls all chemical reactions and all development. When proteins are heated above about 50°C their structure breaks down and they are said to be denatured, hence cells die when they are overheated. Cooking involves such protein denaturing (e.g. changes in egg white or meat), which makes the cooked food more pleasant to eat and/or easier to digest. Digestion of protein by protease enzymes in the stomach and intestine results in amino acids that can be transported in blood and absorbed by cells for use mainly in growth. 

· Carbohydrates: These can be a simple soluble sugar like glucose (monosaccharide) or chains like sucrose (two glucose molecules – disaccharide) or starch (many glucose molecules – polysaccharides). Cellulose is a very long chain of glucose molecules that are grouped to form fibres and are laid down in layers to form the cell wall of plants providing support and structure to the plant. Digestion of carbohydrates involves the breaking apart of chains of glucose molecules by enzymes in the gut to produce soluble glucose that can be transported in blood and absorbed into cells for respiration.

· Lipids: These are oils or fats and are formed by the reaction between fatty acids and glycerol – they are esters of glycerol. They are important particularly in cell membranes and nuclear membranes. When fats are digested by lipase enzymes fatty acids and glycerol are produced, which can be absorbed into cells. Fats act as a food store, as they transfer a large amount of energy when respired compared to carbohydrates. As a result, excess consumption of fat (or carbohydrate) will result in obesity. Also excess fat consumption produces fatty deposits in arteries that can lead to circulation problems, strokes or heart attacks.

· Salts: Salts are present in cells as ions such as positive sodium and negative chlorine ions, which may be free to move about in water or attach to other molecules such as proteins or lipids. Ions are important in chemical reactions, e.g. phosphate ions are essential for energy transfer (via ATP), while calcium, potassium and sodium ions are important in electrical changes such as in nerve cells. 

· Vitamins: These are important substances with a variety of chemical structures that take part in a range chemical reactions inside the cell – they contribute to the general health of the body. Plants make their own vitamins and we and other animals have to get them from plants in the main, though we can synthesise vitamin D in the skin in sunlight. 

· Synthesis: Cells can build up complex molecules or break them apart, e.g.: glycogen is synthesised from glucose in the liver as a food store; plant cells synthesise starch and cellulose from glucose; proteins are formed from amino acids; fats from fatty acids and glycerol. The processes can be reversed, as in digestion of food through digestive enzymes. Plant cells make their own amino acids from sugars and salts (nitrates) but animals can only obtain them through eating other living things, although some can be synthesised from others, the essential amino acids. Plants make glucose from carbon dioxide and water through photosynthesis – oxygen is a ‘waste product’ in this process.

The significance of these essential chemicals can be drawn out through the topic of diet and concepts of a healthy balanced diet and why we need these chemicals for healthy functioning of our bodies. However, it is important to emphasise that these chemicals can be built up and broken down by cells and the ecological interplay between animals and plants through food chains and webs, cycles of materials and energy flows in ecosystems are all connected to these fundamental cell chemicals and functions.

Movement of materials in and out of cells

Diffusion is a relatively easy concept to understand as molecules moving from a high to a low concentration until they are evenly spread. This can be realised from experience by turning on the hot water tap in a bath and experiencing the heat being distributed. Similarly, as a classroom demonstration, coloured hot water poured into cold water can be seen to spread out evenly over time. Small molecules such as water, oxygen or carbon dioxide tend to move easily through cell membranes and this is how these materials can move in and out - when the concentration is higher outside the molecules tend to move into the cell across a so called diffusion gradient.

