Plant Structure and Function Name

This exercise is designed to introduce you and your AP students to botany—the biology of plants—in a way to integrate structure and function. We will focus exclusively upon vegetative organs and will avoid flowers, fruits, and seeds here.

Morphology—the study of form. At this level of study we consider the basic organization and form of plants. Most high-school students have already learned that plants have three basic organs: roots, stems, and leaves. They also probably know that roots serve anchorage and water uptake functions, that stems serve support and transport functions, and that leaves serve photosynthesis functions. They may already have an appreciation of the different forms of leaves (simple, compound, lobed, etc.), have perhaps made a collection of different leaf types found in their local flora. Stems are a little-less well known to students, but a little prodding might get them to think of various forms (herbaceous, woody, twining, etc.). Roots are perhaps more mysterious to students at this point. In this project we will add something deeper to their understanding of form in each vegetative organ.

Anatomy—the study of tissue organization, especially vascular tissue in plants. The study of plant function has a lot of connection to water movement. The embryo develops three fundamental (primary) tissues: protoderm, ground, and provascular. The protoderm develops into the epidermis of all three organs (root, stem, leaf). Interesting variations include the various kinds of hairs, glands, guard cells, and waxy cuticles which can form in the mature dermal tissues. The ground tissue is cellular filler that provides the bulk of the plant tissue between the epidermis and the vascular tissues. The ground tissues include the cortex and pith of stem and root, and the mesophyll of leaves. The provascular tissues mature into xylem and phloem, the conductive tissues in plants. The connections for these conductive tissues must be continuous from root, through stem, and into leaf. Much like the circulatory system in people, no cell in the mature plant body is more than a few cells away from xylem and phloem.

Physiology—the study of normal function. So far we have only thought about structure, but structure is meaningless unless related to function…and really vice versa! The anatomy (tissue organization) of the root is critical to its most-important functions: water uptake and selective mineral intake. Once inside the root, the water and selected minerals travel up the plant in the xylem of the root, stem, and leaf; as needed along this pathway, water and minerals can be used by adjacent cells. The water and minerals arrive in the leaf and surround the adjacent cells there too. A tiny fraction of the water is used in photosynthesis:
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A certain amount of water is used to maintain turgor pressure in all of the ground and dermal cells…keeping the plant turgid and upright (at least in the younger sections!). The vast majority of the water traveling up the plant in the xylem, however, is used for evaporative cooling. Much of the water evaporates from the mesophyll cells of the leaf, between two guard cells that form a stoma (opening), and out into the atmosphere. This evaporation of water from the leaves removes a lot of heat, just as sweat evaporates and cools our skin. The minerals that have been brought into the leaf are similarly concentrated for use by the mesophyll cells where the enzymes for the carbon fixation reactions of photosynthesis need them as enzyme cofactors. Another small portion of the water that arrives in a leaf dissolves the carbohydrates produced in photosynthesis. The carbohydrates are loaded into the phloem of the leaf veins by active transport, the water follows by osmosis, and bulk flow accomplishes the transport of the carbohydrate and water from the phloem cells in the leaf to the phloem cells in the stem and root. Thus the roots are fed by the leaves and the leaves are watered by the roots.

The purpose of our exercise is to briefly examine a few aspects of both anatomy and physiology in ways that can be delivered on a very tight budget and with minimal equipment or supplies. While this approach will not “WOW” anyone with its use of high technology, it is a very memorable way to teach form and function. Our goal is to maximize student understanding of the anatomy/physiology interaction…it is not to impress anyone with what technology can do for us.

Root Anatomy and Physiology. Showing students that plants have roots might be useful, but I suspect that most students have sprouted seeds in soil in a transparent cup that has been wrapped in black paper (or kept shaded in a box or other container). As the roots fill the cup of soil, the root tips and root hairs can be easily observed when the outer container or black paper is removed. There is a whole range of projects that can be done in similar ways to show that roots respond positively to the gravity vector and negatively to the light vector. Most common lab manuals cover these kinds of projects. Today, we will instead focus on something more intangible than root form and tropisms…we will look at the endodermis of the root and its selective mineral uptake function.

