
Domesticated wheat. The color of wheat ranges from a dark red to 
white, which is an example of a complex or quantitative trait.
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QUANTITATIVE GENETICS25
In this chapter, we will examine complex traits—characteristics 
that are determined by several genes and are significantly influ-
enced by environmental factors. Many complex traits are viewed 
as quantitative traits because they can be described numerically. 
In humans, quantitative traits include height, the shape of our 
noses, and the rate at which we metabolize food, to name a few 
examples. The field of genetics that studies the mode of inheritance 
of complex or quantitative traits is called quantitative genetics. 
Quantitative genetics is an important branch of genetics for several 
reasons. In agriculture, most of the key characteristics of interest 
to plant and animal breeders are quantitative traits. These include 
traits such as weight, fruit size, resistance to disease, and the abil-
ity to withstand harsh environmental conditions. As we will see 
later in this chapter, genetic techniques have improved our ability 
to develop strains of agriculturally important species with desirable 
quantitative traits. In addition, many human diseases are viewed as 
complex traits that are influenced by several genes.
 Quantitative genetics is also important in the study of evolu-
tion. Many of the traits that allow a species to adapt to its envi-
ronment are quantitative. Examples include the swift speed of the 
cheetah and the sturdiness of tree branches in windy climates. The 
importance of quantitative traits in the evolution of species will be 

discussed in Chapter 26 . In this chapter, we examine how genes 
and the environment contribute to the phenotypic expression of 
complex or quantitative traits. We will begin with an examination 
of quantitative traits and how to analyze them using statistical tech-
niques. We then look at the inheritance of polygenic traits and at 
quantitative trait loci—locations on chromosomes containing genes 
that affect the outcome of quantitative traits. Advances in genetic 
mapping strategies have enabled researchers to identify these genes. 
Last, we look at heritability and consider various ways of calculat-
ing and modifying the genetic variation that affects phenotype.

25.1 QUANTITATIVE TRAITS
When we compare characteristics among members of the same 
species, the differences are often quantitative rather than quali-
tative. Humans, for example, all have the same basic anatomical 
features (two eyes, two ears, and so on), but they differ in quan-
titative ways. People vary with regard to height, weight, the shape 
of facial features, pigmentation, and many other characteristics. 
As shown in Table 25.1 , quantitative traits can be categorized 
as anatomical, physiological, and behavioral. In addition, many 
human diseases exhibit characteristics and inheritance patterns 
analogous to those of quantitative traits. Three of the leading 
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causes of death worldwide—heart disease, cancer, and diabetes—
are considered complex traits.
 In many cases, quantitative traits are easily measured and 
described numerically. Height and weight can be measured in cen-
timeters (or inches) and kilograms (or pounds), respectively. Speed 
can be measured in kilometers per hour, and metabolic rate can 
be assessed as the grams of glucose burned per minute. Behavioral 
traits can also be quantified. A mating call can be evaluated with 
regard to its duration, sound level, and pattern. The ability to learn 
a maze can be described as the time and/or repetitions it takes to 
learn the skill. Finally, complex diseases such as diabetes can also 
be studied and described via numerical parameters. For example, 
the severity of the disease can be assessed by the age of onset or by 
the amount of insulin needed to prevent adverse symptoms.
 From a scientific viewpoint, the measurement of quantita-
tive traits is essential when comparing individuals or evaluating 
groups of individuals. It is not very informative to say that two 
people are tall. Instead, we are better informed if we know that 
one person is 5 feet 7 inches and the other is 5 feet 10 inches. In 
this branch of genetics, the measurement of a quantitative trait is 
how we describe the phenotype.
 In the early 1900s, Francis Galton in England and his 
student Karl Pearson showed that many traits in humans and 
domesticated animals are quantitative in nature. To understand 
the underlying genetic basis of these traits, they founded what 
became known as the biometric field of genetics, which involved 
the statistical study of biological traits. During this period, Gal-
ton and Pearson developed various statistical tools for studying 
the variation of quantitative traits within groups of individuals; 
many of these tools are still in use today. In this section, we will 
examine how quantitative traits are measured and how statistical 
tools are used to analyze their variation within groups.

Quantitative Traits Exhibit a Continuum 
of Phenotypic Variation That May Follow 
a Normal Distribution
In Part II of this textbook, we discussed many traits that fall into 
discrete categories. For example, fruit flies might have white eyes 
or red eyes, and pea plants might have wrinkled seeds or smooth 

seeds. The alleles that govern these traits affect the phenotype in 
a qualitative way. In analyzing crosses involving these types of 
traits, each offspring can be put into a particular phenotypic cat-
egory. Such attributes are called discontinuous traits.
 In contrast, quantitative traits show a continuum of phe-
notypic variation within a group of individuals. For such traits, it 
is often impossible to place organisms into a discrete phenotypic 
class. For example,  Figure 25.1 a is a classic photograph from 
1914 showing the range of heights of 175 students at the Con-
necticut Agricultural College. Though height is found at mini-
mum and maximum values, the range of heights between these 
values is fairly continuous.
 How do geneticists describe traits that show a continuum 
of phenotypes? Because quantitative traits do not naturally fall 
into a small number of discrete categories, an alternative way to 
describe them is a frequency distribution. To construct a fre-
quency distribution, the trait is divided arbitrarily into a num-
ber of convenient, discrete phenotypic categories. For example, in 
Figure 25.1, the range of heights is partitioned into 1-inch inter-
vals. Then a graph is made that shows the numbers of individu-
als found in each of the categories.
 Figure 25.1b shows a frequency distribution for the heights 
of students pictured in Figure 25.1a. The measurement of height 
is plotted along the x-axis, and the number of individuals who 
exhibit that phenotype is plotted on the y-axis. The values along 
the x-axis are divided into the discrete 1-inch intervals that define 
the phenotypic categories, even though height is essentially contin-
uous within a group of individuals. For example, in Figure 25.1a, 
22 students were between 64.5 and 65.5 inches in height, which is 
plotted as the point (65 inches, 22 students) on the graph in Fig-
ure 25.1b. This type of analysis can be conducted on any group of 
individuals who vary with regard to a quantitative trait.
 The line in the frequency distribution depicts a normal dis-
tribution, a distribution for a large sample in which the trait of 
interest varies in a symmetrical way around an average value. The 
distribution of measurements of many biological characteristics is 
approximated by a symmetrical bell curve like that in Figure 25.1b. 
Normal distributions are common when the phenotype is deter-
mined by the cumulative effect of many small independent factors. 
We will consider the significance of this type of distribution next.

