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Investigation of fermentation provides opportunities for introductory level students to study
metabolism and develop skills used in experimentation. | describe in this article a smple, inexpensve
apparatus for measuring yeast fermentationand suggestions for itsuse in invedtigative sudies. Thissystem
is wdl suited to invedigative learning because it dlows rapid, reproducible measurements and easy
manipulaionof variablesthat affect fermentation. Thelab exercise as provided to the studentsisincluded
in this article. We aso make available other information about factors that affect fermentation, library
resources and cdllular respirationina\Web Resource Page. The most current versions of the lab exercise
and resource page can belocated by navigating fromthe Marietta College Biology Department home page
a www.marietta.edu/~bial.

Quantifying ethanol or CO, production are two standard approaches to measuring yeast
fermentation. A number of apparatusesfor measuring CO, productionthat have been previoudy described
are duitable for classroom use (for example, see Mader, 1994; Reiking et al, 1994; Tatina, 1989;
Yurkiewicz et d, 1989). Many of these systems are poorly suited for investigative studies because of
complexity or awkwardness of instrumentation, lengthy time periodsrequired for data collection, or poor
reproducibility of results. The system described here involves volumetric measurements of yeast CO,
production by recording displacement of a water droplet in a pipette. Although rather traditiond in its
approach, the apparatus addresses the above issues and is inexpensve and wel suited to investigative
learning activities. Using this system, students can study effects of a wide range of parameters on the
fermentation process, and experiments canbe eadily replicated within asingle lab period. Moreover, the
data generated provide an opportunity to show students how to use computers to calculate fermentation
rates and graph datain presentation format.

We use this lab exercise to help students develop a variety of skills. This is our students
introductionto experimenta design, whichis presented inastructured fashionduring this and other courses
inour biology curriculum. In this lab exercise, sudents are given an experimental system and asked to
develop asmple protocol for testing a selected variable. As part of the exercise students also learn how
to use Microsoft Excd to graph dataand generatetrendlines, writealab report, use sdentific literature, and
make abrief group oral presentation. To provide broader relevance for the topic, yeast fermentation has
been placed withinthe context of biofud production. Thisaso alowsthe sudentsto consider someethica
issues that arise from the application of science.
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The fermentation apparatus (shown in Figure 3) canbe constructed fromthe following components
reedily avallable from scientific supply companies

Component Part #

5cc syringe BD #301603 (non-luerlock)

1 ml pipette glass disposable with 0.01 ml gradations

plagtic tubing I.D=1/8"; O.D.=%7; wall = 1/16" (Tygon AACO6007)

The gpparatus consists of a syringe and two 1 ml pipettes held together by short lengths of plastic tubing.
We score and snap off the non-cdibrated part of the pipettes. The gpparatus works with asingle pipette;
however, we stack two pipettesto extend the data collection over a2 ml range. A large number of these
apparatuses can be constructed a minimd cost. Thus, students can be provided with multiple gpparatuses
whichalows performing concurrent experiments. 'Y east mixtures can be prepared in any smdl container,
athough we use 50 ml Erhlenmeyer flasks (Corning #4980) because it alows for easy swirling and mixing
of components.

Weusellbbulk packaged ‘rapid rise’ activated dry yeast. Thisisequivaent to but lessexpensve
than bakers yeast available in grocery stores. Bulk packaged yeast can be obtained from aloca bakery
wholesdle supplier or directly from aloca bakery or restaurant. We suspend the yeast (80 g per liter) in
water on amagnetic sirrer gpproximately one hour before lab.
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BioFuel Production through Yeast Fer mentation

Ethanol offers a valuable energy dternative to fossl fuds, which are both nonrenewable and
contribute sgnificantly to amaospheric pollution. Ethanal is often referred to as a“biofud’ since it can be
manufactured by fermenting grains, plant biomass and other organic materias usng microorganisms, such
asyeast cdls.  Ethanol can be used asafud directly, but most often it is blended with gasoline (at about
5-10%) to yield gasohol. Since ethanol contains oxygen atoms (Figure 1), gasohol burns ‘cleaner’ than
regular gasoline, reducing emissons of carbon monoxide,
nitrogen oxides and hydrocarbons.  Although the raw
materials used to produce ethanol are generally considered | Figure 1. The molecular structure of
to be a renewable resource, there are practical and ethicd | €thanol. The presence of the oxygen
issues that must be considered before society becomes too | @om makes ethanol a cleaner burning
dependent upon this energy source (see Ethics of Biofuel | fuel then gasoline.