Root Anatomy. We will examine first, a cross-section of a “typi cal” dicot root (I could give you my diatribe on the word typical, but I’ll try to be nice). Most science supply companies can sell you slides with cross sections of Ranunculus (buttercup) roots; these will sometimes even be labeled “Typical Dicot Root CS.” It would be useful to remind students of the fact that “typical” roots are white in color and very small in diameter (if what I said in the paragraph above is not true for your students, maybe you need to set up at least one demo). So we need a microscope to see their internal anatomy, and in order to make out differences among the tissues we need to use artificial dyes to color them differently. You will need to review the use of a microscope and lead them through it for this first slide. The dyes typically used in all these slides are Safranin (a red dye that binds to lignin found, for example, in xylem cell walls), Fast Green (a green dye that binds to cellulose in most cell walls), and Crystal Violet (a purple dye which binds to starch grains). The root slice has probably been made in a portion of mature (no longer absorbing much water) root as this will show the most tissue differentiation. Sadly, most of the absorption has already been done in younger (more distal=closer to the root tip) parts of the root. However, we can still learn much from this slide.

The root has the most primitive anatomy of the three vegetative plant organs. There is a single-cell layer of epidermis, a cortical region of ground tissue, and a single solid cylinder of vascular tissue. The root epidermis is equivalent to and continuous with that in stem and leaf, but both waxy cutin and stomata (openings) are absent in young portions of the root. Why would root tips not need protection from water loss? Why would stomata not be of any use to a root? What cellular process in a root would require gas exchange?

The ground parenchyma in roots is represented by only an outer layer of cortex. This region typically does not carry out photosynthesis, yet it stains beautifully purple for starch (large cellular inclusion with crystalline “nucleus”). How could a root accumulate starch if it has no means to produce it…no photosynthesis in the dark…right?

The vascular tissue is partially coalesced into a solid vascular cylinder. In the cross section you see a circle representing these tissues. The cells again are very elongated and you observe only slices of them. The central portion of tissue comprises the xylem area. Here the very large-diameter cells have thick walls that pick up the red dye, indicating the presence of lignin. Lignin is a brittle chemical that makes xylem cell walls very tough. The difference between cotton and wood is the presence of lignin! Why would a tube that conducts water and minerals up a plant need to have tough walls? You will see that unlike the cortex cells, the xylem cells lack any kind of cytoplasm; mature xylem cells are dead! Do live humans have dead cells that serve important functions?

Near the periphery (edge) of this central disc of vascular tissue you will find discrete bundles of phloem. The phloem tissue has two distinct cell types, but both have thin-green-stained walls. One phloem cell type is large in diameter, has a very “simple” cytoplasm, and conducts water and carbohydrates down the plant from the leaves. These sieve tube elements lack a nucleus, plastids, and vacuoles; the cells are connected end to end and the fluid flows from one sieve tube element to the next through pores in the end-walls of each cell. Do you know of a cell type in humans that also loses its nucleus during its development? Between sieve tube elements are companion cells. These are smaller in diameter and have a densely-staining complex cytoplasm. These cells are indeed companions for the sieve tube elements. They carry out the biochemistry needed to keep the sieve tube elements alive! The molecules of life pass from companion to sieve through plasmodesmata in the side-walls of these two cells.

A closer look. Now we will look closer at a very interesting layer of cells in the cortex. Between the vascular tissues and the cortex parenchyma is a single layer of cells known as the endodermis. This is the innermost layer of the cortex. In these cells, a portion of the radial walls, both longitudinal and transverse, contain lignin and suberin (waterproofing substances). This band around the wall is called the Casparian strip. What color of dye binds best to the Casparian strip? The endodermis is critical to active transport and uptake of minerals from the soil water. Aside from mechanical anchorage, selective mineral uptake is the single most important function of the root. Having said that, how might we observe this function in our plants?
In the space provided below, diagram a cross section of a root. You need only show the layers and a few (less than 10) cells in each region. Label your diagram by connecting lines to your drawing from the provided labels.
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Root Function. Now that you have some idea of the anatomy of a root, you will examine some physiology. As suggested, we will see if we can demonstrate the selective mineral uptake aspects of the endodermis of the root.

