
BIO 181 Laboratory Exercise Name:

Genetic Regulation Instructor:
John Nagy

Preparation

� Read the Introduction and Boxes 1 through 4 in this packet.

� Study sections 18.1, 18.2, 18.3 and section 19.3 of the textbook.

1 Introduction

Figure 1: Structural formulas
of lactose and its constituent
monosaccharides, glucose and
galactose.

By definition, all mammals produce milk to feed their young.
The main sugar in milk—and therefore the main source of
energy for infant mammals—is lactose. Once ingested, lactose
is broken down by the enzyme lactase-phlorizin hydrolase,
or just lactase, which cleaves lactose into its monosaccharides
(Fig. 1). Without lactase, the energy in the sugar would be
unusable to the infant because lactose cannot be absorbed into
the blood in a usable form.

Like all enzymes, lactase is a protein, and like essentially
all proteins in a mammal’s body, it is made by cells. The cells
“know” the amino acid sequence because that is coded in the
DNA. The particular code for this protein is a gene called
LCT. Cells in the lining of the small intestine turn this gene
on and therefore produce lactase, which they secrete into the
intestinal lumen (the interior of the tube forming the gut).
Eventually, however, most mammals stop drinking milk at
some point. Since it wastes energy to make an enzyme that isn’t useful, most mammals stop
producing lactase after they switch to other food sources. They do that by turning LCT off.

All of this applies to about 68% of humans, too (Storhaug et al., 2017). However, the remainder,
mainly from northern Europe and parts of Africa, are lactase persistent; that is, they never turn
the LCT gene off. The ancestors of these populations used dairy products as staple foods and
therefore evolved the ability to produce lactase throughout their lives (see Box 1 on page 2).
People who are not lactase persistent are referred to popularly as lactose intolerant, although
it’s more accurate to say that they suffer lactose malabsorption. If an adult with this condition
eats dairy products, they can’t digest and absorb the lactose, which eventually ends up being
“eaten” by bacteria in the large intestine. Unfortunately, these bacteria produce methane gas as
a metabolic by-product, which causes distress to all involved.

In this lab exercise we will perform an experiment that tests hypotheses about how a particular
gene, called LacZ, is expressed in Escherichia coli bacteria. Our goals are to learn the techniques
of the experiment, analyze the data, and make conclusions about the hypotheses based on that
analysis. Study Boxes 1 (page 2) and 2 (page 3) thoroughly before continuing.
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Box 1: Genetics of Lactose Metabolism in Humans

Figure 2: Genomic locations of the LCT and MCM6 and mutations associated with lactase
persistence in humans. (Source: Howard Hughes Medical Institute, BioInteractive).

In humans, the LCT gene, which codes for lactase, resides on chromosome 2 (Fig. 2).
Mutations that generate lactase persistence might be expected to occur in the promoter of
LCT. However, they are actually next door, in a gene calledMCM6.a Five distinct mutations
are known to cause lactase persistence, four of which occur in African populations and one
in Europeans (Fig. 2). The existence of so many mutations capable of causing this trait
shows that the ability to use dairy products as a staple evolved in humans at least 5 times.
Oddly, the protein coded by MCM6 is involved in DNA replication; it has nothing to do
with lactose metabolism. So why would mutations in it cause lactase persistence?

It turns out that loci on chromosomes often perform multiple functions, as is the case here.
In addition to coding for a DNA replication protein, MCM6 also contains enhancers for
the LCT gene in some of its introns, the unexpressed portions of its coding region (Fig. 2).
Enhancers are stretches of DNA that attract activator proteins, which when bound to the
enhancer, activates the transcription machinery of the target gene, in this case LCT. That
turns the gene on and increases production of lactase. These mutations somehow cause the
activators to operate throughout a person’s life, thereby making them lactase persistent.

aMCM6 is short for minichromosome maintenance complex component 6.
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Box 2: Genetics of Lactose Metabolism in E. coli

Figure 3: Genomic arrangement of the lacI gene and lac operon in E. coli. Numbers
represent the lengths, in number of base pairs, of the section indicated. “PI” is the promoter
of lacI, “P” and “O” are the promoter and operator, respectively, of lac operon, and “gene
Z” is the lacZ coding region of the lac operon, which codes for β-galactosidase, the bacterial
version of lactase in humans.

E. coli is a species of bacteria that lives in the guts of vertebrates. In humans, they reside in
the large intestine, and ultimately they are the cause of most of the distress in people with
so-called lactose intolerance. Recall that lactose intolerant people are like most mammals—
they turn the LCT gene off after childhood. But, if they consume lactose in dairy products,
then the lactose passes to the large intestine because they can’t break it down and absorb
it. As a result, the E. coli there suddenly get a flush of yummy sugar, which they can break
down and metabolize. That process generates the methane that causes all the problems.

