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The Gene Book
Explorations in the Code of Life

By Sarah Adelaide Crawford



This book is dedicated to my dear father, Thomas A. Crawford, 
who loved both science and books—this one is for you.
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Chapter 1
Genetics Discoveries: Meeting Mendel
What Mendel’s Discoveries Taught Us About Inheritance 

Figure 1.1 

Garden pea botanical print
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The Discovery of Phenylketonuria (1934)

Borgny and Harry Egeland lived in Oslo and were married in 1923. They eventually begot two 
children both of who developed mental retardation. By 1934, the oldest, a girl by the name of Liv, 
was 6½ years old. She is described as being … very restless, always fl uttering about from one thing 
to another without issue. She is able to say some words which are understood by her family but 
she does not talk in sentences. (See Figure 1.2.)

The youngest was a 4-year-old boy by the name of Dag. His level of impairment was even worse 
than his sister. He is barely able to sit upright when supported. His head is inclined to drop to one 
side. He is unable to talk, expels some inarticulate sounds, cries and smiles, wants to play and to 
be entertained. He is unable to eat without assistance or to chew solid food and must accordingly 
be nourished on a liquid diet. Interestingly, their parents also noticed an atypical odor associated 
with both children.

Subsequently, the Egelands contacted a doctor they’d heard about named Asborn Følling. Having 
postulated that the children’s mental retardation was somehow related to the presence of the 
phenylpyruvic acid in their urine, Følling set out to explore whether this relationship was present 
in other impaired children as well. Følling found eight more individuals, including two additional 
sibling groups.

In addition to the urine similarity, he noted that the individuals also shared other characteristics. 
They tended to have fair complexions, eczema, broad shoulders, stooping fi gure, and spastic gait. 

Figure 1.2 

Newborn is tested for PKU
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All also suffered from severe intellectual impairment. The genealogical data from this sample 
provided convincing evidence that PKU was passed by simple autosomal recessive gene inheritance. 
(Centerwall, 2000)

So—Følling’s seminal discovery in 1934 showed that a severe form of cognitive impairment could 
be inherited, the gene transmitted from parents to offspring. But why were the Egeland children 
affected, but neither of their parents? How could this disorder be inherited if the parents showed 
no sign of the disorder?

1. What about this family history suggested that this impairment might result from an
inherited disorder?

A Visit to Mendel’s Garden

To answer this important question, we have to move farther back 
in time, to a monastery in Brno, now the Czech Republic, and visit 
a 19th-century monk busy at work in the garden (see Figure 1.3). 
He is studying the garden pea (see Figure 1.1), and how its traits 
are transmitted from one plant generation to the next. He could 
not have known at the time that his discoveries would explain far 
more than inheritance in the garden pea, but rather would be-
come a blueprint for life, explaining how genes are passed from 
parents to offspring for almost all forms of life.

So let’s visit with Gregor Mendel for a while and see what his 
work is telling us about inheritance. Let’s start with the color of 
the flowers. Garden peas come in two colors: white and purple. 
Mendel makes an interesting observation.

When he crosses pure purple plants with pure white plants, ALL 
the offspring are purple. Mendel has concluded that “purple flow-
er color” is dominant to “white flower color” in the garden pea 
(see Figure 1.4). He repeats this experiment for several additional 
traits in the garden pea and reaches the same conclusion every 

time: One form of the trait is always dominant to the other. He calls the “hidden” trait recessive. 
This observation becomes Mendel’s Law of Dominance.

2. Show the genetic cross for plant height. The parents are pure tall X pure short. Use sym-
bols to show the genetic cross.

3. Why are all the offspring tall, even though one of the parents is short?

Figure 1.3

Gregor Mendel
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Mendel wasn’t finished yet. He decides to take things a 
step further. He takes the tall plants produced by crossing 
the pure tall and pure short parents and crosses these 
offspring to see what happens. He probably expected that 
this new generation would all be tall because both parents 
were tall. But—and what a surprise—some plants in this 
second generation are short! How could this happen?