Prior to class: Seven to 10 days before the exercise, four red kidney bean (Phaseolus vulgaris cv ‘Red Kidney’) seeds will have been planted in perlite in Solo plastic cups. A hot dissecting needle is used to melt four small (3 mm diameter) holes in the bottom of each cup, the cup was half-filled with perlite, four seeds were placed at the edges of the perlite, the seeds were covered with more perlite. The cups of seeds and perlite were placed in a plastic bin under continuous fluorescent light for the 7-10 days. The bin was kept with 1-2 cm of water in the bottom at all times. The perlite wicks up enough water by capillary action, but the depth of water does not allow the roots to drown. If plants do not “breathe,” how can they drown?

In class: Remove your cup of plants from the bin. Your cup needs to have at least two plants that are of similar size and quality. Allow your cup to drain the excess water completely. You can place the cup on a paper towel to assist this. Now nest your cup into another Solo cup that does NOT have any holes. Carefully pour a 1% solution of Eosin Y onto the perlite until the cup is full. One of your two plants will serve as an intact-plant control. Use a sharp razor blade to cut off a second plant about a centimeter above the perlite. Immediately but gently push the cut-end of the severed shoot into the Eosin Y solution and leave it there.

Observe the movement of the red dye into the two plants. What is the difference between the distribution of red dye in the intact control and the severed shoot?

Structurally we know that the radial walls of endodermis cells are waterproofed with suberin and lignin, This structural feature means that to get from the cortex and into the xylem to go up the plant, the water and minerals must pass through the cytoplasm of the endodermis cells. The cell membrane of the endodermis is differentially permeable to various chemicals and ions. For a large molecule or ion to pass through, the cell membrane must have a specific matching transport protein. Not surprisingly, the endodermis has transport proteins for each of the essential minerals for plants (P, K, N, S, Ca, Fe, Mg, Cu, Mn, Zn, Mo, Al, Cl). This allows the plants to take up these essential minerals.

In our experiment, we have subjected the plants to Eosin Y. Plants have not been exposed to Eosin Y in their evolutionary history. They have no reason to have evolved transport proteins for Eosin Y. Now you should be able to explain the distribution of the red dye in the severed shoot and in the intact control shoot!

What would be a good test of your explanation? Some microscopes slides, coverslips, water, and razor blades are available for you to verify your explanation. Describe what you did and what you observe.

Stem Anatomy. The stem is largely a supporting structure and it holds a display of leaves to the sun. It is also a conductive structure. The stem transfers water and minerals from the soil to the upper parts of the plant. The stem also transfers water and photosynthetic products from the leaves to the rest of the plant. Its structure is very similar to that of a root, having three fundamental parts. We will observe a stem cross section of Helianthus anuus (the annual sunflower) as a “typical dicot stem.” Some suppliers of “typical” slides might give you cross sections of Coleus blumei which are similar, but the stem is square in cross-section rather than round.

The stem has an outer layer of epidermis. The epidermis, unlike that in the root, is not responsible for water and mineral uptake, but rather must prevent excessive water loss to the air except through stomata. The stem epidermis will thus be coated with waxy cutin and will also have occasional guard cells that regulate loss through the stomata. Sunflower leaves shade the stem so not much photosynthesis or evaporative cooling occurs in these stems, so stomata are rarer than they are in, say, Ranunculus stem epidermis. The epidermis of sunflower may also show some development of hairs and glands.

The cortical parenchyma filling up the stem volume is roughly equivalent to the cortex of the root. In many species the stem is green and the outer layers of the cortex contain the chloroplasts necessary for photosynthesis. The outer cortex area may also contain some cortical collenchyma. These cells have unevenly thickened walls and are responsible for mechanical support. Embedded in the cortex are vascular bundles as discussed below. Near the center of the stem cross section is more parenchyma. This inner area is called the pith region. Both the pith and the cortex are derivatives of the primary ground meristem tissue.

The vascular bundles are derived from the same provascular primary tissue as the vascular cylinder of the root. The xylem of each vascular bundle connects to the xylem in the root vascular cylinder. The phloem of each vascular bundle connects to the phloem in the root vascular cylinder. Each bundle consists of the two major conducting tissues as in the root. The cells with green cell walls located toward the epidermis are the phloem cells. The cells with red cell walls grouped toward the center of the stem are the xylem cells. The conducting tissues are separated by the cambium and are surrounded by fibers. What are the distinguishing features of xylem and phloem cells?