Use below). Neverthdess, ethanol is dready making a H H

ggnificant contributiontoworld energy needs, and itsuse will | ]

certainly beincreasing. H—-C—C—0H
Currently, ethanol production is measured in the | |

billions of gallons. Canada and Brazil are major producers H H

and users of this energy source, much of it derived from
grains such as corn and wheet. To convert grainto ethanal,
the grainisfira milledinto afine powder and boiled to liquify the starch. The darch isthen enzymaticaly
broken down to release smdler sugars that can be readily fermented by microorganisms. The ethanol
released during the fermentation processislater didtilled from the liquid and further purified. Y eastsare the
type of microorganiam most commonly used to ferment grain into ethanol. Yeast have been used in
fermentation processes for millennia, and their useis dill the foundation of the baking and beverage brewing
indugtries. Fermentation is part of the energy producing processcaled cellular respiration that isshared
by essentidly dl cdlls. In thislaboratory exercise, you will learn about yeast fermentation and the factors
that affect itsrate, and learn some of the basic principles of proper experimentd design.

Objectives

This lab exercise has the following objectives.

1. To learn about the use of ethanol as an aternative energy source.

2. To further develop your ability to properly design an experiment and interpret the results.
3. Toimprove your understanding of cdllular respiration and fermentation

Exercise Synopsis

Week 1. read assgned materids; run preliminary fermentation experiment.

Week 2: read assgned materids, plan student-designed experiment; use Excdl for graphing.
Week 3: perform student designed experiment; graph and interpret results for week 4.
Week 4: students present experiment, results and interpretations to class.
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Week 1

Before coming to lab for the first week of this |ab exercise you should read the following sections
onthe bioethics of biofue production and review the basic experimental methodology. Y ouwill graphthe
results and cdculate fermentation rates, and the class will compare results and discuss  sources of
experimenta error.

The Ethics of Biofuel Production

Should grains be used as an energy source? Currently, gpproximately 6% of the U.S. corn crop
isused for ethanol production. There are arguments for and againg this practice. A number of indicators
suggest that petroleum supplies will begin to dwindle during the 21% century, and this would seem a
aufficient incentive for us to identify dternative (and ideally renewable) energy sources. Grains and plant
matter (biomass) commonly used inbiofud productionare generdly considered to be renewable, and thus
ethanol production could help to meet our energy needs. The environmenta quditiesof ethanol are better
thanthose of petroleum. The presence of the oxygenatom alows ethanol to burnmore deanly —releasing
lessnitrogen oxides, carbon monoxide, hydrocarbons and particulate matter — thangasoline. Gasohal, the
ethanol/gasoline blend, a so burns more deanly thangasoline done. Thusthereareindirect benefitsof using
ethanol fue that cannot be measured directly in energy content and cogt.

What is our capacity for ethanol production? Each bushd of corn (approx. 56 Ibs) can yield
gpproximately 2.5 galons of ethanol. At acurrent U.S. corn production of 125 bushels per acre, an acre
of farmland would yidd enough corn for 310 gdlons of ethanol. U.S. gasoline consumption in 1998 was
7 million gdlons, and the energy content of agalon of ethandl is equivaent to approximately 0.7 galon of
gasoline. A few calculations show that approximately 13,000 mile? of corn production—an area equivaent
to that of Connecticut—would be required to fully replace the U.S. gasoline consumption.  While no one
suggests that ethanol could fully replace petroleum as anenergy source, clearly the land area required will
limit our capacity for biofuel production.

However, some people would

suggest that it iswrong to use grain for energy Figure 2. World grain harvested area. This graph is
production instead of food. The World created by dividing the tota area used for gran
Watch Institute (Gardner, 2000, 44) reports production by the world population. Dataadapted from
that the amount of harvested (farmed) land in~ Gardner, 2000,45).

the world has declined over the last quarter
century, while over the same time period
world population has increased 50%. The 0.45 \
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result has been a dramatic decrease in the § 04

area of harvested land per person (Figure 2). o \\
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that only the starchfromthe grainis used to make ethanol, and abushel of cornused for biofud production
will dso yidd 12-15 Ibs of protein med and 3-6 galons of corn oil. Ultimatdly, society must decide
whether the virtues of ethanol asan energy source outweigh the potential consequences on available food
supply of usng grain for biofud.

