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    Sun Light and Green Plants Feed us all!
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Did you know that ALL of the energy your body burns every day is derived ultimately from photosynthesis!? Even the gasoline that we burn in our cars can be traced back to photosynthetic plants.  In this exercise, students will conduct two different experiments that demonstrate the basic steps in photosynthesis. In Part I, students will learn about the first step of photosynthesis in which the chloroplasts capture light energy.  Students will observe the difference between light energy utilized by a living plant versus light energy wasted when the photosynthesis apparatus is “broken”.  In Part II, students will learn about the second phase of photosynthesis, where light energy is converted into starch.  Students will test the effect of light and dark on the starch content of plant leaves.  Each part is designed to be completed during one class session of 1-2 hours.


Objective


Students will gain a broad overview of the process of photosynthesis:  how plants convert light energy (which is unstable and transient) into chemical energy (which is stable and can be stored) in the form of sugar and sugar polymers such as starch.  Students will understand the concept of a hypothesis, how to design an experiment to test a hypothesis, and how to write up their results in the form of a scientific report.
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Background

All living things require energy for growth and maintenance.  Animals and microbes must constantly consume food to meet this energy requirement. Green plants, on the other hand, can trap the energy in sunlight and convert it into a useful form, namely food for themselves and all other living things. The use of light energy to produce food is called photosynthesis and the breakdown of food to release the stored energy is called respiration.  Animals can only carry out respiration, while plants can do both.

Light energy is transient (short lived), so green plants convert light energy into chemical energy in the form of sugars and their polymers such as starch and cellulose.  Chemical energy is more stable (long lived), thus sugars and starch represent a way of storing energy.

To convert light energy into chemical energy, it must first be “captured”. This task is carried out by chlorophyll, the green pigment found inside chloroplasts, which are organelles found only in plant cells. Chlorophyll looks green to us because it absorbs blue light and red light while the green light passes through it or is reflected from it (see figure on page 5).  The red and blue light energy that is absorbed by chlorophyll is what powers photosynthesis:  it is transferred to specific proteins found in chloroplasts that use this energy to convert carbon dioxide to sugar.  If more sugar is produced than is needed, the sugar is converted to starch by linking many sugar molecules together into a long chain (a polymer).  At nighttime, this starch is converted back to sugar to provide the plant’s energy needs until the sun rises again. 

When blue light shines on isolated chlorophyll (i.e. cholorphyll that is removed from the plant and thus separated from the proteins that convert the light energy into chemical energy), the absorbed light energy has nowhere to go and it comes right back out as red light.  This red light is not actually reflected light; it is light that is absorbed by the leaf, changed and re-emitted as red. This process is called fluorescence.  If light shines on chlorophyll in a living plant, the absorbed light energy is used to make sugar, and hence very little red light will come out. Thus, we can use the extent of red light emission by illuminated leaves as an indication of how much of the absorbed energy is utilized versus wasted.  More red light emission indicates more wasted energy. A healthy plant should waste very little energy!

At the end of a sunny day, the chloroplasts inside a healthy leaf should be full of starch. On the other hand, if you keep a plant in the dark for a few days (3 days in this exercise), it will use up all of its stored starch.  One can create striking “photographs” on a leaf by taking such a starch-depleted leaf, covering it with a photographic negative, and then shining a bright light on the leaf so that photosynthesis occurs wherever the negative is clear.  The positive image is then “developed” by first extracting the chlorophyll from leaves using alcohol, and then staining the cleared leaf with a potassium iodide solution, which stains the starch brown.   This experiment demonstrates that starch is synthesized only where light strikes the leaf.

Since starch formation is dependent on light, we can observe the effect of changing the intensity or color of light on starch formation. For example, does brighter light result in greater starch formation?  Do certain colors (wavelengths) of light result in greater starch formation? To test the effect of different light intensities and colors on photosynthesis, a starch-depleted leaf is covered with filters (clear, red, green, blue, and gray), exposed to strong light, and stained for starch. Since each filter (except clear) transmits a similar amount of light, we can make a rough comparison of their effectiveness in promoting starch synthesis. Light intensity and light color matters!  Based on the figure on page 1, which color filters do you predict will allow the most starch to be produced? (hint: a green filter only allows green light to strike the leaf). Students will predict and test their own hypotheses, and discover that clear (highest light intensity) blue and red filters allow the most starch to be produced. 