In the space provided below, diagram a pie-piece portion of the cross section of a stem. You need only show the layers and a few (less than 10) cells in each region. Label your diagram by connecting lines to your drawing from the provided labels.
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Stem Physiology. So how might we test the hypothesis that xylem actually conducts water and dissolved chemicals up the stem? Maybe we already did that in another project? How would we go about making a true experiment to test that hypothesis? What would be the treatment and what would be the true control? Knowing something about the xylem anatomy of a stem what would you predict you should observe while watching the movement of materials in the xylem? How would you test whether it was truly xylem doing the conducting? Carry out this additional test of your hypothesis. Do the results meet with your expectations?
A Closer Look. So we can see qualitatively that materials move through xylem up the stem. But can we also measure this movement in any quantitative ways? One way to do this is with an assembly known as a potometer (please note there is no “h” in this word!). I like to use geraniums (Pelargonium) for this project. The plants are pretty tough and the nodes (points of leaf attachment) are swollen slightly for making a good seal. You can buy Tygon R-1000 tubing that fits nicely around a stem and will seal without leaking. If you use other plants or if you use some old rubber tubing that has been laying around for years, you will be plagued by poor seals and leaking potometers that are more frustrating than helpful! The tubing you are using in this demonstration is a really soft Tygon tubing line that is used in peristalsis pumps…it is far more durable and longer-lasting than any gum rubber or other kinds of rubber tubing. It forms good seals without having to resort to wire ties that damage and collapse the xylem walls. The size we are using is 1/4”ID 3/8” OD 1/16” wall thickness.

Use a new razor blade and make a slashing cut to sever the shoot from the plant. Doing this cut under water is a good way to avoid getting air-bubbles in the xylem. Air bubbles in xylem generally slow or stop the flow! With the cut end kept always below water, attach the water-filled Tygon tubing to the stem, being sure to slide it up over the first swollen node to form a good seal. Being sure that the tubing is completely filled with water, attach a 1 mL glass pipette to the free end. When you are sure that your potometer is completely well-connected you can remove it from the water and attach it to a ringstand.

As the plant uses water, air will be pulled into the open end of the pipette. The movement of the meniscus will measure how much water the plant is using. If your plant is pulling in water too rapidly, you can change to a 2 mL, 5 mL, or 10 mL pipette. We might now start thinking of experiments we might perform on our potometer to vary the rate of water use by the plant. We should recall that the vast majority of the water is used in evaporative cooling from the leaves! Some large plastic bags, a small desk fan, a desk lamp, and some stopcock grease are available for your inspiration. Please remember that each treatment should last long enough for you to get a reliable rate estimate from the potometer. The stomata of a leaf respond to environmental changes more slowly than many might suspect, so it is a good idea to allow some time between changing conditions and beginning to measure uptake. To refill the pipette with water between treatments, you can put the tip of the pipette under water and squeeze the tubing to push the meniscus to the tip of the pipette, then release while the tip remains under water. A short length of Tygon tubing can serve as the “reservoir.”

Leaf Anatomy. The leaf is the most-derived organ in the vegetative body. It is composed of the same three fundamental tissues, but each one is differentiated and specialized for the specific functions of a leaf. We will examine a cross section of Syringa vulgaris (lilac) or Ligustrum (privet)…again, these are often labeled “typical dicot leaf CS” by some suppliers.

As a flattened organ, the epidermis can be divided into the two surfaces: the upper epidermis and the lower epidermis. These epidermi are a single cell thick, but because one surface faces the sun and the other faces the ground, they are different structurally and functionally. The upper epidermis permits light to enter the leaf, but must protect the internal tissues from desiccation. So the outer surface of the upper epidermis is coated with a colorless waxy cuticle. The cytoplasm has undeveloped colorless proplastids (rather than mature chloroplasts that would have intercepted light before it could enter the interior of the leaf). The lower epidermis does not serve window functions, but instead is the location for gas exchange and evaporative cooling. It is usually coated with waxy cuticle (cutin picks up the red dye) to prevent desiccation, but has regular holes (stomata). Each stoma is surrounded by a pair of guard cells. These guard cells have chloroplasts, carry out photosynthesis, and respond to light. When these cells have much light and water available, they are turgid and push each other apart, opening the stoma, and increasing water loss and gas exchange. When the guard cells run out of water or light, they lose turgor and collapse together, closing the stoma, and decreasing water loss and gas exchange. Knowing these facts about physiology of the epidermis layers, perhaps you can understand the experiments you tried with the potometer.