Deveopment of dterndive energy sourcesisnot the only way to meet future energy needs. There
are other root causes to potentia future energy shortages, including overpopulation, increased energy
consumption by developing nations, and excessive and wasteful energy usage by developed nations such
asthe U.S. Weareunlikely to meet future energy needs by merdly seeking to replace petroleum resources
—other changes in energy consumption habits must aso occur.

Gardner, G(2000) Grain Area Shrinks, IN Brown, L.R., Renner, M. and Halweil, B., eds., Vital

Signs 2000, WW Norton and Co., NY, NY, pp 44 - 45. FI%UI’GB. Resplrometer

The procedure for measuring yeast fermentation

As grain is and will continue to be used for biofuel production, it is -
appropriate that we should seek to maximize the yidd of ethanol. Oneway todo i
thisisto study the effects of various factorsonthe rate of fermentation. Thereare Pipet
a number of ways to measure the rate of yeast fermentation. Since we are
interested in ethanol production, measuring the amount of ethanol produced over M
time would be the most direct and useful.  Unfortunately, messuring ethanol
released by the yeast cdlsistoo involved for anintro biology lab. However, CO,

productioncanbe measured quickly and accurately, and it affordsanacceptable 1 Water
means of studying the effects of different variables on yeast fermentation. i Droplet
The experimentsyouwill performwill be carried out usnga respirometer i /”

apparatus (Figure 3). The principles of its operation are very Smple: the yeast N —
suspengion is placed into a syringe, and the CO,, released by the cells pushes a
smd| water droplet up a pipet, which dlows the volume of CO, to be measured I
at different times over aperiod of 10 - 20 minutes. i

Experimental Procedure FJ} Yeast
In thisweek'slab you will study the rate of cdlular respiration by yeast cdllsin - g5

the presence of asolutionof glucose present at a concentration of 5% (W/v). The [ Ha

procedure you will use is described below.

*** Each group member should perform his or her own experiment. ***

1. Weigh out 1.0 g of glucose and place it in a50 ml flask.

2. Add 10 ml of dH,O to the flask and gently swirl until the carbohydrate is
completely dissolved.

3. Using a10 ml pipet, transfer 10 ml of the yeast suspension into the
flask.

4. Allow the yeast suspension to incubate for 5 minutes, with occasond swirling.

5. Take up exactly 3 ml of the yeast suspension into a syringe. Invert the syringe and draw 1 ml
of ar above the liquid.

Syringe
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6. Complete the assembly of the respiration apparatus (don't forget the water droplet), and place

it into your test tube rack.

7. As so0n as the water droplet reaches the O ml mark, begin taking measurements at 2 minute
intervals and record the data in the tables on the following page. 'Y ou can mark measurements using
either the top or the bottom of the droplet, but be consistent. Y ou may need to decrease the time
interva between measurementsto 1 minute or less asthe rate of CO, production increases.

8. Plot the raw data on graph paper, and draw aline through the linear part of the curve
(Figure 4). Usng only the linear part of the data caculate the dope of the line as changein
volume + changeintime. Thisyiddsthe rate of respiration in units of ml CO, / minute.

Table1l. Sampleraw data

Time Reading
Omin 0.18 ml
3 0.25
6 0.38
7 0.48
8 0.55
9 0.65
11 0.84
rate: 0.09 ml/ min
(cdculated from graph)

Analysis of results

Figure 4. Grgphing fermentation raw data. Theraw data(Table
1, the actual CO, volume measurements) is graphed as shown
below. Note that the rate of fermentation is calculated from the
dope of the line drawn through the linear part of the curve.

1.00 ¢
0.80 |

S 060 |
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2 0.40 |

0.20
0.00

Rete =054 /8
= 0.090 ml / min

0.64 ml

5 2 4 6 8 10

Minutes

12 14

The fermentationrate obtained by each student should be listed onthe board. Each group should al'so
cdculate an average rate, and place ths vadue on the board as well. These datawill be used for a class
discusson of the importance of replication in experimental design and potential sources of experimenta

error.
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What are some factorsthat affect the rate of fermentation in yeast cells?