Osmosis is a special case of diffusion and is harder to understand. It occurs in plant roots, for example, and is the movement of water from outside the cell (high water concentration in the soil) to the inside (with a lower water concentration because of dissolved chemicals in the cytoplasm) through the cell membrane, which is semi permeable in that it allows small molecules like water through but keeps large molecules and cell inclusions in the cell. This can be demonstrated by cutting a pot plant near its base and observing sap being pushed up the stem (by root pressure arising through osmosis of water moving into the roots). Flowers placed in dyed water show movement up to the leaves (which change colour) in the transpiration flow, but if placed in salt water they wilt because osmosis is reversed and water moves out of the roots. Another clear demonstration of osmosis is to cut a potato in half, scoop a hollow in the centre with salt and put it in shallow water; the hollow fills up because water moves by osmosis through the potato. Similarly, potato cut into chips and put in salt or water will decrease or increase in weight respectively because of osmosis in or out of the cell. Dialysis tubing with starch submerged in water with iodine is a good model of the cell – the starch goes blue black because iodine moves into the tube, while the water remains yellow, which models osmosis.

However, passive diffusion or osmosis are insufficient to explain movement of materials into a cell against a concentration gradient, e.g. in the take up of glucose by the cells of the intestine. This involves active transport and requires energy from respiration. It is useful to consider examples where cells actively take up substances against such a gradient, e.g. absorption of minerals in dilute solution in soils by plant roots. 

Surface area is an important concept, which limits cell growth, as materials cannot penetrate to the centre in cells that are too large. This is well demonstrated by cutting cubes of prepared clear agar of different sizes, e.g. 1, 2 and 3cm cubed, placing them in coloured water and measuring how far the coloured water penetrates after a few minutes. The small cube will be coloured right through, while the largest cube will only be coloured at the edges, showing that movement into the centre of large cells takes longer than for small cells. For large cells this would be an inefficient process for transport of materials into cells, though it is suitable for small cells. The surface area to volume ratio for each cube can be calculated to show that the largest surface area to volume ratio   for small cells is most efficient. This explains why cells have to remain small; hence large organisms are made of many small cells.

Growth and respiration 

Respiration as the transfer of energy from oxidation of food is fundamental to life processes. Pupils (and students) often associated it exclusively with animals but it must be emphasised that plants must also respire to obtain energy for life processes; the crucial difference is that plants also make their own food, while animals have to eat other organisms to get their food. Many don’t understand that plants respire all the time, though photosynthesis during the day masks it, so that oxygen is given out, but carbon dioxide is given out at night when only respiration is taking place. It is more obvious in the roots or during germination where there are no green parts – here, if you exclude air by flooding the roots or seeds with water, the plant will die and the seed won’t germinate.

Single celled yeast is a useful organism to demonstrate growth and respiration. 

Bakers’ yeast cells with sugar and warm water can be easily seen under the microscope, and a balloon placed over the mouth of a test tube will expand with carbon dioxide release from respiration (turns lime water milky). Another way to demonstrate respiration is to have flasks of dead and living damp seeds and note the increase in temperature associated with respiration in the live seeds. The gas given off can be collected in a plastic syringe and tested with limewater. Also, germinating seeds are a good medium for examining the processes and conditions for respiration; thus, restricted water (dry), temperature (kept in fridge), and oxygen (kept under boiled cooled water) will inhibit germination. It is important to emphasise that seeds behave like animals initially with respiration of the food store in the cotyledons allowing growth until leaves are produced when the plant can make its own food by photosynthesis.

The full balanced chemical equations for respiration (though they represent a summary of a complex series of reactions) can be hard to understand if presented in isolation:
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Energy transferred = -2830kJ

Word equations are easier to introduce in the first stage, followed by naming the essential atoms in the process to show how they are rearranged during respiration with the resultant transfer of energy. Balloons of different colours can be used to represent the rearrangement of atoms that takes place during the process. The fully balanced equation can be used when the process and the system of equations is understood – there is considerable benefit in having the word equation and the chemical equation together:
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A small amount of energy can be released if carbohydrate molecules are rearranged in the absence of oxygen — so-called anaerobic respiration. In mammals the process can be useful get energy very quickly for a short burst. This process builds up poisons (including lactic acid) in the cells and we get exhausted, sometimes suffering muscle cramp during heavy exercise. Panting allows plenty of oxygen into the blood and the poisons combine with oxygen and can be metabolised properly. Anaerobic respiration can be demonstrated by mixing glucose solution with yeast under liquid paraffin to exclude oxygen and showing that carbon dioxide is still given off. It is important to ensure that the water used to make up the solution does not contain dissolved air/oxygen. (The process of fermentation of glucose to produce ethanol is fundamentally an anaerobic one. If oxygen is present it is possible for the ethanol to be further oxidized to ethanoic acid, thus forming vinegar rather than beer or wine.)