E. coli can break down lactose because they produce an enzyme very similar to lactase,
called β-galactosidase (abbreviated β-gal). Like lactase, β-gal cleaves lactose into glucose
and galactose, which the bacteria can then use to regenerate ATP. Also like lactase, β-gal is
produced genetically. But the genetic machinery of bacteria is a little different from ours. In
particular, the coding region for β-gal is part of an operon, which is a collection of coding
regions controlled by a single promoter. The coding region for β-gal is called lacZ ; the other
2 coding regions in the operon, lacY and lacA, will not concern us in this experiment. (See
Fig. 3 for details about the lac operon.)

What will concern us, though, is another gene called lacI. Although not part of the lac
operon, this gene is thought to regulate it. LacI also resides immediately next door to
the promoter of the lac operon. Notice how this situation parallels LCT and its MCM6
enhancer in us. Is this perfectly parallel? That is, is lacI an enhancer of lacZ in bacteria
like MCM6 is of LCT in humans?

Version: Spring 2022, In-person 3 Nagy



2 Experimental details

This experiment is designed to address the following 2 questions:

Research Questions

1. Can E. coli turn the lacZ gene on and off, and if so, under what circumstances will it
turn the gene on?

2. Is the lacI gene an enhancer of lacZ in bacteria like MCM6 is of LCT in humans?

2.1 Procedure

All of the following procedures require aseptic technique and proper disposal of
contaminated lab ware.

1. Obtain 10 culture tubes and label them 1 through 10 using the provided labeling tape and
pencils. The labeling tape must be on the upper third of the tube.

2. Prepare the tubes as follows:

(a) With a sterile 5 ml pipette, transfer 2 ml of glycerol media (M9) to tubes 1 through 9.
Transfer 2.5 ml of glycerol media to tube 10.

(b) With a sterile 1 ml pipette, transfer 0.5 ml of the wildtype E. coli culture into each
of the tubes labeled 1, 2, and 3.

(c) With a sterile 1 ml pipette, transfer 0.5 ml of the lacZ− E. coli culture into each of
the tubes labeled 4, 5, and 6. This laboratory strain has the lacZ gene destroyed.

(d) With a sterile 1 ml pipette, transfer 0.5 ml of the lacI− E. coli culture into each of
the tubes labeled 7, 8, and 9. This strain has the lacI gene knocked out.

3. With a sterile 1 ml pipette, transfer 0.1 ml of deionized (Di) water into tubes 1, 4, 7, and
10.

4. With a sterile 1 ml pipette, transfer 0.1 ml of lactose into tubes 2, 5, and 8.

5. With a sterile 1 ml pipette, transfer 0.1 ml of glucose into tubes 3, 6, and 9.

6. Incubate all of the tubes in a 37◦ C water bath for at least 30 minutes.

7. Remove all 10 tubes from the water bath and proceed with the following procedure to assay
for the density of bacteria and the presence of β-galactosidase.

(a) Measure the optical density (OD, or amount of bacteria). Using tube 10 as
the blank, measure the OD at 550 nm in tubes 1 through 9. Your instructor will show
you how to use the spectrophotometer. See Box 3 for details on spectrophotometry.

(b) Record your data in the OD column of Table 1.
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Figure 4: Schematic of the experimental design. Each tube contains 0.1 ml of nutrient (water,
lactose [Lac], or glucose [Glu]). This is an example of a fully crossed design (see text).

(c) Add one drop of toluene and one drop of sarkosyl detergent to each tube. Caution:
use the toluene with care. If you get any on your skin or clothes, wash the area
immediately with soapy water and inform your instructor.

This procedure releases the enzyme from the bacterial cells so we can get it to
react with other chemicals.

(d) Transfer 1 ml of ONPG (o-nitrophenol-β-D-galactoside) to each tube. Refer to Box 4
for an explanation of this procedure.

(e) Mix the contents of each tube thoroughly, but be careful not to spill. Thoroughly wash
your hands when you are finished with this step.

(f) Incubate all of the tubes in a 37◦ C water bath for 15 minutes.

8. Measure the amount of β-gal in each tube. Using tube 4 as a blank, measure the
absorption at 420 nm. Input your data in Table 1.

Absorption at 420 nm measures how yellow the tube is and therefore indicates the
density of β-galactosidase produced by the bacteria—more absorption means more
β-galactosidase was induced.

9. Transfer your data to the main data frame on the lab computer.
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Table 1: Color, absorption and optical density for each experimental tube in the lac operon
experiment. “OD” means optical density (amount of bacteria) and “Abs” means absorption (how
yellow the tube is).

Tube OD @ 550 nm Abs @ 420 nm

1

2

3

4

5

6

7

8

9

Box 3: Spectrophotometry

Figure 5: Outline of spectrophotometry as used to measure the optical density of bacteria
in broth culture.

