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John Nagy and Dennis Massion Lab partners:

The scientific method, as far as it is a method, is nothing more than doing one’s
damnedest with one’s mind, no holds barred. . .This means in particular that no
special privileges are accorded to authority or to tradition, that personal prejudices
and predilections are carefully guarded against, that one makes continued checks to
assure oneself that one is not making mistakes, and that any line of inquiry will
be followed that appears at all promising. All of these rules are applicable to any
situation in which one has to obtain the right answer, and all of them are only
manifestations of intelligence.

–Percy W. Bridgman

Van Leeuwenhoek’s microscope and Galileo’s telescope took scientists into the realms
of the very small and the very distant. With our instruments we obtain images of
distant galaxies and probe the nucleus of atoms, measure the distance between stars
and the size of an atom. But we can’t go there. We can learn about the past from
relics and fossils, but we can’t go there either.

–Robert Park

1 Introduction

If all humans truly understood the limits of what can be seen, most would not believe that we
can know anything about Deoxyribonucleic acid (DNA), the genetic material in all living things.
It’s invisible. No one, ever, has seen it clearly, even in the best microscopes. Nevertheless, we
know that it’s a long, thin molecule like an insanely thin spaghetti noodle. If you were to lay
out all the DNA in a typical human cell end-to-end, you would have 46 strands that would span
about 1 meter. We know much more than that—in fact, we know DNA’s structure completely,
atom by atom. Each DNA molecule is only about 0.000002 mm (2 millionths of a millimeter,
or 2× 10−6 mm) in diameter. That’s why its invisible. The best light microscopes can resolve
objects down to about 0.0002 (2/10,000ths, 2 × 10−4) mm. So, DNA is 100 times too thin to
see with a light microscope. More powerful instruments like electron microscopes and others
that exploit quantum effects can resolve DNA, but the pictures are fuzzy at best. How is it
possible to know anything about it? Because humans are smart. Scientists aren’t guessing at
the structure—we know for certain what it is. And we’ve know since 1956.

Welcome to professional science. Our first exercise will give you some experience with
this sort of thinking—learning specifics about things you cannot see. On the supply table are a
number of black boxes, each containing an unknown item. Your job is to determine the physical
properties of that item without looking inside the box. This is not a “no right answer” situation.
Something is in the box and your job is to figure out its physical properties— size, shape, and
material at least. Success requires the primary tools of science: observation, experimentation,
logic, curiosity, patience, perseverance and—most importantly—intelligence.
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2 Black box procedure

With at least one other lab partner, obtain a black box from the supply counter. Boxes are
labeled A through F; you may use any available box. At no point during this exercise or
afterwards are you allowed to look inside any sealed box, nor will the instructor tell you what’s
in them.

2.1 Initial evaluation

Answer the following questions about your black box either directly into Canvas or on paper
or your computer to be copied to Canvas later.

HINT: Rarely will you be able to measure the weight or dimensions of the object exactly;
however, you can often provide a range, like “it’s between 4 and 6 cm long.” Try to be as precise
as possible, but be careful not to go beyond what your evidence can support.

1. What letter box are you evaluating?

2. Who are your lab partners? Please list their full names.

3. How much does the object in your box weigh? Explain in detail the data and logic
leading to this conclusion.

4. What are the dimensions of the object in your box? Explain in detail the data and logic
leading to this conclusion.

5. Out of what material is the object in your box made? Explain in detail the data and
logic leading to this conclusion.

6. What is the object’s general shape? Explain in detail the data and logic leading to this
conclusion.

7. What is your best guess regarding what the object is, and how strongly is this guess
supported by the evidence you gathered?

2.2 Peer Review and Replication

Exchange boxes and answers to the previous questions with another group. Then answer the
following questions about the another group’s box and conclusions.

1. Which letter box did the other group evaluate?

2. What is the strongest conclusion of the group you peer reviewed? Explain the strengths
of this conclusion based on your evaluation of their logic and your experience replicating
their results.

3. What is the weakest conclusion of the group you peer reviewed? Explain its weaknesses
based on your evaluation of the logic of their arguments and your own experience repli-
cating their results.
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3 Evaluating a research study

In this section we examine an actual study as an introduction to the “scientific method.”
Science revolves around discovery, and scientists communicate discoveries by publishing peer-
reviewed research reports, referred to as “research papers” or “-articles.” These reports do
more than simply state the claimed discovery. They also detail the evidence that supports it.

When reading a research article, it helps to have the following questions in mind:

� What question were the researchers trying to answer? Usually, understanding
what the researchers were trying to do requires background information, which good
research papers supply.