Statistical Methods Are Used to Evaluate 
a Frequency Distribution Quantitatively
Statistical tools are used to analyze a normal distribution in a 
number of ways. One measure you are probably familiar with is 
a parameter called the mean, which is the sum of all the values 
in the group divided by the number of individuals in the group. 
The mean is computed using the following formula:

 
__

 X   =   ΣX ___ N  

where  

  
__

 X   is the mean
 ΣX is the sum of all the values in the group
 N is the number of individuals in the group

TABLE 25.1
Types of Quantitative Traits

Trait  Examples

Anatomical traits  Height, weight, number of bristles in Drosophila, ear 
length in corn, and the degree of pigmentation in 
flowers and skin

Physiological traits  Metabolic traits, speed of running and flight, ability 
to withstand harsh temperatures, and milk production 
in mammals

Behavioral traits  Mating calls, courtship rituals, ability to learn a maze, 
and the ability to grow or move toward light

Diseases  Atherosclerosis, hypertension, cancer, diabetes, 
and arthritis
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A more generalized form of this equation can be used:

 
__

 X   =   
 Σfi  Xi        _____ N  

where 
  

__
 X   is the mean

Σfi  Xi  is the sum of all the values in the group; 
each value in the group is multiplied by its 
frequency ( fi) in the group 

 N is the number of individuals in the group

For example, suppose a bushel of corn had ears with the 
following lengths (rounded to the nearest centimeter): 15, 14, 13, 
14, 15, 16, 16, 17, 15, and 15. Then

  
__

 X   =     4(15) + 2(14) + 13 + 2(16) + 17   _____________________________  10  

 
__

 X   = 15 cm

In genetics, we are often interested in the amount of phenotypic 
variation that exists in a group. As we will see later in this chapter 

and in Chapter 26 , variation lies at the heart of breeding experi-
ments and of evolution. Without variation, selective breeding is 
not possible, and natural selection cannot favor one phenotype 
over another. A common way to evaluate variation within a pop-
ulation is with a statistic called the variance, which is a measure 
of the variation around the mean. The variance is the sum of the 
squared deviations from the mean divided by the degrees of free-
dom (df equals N − 1; see Chapter 2  for a review of degrees of 
freedom).

Vx =   
Σfi (Xi −  

__
 X   )2
  ___________ N − 1  

where
 VX   is the variance

 Xi −  
__

 X       is the difference between each value and the mean
 N   equals the number of observations

For example, if we use the values given previously for the lengths 
of ears of corn, the variance in this group is calculated as follows:

F IGURE 2 5 .1  Normal distribution of a quantitative trait. (a) The distribution of heights in 175 students at the Connecticut Agricultural Col-
lege in 1914. (b) A frequency distribution for the heights of students shown in (a).
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 Σfi (Xi −  
__

 X   )2 =  4(15 − 15)2 + 2(14 − 15)2 +
(13 − 15)2 + 2(16 − 15)2 + (17 − 15)2

 Σfi (Xi −  
__

 X   )2 = 0 + 2 + 4 + 2 + 4

 Σfi (Xi −  
__

 X   )2 = 12 cm2

 VX =   
Σfi (Xi −  

__
 X   )2
  ___________ N − 1  

 VX =   12 cm2
 ______ 9  

 VX = 1.33 cm2

 Although variance is a measure of the variation around the 
mean, it is a statistic that may be difficult to understand intui-
tively because the variance is computed from squared deviations. 
For example, weight can be measured in grams; the correspond-
ing variance is measured in square grams. Even so, variances are 
centrally important in the analysis of quantitative traits because 
they are additive under certain conditions. This means that the 
variances for different factors that contribute to a quantitative 
trait, such as genetic and environmental factors, can be added 
together to predict the total variance for that trait. Later, we will 
examine how this property is useful in predicting the outcome of 
genetic crosses.
 To gain a more intuitive grasp of variation, we can take the 
square root of the variance. This statistic is called the standard 
deviation (SD). Again, using the same values for length, the 
standard deviation is

                       SD =  √ 
___

 VX   =  √ 
____

 1.33  

              SD = 1.15 cm

 If the values in a population follow a normal distribution, it 
is easier to appreciate the amount of variation by considering the 
standard deviation. Figure 25.2  illustrates the relationship between 
the standard deviation and the percentages of individuals that devi-
ate from the mean. Approximately 68% of all individuals have val-
ues within one standard deviation from the mean, either in the 
positive or negative direction. About 95% are within two standard 
deviations, and 99.7% are within three standard deviations. When 
a quantitative characteristic follows a normal distribution, less than 
0.3% of the individuals have values that are more or less than three 
standard deviations from the mean of the population. In our corn 
example, three standard deviations equal 3.45 cm. Therefore, we 
expect that approximately 0.3% of the ears of corn would be less 
than 11.55 cm or greater than 18.45 cm, assuming that length fol-
lows a normal distribution.

Some Statistical Methods Compare 
Two Variables to Each Other
In many biological problems, it is useful to compare two differ-
ent variables. For example, we may wish to compare the occur-
rence of two different phenotypic traits. Do obese animals have 

larger hearts? Are brown eyes more likely to occur in people with 
dark skin pigmentation? A second type of comparison is between 
traits and environmental factors. Does insecticide resistance 
occur more frequently in areas that have been exposed to insec-
ticides? Is heavy body weight more prevalent in colder climates? 
Finally, a third type of comparison is between traits and genetic 
relationships. Do tall parents tend to produce tall offspring? Do 
women with diabetes tend to have brothers with diabetes?
 To gain insight into such questions, a statistic known as the 
correlation coefficient is often applied. To calculate this statistic, 
we first need to determine the covariance, which describes the 
relationship between two variables within a group. The covari-
ance is similar to the variance, except that we multiply together 
the deviations of two different variables rather than squaring the 
deviations from a single factor.

  CoV(X,Y   ) =      Σfi[(Xi −  
__

 X  ) (Yi −  
__

 Y  )]
 

    
 _____________ N − 1
  

where 
  CoV(X,Y ) is the covariance between X and Y values
 Xi     represents the values for one variable, and  

__
 X   is the 

mean value in the group
 Yi     represents the values for another variable, and  

__
 Y   is 

the mean value in that group
 N    is the total number of pairs of observations

 As an example, let’s compare the weight of cows and that of 
their adult female offspring. A farmer might be interested in this 
relationship to determine if genetic variation plays a role in the 
weight of cattle. The data (see next page) describe the weights at 5 
years of age for 10 different cows and their female offspring.

FIGU R E 2 5. 2  The relationship between the standard devia-
tion and the proportions of individuals in a normal distribution. 
For example, approximately 68% of the individuals in a population are 
between the mean and one standard deviation (1 SD) above or below 
the mean.
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Mother’s Offspring’s 
Weight (kg) Weight (kg)   X−X  Y−Y    (X−X) (Y−Y)
  570  568 −26 −30  780
 572  560 −24 −38   912
 599  642  3  44  132
 602  580  6 −18 −108
 631  586  35 −12  −420
 603  642  7  44  308
 599  632  3  34  102
 625  580  29 −18 −522
 584  605 −12  7 −84
  575  585 −21 −13  273
  

__
 X   = 596  

__
 Y   = 598   Σ = 1373

SDX = 21.1 SD Y = 30.5 

  CoV(X,Y   ) =      Σfi[(Xi −  
__

 X  ) (Yi −  
__

 Y  )]
 

    
 _____________ N − 1
  

   CoV(X,Y ) =   1373 ______ 10 − 1  

                             CoV(X,Y ) = 152.6

 After we have calculated the covariance, we can evaluate 
the strength of the association between the two variables by cal-
culating a correlation coefficient (r). This value, which ranges 
between −1 and +1, indicates how two factors vary in relation 
to each other. The correlation coefficient is calculated as

 r(X,Y ) =   
CoV(X,Y  ) _______  SDXSDY

  

A positive r value means that two factors tend to vary in the 
same way relative to each other; as one factor increases, the other 
increases with it. A value of zero indicates that the two factors 
do not vary in a consistent way relative to each other; the values 
of the two factors are not related. Finally, a negative correlation, 
in which the correlation coefficient is negative, indicates that the 
two factors tend to vary in opposite ways to each other; as one 
factor increases, the other decreases.
 Let’s use the data of 5-year weights for mother and off-
spring to calculate a correlation coefficient.

 r(X,Y ) =   152.6 __________ 
(21.1)(30.5)