Part I:  Chlorophyll Captures Light:  

Light Absorption and Light Emission by Chlorophyll
Materials Provided in Kit

For Each Student Group*


For Classroom


1 cotton swab



1 blue LED flashlight


1 black plastic sheet**


2 black plastic garbage bags
( ~2 in. x 4 in.)


1 bottle of 100% ethyl alcohol

1 pair rainbow glasses


30 mL DCMU (1 x 10-4 M in 10% ethanol)







1 viewing box with red filter







1 glass beaker (150 ml)








1 pair forceps









1 transfer pipette








1 electric burner hot plate









1 25-ml glass vial (bottle)

* kit provides enough materials for eight student groups.  

**black plastic strips can be cut from one of the garbage bags provided.

Materials to be Provided by Teacher 


Fresh, soft, green leaves (e.g. spinach or geranium), either grown or purchased


Paper towels


1 pair scissors


1 copy paper box (for constructing “portable darkroom”)

Materials to be Prepared by Teacher 

Prep time: about 15 minutes


Create a “portable dark room” by placing an empty copy paper box inside a black plastic garbage bag.  Place the viewing box with the red filter inside this “dark room” so that the red filter is on top.


Cut small plastic strips (~2 inches by 4 inches; 1 per group) out of the remaining garbage bag.


Rinse leaves (about 1 leaf per student group) with water and pat dry.

Safety Considerations


Extraction of chlorophyll requires boiling leaves in ethanol.  Be sure to locate hot plate such that students will not accidentally touch the electric coil.  Also be sure that there are no open flames near the ethanol as it is flammable. 

Activity
A. Pre-Activity Discussion 
1. Ask students “What is the difference between white light, blue light, green light and red light?” (white light is a mix of colors, while blue, red and green are a single color) 

2.  Demonstrate that white light, such as from sunlight, is actually made up of many different colors by having students look through a pair of “rainbow glasses”.  Try this with various types of white light (light bulb, sunlight through a window, fluorescent light, etc). 

3.  Explain that white light (and sunlight!) is made up of many different wavelengths of light, each of which appears as a different color to our eyes.  When our eyes are exposed to all of these wavelengths at once, though, the light appears white to our eyes.  The rainbow glasses work like a prism, and separate the different wavelengths of light so that we can see the different colors.

3.  Ask students “What makes an object appear red, or blue, or green?” (the wavelength or color of light that bounces off the object back to your eyes is what you see as the color of that object.)

4. Describe how objects absorb light at some wavelengths and reflect light of other wavelengths.  Only the reflected light is visible to our eyes.  Thus a green leaf is absorbing light at most wavelengths, but reflecting green light.  (A white object is absorbing few wavelengths, but reflecting most; while a black object is absorbing most wavelengths, but reflecting few.  Colors are in between these extremes).
5.  Discuss with students what happens when a molecule absorbs light energy.  The light energy makes the electrons in the molecule jump to a higher energy level (i.e. they are moving around the molecule faster and at a farther distance (orbit) from the center).

6.  Explain that molecules in such an excited state are unstable.  The electrons soon slow back down to their normal speed and orbit.  When this happens they must give back the energy, either in the form of a photon (light particle), or by exciting a neighboring molecule.  If the energy is released in the form of a photon, we call this fluorescence. 

(student handout)
How do Plants Get Their Energy?

I.  Chlorophyll Captures Light

Questions to be answered:

1. Does a leaf absorb or reflect blue light?
2.  What does chlorophyll do with the light energy it has absorbed if the light energy cannot be converted to chemical energy?

To be done by Teacher, as Class Demonstration:

1. Cut several leaves into small pieces (1 x 1 inches; 2 per student group).  

2. Pour about 50 mL of alcohol (100% ethanol) into a 150 ml beaker. Place the beaker on a hot plate and bring alcohol to boil. 

3. Submerge one leaf piece per student group in boiling alcohol for 5 min, or until they are pale green.  Pull out the leaf pieces with a forceps (tweezers) and blot dry with a paper towel.

4. Take the beaker off the hot plate and turn off the hot plate. 

5. Use a transfer pipette to fill a small glass vial 1/2 way with the green solution left in the beaker.

Each Student Group:

1. Place the vial with the green chlorophyll solution inside the viewing box inside the portable dark room. Use the blue L.E.D. mini-flashlight to shine blue light on the liquid in the bottle.  Look at the bottle through the top of the viewing box.  The red filter blocks the blue light from reaching your eye, thus the vial should appear dark, unless the blue light is converted to red light.  What do you observe? 

Record your observations in the table on the next page.