The ground tissue is represented by the leaf mesophyll. In a flattened organ, this also has two layers. The layer between the upper epidermis and the vascular tissue is called the palisade mesophyll. Palisade refers to columns; it is a word that describes the front porch of the White House, for example. In this case, the cells are elongated  and even stacked (like columns) with the top of the column touching the upper epidermis. These cells are packed with chloroplasts and carry out the bulk of the photosynthesis of the leaf. Between the vascular tissue and the lower epidermis is the spongy mesophyll. Here the cells are nearly spherical and packed loosely in this layer. The spongy layer is just inside the epidermis with all of the stomata and guard cells. Both mesophyll layers are surrounded by gas spaces which are perhaps most obvious in the spongy mesophyll. Water evaporates from the surfaces of these cells into the gases around the cells, cooling the leaf. The water vapor passes out through the stomata. Carbon dioxide and oxygen are also exchanged with the atmosphere so that photosynthesis can continue. How do you know that what is between the cells is gas? You might recall the gas law: PV=nRT…the volume (V) of a gas is proportional to the temperature (T) of that gas. So heating a volume of gas causes it to expand. We have leaves in class, and we have a hot plate, and a beaker of simmering water. Use a pair of tongs to test your hypothesis about gas…you have to plunge the leaf into the hot water and observe both epidermis layers while keeping the leaves submerged. What is your prediction? What are your observations? How do you explain what you saw? What was your control?!

Between the mesophyll layers are the leaf veins. These veins are composed of xylem and phloem, which are connected to the xylem and phloem in the vascular bundles of the stem, and the xylem and phloem in the vascular cylinder of the root. As you examine your cross-section, remember that unlike the vascular cylinder and the vascular bundles of root and stem, veins do NOT run parallel to each other. They form a network, so you will find some veins cut in cross section, and others in various angles going toward longitudinal sections.

In the space provided below, diagram a portion of the cross section of a leaf. You need only show the layers and a few cells (less than 10) in each region. Label your diagram by connecting lines to your drawing from the provided labels.
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Leaf Physiology. Leaves have two major functions: evaporative cooling and photosynthesis. We have already studied evaporation of water in two ways…one of these was qualitative and one was quantitative. While some people really like quantitative methods and groove on graphs and charts, I think the qualitative project gives you a really interesting way to understand evaporation. Did you notice the color of the liquid as it went up the vascular bundles and veins? How did this compare with the ultimate color of the leaf mesophyll between the veins? How does this color relate to evaporation and mineral concentration? Perhaps now you see the power of a qualitative project! If you couple this to cooling, you realize how important this is to a leaf with a window-like upper epidermis and dark green mesophyll inside…and a plant cannot locomote to some shade or crawl into a burrow.

The other major function of the leaf is photosynthesis. There are many high-tech ways to measure photosynthesis quantitatively. Some of these even involve isolating chloroplasts and running photochemical reactions in test tubes and analyzing by spectrophotometry. Not only is that expensive, but all of that biochemistry tears apart the fabric of structure and function! We will use another way of looking at photosynthesis that integrates structure and function.

We have already observed the structure of the leaf and have shown conclusively that there are gas spaces between the cells. Of course the demonstration ends up “cooking” the leaf tissue. Is there another way to remove the gas from the leaf? Recall PV=nRT which can be algebraically transformed into: V =  EQ \F(nRT,P) . Clearly decreasing the pressure on trapped gas will increase its volume…and just as hot water caused the gas to bubble out of a leaf, a partial vacuum will do the same without “cooking” the leaf tissue. Initially the gas inside a leaf is a mixture of atmospheric gases…most of which is Nitrogen (N2). These gases cause a leaf to float on water. If you aspirate the gas under water and allow the water to fill up all the evacuated spaces, the leaf will sink in the water because the cells are higher in density than the surrounding water.