  

 r(X,Y ) = 0.237

The result is a positive correlation between the 5-year weights 
of mother and offspring. In other words, the positive correlation 
value suggests that heavy mothers tend to have heavy offspring 
and that lighter mothers have lighter offspring.
 How do we evaluate the value of r ? After a correlation 
coefficient has been calculated, one must consider whether the r 
value represents a true association between the two variables or 
whether it could be simply due to chance. To accomplish this, we 
can test the hypothesis that there is no real correlation (i.e., the 
null hypothesis, r = 0). The null hypothesis is that the observed 
r value differs from zero due only to random sampling error. We 
followed a similar approach in the chi square analysis described 

in Chapter 2 . Like the chi square value, the significance of the 
correlation coefficient is directly related to sample size and the 
degrees of freedom (df  ). In testing the significance of correlation 
coefficients, df equals N − 2, because two variables are involved. 
N equals the number of paired observations. Table  25.2  shows 
the relationship between the r values and degrees of freedom at 
the 5% and 1% significance levels. (Note: Significance levels are 
discussed in Chapter 2 .) 
 The use of Table 25.2 is valid only if several assumptions 
are met. First, the values of X and Y in the study must have been 
obtained by an unbiased sampling of the entire population. In 
addition, this approach assumes that the values of X and Y fol-
low a normal distribution, like that of Figure 25.1, and that the 
relationship between X and Y is linear.
 To illustrate the use of Table 25.2, let’s consider the correla-
tion we have just calculated for 5-year weights of cows and their 

Degrees of 
Freedom (df )  5%  1%

  1 .997 1.000

  2 .950  .990

  3 .878  .959

  4 .811  .917

  5 .754  .874

  6 .707  .834

  7 .666  .798

  8 .632  .765

  9 .602  .735

 10 .576  .708

 11 .553  .684

 12 .532  .661

 13 .514  .641

 14 .497  .623

 15 .482  .606

 16 .468  .590

 17 .456  .575

 18 .444  .561

 19 .433  .549

 20 .423  .537

 21 .413  .526

 22 .404  .515

 23 .396  .505

Degrees of 
Freedom (df )  5%  1%

  24 .388 .496

  25 .381 .487

  26 .374 .478

  27 .367 .470

  28 .361 .463

  29 .355 .456

  30 .349 .449

  35 .325 .418

  40 .304 .393

  45 .288 .372

  50 .273 .354

  60 .250 .325

  70 .232 .302

  80 .217 .283

  90 .205 .267

 100 .195 .254

 125 .174 .228

 150 .159 .208

 200 .138 .181

 300 .113 .148

 400 .098 .128

 500 .088 .115

 1000 .062 .081

Note: df equals N − 2.
From J. T. Spence, B. J. Underwood   (1976). Elementary Statistics. Prentice-Hall, Englewood Cliffs, 
New Jersey.

TABLE 25.2
Values of r at the 5% and 1% Significance Levels
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female offspring. In this case, we obtained a value of 0.237 for 
r, and the value of N was 10. Under these conditions, df equals 
8. To be valid at a 5% confidence interval, the value of r would 
have to be 0.632 or higher. Because the value that we obtained is 
much less than this, it is fairly likely that this value could have 
occurred as a matter of random sampling error. In this case, we 
cannot reject the null hypothesis, and, therefore, we cannot con-
clude the positive correlation is due to a true association between 
the weights of mothers and offspring.
 In an actual experiment, however, a researcher examines 
many more pairs of cows and offspring, perhaps 500 to 1000. If a 
correlation of 0.237 was observed for N = 1000, the value would 
be significant at the 1% level. We would reject the null hypothesis 
that weights are not associated with each other. Instead, we would 
conclude that a real association occurs between the weights of moth-
ers and their offspring. In fact, these kinds of experiments have been 
done for cattle weights, and the correlations between mothers and 
offspring have often been found to be significant.
 If a statistically significant correlation is obtained, how do 
we interpret its meaning? An r value that is statistically signifi-
cant suggests a true association, but it does not necessarily imply 
a cause-and-effect relationship. When parents and offspring dis-
play a significant correlation for a trait, we should not jump to 
the conclusion that genetics is the underlying cause of the posi-
tive association. In many cases, parents and offspring share simi-
lar environments, so the positive association might be rooted in 
environmental factors. In general, correlations are quite useful in 
identifying positive or negative associations between two vari-
ables. We should use caution, however, because this statistic, by 
itself, cannot prove that the association is due to cause and effect.
 A regression analysis may be used when researchers sus-
pect, or when their experimentation has shown, that two vari-
ables are related due to cause and effect—that one variable (the 
independent variable) affects the outcome of another (the depen-
dent variable). Researchers use a regression analysis to predict 
how much the dependent variable changes in response to the 
independent variable. This approach is described in solved prob-
lem S4 at the end of the chapter.

25.2 POLYGENIC INHERITANCE
In Section 25.1, we saw that quantitative traits tend to show a 
continuum of variation and can be analyzed with various statisti-
cal tools. At the beginning of the 1900s, a great debate focused 
on the inheritance of quantitative traits. The biometric school, 
founded by Francis Galton and Karl Pearson, argued that these 
types of traits are not controlled by discrete genes that affect 
phenotypes in a predictable way. To some extent, the biometric 
school favored the idea of blending inheritance, which had been 
proposed many years earlier (see Chapter 2 ).
 Alternatively, the followers of Mendel, led by William 
Bateson in England and William Castle in the United States, held 
firmly to the idea that traits are governed by genes, which are 
inherited as discrete units. As we know now, Bateson and Castle 
were correct. However, as we will see in this section, studying 

quantitative traits is difficult because these traits are controlled 
by multiple genes and substantially influenced by environmental 
factors.
 Most quantitative traits are polygenic and exhibit a contin-
uum of phenotypic variation. The term polygenic inheritance 
refers to the transmission of a trait governed by two or more dif-
ferent genes. The location on a chromosome that harbors one 
or more genes that affect the outcome of a quantitative trait is 
called a quantitative trait locus (QTL). As discussed later, QTLs 
are chromosomal regions that are identified by genetic mapping. 
Because such mapping usually locates the QTL to a relatively 
large chromosomal region, a QTL may contain a single gene or 
two or more closely linked genes that affect a quantitative trait.
 Just a few years ago, it was extremely difficult for geneti-
cists to determine the inheritance patterns for genes underlying 
polygenic traits, particularly those determined by three or more 
genes having multiple alleles for each gene. Recently, however, 
molecular genetic tools (described in Chapters 19 and 20 ) have 
greatly enhanced our ability to find regions in the genome where 
QTLs are likely to reside. This has been a particularly exciting 
advance in the field of quantitative genetics. In some cases, the 
identification of QTLs may allow the improvement of quantita-
tive traits in agriculturally important species.