Beforeleaving lab the first week, your group will select or be assgned ayeast fermentation parameter
to investigate. The choices are listed below. Groups will be given the opportunity to sdect atopic, but
some adjustment may need to be made to assure that each group in the classinvestigatesa different topic.

Type of carbohydrate. What are the rates of CO, production when fermentation is alowed to proceed
in the presence of glucose, fructose, lactose or sucrose?

Concentration of carbohydrate. What isthe effect of glucose over arange of 0% to 2% on the rate of
yeast fermentation?

Concentration of sdt. How does varying the salt concentration over arange of 0 - 10% affect the rate
of yeast fermentation?

Tonicity of the environment. Tonicity refers to the concentration of dissolved substancesin liquid. What
isthe effect of varying the concentration of sorbitol in the fermentation mixture from 0% to 10%?

Ethanol concentration. What arethe effectsof varying the ethanol concentrationin the fermentation mixture
from 0% to 10% on yeast fermentation?

pH. What isthe effect of varying pH in the basic range (from pH 7 to pH 10) or in the acidic range (pH
3to pH 7) on yeast fermentation?

Temperature. What are the effects on yeast fermentation of temperatures over arange of 0°C to 60°C?

WEEK 2

Before coming to lab you should read the fallowing sections on cdlular respiration, experimenta
design, and calculating concentration. 'Y ou are aso encouraged to read the Biofuel Lab Internet Resource
Page pertaining to your researchtopic before coming to lab. During the lab period your group will sdlect
a variable to investigate during week 3, and then plan and turn in a detailed experimental design and
procedure. Y ou will so learn how to use Excdl to graph the data you obtained during week 1.

Célular Respiration and Fermentation

There are many factorsthat contribute to the economicsof biofuel production, induding cost of the raw
materid, efficency of the conversion processes, and market vdue of ethanol. Economic conversion of
starchto ethanol dependsto alarge extent uponthe speed and efficiency of the yeast fermentationprocess,
and biofud industries are continuoudy modifying their processesto increase the speed and efficiency of the
yeast fermentationprocess. Thescientistsand engineersrespongblefor improvingindustria processesaso
mugt have adetailed knowledge of the cdllular processesthat are ultimately responsblefor the conversion
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of sugar into ethanol. Fermentation is intimately associated with the energy yidding process caled cdlular
respiration that occurs in essentidly dl cdlls, and you dso must have some knowledge of this process to
understand the results of this exercise.

What is cellular respiration? Figure 5. Overview of cdlular respiration. Glycolysis,
Cellular respiration is a sequence of Krebs cycle and electron transport proceed in the
enzymatic reections that extract energy from  presence of oxygen, but fermentation follows glycolysis
molecules, suchas carbohydratesand fats, and - when oxygen is lacking.
make that energy available intheformof ATP. l Olucose
In mogt higher organisms, cellular respirationis
an aerobic (oxygen requiring) process. The
three principa stagesof cdlular respiration are
cdled glycolysis, Krebs cycle, and the
electron transport (Figure 5). These
processes are an example of an ‘enzymatic
pathway’, a sequence of chemica changes Fermentation
catadyzed by a series of different enzymes. 2Pyruvale " Lacti Acld
During these processes, eectrons are removed GO Ethanal
from the organic molecules (a process called
‘oxidation’) and the energy held inthe eectrons
is eventudly transferred to ATP. The
breskdown of carbohydrates begins with
gycolyss and the oxidaion is completed
during the Krebs cycle. Theenergy hdd inthe
electrons is subsequently used to produce ATP
during the electron transport process.
Ultimatdy, the energy-depleted dectrons are
deposited on an oxygen aom, the ‘termind
€lectron acceptor.’

Reactions in
Absence of O,

Reactions in
Presence of Q.

What isfermentation?

Fermentationis an enzymétic processthat dlowscdls to obtain energy fromcarbohydrateseven in the
absence of oxygen. As described above, in most organiams (and al higher plants and animds) cdlular
respirationrequiresthe presence of oxygen (suchorganiams are sad to be aer obic — requiring of oxygen).
If oxygenisnot avallable to serve asthe termind €l ectron acceptor, the el ectrontransport pathway and then
the Krebs cycle will shut down, just as anelectric power plant that could not dispose of itswaste products
would eventudly cease operations. (Each day a cod-burning electric power plant producestons of flyash
— the powdery ash collected from its smoke emissons — which must be hauled away continuoudly for
disposa in landfills. If the dump trucks that haul away this waste were to stop running, the power plant
would soon become so inundated with flyash thet it would have to shut down.) In a gmilar manner, if
oxygen is not avalable to carry away the dectrons moving through the electron transport pathway, the
whole process of celular respiration will grind to a hdlt.
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For aerobic organisms, the Krebs Figure 6. Overview of the reactions that occur during
cydeandelectrontransport pathwaysdo - fermentation.  The NADH produced during glycolysis is
indeed ceasetofunctioninthe absenceof - converted back into NAD to allow conversionof pyruvateinto