4. When the offspring from question 1-1 are
crossed what are the genotypes and phenotypes
of the offspring produced by this cross?

5. Why do we see short plants produced by tall par-
ents if short is recessive to tall?

Based on this evidence, Mendel devises a theory: The 
reappearance of the recessive trait shows that the genet-
ic element specifying shortness was present in the tall 
parents; there must be TWO elements—one from each 
parent—that determines the inheritance of a trait! The 
fact that a new combination of these genetic elements 
could produce a short plant suggested that genetic factors can separate during the formation of 
gametes and produce novel combinations in the offspring. He calls this the Law of Segregation.

So Let’s Summarize What Mendel Has Told Us So Far

1. If you cross a pure dominant with a recessive trait, all offspring will show the dominant
trait. However, the offspring will still carry a copy of the recessive element.

2. In the language of genetics, a pure dominant is homozygous, having two copies of the dom-
inant element.

Mendel needs to figure this out. So he decides to count 
 the number of tall and short plants and he finds that 
 about 3/4 of the plants are tall and 1/4 are short. So he 
repeats this experiment, studying this and other traits in 
the garden pea, and always sees the same thing: About 
3/4 display the dominant trait and 1/4 are recessive (see 
Figure 1.4).

Figure 1.4

Single gene cross
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3. The offspring of a dominant X recessive cross will show the dominant trait, but will be ge-
netically different from their dominant parent, because they are not pure but have inherited 
a recessive element from the recessive parent.

4. When the two genetic elements are different, this is called heterozygous.
5. Based on the Law of Dominance, recessive individuals must have TWO copies of the reces-

sive element to display the trait.
6. The trait is called the phenotype.
7. The genetic composition responsible for the trait is called the genotype.
8. Because you inherit one genetic element from your mother and one from your father, you 

have two copies of each genetic element. Therefore, you are diploid.
9. Based on the Law of Segregation, the two paired genetic elements separate during the for-

mation of gametes; therefore, the gametes have only one copy and are called haploid. At 
fertilization, the haploid gametes—sperm and egg—fuse to form a diploid embryo.

We leave Mendel’s garden very impressed. Such simple experiments have provided such great 
insight into the way inheritance works. Now Følling’s discovery makes more sense. The Egeland 
parents did not have PKU, they both showed the dominant normal brain function, but each was 
heterozygous—each carried a copy of the defective recessive genetic element. Because PKU is 
recessive, you must inherit two copies of the defective element to show the abnormal phenotype—
severe cognitive impairment, one from each parent, in the haploid sperm and egg fertilized to 
form the diploid embryo.

6. Two healthy parents give birth to a child diagnosed with cystic fibrosis. Using the letter 
C for the alleles of this gene, what are the parents’ genotypes?

 ■ Cc and Cc

 ■ Cc and CC

 ■ cc and cc

 ■ CC and cc

We are anxious to return to Mendel’s garden, to learn more about inheritance, but first we need 
some tools. The first is the Punnett Square, which shows us how we can combine gametes in ge-
netic crosses and observe the expected results. Let’s learn how to prepare and analyze a Punnett 
Square (see Figure 1.5).

Using the Punnett Square, we see where Mendel’s 3:1 ratio comes from. It results from a mono-
hybrid cross where both parents are heterozygous. Regardless of whether we are studying the 
inheritance of height in the pea plant or PKU in humans, the pattern is exactly the same.

Why is one form of a trait dominant and the other is recessive? What causes this?
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Mendel had no idea. But Følling’s research on PKU led to an explanation of why this genetic 
disorder is recessive. Let’s visit his laboratory where he is conducting biochemical studies on the 
Egeland children’s urine samples (see Figure 1.6).