� What do they claim to have discovered? This is the heart of the paper, but again,
without evidence we should be skeptical of any such claim.

� What evidence to they present to support their claim of discovery? Almost
always, this evidence with be quantitative. Therefore, professional scientists of all sorts
require adequate training in mathematics and statistics.

Here practice with an excellent paper on the evolution of diabetes by Kavaler et al. (2011).

3.1 Interpretation of data

Preparation before attempting these exercises

� Study Boxes 1 and 2 on pages 4 and 5.

� Study BioSkills 2 & 3 in the textbook.

Use the information in Boxes 1 and 2 and BioSkills 2 and 3 to complete the following
exercises. Submit your responses via Canvas.

1. What is the independent variable in Panel A (the left-hand graph) of the figure in Box 2?

2. What is the dependent variable in that same figure?

3. What is that figure’s “punchline?” (For an example of what this means, see textbook
Figure B2.1, panel (c). But note: you are answering the question about the diabetes
study in Box 2, not the one in the textbook.)
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Box 1: Diabetes study question and discovery

Background information

Normally, mammals regulate blood sugar concentration within tight bounds. For exam-
ple, human blood sugar is normally held close to 100 mg per 100 ml of blood. If blood
sugar gets too low, the brain becomes starved of nutrition, and the individual can lose con-
sciousness and even die. If blood sugar remains chronically high, some tissues—primarily
in the kidney, heart, and retina (in the eye)—become permanently damaged.

Diabetes mellitus (DM) refers to (some) diseases that compromise the body’s ability
to regulate blood sugar. Diets high in saturated fats and simple sugars increase the
likelihood of developing DM. Oddly, humans tend to be more susceptible to DM than are
most other mammals, even if those other mammals eat high-fat diets.

The reason for this difference may be associated with a gene called Cmah found in most
mammals. It produces enzymes controlling some aspects of metabolism. But not in
humans. We have the gene, but our version is broken—a mutation (permanent change
in the gene) rendered it incapable of performing its normal function.

Research question

A study by Kavaler et al. (2011) addresses the following question: Are humans more
susceptible to DM because we all have a broken version of Cmah?

Methods summary

Normal mice have a functional Cmah gene. Kavaler et al. (2011) genetically engineered
20 mice to knock the gene out, mimicking the human condition. They refer to these mice
as Cmah−/−. (We will explain this notation later in the course.) They used 20 unaltered
mice, representing the majority of mammal species, as a comparison. These are referred
to as wild type.

Each of these two groups of 20 mice were split in two subgroups of 10. Each of these 4
subgroups were fed different diets, as follows:

� 10 wild type fed normal control diet (NCD);

� 10 Cmah−/− fed NCD;

� 10 sild type fed high fat diet (HFD); and

� 10 Cmah−/− fed HFD.

This type of study is called balanced because each group is the same size (10 mice each)
and fully crossed because all possible combinations of diet (NCD vs. HFD) and genetics
(wild vs. Cmah−/−) are tested. The researchers measured changes in body weight and
blood sugar levels over 12 weeks. Some results are shown in Box 2.
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Box 2: Some results of the diabetes study

This figure shows the effects of diet and the Cmah gene on body weight and blood glucose
in mice (Kavaler et al., 2011).

� Panel (A): Changes in body weight (in grams) over time (in weeks) in the four
groups of mice tested. See Box 1 for descriptions of each group.

� Panels (B and C): Differences in weight and blood glucose concentration (in
miligrams per 100 mililiters = mg/dl) of the four groups of mice at the end of
the study (12 weeks). Each data point represents one mouse in the group labeled
on the x-axis. Short horizontal lines are the averages (= “means”) of each group.

It is clear from panels (B) and (C) that weight and blood glucose vary mouse-to-mouse
even within a single group. Worse, if we took a different sample of 40 mice, we would
almost certainly get different means for each group. So, means of samples could differ for
2 reasons: (i) genetics and/or diet affect weight and/or blood glucose; or (ii) our samples
are unrepresentative by chance because they used wonky mice by accident.

Luckily, one can estimate the likelihood that data are unrepresentative using statistical
methods called hypothesis tests. Kavaler et al. (2011) performed such tests, the results
of which are shown as brackets connecting groups in panels (B) and (C).

� First, look at the 2 groups fed NCD in panel (B). Their means are almost identical,
so we can conclude that there is no evidence from these data that the Cmah
gene alone has any effect on body weight. IMPORTANT NOTE: We did not
say that the Cmah gene has no effect on body weight, just that these data do not
support that conclusion. We don’t have enough evidence here to say for certain
that body weight is unaffected by the Cmah gene.