Polygenic Inheritance and Environmental Factors 
May Produce a Continuum of Phenotypes
The first experiment demonstrating that continuous variation is 
related to polygenic inheritance was conducted by the Swedish 
geneticist Herman Nilsson-Ehle in 1909. He studied the inheri-
tance of red pigment in the hull of bread wheat, Triticum aesti-
vum (Figure 25.3 a). When true-breeding plants with white hulls 
were crossed to a variety with red hulls, the F1 generation had an 
intermediate color. When the F1 generation was allowed to self-
fertilize, great variation in redness was observed in the F2 gen-
eration, ranging from white, light red, intermediate red, medium 
red, and dark red. An unsuspecting observer might conclude that 
this F2 generation displayed a continuous variation in hull color. 
However, as shown in Figure 25.3b, Nilsson-Ehle carefully cat-
egorized the colors of the hulls and discovered that they followed 
a 1:4:6:4:1 ratio. He concluded that this species is diploid for two 
different genes that control hull color, each gene existing in a red 
or white allelic form. He hypothesized that these two loci must 
contribute additively to the color of the hull; the contribution of 
each red allele to the color of the hull is additive.
 Later, researchers discovered a third gene that also affects 
hull color. The two strains that Nilsson-Ehle had used in his 
original experiments must have been homozygous for the white 
allele of this third gene. It makes sense that wheat would have 
two copies of three genes that affect hull color because we now 
know that  T.  aestivum is a hexaploid derived from three closely 
related diploid species, as discussed in Chapter 8 . Therefore, 
T. aestivum has six copies of many genes.
 As we have just seen, Nilsson-Ehle categorized wheat hull 
colors into several discrete genotypic categories. However, for 
many polygenic traits, this is difficult or impossible. In gen-
eral, as the number of genes controlling a trait increases and 
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the  influence of the environment increases, the categorization of 
phenotypes into discrete genotypic classes becomes increasingly 
difficult, if not impossible. Therefore, a Punnett square cannot be 
used to analyze most quantitative traits. Instead, statistical meth-
ods, which are described later, must be employed.
  Figure 25.4  illustrates how genotypes and phenotypes may 
overlap for polygenic traits. In this example, the environment 
(sunlight, soil conditions, and so forth) may affect the phenotypic 
outcome of a trait in plants (namely, seed weight). Figure 25.4a 
considers a situation in which seed weight is controlled by one 
gene with light (w) and heavy (W ) alleles. A heterozygous plant 
(Ww) is allowed to self-fertilize. When the weight is only slightly 
influenced by variation in the environment, as seen on the left, the 
light, intermediate, and heavy seeds fall into separate, well-defined 
categories. When the environmental variation has a greater effect 
on seed weight, as shown on the right, more phenotypic variation 
is found in seed weight within each genotypic class. The variance 

in the frequency distribution on the right is much higher. Even so, 
most individuals can be classified into the three main categories.
 By comparison, Figure 25.4b illustrates a situation in 
which seed weight is governed by three genes instead of one, 
each existing in light and heavy alleles. When the environmental 
variation is low and/or plays a minor role in the outcome of this 
trait, a cross between two heterozygotes is expected to produce a 
1:6:15:20:15:6:1 ratio. As shown in the upper illustration in Figure 
25.4b, nearly all individuals fall within a phenotypic category that 
corresponds to their genotype. When the environment has a more 
variable effect on phenotype, as shown in the lower illustration, 
the situation becomes more ambiguous. For example, individuals 
with one w allele and five W alleles have a phenotype that over-
laps with that of individuals having six W alleles or two w alleles 
and four W alleles. Therefore, it becomes difficult to categorize 
each phenotype into a unique genotypic class. Instead, the trait 
displays a continuum ranging from light to heavy seed weight.

F IGURE 2 5 .3  The Nilsson-Ehle experiment studying how continuous variation is related to polygenic inheritance in wheat. (a) Red (top) 
and white (bottom) varieties of wheat, Triticum aestivum. (b) Nilsson-Ehle carefully categorized the colors of the hulls in the F2 generation and discov-
ered that they followed a 1:4:6:4:1 ratio. This occurs because the contributions of the red alleles are additive.
Genes → Traits In this example, two genes, with two alleles each (red and white), govern hull color. Offspring can display a range of colors, depending on how many copies of 
the red allele they inherit. If an offspring is homozygous for the red allele of both genes, it will have very dark red hulls. By comparison, if it carries three red alleles and one white 
allele, it will be medium red (which is not quite as deep in color). In this way, this polygenic trait can exhibit a range of phenotypes from dark red to white.
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F IGU RE  2 5 .4  How genotypes and phenotypes may overlap for polygenic traits. (a) Situations in which seed weight is controlled by one 
gene, existing in light (w) and heavy (W) alleles. (b) Situations in which seed weight is governed by three genes instead of one, each existing in light 
and heavy alleles. Note: The 1:2:1 and 1:6:15:20:15:6:1 ratios were derived by using a Punnett square and assuming a cross between individuals that are 
both heterozygous for three different genes.
Genes → Traits The ability of geneticists to correlate genotype and phenotype depends on how many genes are involved and how much the environment causes the phenotype 
to vary. In (a), a single gene influences weight. In the graph on the left side, the environment does not cause much variation in weight. This makes it easy to distinguish the three 
genotypes. There is no overlap in the weights of ww, Ww, and WW individuals. In the graph on the right side, the environment causes more variation in weight. In this case, a 
few individuals with ww genotypes have the same weight as a few individuals with Ww genotypes; and a few Ww genotypes have the same weight as WW genotypes. As shown 
in (b), it becomes even more difficult to distinguish genotype based on phenotype when three genes are involved. The overlaps are minor when the environment does not cause 
much weight variation. However, when the environment causes substantial phenotypic variation, the overlaps between genotypes and phenotypes are very pronounced and greatly 
confound genetic analysis.
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E X P E R I M E N T  2 5 A

Polygenic Inheritance Explains DDT 
Resistance in Drosophila
As we have just learned, the phenotypic overlap for a quantitative 
trait may be so great that it may not be possible to establish discrete 
phenotypic classes. This is particularly true if many genes con-
tribute to the trait. One way to identify the genes affecting poly-
genic inheritance is to look for linkage between genes affecting 
quantitative traits and genes affecting discontinuous traits. This 
approach was first studied in Drosophila melanogaster because 
many alleles had been identified and mapped to particular 
chromosomes.
 In 1957, James Crow conducted one of the earliest studies 
to show linkage between genes affecting quantitative traits and 
genes affecting discontinuous traits. Crow, who was interested in 
evolution, spent time studying insecticide resistance in Drosoph-
ila. He noted, “Insecticide resistance is an example of evolution-
ary change, the insecticide acting as a powerful selective sieve for 
concentrating resistant mutants that were present in low frequen-
cies in the population.” His aim was to determine the genetic 
basis for insecticide resistance in Drosophila melanogaster. Many 
alleles were already known in this species, and these could serve 
as genetic markers for each of the four different chromosomes. 
Dominant alleles are particularly useful because they allow the 
experimenter to determine which chromosomes are inherited 
from either parent. The general strategy in identifying QTLs is to 
cross two strains that are homozygous for different genetic mark-
ers and also differ with regard to the quantitative trait of inter-
est. This produces an F1 generation that is heterozygous for the 
markers and usually exhibits an intermediate phenotype for the 
quantitative trait. The next step is to backcross the F1 offspring to 
the parental strains. This backcross produces a population of F2 
offspring that differ with regard to their combinations of paren-
tal chromosomes. A few offspring may have all of their chromo-
somes from one parental strain or the other, but most offspring 
have a few chromosomes from one parental strain and the rest 
from the other strain. The genetic markers on the chromosomes 
provide a way to determine whether particular chromosomes 
were inherited from one parental strain or the other.
 To illustrate how genetic markers work, Figure 25.5  con-
siders a situation in which two strains differ in a quantitative 
trait—resistance to DDT—and also differ in dominant alleles 
on chromosome 3. The dominant alleles serve as markers for 
this chromosome. One strain is resistant to DDT and carries a 
dominant allele that causes minute bristles (M), whereas another 
strain is sensitive to DDT and carries a dominant allele that 
causes a rough eye (R). The wild-type alleles, which are reces-
sive, produce long bristles (m) and smooth eyes (r). At the start 
of this experiment, it is not known if alleles affecting DDT 
resistance are located on this chromosome. If offspring from a 
backcross inherit both copies of chromosome 3 from the DDT-
resistant strain, they will have smooth eyes and minute bristles. 
If they inherit both copies from the DDT-sensitive strain, they 
will have rough eyes and long bristles. By comparison, a fly with 