2. Next you will repeat the above steps to observe your two leaf pieces (one treated with ethanol and the other not).
Which leaf do you predict will be brighter? Why?

To do this, place one untreated leaf and one ethanol-treated leaf on the black plastic sheet.  Place inside the viewing box, then shine the blue L.E.D. flashlight on the leaves. 

Record the relative brightness of each leaf piece in the table below.

	Sample
	Color and Brightness

	extracted chlorophyll
	

	untreated leaf
	

	ethanol-treated leaf
	


Classroom discussion:

Discuss the above experiments and their outcome:  

What does the extracted chlorophyll look like when you observe it under room (white) light?  Answer: It looks green because the chlorophyll molecule reflects only the green light back to our eyes. 

What does the extracted chlorophyll look like when you shine blue light on it?  Answer:  It looks RED.  

Why does the extracted chlorophyll appear red when you shine a blue light on it? 

Answer: The blue light is absorbed by the chlorophyll pigment, but because the chlorophyll is separated from the proteins in the chloroplasts (from the ethanol treatment), it has nothing to transfer the energy to.  Therefore, chlorophyll gives the blue light’s energy back up in the form of light (i.e. photons).  You see the color red instead of blue because some energy is lost during this process in the form of heat.   When the light is re-emitted, it thus has lower energy and therefore a longer wavelength (the longer the wavelength of light the lower its energy content; red light has lower energy than blue light).  If the extracted chlorophyll looked BLUE under the blue light, it would just be reflecting (not absorbing) the blue light. Since this is not the case, this shows that the extracted chlorophyll can still absorb the blue light; it just cannot use the blue light as a normal, green leaf can.

Why is the red fluorescence in the green leaf so dim?

Answer:  Here, the blue light energy is both being absorbed and used by the chloroplast to make sugar.   Thus the red light is not re-emitted.

Why does the alcohol treated leaf still appear red?

Answer:  A small amount of chlorophyll remains, but the proteins in the chloroplasts have been damaged by the alcohol.  Thus the chlorophyll cannot transfer the energy to the proteins and must reemit all of the absorbed light.  This is the same as what happens with the bottle of extracted chlorophyll. 

Extension
The kit includes a small vial of DCMU solution, a chemical that blocks photosynthesis after the initial light absorption by chlorophyll.  Using DCMU, ask the students to design a simple test to validate the concept that when the conversion of light energy to chemical energy is blocked, chlorophyll must re-emit (i.e. waste) the energy it has absorbed.  For example, students can apply DCMU solution (1 x 10-5 M) directly to an untreated leaf segment using a cotton swab, then observe the leaf segment under blue light as described above. (caution: although DCMU is not toxic to humans, it should not be drunk or dumped down the sink.  Simply keep any unused portions in the vial for the next time this experiment is performed). 

Note for discussion:  DCMU functions similarly to Atrazine, the most common weed killer (herbicide) used by corn farmers. Ask students why they think Atrazine kills weeds (answer:  plants die if they cannot photosynthesize as they will quickly run out of energy).
Students might ask why doesn’t Atrazine kill corn plants?  

Answer: Corn plants break down Atrazine and detoxify it much more rapidly than common weed plants. 

Part II: Starch Photography

Materials provided in kit 

For Each Student Group*

 

For Classroom

1 clear plexiglass plate



30 mL DCMU (1 x 10-4 M in 10% ethanol)

1 white fiberglass plate



8 g baking soda

4 sticker templates




25 g potassium iodide crystals 

2 large rubber bands



1 g iodine crystals




1 precut paper towel 



1 forceps

1 transfer pipette




4 plastic tubs to be shared by 2 groups

1 150 mL glass beaker (hot plate            proof)








8 styrofoam soup bowls

200 mL Potassium iodide solution

300 mL 100% ethanol.

1 electric burner hot plate

1 blue, green, red and gray filter set
*kit provides enough materials for eight student groups

Materials to be provided by teacher

1.  One geranium plant in a pot.

2. Overhead projector as a light source or bright SUNSHINE!

3. Scissors (one pair per group)

4. pre-cut paper towels (3.5 in x 5 in; two per student group)

5. Two 16 oz (or larger) glass jars with a lid (e.g. a spaghetti sauce jar)  

Safety Considerations

Iodine solution will stain skin and clothes. Avoid splashing or spilling!  Have students where old clothes or bring a “painting shirt” or apron when performing this activity. 