While routinely testing the children’s urine for ketones, however, Følling made a strange, unexpected 
discovery. To test for ketones, a solution of aqueous ferric chloride is added to the urine. Typically, 

t

t

1. START WITH 2 PARENTS WHO TRANSMIT ONE ALLELE
 EACH FOR THE GENE

2. IN THIS EXAMPLE, BOTH PARENTS ARE HETEROZYGOUS

3. THE GAMETES THAT FORM ARE HAPLOID.

4. WE MAKE A PUNNETT SQUARE IN ORDER TO FIGURE OUT
 THE PHENOTTPES AND GENOTYPES THAT COULD BE PRODUCED
 BY THIS GENETIC CROSS, CALLED A MONOHYBRID CROSS
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Figure 1.5 

Tutorial: Punnett Square

Figure 1.6

Følling’s biochemistry lab
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no ketones are present and the mixture turns red-brown. If ketones are present, the mixture turns 
purple or burgundy. Mixing ferric chloride with the urine of the Egeland children resulted in 
neither of these reactions. Instead, their urine immediately turned dark green and then faded in 
color after a few minutes.

Følling worked diligently for a month to isolate the substance. Another six weeks were necessary 
to identify the substance as phenylpyruvic acid. (Centerwall, 2000)

Well, the biochemistry showed that the Egeland children’s bodies did not produce the enzyme needed 
to metabolize the amino acid phenylalanine. Apparently, the inability to process this amino acid leads 
to its accumulation in the body resulting in profoundly impaired brain development in early life.

So why is PKU recessive? The recessive element is a mutant gene that can’t make the enzyme. 
The Egeland parents were heterozygous carriers; they each had one normal and one nonfunctional 
copy of this gene. The children inherited a copy of the nonfunctional element from each parent—
no enzyme—leading to PKU.

Wait a minute—you may ask. If that’s the case, then because the Egeland parents were carriers, 
and had only one functional copy of the gene, their bodies should produce only half as much en-
zyme as noncarriers who have two functional copies of the gene. Good question! As a matter of 

fact, Følling is studying just this question in 
his laboratory right now.

So—the Egeland parents only produce 1/2 
the normal amount of enzyme—but it’s enough 
to do the job—so the Egeland parents are nor-
mal—heterozygous dominant—whereas their 
two children have two copies of the nonfunc-
tional gene and have the recessive phenotype, 
PKU (see Figure 1.7).

7.  If a disorder is dominant, and one parent 
is affected, what are the parental geno-
types if they produce one child who is 
affected with this disorder and one who 
is not?

a. DD and dd
b. Dd and dd
c. Dd and Dd
d. DD and DdFigure 1.7 

Single gene inheritance in humans
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More than Mendel

We are so excited to learn so much about inheritance. 
Mendel was truly amazing! Are all genes inherited this 
way—dominant or recessive? Actually, no; inheritance 
can be a little more complex than that. For example, 
some traits show incomplete dominance. Mendel no-
ticed that the inheritance pattern for some traits resem-
bled neither parent, but was somewhere in between. 
In 1900, another botanist, Karl Correns, described this 
phenomenon in four o’clock plants. If he took a red 
flower plant and crossed it with a white flower plant, 
all the progeny plants had pink flowers! Let’s see how 
this works (see Figure 1.8).

8. Four o’clock plants come in three colors: red, 
white, and pink. What is the expected pheno-
typic ratio for the progeny of two pink flower 
plants in which flower color is incompletely dominant?

 ■ A 3:1

 ■ B 1:1:1

 ■ C 1:2:1

There’s another interesting form of inheritance: It’s called co-dominance. Human blood types are 
inherited this way (see Figure 1.9). We’re going to visit Landsteiner’s laboratory to learn all about 
it. More than a century ago, Landsteiner defined four blood types in humans: A, B, AB, and O. He 
discovers that blood type is inherited and it shows some unusual patterns. He is studying a patient 
who has Type AB blood. To his surprise, he finds that his patient’s mother is Type A and his father 
is Type B. Their child expresses BOTH these traits—he is blood type AB. This type of inheritance 
is called co-dominance. Landsteiner realizes that the boy inherited the A form of the gene from 
his mother and the B form of the gene from his father. But neither version of the gene dominates 
the phenotype. Both forms of the gene equally contribute to the phenotype.