oxygen.  However, glycolysis can egthanol or lactic acid. Theresult isanet yield of only 2 ATP.
continue if pyruvate is diverted to the Glucase

fermentation pathway (Figure 6). The
fermentation pathway providesaway for
the cell to dispose of the pyruvate that
otherwise would build up when the
Krebs cydeis not functioning.

During the fermentation process, the
NADH produced during glycolyss is
converted back to NAD. Thus, the
fermentationpathway utilizesNADH that
the cdl would otherwise use to produce
ATP, but it does dlow glycolyss to
continue in the absence of O,. ;.1-NAD Lactic Acid
Compared to aerobic respiration, the 2 Pyruvate e — O
energy yidd of glycolyss operating CO, & Ethanal
through fermentation is quite low, with a
net yied of only 2 ATP per glucose.

Indeed, this energy yidd istoo low to sustain the lifeof higher organisms, and plantsand animas cannot
live on glycolysis and fermentation done.  Some cells can function for awhile onthe energy provided by
fermentation; for example, during strenuous activity, musde cdlls continue to functionfor a short period of
time in this manner. However, the amount of ATP produced anaerobicaly is too low to support the
tremendous energy demands of our bodies, and thisis why higher organisms suffocate in the absence of

oxygen.

Glycolysis

5
Y . NA[;.H Fermentation

How do yeast cells survive via fermentation?

In the presence of oxygen, yeast cdlls will carry out the complete pathway of celular respiration.
However, yeast cells can survive and reproduce via fermentation done.  The ethanol and CO, that are
produced diffusereadily out into the environment surrounding the yeast cells. Single celled organisms can
survive on fermentation aone for saverd reasons. On one hand, the energy needsof asinglecell aremuch
lower than those of a complex, multicdlular organism.  Also, yeast cells can import and metabolize
carbohydrates very rgpidly — in effect compensating for the inefficiency of fermentation by processing
greater quantitiesof carbohydrate. Asaresult, the yeast release great quantities of CO, and ethanol during
fermentation, which makes these organisms particularly useful to the biofue industry.
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Some Considerations in Experimental Design

A stientist wishing to increase biofud ethanol production might evauate the effects of many different
factors (or variables) on the rate of yeast fermentation. There are many variables that could potentialy
affect the rate of yeast fermentation. Indeed, aninfinite number of factors(e.g., theaignment of the planets)
might potentially affect the outcome of an experiment; however, a scientist seeking to optimize biofue
fermentation must use judgement to decide which variables are most likely to sgnificantly affect the
process. Some of these variables would incude the type of yeast that is used, type of sugar avallable,
concentration of the sugar, temperature, and pH of the solution.

A well designed experiment tests the effect of only ONE variable at a time, the one described
in the hypothesis. Asyouhave aready learned, ahypothessisaneducated guess of the outcome of the
experiment.  Often we have little knowledge by which to formulate a hypothesis, but thereisadways some
knowledge that can be applied. Some examples of hypotheses would include:

e  Yeas fermentation isfastest in the presence of glucose.

» Fermentation rates decrease as temperature is increased.

* Thepresence of cdcium will increase the rate of fermentation.

* €lC.
Often, asngle experiment will test arange of conditions of the variable. For example, a sudy of the
effect of temperature may test the effects of three or more different temperatures, and an investigation of
sugar concentration may test the effect of arange of different vaues.

The results of such experimentd tests are aways compared to acontrol. A control isatest that is
identical in every way to the other tests, EXCEPT in the variable that is being tested. Thus if one
wanted to determine the effect of calcium on the rate of fermentation, the control would be a sample that
lacked calcium but otherwise wasthe same.  Sometimes more than one control test must be included to
rule out other dternative explanations for the results. For example, someone might argue that the CO,
releasad during this experiment isthe result of chemica reactions that do not require living yeast cdlls (as
was argued by some organic chemigsinthe early 1800s). What control would you suggest to * control for’
(rule out) this possble explanation?