The key measurements in this experiment are performed using a spectrophotometer,
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which is a machine that shines a light through a sample in a test tube and measures how
much of the light makes it through (Fig. 5). Importantly, the color of the light is carefully
controlled. Here, we use a spectrophotometer to determine 2 things:

1. Optical density (amount of bacteria): Bacteria suspended in culture scatter light at
wavelengths around 550 nm. We use this property to determine how many bacteria are
in our cultures by setting the light filter to that wavelength and measuring absorbtion
of the light—the amount of light that was scattered by the bacteria (see Fig. 5 for an
illustration of this situation.)

2. Amount of β-gal (via amount of ONP): The bacterial enzyme β-gal cleaves ONPG
to ONP + galactose; ONPG is clear, but ONP is yellow (Box 4). In particular, ONP
efficiently absorbs light of wavelength 420 nm. So, to determine the concentration of
β-gal in a tube, we measure the absorption of light at 420 nm after the ONPG has
been added and given time to be broken down by the enzyme.

Box 4: ONPG as a measure of β-gal concentration

Figure 6: Cleavage of ONPG to glucose and ONP, which is yellow (Labus, 2018).

In this experiment, students needed to determine the concentration of β-gal in various test
tubes. To do this, they used a colorimetric assay, which is an analytical technique that
correlates concentration of a compound with intensity of a colored liquid. This particular
assay uses ortho-nitrophenyl-galactopyranoside (ONPG), which β-gal cannot distin-
guish from lactose (Fig. 6). Therefore, the enzyme breaks ONPG down into galactose and
ortho-nitrophenol (ONP). In aqueous solution, ONP is yellow, but ONPG is clear (Fig. 6).
Because of the basic way enzymes work—their kinetics—more β-gal means faster develop-
ment, and therefore greater intensity, of the yellow color (Fig. 7).
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Figure 7: Colorimetric assay for different concentrations of the bacterial enzyme, β-
galactosidase (β-gal). Color comes from ONPG being cleaved by the enzyme as shown
in Fig. 6. Control: no β-gal. From Labus (2018).

3 Analysis of the Experiment

3.1 Calculate amount of β-gal per bacteria

This experimental procedure cannot control how much E. coli each tube contained. Therefore,
if one tube, call it A, turned more yellow than another, call it B—indicating that A had more
β-gal than B—we don’t know exactly why. It could be that the bacteria in tube A produced
β-gal at a higher rate than in B; that is, each bacterium in A made more of the enzyme than
each bacterium in B. Or it could be because A had more bacteria than B. Therefore, we have to
standardize the amount of β-gal by the amount of bacteria. We do this by dividing the measure
of β-gal concentration (absorption at 420 nm) by the density of bacteria (the optical density), as
follows:

β-gal per bacteria =
Absorption at 420 nm

Optical density
.

� Calculate the standardized amount of β-gal per bacteria for each tube in each group, and
record your results in the third table of the spreadsheet.

� It’s easiest to do this using the formula function of the spreadsheet. For example, in cell
C31, type exactly the following:

=C18/C5,

and hit return. Then you can complete the table using copy-paste. Alternatively, you can
do this all by hand and simply type in the answers when you’re finished.
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3.2 Calculate summary statistics

Each team gathered data independently. When we analyze data with independent replicates
we study the summary of the replicates, not each individual group’s data. In this case, these
summaries include the means (averages) for each tube, a measure of variation amoung groups
called the standard deviation, and an inferential statistic termed the standard error of the
mean, or simply standard error. These statistics, and the method used to calculate them, are
explained in detail in the Graphing and Basic Statistics handout available on the website.

� Download Graphing and Basic Statistics handout from the website under, “Readings.” Have
it available as you complete this analysis.

� Read section 2.1 of the handout. Then calculate the average standardized amounts of β-gal
per bacteria and record the result in the fourth table of the data frame.

� Read section 2.2 of the handout. Then calculate the standard deviations of the same data.
Record your results in the fourth table.

� Read section 2.3 of the handout. Then calculate the standard errors and record the results
in the fourth table.

� Read sections 3 and 4 of the handout. Then complete the graphing exercise below. HINT:
Your independent variable for each graph is the same—nutrient type (water, lactose and
glucose). Therefore, the independent variable is categorical.

Graphing Exercise

Create three properly formatted and labeled graphs that show the average per-bacteria pro-
duction of β-gal and 95% confidence intervals for each tube in each E. coli strain: wildtype,
lacZ−, and lacI−. Combine all three graphs into a single file and upload them in the proper
location in Canvas. Use these graphs to answer the questions in the next section. Note:
Make sure that your graph conforms to our professional standard. That is, it must

� be computer-generated;

� have proper labels on the axes;

� and have a proper—and complete—caption.

3.3 Submitting your results

1. Open this lab in Canvas.

2. Upload your completed data frame using the proper uploader in Canvas.

3. Upload your completed graph (including proper labels and captions) using the proper up-
loader in Canvas.

4. Complete the remaining questions in Canvas.
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