Research on more patients’ blood types shows that a different story occurs in regard to the inher-
itance of Type O blood. Landsteiner is seeing a patient today who has type O blood. He examines 
the little girl’s parent case histories and finds that her mother has type A blood and her father has 
type B blood. The doctor is perplexed: Where did the type O phenotype come from? Landsteiner 
goes back to the laboratory and reviews the patient history more carefully. It turns out that both 
the little girls’ grandmothers had type O blood. The story was beginning to make sense. Both the 

Figure 1.8 

Incomplete dominance
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girl’s parents are carriers of the O form of the gene, hence they are heterozygous. However, neither 
has type O blood because O is recessive to both A and B, resulting in the observation that the girl’s 
mother is type A and her father is type B. O is recessive to both these forms of the gene!

9. Two parents with type A blood can produce offspring with which blood types?

a. Type A only
b. Type A and Type O
c. Type O only

This makes a lot of sense, but we ask Dr. Landsteiner one more question before we go. We learned 
from Mendel that each person has two copies of every gene, but Dr. Landsteiner’s research shows 
that there are THREE gene copies for blood type. How can this be? Dr. Landsteiner smiles; he 
has heard this question many times before. He explains to us that, although each individual has 
only two copies of every gene, there may be more than two possible gene types in the population 
as a whole. This is called multiple alleles. An allele is another name for gene copy. In the human 

Figure 1.9 

Human blood types
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species, there are three copies of the allele for blood type. Each of us has two; which ones we inherit 
depend on the blood types of our parents. Now the entire story makes sense.

Dr. Landsteiner has even more exciting news for us! He has discovered a gene called the Rh fac-
tor. An individual can be Rh+ or Rh-. The inheritance pattern for the Rh factor is another example 
of Mendel’s Law of Dominance. Rh+ is dominant over Rh-. His next patient is a young boy who is 
Rh-. The boy’s parents want to know how their son inherited this phenotype. The doctor examines 
the parents’ medical histories: The mother is blood type A, Rh+ and the father is Type B, Rh-. He 
explains to the family that the boy, who is Type A, Rh- inherited one recessive allele from his father 
and one from his mother, who must be heterozygous Rh+. This makes a lot of sense, a case of sim-
ple dominance. Just as they are about to leave the doctor’s office, the boy’s father notices something 
unusual. Because his son is Rh- like him, why does he have a different blood type, A instead of B? 
Is he really this man’s son? Now Dr. Landsteiner starts to laugh! Didn’t Professor Mendel explain 
that to you? He suggested we all pay the Father of Genetics another visit.

We find Prof. Mendel busy working in his 
garden as usual. But he takes the time to ex-
plain what’s going on. The boy’s father is his 
biological parent, Mendel asserts immediately, 
putting us all at ease. He takes us to the green-
house and shows us his records of plant mat-
ings (see Figure 1.10). Starting with a parental 
generation called P1 he explored the inheri-
tance of two different traits in the same plant 
family: height and flower color. He crossed a 
pure tall, purple flower plant with a short white 
flower plant and observed that the of the P1 
generation, called the F1 generation, were all 
tall with purple flowers. No surprises there, 
based on the Law of Dominance. We certainly 
hope the story is going to get more interest-
ing than this! Mendel then goes on to say that 
he crossed the F1 dihybrids (both parents are 
heterozygous for each of the two genes) and 
observed that the next generation called the 
F2 was composed mostly of tall plants with 
purple flowers. A few showed the double re-
cessive phenotype, short with white flowers.