FIGURE 25.5  The use of genetic markers to map a QTL 
affecting DDT resistance. One strain is DDT-resistant. On chromo-
some 3, it also carries a dominant allele that causes minute bristles 
(M). The other strain is DDT-sensitive and carries a dominant allele 
that causes a roughness to the eye (R). The wild-type alleles, which are 
recessive, produce long bristles (m) and smooth eyes (r). F2 offspring 
can have either both copies of chromosome 3 from the DDT-resistant 
strain, both from the sensitive strain, or one of each. This can be dis-
cerned by the phenotypes of the F2 offspring.
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1.

Take the F1 flies and backcross to both 
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2.
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in the F2 flies according to their 
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Record phenotypes of F2 offspring.
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offspring to both
parental strains.
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rough eyes (R) and minute bristles (M) inherited one copy of 
chromosome 3 from the DDT-resistant strain and one copy from 
the DDT-sensitive strain. The transmission of the other Drosoph-
ila chromosomes can also be followed in a similar way. There-
fore, the phenotypes of the offspring from the backcross provide 
a way to discern whether particular chromosomes were inherited 
from the DDT-resistant or DDT-sensitive strain.
 Figure 25.6  shows the protocol followed by James Crow. 
He began with a DDT-resistant strain that had been produced by 
exposing flies to DDT for many generations. This DDT-resistant 
strain was crossed to a sensitive strain. As described previously in 
Figure 25.5, the two strains had allelic markers that made it pos-
sible to determine the origins of the different Drosophila chro-
mosomes. Recall that Drosophila has four chromosomes. In this 

study, only chromosomes X, 2, and 3 were marked with alleles. 
Chromosome 4 was neglected due to its very small size. The F1 
flies were backcrossed to both parental strains, and then the F2 
female progeny were examined in two ways. First, their pheno-
types were examined to determine whether particular chromo-
somes were inherited from the DDT-resistant or DDT-sensitive 
strain. Next, the female flies were exposed to filter paper impreg-
nated with DDT. It was then determined if the flies survived this 
exposure for 18 to 24 hours.

T H E  H Y P O T H E S I S

DDT resistance is a polygenic trait.

T E S T I N G  T H E  H Y P O T H E S I S  —  F I G U R E  2 5 . 6  Polygenic inheritance of DDT-resistance alleles in Drosophila 
melanogaster.

Starting material: DDT-resistant and DDT-sensitive strains of fruit flies. 
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I N T E R P R E T I N G  T H E  D A T A

The results of this analysis are shown in the data of Figure 
25.6. Based on the inheritance of markers, some offspring were 
observed to inherit all of their chromosomes from one paren-
tal strain or the other, but most offspring contained a few chro-
mosomes from one parental strain and the rest from the other. 
(Note: The illustrations along the left side are simplified and do 
not take into account the phenomenon of crossing over.) The 
data in Figure 25.6 suggest that each copy of the X chromosome 
and chromosomes 2 and 3 from the DDT-resistant strain con-

fer a significant amount of insecticide resistance. A general trend 
was observed in which flies inheriting more chromosomes from 
the DDT-resistant strain had greater levels of resistance. (How-
ever, exceptions to the trend did occur; compare examples 1 and 
2.) Overall, the results are consistent with the hypothesis that 
insecticide resistance is a polygenic trait involving multiple genes 
that reside on the X chromosome and on chromosomes 2 and 3.

A self-help quiz involving this experiment can be found at 
www.mhhe.com/brookergenetics4e. 

T H E  D A T A

 Data from:  J.F. Crow (1957) Genetics of insect resistance to chemicals. Ann Rev Entomol 2: 227–246.
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Quantitative Trait Loci (QTLs) Are Now Mapped 
by Linkage to Molecular Markers
In the previous experiment, we saw how the locations of genes 
affecting a quantitative trait, such as DDT resistance, were deter-
mined by the linkage of such unknown genes to known genes 
on the Drosophila chromosomes. In the past few years, newer 
research techniques have identified molecular markers, such as 
RFLPs and microsatellites, that serve as reference points along 
chromosomes. This topic is discussed in Chapter 20 . These 
markers have been used to construct detailed genetic maps of 
several species’ genomes. Once a genome map is obtained, it 
becomes much easier to determine the locations of genes that 
affect a quantitative trait. In addition to model organisms such 
as Drosophila, Arabidopsis, Caenorhabditis elegans, and mice, 
detailed molecular maps have been obtained for many species of 
agricultural importance. These include crops such as corn, rice, 
and tomatoes, as well as livestock such as cattle, pigs, sheep, and 
chickens.
 To map the genes in a eukaryotic species, researchers now 
determine their locations by identifying molecular markers that 
are close to such genes. This approach is described in Chapter 22  
(see Figures 22.5–22.7). In 1989, Eric Lander and David Botstein 
extended this technique to identify QTLs that govern a quantita-
tive trait. The basis of QTL mapping is the association between 
genetically determined phenotypes for quantitative traits and 
molecular markers such as RFLPs, microsatellites, and single 
nucleotide polymorphisms (SNPs).
 The general strategy for QTL mapping is shown in Fig-
ure 25.7 . This figure depicts two different strains of a diploid 
species with four chromosomes per set. The strains are highly 
inbred, which means they are homozygous for most molecular 
markers and genes. They differ in two important ways. First, the 
two strains differ with regard to many molecular markers. These 
markers are designated 1A and 1B, 2A and 2B, and so forth. The 
markers 1A and 1B mark the same chromosomal location in this 
species, namely, the upper tip of chromosome 1. However, the 
two markers are distinguishable in the two strains at the molecu-
lar level. For example, 1A might be a microsatellite that is  148 bp, 
whereas 1B might be 212 bp. Second, the two strains differ in 
a quantitative trait of interest. In this example, the strain on the 
left produces large fruit, whereas the strain on the right produces 
small fruit. The unknown genes affecting this trait are designated 
with the letter X. A black X indicates a QTL that harbors alleles 
that promote large fruit, and a blue X is the same site that carries 
alleles that promote small fruit. Prior to conducting their crosses, 
researchers would not know the chromosomal locations of the 
QTLs shown in this figure. The purpose of the experiment is to 
determine their locations.
 With these ideas in mind, the protocol shown in Fig-
ure 25.7 begins by mating the two inbred strains to each other 
and then backcrossing the F1 offspring to both parental strains. 
This produces an F2 generation with a great degree of variation. 
The F2 offspring are then characterized in two ways. First, they 
are examined for their fruit size, and second, a sample of cells 
is analyzed to determine which molecular markers are found in 

