Fixing Chlamydomonas to Preserve and Observe Flagella 

The accurate preservation of cellular structures for microscopic examination can be a challenging undertaking. Processing of tissues for electron microscopy has reached the level of an art form. For light microscopy the job is a little easier, but it is not without its pitfalls.

Fixatives and fixation procedures

The word "fix" in this application means "to preserve the structure." The word "fix" is a verb (past tense, "fixed," not "fixated"), "fixation" is the process (a noun), and "fixative," also a noun, is the solution used as the preservative. We have tried two types of fixative and present formulas, procedures, and results. Flagella are extremely fragile, so with either fixative the cells must be examined quickly or else flagella break off and the results are disappointing.

Lugol's iodine

Lugol's iodine consists of 6% potassium iodide and 4% iodine crystals. We prepare the fixative by first dissolving KI in distilled water, then adding metallic iodine and stirring overnight. Before use, we filter the solution through a 0.45 µm syringe filter. One part Lugol's to three parts cell suspension does an adequate job of fixation and staining. Lugol's not only kills and preserves the cells but also stains flagella, which should be observed immediately. Iodine and solutions containing iodine are corrosive and should be handled with care. 

One disadvantage of using iodine is that under some circumstances such as in the presence of colchicine, it may cause the cells to rupture.

Fixation with aldehydes

An effective fixative consists of 9% formaldehyde, 3% glutaraldehyde, 0.1% NaCl. It can be made up from stock solutions by mixing 2.4 ml 37.6% formaldehyde, 1.2 ml 25% glutaraldehyde, and 170 µl 1M NaCl, bringing the solution to 10 ml final volume with distilled water. One part fixative to one part cell suspension kills the cells immediately. Aldehyde fixation alone does not stain flagella, so it takes experience and a very good phase contrast microscope in order to see them and make measurements. The fumes from glutaraldehyde and formaldehyde act as irritants and are possible carcinogens, so we must minimize exposure to them.

Observation and measurement of flagella

Obviously, cells must be fixed in order to render them immotile and to prevent any further growth of flagella during their measurement. Sample fixation brings a few pitfalls into the experiment. Such pitfalls and other potential complications are reported below. 

Complications

Killed cells settle to the bottom of the sample tube. Halos around objects in phase contrast or dark field modes interfere with accurate measurement. An ocular scale may be calibrated to a fraction of a micrometer per division, but it is unrealistic to attempt to report measurements with such implied accuracy, even with the added resolution contributed by oil immersion microscopy. The eye can barely distinguish a single ocular division, in most cases. By now you should have reviewed the document Error analysis and significant figures, perhaps more than once. It should give you a better idea of how to report these data.

Multiple observers contributing to the same data set may apply different criteria to the measurement process, leading to systematic error. For example, one person may line up micrometer divisions such that he/she measures five divisions, while another may measure just four. At 400x, one ocular division may be 2 to 3 micrometers long, thus differences in observing technique can be problematic. When an experiment does require the use of multiple observers, communication among team members is important. One approach is to have each individual examine the same cell (or the same few cells) and record measurements. Comparison of measurements will reveal whether or not a team can expect inconsistency among individuals in reporting of data, and steps can be taken to minimize the problem.

In freshly preserved suspensions (using either fixative) tallies of cells with flagella closely match the estimated percentage of motile cells in the original culture. After several minutes the percentage of cells without flagella increases. Often, in samples kept for more than ten minutes, 50% or more of cells are without flagella. Unattached flagella are readily seen floating in wet mounts of such preparations. Neither fixative appeared to be more effective than the other in preventing the loss of flagella. Any delays in obtaining data will result in measurements that are not representative of the sampled cultures.

In addition to losses that directly result from fixation, there will be variability among measurements from a single sample. Some cells may respond differently to treatments such as deflagellation. Growth rates of flagella may vary from cell to cell. Measurements taken from only a few cells in a sample may not be representative of the whole. Typical cells have two flagella, one of which may be shorter than the other. Flagella may be curved or twisted.

Cells treated with colchicine may swell and rupture in Lugol's iodine. Ruptured suspensions become opaque immediately upon addition of fixative. Examination at 400x reveals the presence of a high concentration of intracellular granules and other debris, especially using dark field. Aside from providing good examples of Brownian motion, such preparations are useless. The few cells that remain intact are swollen and any assessment of presence/absence of flagella is impossible, much less an estimate of average length. This problem has not been evident with aldehyde fixation

Recommendations

In order to be prepared to score samples quickly, inexperienced observers should practice finding cells and measuring flagella, becoming proficient before starting an experiment. The group shoud work as a team to iron out inconsistencies and to double check measurements during the experiment.

Provided that the cells are not treated with colchicine, there is no reason not to use Lugol's iodine as the preferred fixative. The staining of flagella makes the scoring of cultures much more efficient, and Lugol's is less hazardous than aldehyde fixatives. Often, the aldehyde fixative must be used on colchicine-treated cells. With either fixative, cells must be examined immediately.

Gentle agitation of each sample to bring killed cells off the bottom of the sample tube is recommended before taking drops for observation. A sealed wet mount is probably not necessary, since the preparations will have degraded long before an unsealed mount can dry up. However, sealing the coverslip in place reduces water currents, and the vaseline may help hold the coverslip in place when using oil immersion microscopy. To maximize resolution, the sample volume should be just large enough to fill the area beneath a coverslip, and no larger. The greater the space between slide and coverslip, the worse the halo effect and the poorer the contrast, therefore the vaseline layer should be rather thin. To conserve materials, two or three samples should be examined using the same slide.