We will punch discs of leaf tissue out of Dieffenbachia leaves. This plant is shade tolerant and thus will carry out photosynthesis nicely in lab (dim light) conditions. We will put 10 or so of these discs into a 20 mL syringe body. We will insert the plunger and fill the syringe about half-way with a 0.01 M pH 6.8 bicarbonate buffer (8.7 g K2HPO4 + 8.7 g KH2PO4 + 0.84 g NaHCO3 per L). After purging the gas from the syringe, we will cover the syringe tip with our finger and back the plunger off to create a partial vacuum. The leaf gases will bubble out from the edges of the leaf disc. Swirling the syringe will dislodge the bubbles. After a few moments the evacuated gas space will fill with buffer. If we have dislodged enough gas, the leaf disc will sink to the bottom of the syringe body. We will repeat the aspiration until 10 discs have sunk…we will ignore all the others.

Now we will place the syringe body from 10 to 15 cm in front of a fluorescent light source and time how long it takes for photosynthesis to fill the former gas spaces with gas and refloat the discs.

CO2 + H2O  EQ \A(light,((((((((,chlorophyll) O2 + CH2O

What gas is refloating the disc? How can you determine this? Try a series of experiments (use two syringes!) to test the roles of each of the variables above. In this project the carbon dioxide and water are found in the bicarbonate buffer. The light comes from the fluorescent lamp. The chlorophyll is found inside the mesophyll cells of green leaf discs. In the room is some plain (no bicarbonate buffer), there are some empty black film cans, and the plant has leaf areas with and without chloroplasts. Unlike isolated chloroplast lab exercises, we can test all of these variables because we have intact cells and tissues. In isolated chloroplast lab exercises, you are studying only a few of the steps in the light reactions of photosynthesis…but here we are using all of photosynthesis even though our measurement involves oxygen production. The oxygen is produced only in intact light reactions of photosynthesis:

ADP + Pi + NADP+ +H2O  EQ \A(light,((((((((,chlorophyll) O2 + ATP + NADPH + H+
This multi-step process splits water molecules into their elements. The oxygen atoms combine to make oxygen gas. The hydrogen atoms are held briefly on a phosphorylated B vitamin (NADP). Light energy is trapped initially by chlorophyll, and is held briefly in the form of a phosphate bond between ADP and P forming ATP.

These light reactions do not occur in isolation…they are coupled with the carbon fixation reactions:

ATP + NADPH + H+ +CO2  EQ \A(,((((((((,) CH2O + ADP + Pi + NADP+
Back in the “old” days these were called the “Dark Reactions” but in fact these NEVER occur in darkness. As you can clearly see, these reactions require ATP and NADPH in order to convert carbon dioxide into carbohydrate. Clearly these reactions only take place in the presence of light reactions. It is also clear that the light reactions depend upon the availability of NADP+ from the carbon fixation reactions. So indeed these two groups of reactions are intimately coupled in intact cells. If we stop the carbon fixation reactions by withholding carbon dioxide, the light reactions grind to a halt. You have already demonstrated this!

Furthermore, in intact plant cells the photosynthesis reactions are occurring in cells that also have mitochondria! So while we have been measuring photosynthesis by oxygen production, do you think we are over-estimating or under-estimating the rate of photosynthesis?

Photosynthesis:

CO2 + H2O  EQ \A(light,((((((((,chlorophyll) O2 + CH2O

Respiration:

O2 + CH2O  EQ \A(,((((((((,) CO2 + H2O + ATP

As you can see, if respiration is running in mitochondria, then some of the photosynthesis products will be used up in respiration. This reduces the rate at which oxygen can accumulate between leaf mesophyll cells. To get some idea of this…if you did not do it before….aspirate and sink a set of green discs in bicarbonate buffer. Put them in light until they refloat. Quickly cover the syringe with the film can and allow several minutes to pass.  What happens? Explain. Why was it important to sink and refloat the discs before placing them in the darkness? Would discs that are harvested and simply floated on buffer and placed in the dark sink rapidly?

There is a quantum flux meter, some meter sticks, and a single lamp; hmm, I wonder what we could do with those? It is called finding the compensation point for photon flux density (PFD). So if you have the instrument, you can even do some fancy stuff with a simple demonstration!
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And, of course, http://plantphys.info/ for lab exercises under some of my course schedules, study sheets, lecture notes, etc. My Plants and Human Affairs course will have things that are “not so deep!”
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