their chromosomes. The goal is to find an association between 
particular molecular markers and fruit size. For example, 2A is 
strongly associated with large size, whereas 2B is strongly associ-
ated with small size. By comparison, 9A and 9B are not associ-
ated with large or small size, because a QTL affecting this trait 
is not found on this chromosome. Also, markers such as 14A 
and 14B, which are fairly far away from a QTL, are not strongly 
associated with a particular QTL. Markers that are on the same 
chromosome but far away from a QTL are often separated from 
the QTL during meiosis in the F1 heterozygote due to crossing 
over. Only closely linked markers are strongly associated with a 
particular QTL.
 Overall, QTL mapping involves the analysis of a large num-
ber of markers and offspring. The data are analyzed by computer 
programs that can statistically associate the phenotype (e.g., fruit 
size) with particular markers. Markers found throughout the 
genome of a species provide a way to identify the locations of 
several different genes that possess allelic differences that may 
affect the outcome of a quantitative trait.
 As an example of QTL mapping, in 1988, Andrew Pater-
son and his colleagues examined quantitative trait inheritance 
in the tomato. They studied a domestic strain of tomato and a 
South American green-fruited variety. These two strains dif-
fered in their RFLPs, and they also exhibited dramatic differ-
ences in three agriculturally important characteristics: fruit mass, 
soluble solids content, and fruit pH. The researchers crossed the 
two strains and then backcrossed the offspring to the domestic 
tomato. A total of 237 plants was then examined with regard to 
70 known RFLP markers. In addition, between 5 and 20 toma-
toes from each plant were analyzed with regard to fruit mass, 
soluble solids content, and fruit pH. Using this approach, the 
researchers were able to map genes contributing much of the 
variation in these traits to particular intervals along the tomato 
chromosomes. They identified six loci causing variation in fruit 
mass, four affecting soluble solids content, and five with effects 
on fruit pH.
 More recently, the DNA sequence of the entire genome of 
many species has been determined. In such cases, the mapping of 
QTLs to a defined chromosomal region may allow researchers to 
analyze the DNA sequence in that region and to the identify one 
or more genes that influence the trait of interest.

25.3 HERITABILITY
As we have just seen, recent approaches in molecular mapping 
have enabled researchers to identify the genes that contribute to a 
quantitative trait. The other key factor that affects the phenotypic 
outcomes of quantitative traits is the environment. All traits of 
organisms are influenced by genetics and the environment, and 
this is particularly pertinent in the study of quantitative traits. 
Researchers want to understand how variation, both genetic and 
environmental, affects the phenotypic results.
 The term heritability refers to the amount of phenotypic 
variation within a group of individuals that is due to genetic varia-
tion. Genes play a role in the development of essentially all of an 
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F IGURE 2 5 .7  The general strategy for QTL mapping via molecular markers. Two different inbred strains have four chromosomes per set. 
The strain on the left produces large fruit, and the strain on the right produces small fruit. The goal of this mapping strategy is to locate the unknown 
genes affecting this trait, which are designated with the letter X. A black X indicates a site promoting large fruit, and a blue X is a site promoting small 
fruit. The two strains differ with regard to many molecular markers designated 1A and 1B, 2A and 2B, and so forth. The two strains are mated, and 
then the F1 offspring are backcrossed to the parental strains. Many F2 offspring are then examined for their fruit size and to determine which molecular 
markers are found in their chromosomes. The data are analyzed by computer programs that can statistically associate the phenotype (e.g., fruit size) 
with particular markers. Markers found throughout the genome of this species provide a way to locate many different genes that may affect the out-
come of a single quantitative trait. In this case, the analysis predicts four QTLs promoting heavier fruit weight that are linked to regions of the chromo-
somes containing the following markers: 2A, 5A, 11A, and 19A.
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organism’s traits. Even so, variation of a trait in a population may 
be due entirely to environmental variation, entirely to genetic 
variation, or to a combination of the two. If all of the phenotypic 
variation in a group is due to genetic variation, the heritability 
would have a value of 1. If all of the variation is due to environ-
mental effects, the heritability would equal 0. For most groups of 
organisms, the heritability for a given trait lies between these two 
extremes. For example, both genes and diet affect the size that an 
individual will attain. Some individuals inherit alleles that tend 
to make them large, and a proper diet also promotes larger size. 
Other individuals inherit alleles that make them small, and an 
inadequate diet may contribute to small size. Taken together, both 
genetics and the environment influence the phenotypic results.
 In the study of quantitative traits, a primary goal is to 
determine how much of the phenotypic variation arises from 
genetic variation and how much comes from environmental 
variation. In this section, we examine how geneticists analyze the 
genetic and environmental components that affect quantitative 
traits. As we will see, this approach has been applied with great 
success in breeding strategies to produce domesticated species 
with desirable and commercially valuable characteristics.

Genetic Variance and Environmental Variance: 
Both May Contribute to Phenotypic Variance
Earlier, we examined the amount of phenotypic variation within 
a group by calculating the variance. Geneticists partition quanti-
tative trait variation into components that are attributable to the 
following different causes: 

Genetic variation (VG )
Environmental variation (VE )
Variation due to interactions between genetic and 
environmental factors (VG×E )
Variation due to associations between genetic and 
environmental factors (VG←→E )

Let’s begin by considering a simple situation in which VG and VE 
are the only factors that determine phenotypic variance and the 
genetic and environmental factors are independent of each other. 
If so, then the total variance for a trait in a group of individuals is

 VT = VG + VE

where
 VT  is the total variance. It reflects the amount of 

variation that is measured at the phenotypic 
level.

 VG  is the relative amount of variance due to 
genetic variation.

 VE  is the relative amount of variance due to 
environmental variation.

 Why is this equation useful? The partitioning of variance 
into genetic and environmental components allows us to esti-
mate their relative importance in influencing the variation within 
a group. If VG is very high and VE is very low, genetics plays a 
greater role in promoting variation within a group. Alternatively, 

if VG is low and VE is high, environmental factors underlie much 
of the phenotypic variation. As described later in this chapter, a 
livestock breeder might want to apply selective breeding if VG for 
an important (quantitative) trait is high. In this way, the charac-
teristics of the herd may be improved. Alternatively, if VG is neg-
ligible, it would make more sense to investigate (and manipulate) 
the environmental causes of phenotypic variation. 
 With experimental and domesticated species, one pos-
sible way to determine VG and VE is by comparing the variation 
in traits between genetically identical and genetically disparate 
groups. For example, researchers have followed the practice of 
inbreeding to develop genetically homogeneous strains of mice. 
Inbreeding in mice involves many generations of brother-sister 
matings, which eventually produces strains that are monomor-
phic for all or nearly all of their genes. The term monomorphic 
means that all the members of a population are homozygous for 
the same allele of a given gene. Within such an inbred strain 
of mice, VG equals zero. Therefore, all phenotypic variation is 
due to VE. When studying quantitative traits such as weight, an 
experimenter might want to know the genetic and environmen-
tal variance for a different, genetically heterogeneous group of 
mice. To do so, the genetically homogeneous and heterogeneous 
mice could be raised under the same environmental conditions 
and their weights measured. The phenotypic variance for weight 
could then be calculated as described earlier. Let’s suppose we 
obtained the following results: 

VT = 15 g2 for the group of genetically homogeneous mice

VT = 22 g2 for the group of genetically heterogeneous mice

 In the case of the homogeneous mice, VT = VE, because 
VG equals 0. Therefore, VE equals 15 g2. To estimate VG for the 
heterogeneous group of mice, we could assume that VE (i.e., the 
environmentally produced variance) is the same for them as it is 
for the homogeneous mice, because the two groups were raised 
in identical environments. This assumption allows us to calculate 
the genetic variance for the heterogeneous mice.