With either fixative phase contrast microscopy is the method of choice for contrast enhancement. Unstained flagella will not show up at all in bright field mode, but can be readily visualized and measured by an experienced observer in phase contrast or dark field modes. Stained flagella appear thicker than unstained flagella and are readily apparent in phase contrast even to inexperienced observers. They also show up well in dark field, but distortion and glare may interfere with accurate measurement.

It is recommended that one measurement be taken from each cell, from the straighter of the two flagella. A tally should be made of the number of cells found without flagella. An ocular micrometer should be used to measure the straightest of each pair of flagella. Enough cells per sample should be measured in order to obtain a representative sample for calculation of mean length (at least 10 cells per sample, more if there is considerable variation in length).

Some additional observations

Cells that are stained with Lugol's iodine appear brownish with dark flagella in phase contrast, reddish-brown with bright white flagella in dark field. They average 10 µm in diameter, are not perfectly spherical, and display a prominent chloroplast and contractile vacuole if properly illuminated. Oil droplets attached to a glass surface may superficially resemble cells but will have much smaller diameter, are spherical, and show no detail. Unstained cells remain greenish to colorless in all modes. Maximum flagella lengths have ranged from 9 to 12 µm, depending on the culture. 

The most common error in making measurements hs been failure to align the phase contrast equipment, so that cells are in sillhouette. The organelles are not apparent under such conditions, and it is impossible to see flagella. All cells, even those without flagella, show a discontinuity in the cell membrane where the base of the flagella should be located. If you can see the "bumps" where the flagella should be, but do not see any evidence of flagella, then chances are you do indeed have a cell without flagella. 

Studies on Paramecium
The phylum Ciliophora includes the family Paramecidae, the Paramecium. Like the other members of the phylum, Paramecium is a ciliated single celled creature. Species of Paramecium can be distinguished from other ciliates by their cigar or slipper shape and the undulating membrane within the peristome - a furrow that leads to the cytostome, where food vacuoles are formed. Most Paramecium are large as protists go, on the order of 0.5 mm long by perhaps 1/3 as wide.


Culture

Our laboratory usually maintains cultures of Paramecium caudatum, P. multimicronucleatum, and P. bursaria. Paramecium caudatum are the best known of the genus, however we have found P. multimicronucleatum to multiply faster (they appear to be a little bigger than P. caudatum as well). Cultures keep very well in a finger bowl covered with a watch glass to prevent evaporation. We keep the cultures in 10% Ward's basic culture solution, diluted with spring water (Ward's Biology, Rochester, NY), with pH adjusted to 7. 

We provide a food source for most species by occasionally throwing in a couple of boiled wheat seeds to maintain a food chain. P. bursaria harbor photosynthetic endosymbionts, and need only be placed in a bright light. Wheat germ is a rich nutrient source for the prokaryotes that we call bacteria (Kingdom Monera). Individual monerans are single cells with no nucleus or internal organelles. The bacteria serve as a food source for small members of the phylum Mastigophora (Kingdom Protista), called Chilomonas. Chilomonas are ovate in shape, 20-40 um long.

In common with all protists, individual Chilomonas are single cells, but are distinguished from monerans by having internal organelles, including a cell nucleus. In common with all mastigophora, Chilomonas have flagella, which are long hair- or whip-like extensions of the cell that contain a small amount of cytoplasm and a core of specialized microtubules. Bacteria also have flagella, but they are not really homologous to eukaryotic flagella. Bacterial flagella are composed of the protein flagellin, not microtubules, and they are shaped like a 20 nanometer-thick, hollow, helical tube. Eukaryotic flagella propel cells by a whiplike motion derived from active processes throughout a flagellum's length. A bacterial flagellum is rotated in a corkscrew-like manner by a molecular "motor" at its base.

Chilomonas are a major food source for larger protists, including Amoeba proteus and species of Paramecium.

Aside from forgetting to maintain them, the biggest threat to our cultures are contamination with rotifers. Rotifers are animals, in fact. They are multicellular with segmented bodies and specialized cell types. They are readily distinguished from protists by their complex structure and variety of means of locomotion. They even have a primitive digestive system. 

To prevent contamination of a protist culture, wheat seeds should be boiled and handled with forceps, preferably sterilized or wiped clean with alcohol. We recommend handling culture material with plastic transfer pipets, and do not recommend using the same pipet for more than one culture.

Concentrated Paramecium
It is convenient to use concentrated Paramecium in Vaseline mounts, especially in teaching labs. Students are more enthusiastic about the work if they don't have to look very hard to find specimens. A single drop of concentrated Paramecium from a 9" pasteur pipet might contain 20-30 cells. Concentrated Paramecium are also used to feed the predatory ciliate Didinium.

One way to concentrate Paramecium is to centrifuge the culture medium at a few hundred x g, preferably using conical tubes and a swinging bucket rotor. We seem to get better results, though, by transferring culture from near the wheat germ or from the bottom edges of the dish where the cells are most concentrated. Populations become very dense around and under wheat germ within a few days of adding fresh seeds. 