Calculating Concentration

For dl of these experiments you must cal culate the amount of amateria dissolved inthe fermentation
mixture. ‘Concentration’ isthe most meaningful way to express this quantity. Concentration indicates the
amount of a substance per unit volume of the liquid in which it is dissolved, and units of ‘% wi' (percent
weight/'volume) or ‘% v/ (percent volumelvolume) are acceptable for thislab. Whenthe substance being
measured is added as a dry powder, ‘% w/A' should be used and is cal culated by dividing the grams of the
substance added by the find vaume of the solution and multiplying by 100:

grams of substance added
Find volume (ml) of solution
For example, in the first week exercise youmeasured fermentationby yeast cdls provided with 1 gram(g)

of carbohydrate dissolved in atota volume of 20 milliliters (ml), which represents a concentration of 5%
WV.
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When the substance being measured is added as aliquid, ‘% v/v' should be used and is calculated
by dividing the volume (ml) of the substance added by the find valume (ml) of the solution and multiplying
by 100:

ml of substance added
Find volume (ml) of solution

For example, to make a5% solution of ethanal in amixture with afind volume of 20 ml, you would need
to combine 1 ml of ethanol + 19 ml of the other components.

Week 3

Before coming to lab this week you should read the fallowing sections on writing a lab report and
graphing results.  During week 3 of this lab exercise you will perform the experiment that you planned.
(The results should be graphed prior to coming to lab next week)

Writing your lab report

Y ou will prepare alab report for the investigationthat you designed and performed during the third
week of thisexercise. Each student must write an independent report and prepare hisor her own graphs.
The report will include an Introduction, Hypothesi's, and Procedures, Results, Discussonand Literature
Cited sections. Further information about writing lab reports is provided in the Document entitled
“Guiddlines for Writing Lab Reports’ and at the end of this exercise.

Procedures
Y ou will perform the experiment that your group planned last week.

Results
Tablesand Figures

Note: dl tables and graphs must be formatted (Figure numbers, title, axes labels, etc.) as described inthe
Lab Report Guiddines. Y ou should include:

1. Graphs of dl raw data, prepared on Excd, with trendlines drawn through the linear region of the data.
To conserve paper, plot the raw datafor all conditions of your varidble for a given experimenta replicate
inagnglefigure al lines must be distinguishable and clearly labeed.

2. A table of calculated respiration rates for each replicate and the averages.
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3. A summary graph showing average respiration rates vs your independent variable. Y oushould usethe
graph format appropriate to your variable.

Description of Data

1. Describe the raw data for one typica replicate, but only describe any ‘oddities in the raw data from
other replicates.

2. Describe the summary graph that presents average respiration rates vs your independent variable.

Graphing Results— I ndependent vs dependent variables

Itisnot aufficent inalab report to indude only tables or graphs of the “raw data” (suchasthat shown
in Table 1 and Figure3). You must aso summarize the calculated resultsin a suitable graphica form that
reveds relationships between the varidble you studied and the rate of fermentation. The results of your
experiments will show the effect of some factor over arange of conditions (e.g., temperatures) on the rate
of yeast fermentation. The results must be presented in an gppropriate graphical form that best reveds any
relationships that may exist. To do so, you must select the proper type of graph and plot the data
correctly.

The “independent variable’ must be plotted on the X-axis (abscissa) and the “ dependent
variable” must be plottedonthe y-axis. Theindependent variable isthe one that you controlled during
the experiment (e.g., time, pH, temperature, or type of carbohydrate). The dependent variableisthevaue
that was measured or cal culated during the experiment. Inthis case the dependent variable wasether CO,
volume (ml) or the caculated respiration rate (ml CO,/min). In a properly designed experiment, the
measured vaue is dependent upon the vaue of the independently controlled variable.

The two types of graphs you are mogt likely to use are a*“bar graph” and a“linegraph”. A bar graph
is appropriate when there is not a mathematical relationship between the values of the
independent variable. For example, the results of a study of fermentation in the presence of different
types of of carbohydrates should be presented in a bar graph (see Figure 7) because there is no
“mathematica” relaionship between ‘types of sugar's.