VT = VG + VE

22 g2 = VG + 15 g2

VG = 7 g2

This result tells us that some of the phenotypic variance in the 
genetically heterogeneous group is due to the environment 
(namely, 15 g2) and some (7 g2) is due to genetic variation in 
alleles that affect weight.

Phenotypic Variation May Also Be Influenced 
by Interactions and Associations Between 
Genotype and the Environment
Thus far, we have considered the simple situation in which 
genetic variation and environmental variation are independent 
of each other and affect the phenotypic variation in an addi-
tive way. As another example, let’s suppose that three genotypes, 
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TT, Tt, and tt, affect height, producing tall, medium, and short 
plants, respectively. Greater sunlight makes the plants grow taller 
regardless of their genotypes. In this case, our assumption that 
VT = VG + VE would be reasonably valid.
 However, let’s consider a different environmental factor 
such as minerals in the soil. As a hypothetical example, let’s sup-
pose the t allele is a loss-of-function allele that eliminates the 
function of a protein involved with mineral uptake from the soil. 
In this case, the Tt and tt plants are shorter because they cannot 
take up a sufficient supply of certain minerals to support maxi-
mal growth, whereas the TT plants are not limited by mineral 
uptake. According to this hypothetical scenario, adding miner-
als to the soil enhances the growth rate of tt plants by a large 
amount and the Tt plants by a smaller amount (Figure 25.8 ). The 
height of TT plants is not affected by mineral supplementation. 
When the environmental effects on phenotype differ according 
to genotype, this phenomenon is called a genotype-environment 

Standard
soil

Genotype

TT

Tt

tt

Small 
environmental 
effect

Large 
environmental 
effect

No 
environmental 
effect

Soil supplemented
with minerals

F IGURE 2 5 .8  A schematic example of genotype-environment 
interaction. When grown in standard soil, the three genotypes TT, Tt, 
and tt show large, medium, and small heights, respectively. When the 
soil is supplemented with minerals, a great effect is seen on the tt geno-
type and a smaller effect on the Tt genotype. The TT genotype is unaf-
fected by the environmental change. 

interaction. Variation due to interactions between genetic and 
environmental factors is termed VG×E as noted earlier.
 Interactions of genetic and environmental factors are com-
mon. As an example, Table 25.3  shows results from a study con-
ducted in 2000 by Cristina Vieira, Trudy Mackay, and colleagues 
in which they investigated genotype-environment interaction for 
quantitative trait loci affecting life span in Drosophila melanogas-
ter. The data seen in the table compare the life span in days of 
male and female flies from two different strains of D. melanogaster 
raised at different temperatures. Because males and females differ 
in their sex chromosomes and gene expression patterns, they can 
be viewed as having different genotypes. The effects of environ-
mental changes depended greatly on the strain and the sex of the 
flies. Under standard culture conditions, the females of  strain A 
had the longest life span, whereas females of strain B had the 
shortest. In strain A, high temperature increased the longevity of 
males and decreased the longevity of females. In contrast, under 
hotter conditions, the longevity of males of strain B was dramati-
cally reduced, whereas females of this same strain were not sig-
nificantly affected. Lower growth temperature also had different 
effects in these two strains. Although low temperature increased 
the longevity of both strains, the effects were most dramatic in 
the males of strain A and the females of strain B. Taken together, 
these results illustrate the potential complexity of genotype-
environmental interaction when measuring a quantitative trait 
such as life span. 
 Another issue confronting geneticists is that genotypes may 
not be randomly distributed in all possible environments. When 
certain genotypes are preferentially found in particular environ-
ments, this phenomenon is called a genotype-environment asso-
ciation (VG←→E). When such an association occurs, the effects of 
genotype and environment are not independent of each other, 
and the association needs to be considered when determining the 
effects of genetic and environmental variation on the total pheno-
typic variation. Gen otype-environment associations are very com-
mon in the study of human genetics, in which large families tend 
to have more similar environments than the population as a whole. 
One way to evaluate this effect is to compare different genetic rela-
tionships, such as identical versus fraternal twins. We will examine 
this approach later in the chapter. Another strategy that geneticists 
might follow is to analyze siblings that have been adopted by dif-
ferent parents at birth. Their environmental conditions tend to 

                                   Strain A                    Strain B 
Temperature Male Female Male Female

 Standard 33.6 39.5 37.5 28.9

 High   36.3 33.9 23.2 28.6

 Low  77.5 48.3 45.8 77.0

*Longevity was measured in the mean number of days of survival. Strains A and B were inbred 
strains of D. melanogaster called Oregon and 2b, respectively. The standard, high, and low 
temperature conditions were 25˚C, 29˚C, and 14˚C, respectively.

TABLE 25.3
Longevity of Two Strains of Drosophila melanogaster *
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be more disparate, and this may help to minimize the effects of 
genotype-environment association.

Heritability Is the Relative Amount of Phenotypic 
Variation That Is Due to Genetic Variation
Another way to view variance is to focus our attention on the 
genetic contribution to phenotypic variation. Heritability is the 
proportion of the phenotypic variance that is attributable to genetic 
variation. If we assume again that environment and genetics are 
independent and the only two factors affecting phenotype, then

hB
2 = VG/VT

where
 hB

2  is the heritability in the broad sense
 VG  is the variance due to genetics
 VT    is the total phenotypic variance, which 

equals VG + VE

 The heritability defined here, hB
2, called the broad-sense 

heritability, takes into account different types of genetic varia-
tion that may affect the phenotype. As we have seen throughout 
this textbook, genes can affect phenotypes in various ways. As 
described earlier, the Nilsson-Ehle experiment showed that the 
alleles determining hull color in wheat affect the phenotype in an 
additive way. Alternatively, alleles affecting other traits may show 
a dominant/recessive relationship. In this case, the alleles are 
not strictly additive, because the heterozygote has a phenotype 
closer to, or perhaps the same as, the homozygote containing two 
copies of the dominant allele. For example, both TT and Tt pea 
plants show a tall phenotype. In addition, another complicating 
factor is epistasis (described in Chapter 4 ), in which the alleles 
for one gene can mask the phenotypic expression of the alleles of 
another gene. To account for these differences, geneticists usually 
subdivide VG into these three different genetic categories:

VG = VA + VD + VI

where
 VA    is the variance due to the additive effects of 

alleles. A heterozygote shows a phenotype that is 
intermediate between the respective homozygotes.

 VD    is the variance due to the effects of alleles that 
follow a dominant/recessive pattern of inheritance.

 VI   is the variance due to the effects of alleles that 
interact in an epistatic manner.