Observation

Ciliates are capable of very fast movement, so a key to studying living ciliates is to find a way to slow them down. Protists are best observed live, in fact, species identifications frequently rely on observations of movement or characteristics that are difficult or impossible to see in fixed specimens. One devious way to slow down paramecium is to prepare a vaseline mount of concentrated Paramecium with one or more Chaos (Pelomyxa) carolinensis. Paramecium are somehow attracted to Chaos, which frequently ingests the curious. You can examine the cilia and organelles of Paramecium as the cells hover near the ameoba. 

Another technique is to prepare a wet mount of the ciliates with yeast that have been stained with dye. We mix a few grams of granular baker's yeast into 100 ml warm spring water and allow the yeast to rehydrate. We then add a pinch of Congo red dye (use 0.3 mg/ml if you must have a precise formula) and heat-kill the suspension by boiling for ten minutes or so or placing the flask in a hot autoclave without running it. Heat also reduces the volume, concentrating the stained yeast. Boiling can be problematic, since violent eruptions are probable, making a mess. Even with heating to less than the boiling point, we tend to lose considerable volume due to evaporation. If the volume is reduced to 20-30 ml the density should be about right. Alternatively one can pipet from the bottom of the flask after letting the material settle. 

To prepare the wet mount we place a drop of concentrated Paramecium and a drop of yeast suspension side by side on a slide so that they contact each other when we press down the vaseline coverslip. The wet mounts last longest if there is very little air under the coverslip, and the cells are easier to observe if the space between slide and coverslip is kept small. That is, use a thin layer of vaseline. The cells can be crushed, but it takes an effort to do so with a vaseline coverslip.

Within a few minutes the ciliates slow down to feed on clumps of yeast. Depending on the density of yeast particles they may move to the periphery of the mount where they can be found in clusters next to the vaseline seal. Congo red dye is a pH indicator, going from red above pH 5 to purple, then blue below pH 3. The food vacuoles change color as the pH changes during digestion of the yeast. 

You will need to use phase contrast or dark field optics to see the cilia, which are easiest to detect at the ends of the cells and near the buccal cavity (peristome). See if you can make out how the cilia are arranged, and how they are used to propel the cell. Do the cells appear to have a sense of direction? Is there a definite dorsal vs. ventral surface? How about a front and back? Phase contrast at 400x has worked best for observing cilia, although at that magnification most of a cell will be out of focus. Phase contrast or dark field at a lower magnification also reveals cilia and organelles. Bright field is needed to distinguish colors of food vacuoles. Paramecium are so large that the cells are easily found in bright field without using high contrast. 

Chaos (Pelomyxa) carolinensis
Chaos is a member of the phylum Sarcodina, consisting of ameoba-like organisms. The Sarcodina are heterotrophs, that is, for energy they rely on photosynthetic organisms either directly or indirectly. Their principal means of obtaining nutrients is by ingestion. Chaos are primarily scavengers, found on the bottom of freshwater habitats. However, they do ingest other living organisms, such as Paramecium. 

You may picture protozoa as too small to be seen without a microscope. True, many protozoa are only a few micrometers in diameter, but some species such as Chaos carolinensis are macroscopic, that is, visible to the unaided eye. To observe living Chaos you will need to prepare a vaseline mount. If concentrated Paramecium are available, you might add a drop to the preparation so that you can see them captured in the food vacuoles. Careful! Chaos are big enough to crush with a coverslip. 
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Chaos are too big to be examined at high power, unless you can concentrate on a very thin pseudopodium. To start, center an amoeba so that you know it is in the field of view. In bright field mode use the lowest power available on your microscope, and focus. Although the ameoba is unstained, it is thick enough to be obvious in bright field as long as your provide reasonable contrast with the aperture diaphragm. Swing in the 10x objective lens (100x total magnification) to see more detail. 

Examine the specimen in dark field, which may better reveal the granules. As the specimen attaches to the glass and begins to move you may find rapidly moving pseudopodia. Switch to the high dry (400 or 430x magnification) and center the end of a growing pseudopod in the field of view. Try using dark field and phase contrast to see the details. 

Now that you've had a look at Chaos you might wish to make some organized observations. The protist may appear to be completely disorganized at first, but close examination of the pseudopodia reveals that the cytoplasm is subdivided into two compartments. The endoplasm is quite fluid and contains the multiple nuclei, granules, and food vacuoles. The peripheral part of the cytoplasm, the ectoplasm, is much more viscous and has no granules. As pseudopodia grow the distinction is very apparent. Part of the currently accepted model for amoeboid motion is the transformation of the gel-like state of the ectoplasm to the more fluid state of the endoplasm during cytoplasmic movements. That is, the cytoplasm can transform between a viscous plasmagel and a fluid plasmasol. 

To describe how amoeboid motion takes place, two models have been proposed, one of which is relatively recent. The tail contraction model was proposed by S. O. Mast in 1926. Mast's model suggested that force is generated in the uroid (tail) region of the amoeba, so that the gel-like ectoplasm pushes the fluid endoplasm toward the tip of the pseudopod. The endoplasm is advanced passively, and the membrane is forced to expand. 

Consider the Mast model for a moment. Can you identify a uroid region in Chaos? By examining the cytoplasmic movements, can you tell if the endoplasm advances passively or is simply pushed? 