But then he observed the most amazing 
thing! Some of the plants showed combina-
tions of traits that were not observed in their 

SS bb

Sb

ss BB

Ss bB Ss bB Ss bB

SS BB SS Bb Ss BB Ss Bb

SS bB SS bb Ss bB Ss bb

sS BB sS Bb ss BB ss Bb

sS bB sS bb ss bB ss bb

Ss bB

SB

Sb

sB

sb

Sb sB sB

SB

F1

F2
Sb sB sb

Figure 1.10 

Dihybrid cross



12 | The Gene Book

parents—the F1—or their grandparents—the P1 generation. He shows us a plant from this F2 
generation that is tall but has white flowers. And then another that was short with purple flowers. 
How could a tall plant in this plant family have white flowers when only the short grandparents 
had white flowers? How could some of the tall plants have purple flowers? The tall ancestors had 
only purple flowers. Mendel says he suddenly realized that these traits—plant height and flower 
color—were inherited as separate genetic elements so that all combinations of the two could be 
produced. He called this the Law of Independent Assortment.

So now we know what happened when the little boy was shown to be Rh- with Type A blood 
whereas his father was Rh- with Type B blood and his mother was Rh+ and Type A blood. In hu-
mans, the genes for blood type and Rh factor are inherited as separate genetic elements. We see 
how the Law of Independent Assortment explains a lot about how traits are inherited.

10. If both parents are IAi and Rh+/-, what fraction of their offspring can be expected to 
have Type A blood and Rh- phenotypes?

a. 1/4
b. 9/16
c. 1/16
d. 3/16

Where are we now? Our visit to Mendel’s garden has taught us some really important concepts 
of inheritance:

• Genes are inherited as discrete units—each gene defines a trait.

• Genes may consist of alternative forms: dominant or recessive.

• Two copies of every gene are found in the cell—except when gametes form—they contain 
only one copy of each gene. This is the Law of Segregation.

• The inheritance pattern of two different genes (flower color and plant height, for example) 
shows us that these traits are independently inherited.

• We’ve learned that Mendel’s principles can be applied to human inheritance, for example, 
PKU.

• Not all traits are inherited strictly according to the Law of Dominance. We learned about 
incomplete dominance and co-dominance.

Things are beginning to get a bit more complex!
Where do we go from here? Well, let’s see. It looks like we’re going to be exploring family trees 

and playing genetic dice! We hurry off to Chapter 2.



Chapter 1: Genetics Discoveries: Meeting Mendel | 13

References
Centerwall, S. and Centerwall, W. “The Discovery of Phenylketonuria,” Pediatrics 105 no.1 (2000): 89–103.
Christ, Shawn E., “Asbjørn Følling and the Discovery of Phenylketonuria,” Journal of the History of the Neurosciences 12, 

no. 1 (2003): 44–54.

Figure Credits
Fig. 1.1: Source: https://commons.wikimedia.org/wiki/File:Curtis%27s_Botanical_Magazine_Tab_9405_Aquilegia_

grata_from_Karl_Maly%27s_sample_Dobrun_Bosnia_1909.JPG 
Fig. 1.2: Source: https://commons.wikimedia.org/wiki/File:Phenylketonuria_testing.jpg 
Fig. 1.3: Copyright © Wellcome Library (CC by 4.0) at https://wellcomeimages.org/. 
Fig. 1.4: Copyright © (CC BY-SA 4.0) at https://cnx.org/contents/24nI-KJ8@24.18:NjE8d7G4@7/

Mendels-Experiments. 
Fig. 1.7: Source: https://commons.wikimedia.org/wiki/File:1905_Otto_Folin_in_biochemistry_lab_at_McLean_

Hospital_byAHFolsom_Harvard.png 
Fig. 1.7: Copyright © Cburnett (CC BY-SA 3.0) at https://commons.wikimedia.org/w/index.php?curid=1840082. 
Fig. 1.9: Copyright © Spencer Baron (CC BY-SA 3.0) at https://commons.wikimedia.org/wiki/File:Incomplete_dom-

inance.svg. 
Fig. 1.9: Source: https://commons.wikimedia.org/wiki/File:ABO_blood_type.svg 
Fig. 1.10: Source: https://commons.wikimedia.org/wiki/File:Dihybrid_cross.png