Bacterial culture on agar shows how cells grow, as the contaminated areas increase in size in time. This is also easily shown by using damp bread (sealed in a plastic bag for hygiene reasons). Cultures of bacteria and / or fungi can develop under these conditions and this is useful to illustrate decomposition as a process that recycles materials in natural ecosystems; e.g. comparing this with decay processes in a woodland by looking at rotting logs or decomposition of leaf litter. It is also possible to show how growth can be inhibited by keeping the bacterial cultures on the bread in different conditions compared to the control – dry bread, covered in salt, soaked in vinegar or kept cold to simulate how food can be preserved by inhibiting bacterial growth. (Always ensure that a risk assessment is made and that appropriate precautions are taken when observing cultures and when disposing of them.)

Photosynthesis 

Photosynthesis needs to be linked closely to respiration as the opposite process, i.e. the building up of food compounds from simple molecules of water and carbon dioxide using light energy, which can be oxidised to transfer energy by respiration. Respiration occurs in mitochondria in cells while photosynthesis takes place in chloroplasts (these may have some ancient connections, as they may have been acquired by early cells through symbiosis). It is important to point out that the processes are closely interwoven through the carbon cycle, which circulates carbon through animals and plants and maintains the balance of oxygen and carbon dioxide in the atmosphere, though humans are upsetting the balance, stimulating global warming through the greenhouse effect through excessive burning of fossil fuels. It’s fascinating to think that materials are constantly being recycled through living bodies and ecosystems through processes like the carbon cycle as an interplay between respiration and photosynthesis. Atoms like carbon and other heavier atoms were produced by fusion processes in the sun in the early formation of the solar system and have been re-circulated through living organisms and the non-living world throughout the whole evolution of life. In this way we can see our bodies as being made of a kind of ‘stardust’ (a 1960s counter-culture idea echoed by the words of the Joni Mitchell song ‘Woodstock’), and materials constantly flow through our bodies in the carbon cycle like the atoms of water flow through a river in the water cycle. Our body is constantly being changed through replenishment and excretion of materials, and it is interesting to think that the atoms in our body now were once present in the body of, say, William Shakespeare, or a Tyrannosaurus rex or ancient bacteria at the dawn of life, or in the early Earth before evolution began.

It’s also useful to consider that living things need energy available from the sun, but are unable to utilise solar energy directly and must ‘step down’ the energy through  chemical processes where the energy released for cell use is in a form that is manageable (i.e. via ATP). The equations shown above for respiration can be reversed for photosynthesis to make the connections very clear.

Chloroplasts can be seen, for example, in moss leaves under microscope slides. Photosynthesis is easily demonstrated by using pond weed Elodea in water under a funnel and test tube and observing rising bubbles of oxygen – these can be collected and tested by relighting a glowing splint. Conditions for photosynthesis can be investigated by increasing the light levels through moving a lamp towards or away from the plant, by changing the temperature of the water or increasing the carbon dioxide level through addition of small amounts of bicarbonate of soda. Alternatively, leaves of a deciduous plant can be exposed to light and tested for starch. It’s relevant to connect the increased levels of photosynthesis from higher temperature and higher carbon dioxide levels with the effects of global warming, which will similarly increase photosynthesis levels, though the damaging effects of increased sea levels from melting  ice and drought in some areas are far more damaging. 