Another model was proposed by Allen and Taylor in 1975. In the frontal contraction model, a contractile force is generated at the site of the hyaline cap (the ectoplasm-containing tip of the growing pseudopodium). The endoplasm is actually pulled forward rather than being pushed. Can you support or reject this model, based on your visual observations? 

Use your microscopic skills to study the patterns of advancing and retreating pseudopodia. Observe the initiation of movement in pseudopodia by watching the movement of granules. Do you think it is possible to confirm one or the other model using microscopic observation alone? Let's put it this way... would you bet your career on one model or the other without further evidence? 

While relatively few organisms use amoeboid motion for locomotion, many organisms rely on the process for specific tissue functions or at specific stages. For example, amoeboid motion is a part of some developmental processes. Human white blood cells, specifically monocytes and granulocytes, can respond to signals by carrying out diapedesis, that is, using amoeboid motion to leave the blood and squeeze into tissues between the cells of capillaries. Of far more importance, however, is the similarity between amoeboid motion and cytoplasmic streaming in general. Cytoplasmic movements play an essential role in the function of most cell types, including cells of sessile organisms (most plants). The same molecular mechanisms that are responsible for pseudopod development in Chaos may be involved in the organization of most of our own cells into functional tissues. 

Chaos and other amoebae can be useful models for study of the mechanisms behind cytoplasmic streaming. We believe that actin microfilaments are involved in generating the required force, perhaps by treadmilling (lengthening at one end while shortening at the other), or by interaction with myosin in a manner similar to muscle contraction. Understanding the mechanisms requires identification of the different types of actin, myosin, and other microfilaments as well as associated proteins. It involves studying how they can interact and how their interactions can be regulated. Questions such as this are complex and are beyond the ability of any single scientist to answer. Yet knowledge of how such movements occur is critical to our development of a full understanding of cellular processes. Clearly, investigations into mechanisms such as this require far more information than can be provided by simple microscopic observation. 

Experiment: ingestion of Paramecium by Chaos
Cultures of Chaos can be maintained for a long time in the laboratory as long as the water is replaced regularly and the cultures are fed. We feed them Paramecium, either by adding concentrated Paramecium in order to produce large numbers of amoebae in a short time, or to maintaining cultures by creating a food chain with Chaos at the top (we just "seed" a Paramecium culture with a few Chaos, and the critters take care of the rest). Considering the speed of amoeboid versus cililary motion, one might wonder how the slow-moving amoebae capture the Paramecium in the first place. Here is how we set up a wet mount to observe the process. 

One or two Chaos amoebae were removed from culture with a 9 in. pasteur pipet, with the aid of a dissecting microscope to locate individual cells. The amoebae were placed in the center of a clean glass microscope slide, with a small volume of medium. A small drop of concentrated Paramecium was added, and a vaseline mount prepared. A thick ledge of vaseline was used and the coverslip pressed down just sufficiently to contact the medium and spread the drop. Ameobae were then examined at low magnifications (40x, 100x) and the process of ingestion of Paramecium was observed. 

Excessive pressure was found to crush the amoebae, and predator became prey. If the pressure of the coverslip was sufficient to cause the amoeba to begin to spread, the damage was done. 

If you try this experiment, try to come up with a possible explanation for the ease with which the amoebae capture the faster-moving Paramecium
Chlamydomonas as a Model Organism
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Chlamydomonas, a genus of unicellular photosynthetic flagellates, is an important model for studies of such fundamental processes as photosynthesis, motility, responses to stimuli such as light, and cell-cell recognition.C. reinhardi, the most commonly studied species of Chlamydomonas, has a relatively simple genome, which has been sequenced. Exposure to sunlight in an appropriate medium produces uniform cultures containing large numbers of motile cells. Many different strains, including nonmotile strains, have been developed for specific research purposes. Since all organisms are related by evolution, the knowledge acquired from studies of Chlamydomonas allow researchers to learn more about regulation of gene expression in more complex plants and animals. 

For example, if we discover that a particular gene is involved in the regulation of microtubule assembly in a protist model we can sequence it, look for homologous sequences within the genome of a multcellular organism, and work our way up to the human genome. Usually, finding the gene responsible for a particular mechanism in human tissue without studying simpler model organisms is nearly impossible. 

Chlamydomonas has served as a model for studies of the regulation of microtubule assembly. Flagella of Chlamydomonas are typical of eukaryotic cilia and flagella, in that they are composed of microtubules arranged in the well-documented "9 + 2" structure. Since different organisms solve similar problems in similar ways, studies on how microtubule assembly is regulated in Chlamydomonas may reveal mechanisms that are shared by most other organisms. 

Microscopic examination and measurement of flagella

Motile Chlamydomonas can be induced to shed their flagella or flagella can be removed mechanically. Provided the cells themselves and the basal bodies on which flagella are constructed are not damaged, they re-grow flagella following such amputation. By using agents with very specific known actions to interfere with cellular processes, we can learn how cells initiate flagella growth, control the rate of growth, and establish a terminal length. Such information can then be extended to microtubule systems in more complex organisms.