Figure 7. Fermentation rate in presence Figure 8. Rate of respiration in presence
o 9f different types of sugars. ~ o140 different amounts of sugar.
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However, aline graph is only used when there is a mathematical or numerical reationship
between the values of the independent variable. Examples include amount of sugar added,
temperature of incubation, incubation time, etc. (see Figure 8). Notice that the data points are clearly
marked and connected by aline. Thistype of graph helpsto reved trendsand relationshipsin the datathat
can be described and interpreted in the report.

Week 4

Prior to comingto lab for week 4 you should read the following section on interpreting results. You
should aso conault reference materias about your research topic provided in the library. Each student
should independently graph the results obtained during the previous week on Excel. A copy of your
summary graph will be turned in. During the lab period each group will work together to interpret the
results of the experiment and prepare a 10 minuteoral presentation describing the procedure, results and
interpretations.

Discussing and explaining your results

What condlusions and interpretations can be drawn fromthe results of your experiment? Certainly, the
most important conclusioniswhether the results support or contradict the hypothesis. Y ou should aways
begin by describing how the results would appear if they support the hypothesis, and thenexplain how the
actual results compare to these expectations. Remember, your results will never prove that your
hypothesisiscorrect, but provide support for it. What should youdo if your resultsare ambiguous and do
not alow a bass for afirm assessment? Inthiscaseit isimportant that you explan how the results are
ambiguous. If the results contradict your hypothesis, then you should offer an appropriate dternative
concluson.

There are other issues that should be addressed as you interpret the results. Y our interpretations for
this experiment should assesswhether the variable you studied showed anoptimum or maxima vaue. The
effect of quantitetive variables (a factor that can be varied by a quartitaive amount, e.g., temperature,
amount of sugar, etc.) on aprocess generaly show one of two patterns.  When the rates from a series of
experiments where the variable differs quantitatively are plotted, sometimes the rate of the reaction
decreases at values above and below a particular optimal value (Figure 9). Other variables may show
amaximal value, above whichthe rateremains constant (Figure10). Y ou caninterpret results based upon
your knowledge of cdlular and/or enzymétic processes. Why might the variable you studied show an
optimal or maxima pattern? What processesin the cell (properties of membranes, enzyme, pathway's, etc)
would account for the results you obtained?
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Figure 9. Sample results showing an optima vaue.
These data show that the rate of fermentation is
highest when the independent variable hasavaue of
5 (the optimd vaue).
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Figure 10. Sample results showing a maximal
vdue. These data show that the rate of
fermentation does not increase when the vaue of
the independent variable exceeds 8 (the maximd
vaue).
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You should aso explan how your results compare with the results of amilar sudies avalable in
literature sources. Y ou should consult the Biofudl Lab Internet Resource Page and reference materia

avalablein thelibrary (some are on reserve).

Y ou should a'so describe the implications of your findingsincontext of biofud production. How would
youapply your findingsif you were actudly attempting to improve the process? What aretheimplications
for abiofue production process when your variable shows aoptima or maxima vaue? Do you believe
that your findings afford a means to sgnificantly improve biofud production? Why or why not?

Even if your results support your hypothesis, you should also propose a future experiment; for
example, you might suggest an experiment to refine your data, or possibly control for another variable. If
your results contradicted your hypothes's or were ambiguous, you might propose an experiment that would

test an dternative hypothesis.
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Data Tables for Y east Respiration Experiment

Test # Test #

time reading time reading
_0__min ml _0__min ml

rae ml /min rae ml /min

ml/min
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Data Tables for Y east Respiration Experiment
Test # Test #

time reading time reading
_0__min ml _0__min ml

Test #
time reading
_0__min ml
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Experimental Plan
Group members:

Each group will turnina plan describing the experiment youwill perform during week 3 of the Biofud fermentationlab.
The group should work together to planthe experiment and answer the questions. 'Y ou should fed freeto consult with the
lab ingtructor as necessary.

1. What question are you seeking to answer? What variable will you be testing?

2. What will be your hypothesis?

3. What will be your control(s)?

4. Describein detail the procedure you will use. (Writeit neetly on the back.) Include a description of replicates to be
performed. What range of conditions might be relevant; i.e., range of pHs, temperature, sugar concentration, etc.? Why
was this range selected? Consult with your ingtructor if necessary when answering these questions.

5. How do you expect the results to appear if your hypothesisis correct? (Draw a hypothetica graph.)