Materials to be prepared ahead of time by teacher
Prep time: about 30 minutes, 3 days in advance of lab

1. Place the geranium plant in darkness (a paper grocery bag over it will do) ~72 hours ahead of the class.  This will “starve” the plant and deplete the leaves of starch. 

2. Prepare Iodine solution: 

1  g iodine  (I) (in the small glass bottle with an orange label, wrapped in foil)

25 g potassium iodide  (KI) (in a plastic bottle with orange label.)


Pour the contents of both bottles into 2 cups of water in a glass container with a lid. Close the lid, and shake or stir the container until all solids are dissolved. This should yield about 400 mL of final solution, enough to set up four iodine staining stations.  Pour iodine solution into plastic tubs on day of lab. 

Caution:  Iodine solution will stain skin and clothes. Avoid splashing or spilling!


3. Baking soda solution:  

Pour baking soda from small glass bottle into 2 cups of water in a glass container with a lid.  Close the lid, and shake or stir the container until all solids are dissolved. In chemical terms, this will yield about a 0.2 M solution.

Activity

A. Pre-activity Discussion  

1.  Ask students what types of food contain starch (a complex carbohydrate). Starch is found in many foods such as wheat, rice, corn and potatoes and the things made from these (bread, cereal, tortillas). In the terms of human nutrition, starch is usually referred to as a “complex carbohydrate” as opposed to sugar, which is considered a “simple carbohydrate”.  
2.  Ask students why do we humans eat starch? It is the main source of energy for all of us! (except if you are on the Atkins diet).

3.  Ask students why do they think plants make starch? Although plants get their energy from sunlight, light energy cannot be stored. Because it is not sunny all of the time, plants must convert the energy from sunlight into a form that can be stored and used during the night.  Starch is a chemical that stores lots of energy!  To make starch, though, the plants must first make sugar (starch is nothing but a whole bunch of sugar molecules hooked together in a long chain). Thus, plants use the energy in sunlight to make sugar from carbon dioxide and water.  Because the plants are using light (photons) to drive the synthesis of sugar, this is called photosynthesis.  Sugar is considered a form chemical energy, because our bodies can release energy from sugar by converting it back into carbon dioxide and water. Because starch is even more stable than sugar, plants convert the sugar to starch.  Many plants make seeds that are full of starch (i.e. corn, rice and wheat), which provides all the energy that a tiny seedling needs to make roots and push itself out of the ground to find the light.  Some plants, such as potatoes, store massive amounts of starch in their roots, which allows the plants to survive long cold winters underground and then sprout up again in the spring when it is warm and sunny!  Because starch is so stable, we can store seeds and potatoes for a long time and they will still grow when we plant them!

4.  Ask students when does a plant consume starch? when it is in the dark. The first break the starch down into simple sugars, which can be moved throughout the plant, unlike starch, which does not move.  The sugars are then broken down to produce energy to drive the chemical reactions of life (e.g. making more cells)
5.  Ask students to make a prediction about the amount of starch one would find in a leaf at the end of sunny day versus at the end of a long night.  One would predict lots of starch at the end of the day, and very little at the end of the night.

(student hand out)
How do Plants Get Their Energy?

Part IIa. Starch Photography:

Starch Production in the Light versus the Dark

Questions to be answered:

1.
Do plants produce starch in the light?
2.
Do plants produce starch in the dark?
Directions for each student group:

1.
Place 2 layers of precut paper towels on top of the white rectangular plate. 

2.   Using the transfer pipette (“eye dropper”) drip baking soda solution onto the paper towels so that they are soaked.

3.    Place 1 “starved” Geranium leaf on the paper towel with the green side (top side) up.

4. 
Place the sticker template on top of the leaf.  The sticker will block light from hitting the leaf surface.

5.  Place the clear plexiglass sheet on top of this to form a sandwich with the white plate on the bottom, the leaf in the middle and the clear plexiglass on top.

6.  Hold you sandwich together by placing two rubber bands around it.

7.
Place the sandwich in direct sunlight, or place it plexiglass side down. 

8.
Turn the projector light on and start timing. Let your leaf “expose” for 45 minutes, during which time photosynthesis will take place.

9.
After 30 minutes of exposure, put the 150 ml beaker on the hot plate and add 100 ml of 100% ethanol. Turn on the hot plate to medium.

10.
Turn projector off at 45 min, [or remove from the sunlight] and quickly take the sandwich apart. Using the forceps (tweezers) pick up the leaf by the stem (petiole) and place in the beaker of hot ethanol with petiole up. Use forceps to hold leaf at petiole and shake it gently occasionally until the leaf becomes pale green or nearly white (about 5 min.) 