A means of measuring flagellar growth is necessary. Since fairly uniform cultures can be prepared, one way of assessing growth is to take samples at specific time intervals, to preserve the cells in the exact condition they were at the time sampled, and to measure the length of their flagella using a light microscope. To stop the cells from continuing to grow flagella during the measurement (scoring) process, samples of cells should be killed and "fixed." Effective fixatives preserve structures at the microscopic level by cross-linking proteins, allowing one to make observations at a fairly leisurely pace. Unfortunately, flagella become brittle and begin breaking off a few minutes after fixing cells, thus observations on flagella must be made rather promptly. 

The pigmentation and motion of living Chlamydomonas allow them to be spotted in a bright field microscope. At low power in bright field one simply focuses on the moving green objects, then moves up in magnification. They move so fast, though, that with higher magnifications it is necessary to find a cell that is stuck to a surface. Both living and fixed Chlamydomonas are much easier to find and observe if contrast is enhanced using phase contrast or dark field microscopy.

Nonmotile cells settle to the bottom of a culture tube, so the tube should be agitated before sampling fixed cells. One small drop of culture should be sufficient for preparation of a wet mount, with or without vaseline. A recommended procedure is to set up the microscope for low magnification (e.g., 100x) in phase contrast or dark field mode, whichever is available. Focus on the edge of an air bubble or visible piece of debris that is definitely between slide and coverslip. It is essential at this point to be aware of what a 10 micrometer diameter object looks like at 100x (quite small). Cells will appear as out of focus circles, ghostly in appearance. As with any specimen, the image becomes smaller and color more intense as it comes into focus. 

With one or more cells centered in a field at 100x, the magnification should be increased to high dry mode (e.g., 400x) in either dark field or phase contrast. Cells can be distinguished by their size, shape, color, and presence of organelles. Flagella, if present, can then be measured using a calibrated ocular micrometer scale

An Amoebo-flagellate: Naegleria gruberi
Naegleria species are members of Class Zoomastigophorea, which includes the amebomastigotes. The latter name is derived from the common name for many members of Phylum Sarcodina (the amoebae and relatives), and Phylum Mastigophora, the flagellates. 

The puzzling life cycle of Amebomastigotes led to the term 'amebo-flagellate,' which describes the two known active stages. The transformation of amoeboid forms into flagellates was described by F. Schardinger (1899). He was working with an organism he called Amoeba lobosa, which he isolated from feces. He found that they formed cysts - dormant forms - under certain conditions. He also described a problem with 'flagellate nuisances' that kept appearing in the water droplets that appeared due to condensation in his agar dishes. His attempts to find some developmental stage of the flagellates were fruitless, resulting always in a plate full of uniform cysts. By accident, he inoculated a hanging drop with amoebae, and two hours later discovered that they had been almost entirely replaced with fast swimming flagellates. Schardinger had performed the first recorded Naegleria transformation experiment. 

Amebomastigotes are very common soil protists that have been isolated from soil and fresh water, and occasionally from marine water and sediments throughout the world. Many members of Class Zoomastigophorea are pathogenic. Some strains of Naegleria are deadly, but fortunately they are uncommon. Naegleria fowleri, for example, can contaminate fresh water and infect human hosts while the latter are swimming or bathing. While in the flagellate state they enter through the nose and parasitize the brain in the amoeba form. The result is amoebic meningoencephalitis, which is nearly always fatal. Fortunately, Naegleria gruberi is not known to be pathogenic to humans, and the commonly used laboratory strain (strain NEG) is harmless. 
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Upon transfer to liquid media from a solid substrate, Naegleria amoebae usually undergo a cellular differentiation process in which they change from a crawling amoeba to a streamlined swimming flagellate. The organelles move about in an amoeba, but become immobilized in the flagellate. All of the organelles of the flagellar apparatus must be formed and extensive construction of cytoskeletal structures must take place during the transition. Only the amoebic form is capable of feeding, and reproduction is by mitosis of the amoeba. The flagellate reverses the process after about two hours, reverting to the amoebic form. The exact conditions that trigger the transformation are unknown. 

Experiments with Naegleria

Here is one important note. Do not attempt to culture Naegleria from a natural source. They are easily recognized in water samples, and chances are they are nonpathogenic, but why take chances? For our studies we use N. gruberi, strain NEG, from the American Type Culture Collection. It takes about a week to obtain active amoebae from the freeze dried cysts. 

Our cultures feed on the bacterium Xanthomonas Maltophilia, although other bacteria would probably do as well. We propagate cultures as described in Fulton, Chandler: Amebo-flagellates as Research Partners: The Laboratory Biology of Naegleria and Tetramitus. Meth. Cell Physiol. 4: 341, 1970. Agar media consist of (gms/liter), Bacto-peptone 2.0, dexrose, 2.0, anhydrous potassium phosphate dibasic 1.5, anhydrous potassium phosphate monobasic 1.0, Bacto agar 20. Medium should be stirred to distribute the agar prior to pouring ~40 ml per 100 mm dish (autoclave the medium with stir bar). 

For quick propagation of amoeba one can prepare a suspension by "hosing" down the surface of an agar culture with sterile distilled water, inoculating agar plates with 1-2 ml suspension. The suspension can then be distributed using a glass spreder. It is critical that plates not be allowed to dry. Sealing with parafilm usually does the trick. For short term maintenance or to check viability of a rejuvenated culture one should produce a bacterial lawn was produced by spreading bacteria suspension on an agar plate and allowing it to develop for a day or two at room temp. A loopful of amoebae from plate or suspension can then be used to inoculate one edge of the plate by making a line of 1-2 cm in the lawn. Amoebae form a recognizable plaque on successful edge plates, which are then either sealed with Parafilm and stored refrigerated or used to prepare suspensions. 