As plants have all they need to make food around them; water, carbon dioxide, light and minerals, they don’t need to move much and their bodies are adapted to obtaining these simple materials and converting them into food in food factories, or leaves. As they don’t move, they have problems with getting sex cells together for cross-fertilisation, which is most important for maximum variation and adaptive survival. Hence the evolution of plant strategies to use animals that move or other agents such as wind for pollination and for dispersal strategies (e.g. wind, animal, explosion, water) to move seeds away from the parent plant to avoid over-crowding of seedlings and dispersal to new territories. Animals, on the other hand, have to find food to survive; hence they have a range of sensory, coordination and movement strategies to survive and can respond flexibly in complex environments through complex behaviour, including learning through complex brains and well developed senses and locomotion systems.

Cell division

Points to emphasise are: 

· genes are located on chromosomes (23 pairs in humans) provided by both parents, hence we have half of our instructions for growth from each

· genes held on DNA contain codes for controlling enzyme production, which control all chemical  reactions in the body, hence genes influence all development 

· mitosis or growth division involves careful copying and duplication of chromosomes so that the DNA content and gene coding for development is kept consistent

· asexual reproduction (e.g. bacteria) involves mitosis

· meiosis, or reduction division, to produce the sex cells or gametes involves a halving of chromosomes, which double up again at fertilisation of an egg by a sperm  - this introduces substantial variation in DNA, which is the basis for evolutionary change

· sometimes errors in copying as mutations or mixing up through crossing over of chromosomes occur, so that there is increased variation in the gene pool – most mutations are harmful, though some can be advantageous and are selected for, so they become prevalent in populations

How DNA controls development is perhaps the most profound and elegant story of science, and its significance to understanding of the processes for life should not be lost in the detail. It was a great scientific breakthrough of the1950s (by Watson and Crick), founding modern genetics and paving the way for understanding the mechanisms of variation, natural selection and evolution, which conformed the ideas of Darwin and the early genetics experiments of Mendel.

Meiosis should be placed in context of formation of sex cells or gametes in testes/ ovaries in humans and other animals and pollen sacs (anthers) and ovules in plants. Reproduction occurs through fertilisation of an egg and sperm in animals or pollen and ovule in plants in which the nuclei of the sex cells fuse. It is the combining of chromosomes from the sex cells that reinstates the full chromosome complement as pairs. In this way the haploid state (half the number of chromosomes) of the sex cells is converted to the diploid state (double the number) in the body cells, which grow through mitosis, carefully copying the chromosome complement so the DNA code is kept consistent. Sometimes cells divide out of control and produce cancers as tumours for example, which is an increasingly prevalent cause of death (particularly lung cancer which is aggravated by tobacco smoke, though a range of other carcinogens have been incriminated for other forms of cancer, e.g. some pesticides, radiation)

In theories of the evolution of sex cells, it is likely that ancient bacteria were asexual through mitosis, but that allows limited scope for variation, which is the basis for evolutionary change. Fusion of cells, as in sexual reproduction, provides greatly increased variation, with better chances for selective adaptation, though there is also a doubling of chromosomes, hence the pressure for a mechanism to halve the number again, leading to meiosis. The selection pressure for sexual reproduction is strong due to selection for variation, hence the prevalence of sexual reproduction among living things now. With equal sized sex cells there is an advantage for one to become larger and provide food for new cells, so giving greater chance for its DNA to survive. Correspondingly, the other sexual partner could also be successful if the sex cell is small, allowing large numbers to be produced, which gives a greater chance of survival because of the greater chance of fertilisation with lager numbers of cells involved. This size difference in sex cells is the basis for sexual differences in animals, with females having small numbers of large ova, which are protected and nourished, while males have very large numbers of small sperm. There is a variety of reproductive strategies among animals, but in many animals this leads to females having relatively large protected and nourished ova and being choosy about their mates, while males may be less choosy and attempt to fertilise many females. In many species this can lead to territorial behaviour and male competition and fighting for access to females, resulting in males being larger and more aggressive than females as one consequence. The area of evolutionary psychology is a most interesting field that leads on from these ideas.
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