� Now, compare the two NCD groups to the two HFD groups in the same panel. Both
means of the latter group are obviously larger than the means of the NCD groups.
(This conclusion is supported by statistics presented in the paper but not shown
here.) Therefore, we can conclude that these data support the notion that
high fat diets increase body weight compared to normal control diets.
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� Finally, compare the two HFD groups. The average weight of wild type is greater
than the average weight of Cmah−/−. But, many Cmah−/− mice are heavier than
some wild type mice. So can we really say that, on average, wild type mice get fat-
ter than Cmah−/− mice when fed HFD? That’s where hypothesis testing comes in.
Kavaler et al. (2011) performed an appropriate test to see if the difference was likely
to be caused by chance variation among mice. Their test indicated that the differ-
ence in means between the two groups is unlikely to be due to random
variation among mice. That leads us to conclude that these data support
the notion that wild type mice fed high fat diets gain more weight, on
average, than do Cmah−/− mice fed HFD. As a shorthand, some say that the
difference in means is statistically significant whenever a statistical hypothesis
test suggests that differences are unlikely to be caused by random variation. Here,
they note statistical significance with a bracket between the two groups and a sym-
bol showing the level of significance. (For an interpretation of the symbols used,
see Table B3.1 in the textbook.)

4. Focus on the Figure in Box 2, panel (C). Using the information in Box 2 as a guide,
complete the following exercises:

(a) Compare blood glucose concentrations of wild type mice fed HFD to Cmah−/− mice
fed HFD. Find the bracket connecting those 2 groups in the figure, and note that
there is a single asterisk above the bracket. What exactly does that asterisk mean?
(See BioSkill 3 in the textbook, especially Table B3.1 and the “Check your under-
standing” box.)

(b) Now compare blood glucose concentrations of wild type mice fed NCD to wild type
mice fed HFD. Which has a higher mean, and how likely is that difference in means
to be due to random chance as opposed to a physiological difference between mice?
NOTE: The single caret symbol, ˆ, (looks like an upside-down “v”) is equivalent to
a single asterisk, *.

(c) Next, compare blood glucose concentrations of wild type mice fed NCD to Cmah−/−

mice fed NCD. Do these data support, contradict or say nothing about the hypothesis
that the Cmah gene does not affect blood glucose? Explain your answer thoroughly.
(NOTE: The single hashtag, #, is equivalent to a single asterisk, *.

(d) Is it correct to conclude that these data support the notion that missing the Cmah
gene causes higher blood glucose in mice no matter what type of diet they are on?
Explain your answer thoroughly.

3.2 Calculating basic statistics with a spreadsheet

Data distributions like the ones graphed in panels (B) and (C) of the figure in Box 2 are char-
acterized quantitatively by summary statistics. Here, we examine how to use a spreadsheet
program like Excel or Google Sheets to calculate the following important summary statistics:
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Figure 1: Spreadsheet example. In this image, the column labeled “Example Data” shows
August rainall in Phoenix, AZ from 2009 to 2018. Note how mean, standard deviation and
standard error calculations are organized and clearly labeled.

� Average or mean: The arithmetic average (also called the mean) measures the central
tendency of the distribution, as already explained in Box 2.

� Standard deviation: The size of the “spread” of a distribution can be measured in a
variety of ways. Mathematically speaking, the best is the variance. Unfortunately, that
value does not have a clear intuitive meaning, but its square root, called the standard
deviation, does (sort of).

� Standard error: The standard deviation measures the spread of the data. But as
explained in Box 2, different samples from the same source will give us different means.
The estimated “spread” in all these means is called the standard error, and it plays a very
important role in determining if a difference in means between 2 groups is statistically
significant.
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Calculation Exercise

The blood glucose data for the Cmah−/− mice fed HFD (see Figure in Box 2, panel C)
is the following (all values in mg/dL):

265, 252, 239, 218, 211, 208, 201, 199, 197, 177.

From the course website, under “Readings,” download the pdf titled, Graphing and Basic
Statistics (item # 4). Using the information in that reading and the spreadsheet appli-
cation of your choice (e.g., Excel, OpenOffice Calc, Google Sheets, etc.), complete the
following exercise.

� Enter the data above into the spreadsheet.

� In 3 clearly labeled cells, calculate the mean, standard deviation and standard error
of the data you entered. (See Fig. 1 for an example of how to organize your answer.)

� Submit a screenshot of your results via Canvas.
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