Agar slant tubes can be used for long term maitenance. Viable cysts last for months at room temperature in slant tubes with caps closed. Tubes hold moisture better than plates, which is critical since none of the stages of Naegleria tolerate dessication. 

Naegleria transformation

When Naegleria amoebae are faced with specific environmental and/or internal cues, they differentiate into flagellates. Mass plates, on which most of the bacteria are cleared by feeding amoebae, are the best source of suspensions. Naegleria cysts are harvested by washing down a mass plate with distilled water or 2 mM Tris buffer, pH 7.5 and suspension transferred to a 15 ml capped conical disposable centrifuge tube. Amoeba can be separated from remaining bacteria by pelleting for 2-3 mn at 400 x g. If desired, cell density can be determined with the aid of a hemocytometer. 

The Fulton article recommended the use of a hanging drop for following the transformation of amoeba to flagellate. The transformation does take place consistently within a vaseline mount, although not all amoebae transform. Preparations should be checked frequently at low and high powers, using phase contrast and/or dark field to spot swimming flagellates. The latter swim toward the top of the chamber, so that if the observer is focused at high power on the amoebae the flagellates may not be evident. Examples of all stages of the life cycle should be evident in control cultures starting from cysts. 

Inhibition of transformation 

Since the development of paired flagella is a part of the Naegleria transformation from amoeba to flagellate, it seemed appropriate to look at the effects of inhibitors of flagellar regeneration in transforming amoebae. Since transforming amoebae are differentiating cells, it would be expected that a protein synthesis inhibitor would have a profound effect on development, beyond simply inhibiting flagellar growth. To the extent that microtubules are involved in the organization of intracelluar structures we might predict a similar response to the presence of colchicine. 

The initial experiment simply involved harvesting amoebae or cysts, then suspending them in 10 micrograms/ml emetine or cycloheximide, 3 mg/ml colchicine, or medium only. Control and experimental cultures were mounted in vaseline chambers and their progress followed for a couple of hours. Systematic methods of recording results were followed. For example, a set of random high power microscope fields were examined at half-hour intervals and scored for numbers of cysts, amoebae, and transformants. 

The results were surprising the first time we conducted this study. The responses to the inhibitors were more complex than in Chlamydomonas, as expected, but there were also some completely unexpected results. For example, depending on the time at which suspensions were treated, the transformation process was accelerated by colchicine. This surprising effect was seen when the cultures consisted of active amoebae at the time of resuspension. This study points out that to study specific cellular mechanisms one should start out with the simplest possible model and work up. Obviously it is not a good idea to study the regulation of microtubule assembly using a model organism that differentiates during an experiment. 

Tutorial and Specimens to Examine 

Why study invertebrates in the first place? Why not focus our studies on human tissues and human diseases? It its purest form, science seeks to understand nature regardless of the potential utility of such knowledge in solving immediate or foreseeable problems. However, for you pragmatists out there you have another very good reason for studying biological models that have no apparent immediate relevance to human concerns. 

An important axiom in cell biology is that different organisms solve similar problems in similar ways. As complex as you may believe yourself to be, you share the most basic processes of life with the simplest of living things. The less complex the organism, the easier it is to perform controlled experiments. You are related by evolution to all other organisms, and more often than not, there are similarities among gene sequences that are involved in a particular process that can lead you to an explanation of that very same process as it takes place in the cells of more complex organisms, including humans. 

A simple cellular system can be more fully characterized than cells obtained from humans, in a reasonable time. For example, the Chlamydomonas genome is about one hundred times smaller than the human genome. It will still be a long time before all of the mechanisms of regulation of gene expression in Chlamydomonas are known, but consider how much more time it will take to fully understand the significance of all of the DNA sequences in the human genome, and how much more difficult it would be without clues from simpler organisms. 

You can obtain large numbers of invertebrates, including single-celled organisms, for study. You can easily control the conditions under which they are grown and maintained. Many tissues from multicellular invertebrates do not require supplemental oxygen or complex media, unlike vertebrate tissues. Their central nervous systems are not as well-developed as those of vertebrates, therefore invertebrates are probably not self-aware. There are no ethical restrictions on their use, with the exception of concerns about pathogenicity or potential environmental hazards stemming from improper handling of potentially dangerous cultures. 

All of the activities described here can be completed in one four hour session. With one or two exceptions, all of the studies involve living preparations. After all, why stop the action? In many ways we can learn much more by observing a living organism than we can by killing and preserving it. 

Tutorial – using a research microscope

The tutorial uses a prepared slide of Paramecium with stained yeast. We will go over the features and care of a microscope and describe the light path. We will introduce the optical features of our microscopes and how to set them up. You will learn how to find a specimen, select appropriate optics, adjust illumination, focus, and raise magnification. You will learn how to adjust a binocular eyepiece tube and oculars to accommodate individual users, and how to adjust illumination, aperture, and phase contrast settings to optimize viewing of different specimens.

Recommended specimens

As you work, record your observations with notes, sketches, and measurements. Note how you prepared each slide, how you located and observed each specimen, and what combinations of condenser setting and objective lens worked best for each purpose. You are not required to observe all of the specimens. Required preparations are marked with an asterisk.