11.
Fill two soup bowls halfway with water. When the leaf is nearly white, move it into the first bowl and gently swirl the leaf under the water to remove ethanol. 

12.
Using the forceps, transfer the leaf to a plastic tub containing iodine solution.  Iodine stains starch a dark purple color. Gently swirl the leaf in the iodine solution until the newly-synthesized starch stains dark. Caution: iodine stains!  Do not spill or splash!!

13.
Using the forceps, transfer the leaf from iodine solution into the second rinse bowl to wash off excess iodine.  Swirl the leaf gently in the bowl until the image is clearly visible. 

14.  Transfer the leaf onto a paper towel and gently blot dry. 

15.
Admire your starch photograph!  Notice where the light came through and where the light was blocked.  Notice how this relates to where the stain is darkest, and lightest.  Which areas have the highest concentration of starch?  

IIb.  Starch Photography:

Light Intensity, Light Color and Starch Synthesis


Now that you’ve observed the basics of how starch production is associated with light, it is time to make a more in-depth experiment.  Does the brightness (intensity) of light, or the color of light hitting the leaf have any effect on how much starch is produced?  The answers to these questions could give us ideas about the most efficient way to grow plants inside the space station, for example, where sunlight is not available and the most efficient light system would be needed to save weight and energy.

For Teacher to Lead as a Class Demonstration, with Student Participation:

1.  Prepare a starch photograph exactly as described in part 1a, but instead of using a “sticker template”, use the filter set provided in the kit.  This filter set has plastic filters that are clear, gray, green, red and blue.  It thus allows different colors and intensities of light to reach the leaf surface.  What color(s) do you think will allow the most starch to be produced?  Why?

2.  After removing your leaf from the last water rinse, set on a paper towel and pat dry.

3.  Place the filter set next to the leaf so that the orientations match up, and the filter color positions can be compared to the starch stains on the leaf. The clear circle in the center of the filter set has a notch pointing towards the red filter to indicate the overall orientation.  This notch should be visible on the leaf, as well.

4.
Record your observations:



Filter Color

  Starch Amount

% Light Transmission






(darkness of stain)

Clear


_____


100%




Red


_____


  20%




Green

_____


  20%




Blue


_____


  18% 



Gray


_____


  25% 
5.  After recording all of your data in your notebook, share it with the class by completing a similar table on the class chalkboard. 

6.
Extension:  As in Part I, students can use a cotton swab to paint the surface of a starved geranium leaf with DCMU solution and find out what effect this will have on starch formation. Try painting your name and see what happens! (i.e. instead of using a sticker template, simply paint your name on the leaf, then assemble the sandwich without a template)

Safety & Disposal


DCMU solution, although not toxic to mammals, will kill plants.  Thus leftover solution should not be poured down the sink.  It is best to simply keep it in the kit until used up.  It can also be used to kill weeds in your yard, or returned to WonderLab.  Iodine solution is not toxic, but will stain.  Leftover solution can be returned to the glass jar and used in future classes.  It should be stored in the dark.  If it will not be used again, it can be poured down the sink.  Alcohol solutions can also be poured down the sink.  Do NOT drink the alcohol. 100% alcohol is highly toxic and likely contains traces of benzene, a potent carcinogen.  

Additional Online Resources about Plants


Plants in motion: http://sunflower.bio.indiana.edu/~rhangart/plantsinmotion.html


(amazing time-lapse movies of plants growing and responding to their environment)


Photosynthesis:  http://photoscience.la.asu.edu/photosyn/education/learn.html


(a collection of excellent links to everything you wanted to know about photosynthesis, with info on the age levels that each site is targeted to)

Restocking Kits


If you need to restock kit components such as iodine and ethanol, please contact WonderLab (337-1337) and let Karen Jepson-Innes know your needs.  WonderLab will arrange a time for you to pick up additional supplies. 

Science Questions


Please feel free to contact Bob Togasaki (togasaki@bio.indiana.edu) or Roger Innes (rinnes@bio.indiana.edu) with any questions that may arise in the course of performing these experiments, or any suggestions for improving them!

Science standards 5.1, 5.2,5.4.6, 5.4.7, 5.6; 7.1, 7.2, 7.3, 7.4, 7.7; 8.1, 8.2, 8.3, 8.4


                               high school B.1.37, B.1.41, B.1.43-47; P.1.11
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