Time management

Plan ahead, estimating how much time you have to prepare and observe each of the specimens. Have a contingency plan in case you cannot observe them all, and save some time (five minutes or so) for finishing up the notebook. Part of the performance grade is based upon how efficiently you work, including whether or not you finish by the scheduled end of the lab period. 

*Paramecium with stained yeast, supplied by the instructor

Record the name of the species, which in our laboratory can be P. caudatum, P. multimicronucleatum, or P. bursaria. Observe motility and feeding behavior. Try to identify organelles in the ciliates, estimate the diameter of a typical yeast cell, and use the ocular micrometer scale to estimate length and width of a typical Paramecium. We recommend usng 40x dark field to find the cells initially, 100x bright or dark field to observe feeding behavior and color changes in food vacuoles, and 400x phase contrast for observing cilia and yeast.

You may wonder what else you are seeing on these slides, in addition to Paramecium and the yeast cells. Paramecium are large cells as protists go, much larger than individual yeast. The web page on Paramecium (next) should give you some clues as to what is on the slide, including the small objects that are moving rapidly through the preparation.

How to Prepare a Wet Mount (Vaseline mount)

For most of the remaining specimens you will need to prepare your own slides using a technique known as a wet mount or Vaseline mount. 

Living specimens do not survive long in the heat from an intense microscope illuminator bulb, usually because the specimen dries up. This problem is easily solved by preparing a vaseline chamber. Simply take a single cover slip and hold it between thumb and forefinger by the edges. Pick up some vaseline on the other forefinger and rub it over your thumb to make a film. Scrape your thumb carefully on each edge of the coverslip to make a continuous vaseline ledge.
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Place a drop or two of suspension on a clean slide, and turn the coverslip over on top of the drop. Press down the edges to seal the chamber against evaporation. When preparing a vaseline mount, keep in mind that the image becomes degraded with thicker mounts, especially at high powers in dark field or phase contrast. Unless the specimen is large and fragile enough to be damaged by pressing down too hard on the coverslip, keep the chamber depth very shallow.

*Living Chlamydomonas
It is critical that you learn to prepare living or fixed/stained for viewing, learn to quickly find cells and get them undr high magnification, and adjust contrast to observe and measure flagella.

Prepare a wet mount of motile Chlamydomonas reinhardi. Use your newly acquired skills to find cells and record the procedure that works best for you. Try to locate a cell that is stuck to a surface. Is the cell stuck on the slide or up on the coverslip? How can you tell?

You cannot see flagella in bright field mode, even at high magnification. Even with phase contrast, finding unstained flagella can be a challenge. Examine cells that aren't moving or that appear to be stuck to a surface, and work with the fine focus and phase controls until you can spot the hair-like organelles. Use the fine control to focus all the way through a specimen, including the full length of a flagellum. Discuss the procedure with a teaching assistant and confirm that you are indeed seeing flagella.

*Fixed and stained Chlamydomonas
Staining with iodine gives the flagella more contrast. In dark field flagella appear white against a dark background, while in phase contrast they are dark against a gray background. Staining also fixes the cells, that is, it kills them while preserving their structure.

Fix and stain a sample using 1-2 drops Lugol's iodine to 3-4 drops cell suspension. Practice finding the stained, immotile cells at low magnification, targeting specific cells for observation at high magnification, and optimizing contrast for observation and measurement of flagella. You must be prepared to recall these particular skills, since you will use them for data collection later. In your notebook, record the procedures that work best for you. Report (and record) the length of a typical flagellum.

Paramecium bursaria
Paramecium are nonphotosynthetic ciliates, yet P. bursaria are green. Where might the green color come from? Do you ever find the green structures outside the larger cell? Make up a wet mount of P. bursaria. We might have to add an agent such as "Protoslo" to get them to stop moving. After observing the living cells for awhile, try crushing them by pressing down on the coverslip. What are you seeing? Try here for an idea. 

Ingestion of Paramecium by Chaos
Chaos (Pelomyxa) carolinensis are so large that they are easily crushed by a coverslip, and collecting individuals from a culture takes practice. We will provide wet mounts of Chaos in a proportion of 5-10 Paramecium to one Chaos. 

The food chain in freshwater communities starts with bacteria, which are eaten by a host of organisms including small protists. Paramecium, among other protists and metazoans, feed on the protists, and lots of organisms feed on Paramecium. We might think of them as the "cattle" of freshwater laboratory cultures. They are good for maintaining larger predatory organisms, including Chaos. Chaos are huge, as much as a millimeter in diameter when they spread out on a surface. You can readily find and observe them at 40x final magnification. You might make most of your observations using 100x. 

Most amoebae shy away from light. Your Chaos will likely remain stationary until it is placed in the light path in bright field. As the amoeba moves it will shoot out pseudopodia that are well attached to a glass surface (the surface could be the slide or the underside of the cover slip). Pseudopodia are very thin, so one can see a lot of detail. Try using different optics to observe motility by pseudopodium formation and cytoplasmic streaming, including phase contrast.

Try to estimate the volume of a typical Chaos carolinensis. What assumption or assumptions must be made? Can you measure a cell in three dimensions to come close to an accurate estimate? Hint: What if you know the volume of liquid that was placed on the coverslip? How would you define "accurate" in this context? Try determining the minimum and maximum possible volumes. If you had time, what might you do to narrow the range of possibilities (improve the accuracy of your estimate)? Sometimes accuracy is not possible and/or not necessary. Learn to work within limits. Consider that astronomers and cosmologists sometimes consider it to be a great accomplishment if they obtain an estimate that is accurate within an order of magnitude.

Observations on living bacteria

Prepare a Vaseline mount from a broth culture or hay infusion of living bacteria, using a very thin Vaseline layer.

Use dark field at low power to find the suspension, focusing first on a bubble or cover slip. the bacteria will be visible even at the lowest power, as bright spots against a dark background. Work up to 400 power. When you go from 100x to 400x, go to phase contrast mode, then swing the 40x phase contrast lens in place and focus. You may need to adjust the phase centering screws to get good contrast. Living non-motile bacteria exhibit Brownian motion, that is, they vibrate due to molecular motion. Motile bacteria will rapidly cross the field of view or lumber along in various directions depending on their size.

Should you expect to identify organelles in bacteria? Why or why not? Are there non-bacterial species present? How can you distinguish them from bacteria? You will need to recall information from your general biology background. Obtain help if you are having trouble answering these questions.

What criteria might you use to distinguish different species of bacteria within this mixed culture? What are typical volumes of two or more species? You will have to model a single bacterium as a straight, curved, or spiral cylinder, or as a sphere, whatever choice is appropriate.

Examination of stained bacteria

When bacteria are heat-fixed and stained they tend to clump together. At high dry power individual cells often can't be detected because the space between cell walls is within the limits of resolution of the microscope due to diffraction. To properly view stained bacteria it is necessary to use oil immersion microscopy. 

Obtain a slide of gram stained bacteria. Each slide is etched on the lower surface, with the heat-killed and stained bacteria on the opposite (upper) surface. Mount the slide with smear up and focus at low power on the etching. Move the slide so that the lens is over the smear itself. Now move the objective away from the slide until the upper surface comes into focus. 

A bacterial smear at low power looks like a patch of dirt. Focus on the mess, first at 40x then at 100x and finally 400x, all in bright field mode. Note that you can see some detail at 400x, but the shapes and colors of the bacteria are somewhat distorted. 

Move the 400x lens out of the way, place a drop of immersion oil directly on the smear where the objective was, and swing the oil immersion lens in place. Move the fine focus up and down slightly to ensure that the lens is in contact with the oil. Now watch the end of the objective and bring it as close to the slide surface as you can without touching it. Note in which direction you must focus to move the objective away from the slide, look in the eyepieces, and slowly rotate the fine focus control until the image is focused.

Most bacterial species are rod-shaped or round (cocci), although some are curved, spiral-shaped, or irregularly shaped. The gram stain leaves some cell types pink (Gram negative) and others dark blue (Gram positive) depending on cell wall characteristics. Gram stain results are a major criterion for identification of species. Note how much more clear the image is at 1000x with oil than it was at 400x without oil. 

Mixed freshwater cultures (collected specimens) 

An effort will be made to provide "wild" freshwater cultures with a great diversity of species, but our success in providing interesting materials varies with time of the year and with the weather. Even when a culture is not obviously teeming with organisms, there is plenty to see if you know how to look. 

Estimate the dimensions and the volumes of the largest and smallest organisms you can find. What is the order of magnitude of the difference in the long dimension (an order of magnitude is a factor of ten). or example, if the longest species is a millimeter long and the shortest is 1 micrometer (0.001 mm) long, the difference is three orders of magnitude. What is the order of magnitude of the difference in volume? See if you can estimate the order of magnitude of the difference in magnitude between the volume of the smallest organism you observe, and your own volume. You might report the quantity as the number of organisms that could fit inside you if you were hollow. Such measurements are extremely imprecise, so you may find it necessary to round both the raw measurements and the estimates of order of magnitude to a single significant digit.

For several different organisms, use your present knowledge of general biology to assign them to appropriate kingdoms. Record a description of the organism, the kingdom, and your criteria for the assignment to that kingdom

Examination of the amoebo-flagellate Naegleria gruberi
Naegleria is a soil protist that feeds in an amoeboid form for most of its life. Under some conditions the amoeba will transform into a flagellated stage. The transformation can be observed by suspending the amoebae in water then preparing a vaseline mount of the suspension. For Naegleria, the Vaseline layer should be very thin.

Locate cysts using dark field, 40x and/or 100x.  You may have to use the Vaseline film or an air bubble as an intitial target. The cysts resemble perfect circles or spheres and may be clustered together like grapes. They are quite small - how small?  Estimate the diameter of a cyst at 400x phase contrast or bright field. In phase constrast you should see detail on the surface of the cysts. If you see very little detail, then you may need some help in adjusting the phase contrast optics. 

A little bit of scanning should turn up the amoebae, which are about the same diameter as the cysts but more irregularly shaped and moving. Can you identify organelles?  What sorts of organelles should you be able to identify, that is, what are typical features of members of Kingdom Protista?  

A wet mount of Naegleria will keep for hours. Observe the same slide about an hour and a half after preparation.  If your mount is well sealed, it will not have dried up.  Any changes?  Look for rapid movement at 100x (dark field). 