 In analyzing quantitative traits, geneticists may focus on 
VA and neglect the contributions of VD and VI. They do this for 
scientific as well as practical reasons. For some quantitative traits, 
the additive effects of alleles may play a primary role in the phe-
notypic outcome. In addition, when the alleles behave additively, 
we can predict the outcomes of crosses based on the quantitative 
characteristics of the parents. The heritability of a trait due to the 
additive effects of alleles is called the narrow-sense heritability: 

hN
2 = VA/VT

For many quantitative traits, the value of VA may be relatively 
large compared with VD and VI. In such cases, the determina-
tion of the narrow-sense heritability provides an estimate of the 
broad-sense heritability.
 How can the narrow-sense heritability be determined? In 
this chapter, we will consider two common ways. As discussed 
later, one way to calculate the narrow-sense heritability involves 
selective breeding practices, which are done with agricultural 
species. A second common strategy to determine hN

2 involves the 
measurement of a quantitative trait among groups of genetically 
related individuals. For example, agriculturally important traits, 
such as egg weight in poultry, can be analyzed in this way. To 
calculate the heritability, a researcher determines the observed 
egg weights between individuals whose genetic relationships are 
known, such as a mother and her female offspring. These data 
can then be used to compute a correlation between the parent 
and offspring, using the methods described earlier. The narrow-
sense heritability is then calculated as 

hN
2 = robs/rexp

where
 robs   is the observed phenotypic correlation between 

related individuals
 rexp   is the expected correlation based on the known 

genetic relationship

 In our example, robs is the observed phenotypic correlation 
between parent and offspring. In particular research studies, the 
observed phenotypic correlation for egg weights between moth-
ers and daughters has been found to be about 0.25 (although this 
varies among strains). The expected correlation, rexp, is based on 
the known genetic relationship. A parent and child share 50% of 
their genetic material, so rexp equals 0.50. So,

hN
2 = robs/rexp

 = 0.25/0.50 

= 0.50

(Note: For siblings, rexp = 0.50; for identical twins, rexp = 1.0; 
and for an aunt-niece relationship, rexp = 0.25.)
 According to this calculation, about 50% of the phenotypic 
variation in egg weight is due to additive genetic variation; the 
other half is due to the environment.
 When calculating heritabilities from correlation coeffi-
cients, keep in mind that this computation assumes that genetics 
and the environment are independent variables. However, this is 
not always the case. The environments of parents and offspring 
are often more similar to each other than they are to those of 
unrelated individuals. As mentioned earlier, there are several 
ways to minimize this confounding factor. First, in human stud-
ies, one may analyze the heritabilities from correlations between 
adopted children and their biological parents. Alternatively, one 
can examine a variety of relationships (aunt - niece, identical 
twins versus fraternal twins, and so on) and see if the heritabil-
ity values are roughly the same in all cases. This approach was 
applied in the study that is described next.
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E X P E R I M E N T  2 5 B

Heritability of Dermal Ridge Count 
in Human Fingerprints Is Very High
Fingerprints are inherited as a quantitative trait. It has long been 
known that identical twins have fingerprints that are very similar, 
whereas fraternal twins show considerably less agreement. Galton 
was the first researcher to study fingerprint patterns, but this trait 
became more amenable to genetic studies in the 1920s, when Kris-
tine Bonnevie, a Norwegian geneticist, developed a method for 
counting the number of ridges within a human fingerprint.
 As shown in Figure 25.9 , human fingerprints can be cat-
egorized as having an arch, loop, or whorl, or a combination of 
these patterns. The primary difference among these patterns is 
the number of triple junctions, each known as a triradius (Figure 
25.9b and c). At a triradius, a ridge emanates in three different 

directions. An arch has zero triradii, a loop has one, and a whorl 
has two. In Bonnevie’s method of counting, a line is drawn from 
a triradius to the center of the fingerprint. The ridges that touch 
this line are then counted. (Note: The triradius ridge itself is not 
counted, and the last ridge is not counted if it forms the center of 
the fingerprint.) With this method, one can obtain a ridge count 
for all 10 fingers. Bonnevie conducted a study on a small popula-
tion and found that ridge count correlations were relatively high 
in genetically related individuals.
 Sarah Holt, who was also interested in the inheritance of 
this quantitative trait, carried out a more exhaustive study of ridge 
counts in a British population. As shown in the two graphs below , 
in groups of 825 males and 825 females, the ridge count on all 10 
fingers varied from 0 to 300, with mean values of approximately 
145 for males (SD = 51.1) and 127 for females (SD = 52.5).

F IGURE 2 5 .9  Human fingerprints and the ridge count method of Bonnevie. (a) This print has an arch rather than a triradius. The ridge 
count is zero. (b) This print has one triradius. A straight line is drawn from the triradius to the center of the print. The number of ridges dissecting this 
straight line is 13. (c) This print has two triradii. Straight lines are drawn from both triradii to the center. There are 16 ridges touching the left line and 
7 touching the right line, giving a total ridge count of 23.

 Based on these results, Holt decided to conduct a more 
detailed analysis of ridge counts by examining the fingerprint 
patterns of a large group of people and their close relatives. In 
the experiment of Figure 25.10 , the ridge counts for pairs of 
related individuals were determined by the method described 
in Figure 25.9. The correlation coefficients for ridge counts 
were then calculated among the pairs of related or unrelated 
individuals. To estimate the narrow-sense heritability, the 

observed correlations were then divided by the expected cor-
relations based on the known genetic relationships.

T H E  H Y P O T H E S I S

Dermal ridge count has a genetic component. The goal of this 
experiment is to determine the contribution of genetics in the 
variation of dermal ridge counts.
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Experimental level Conceptual level

Take a person’s finger and blot it onto 
an ink pad.

1.

Roll the person’s finger onto a recording 
surface to obtain a print.

2.

With a low-power binocular microscope, 
count the number of ridges, using the 
method described in Figure 25.9.

3.

Calculate the correlation coefficients 
between different pairs of individuals
as described earlier in this chapter.

4.

Paper

See the data. The correlation coefficient provides
a way to determine the heritability
for the quantitative trait.

This is a method
to measure a
quantitative trait. 
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T E S T I N G  T H E  H Y P O T H E S I S  —  F I G U R E  2 5 . 1 0  Heritability of human fingerprint patterns.

Starting material: A group of human subjects from Great Britain.

T H E  D A T A

 Type of Number of Correlation Heritability  
Relationship Pairs Examined Coefficient (robs)  robs/rexp

Parent-child 810   0.48 ± 0.04* 0.96
Parent-parent 200 0.05 ± 0.07 —†

Sibling-sibling 642 0.50 ± 0.04 1.00
Identical twins  80 0.95 ± 0.01 0.95
Fraternal twins  92 0.49 ± 0.08 0.98
                                 0.97 average heritability
*± = Standard error of the mean.
†Note: We cannot calculate a heritability value because the value for rexp is not known. Nevertheless, the value for robs is very low, 
suggesting that there is a negligible correlation between unrelated individuals.
Adapted from S. B. Holt (1961). Quantitative genetics of fingerprint patterns. Br Med Bull 17, 247–250.
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I N T E R P R E T I N G  T H E  D A T A

As seen in the data table, the results indicate that genetics plays 
the major role in explaining the variation in this trait. Genetically 
unrelated individuals (namely, parent-parent relationships) have a 
negligible correlation for this trait. By comparison, individuals who 
are genetically related have a substantially higher correlation. When 
the observed correlation coefficient is divided by the expected cor-
relation coefficient based on the known genetic relationships, the 
average heritability value is 0.97, which is very close to 1.0.
 What do these high heritability values mean? They indi-
cate that nearly all of the variation in fingerprint pattern is due 
to genetic variation. Significantly, fraternal and identical twins 

have substantially different observed correlation coefficients, 
even though we expect that they have been raised in very simi-
lar environments. These results support the idea that genetics is 
playing the major role in promoting variation and that the results 
are not biased heavily by environmental similarities that may be 
associated with genetically related individuals. From an experi-
mental viewpoint, the results show us how the determination of 
correlation coefficients between related and unrelated individuals 
can provide insight regarding the relative contributions of genet-
ics and environment to the variation of a quantitative trait.

A self-help quiz involving this experiment can be found at 
www.mhhe.com/brookergenetics4e.

Heritability Values Are Relevant Only to Particular 
Groups Raised in a Particular Environment
Table 25.4  describes heritability values that have been calculated 
for traits in particular populations. Unfortunately, heritability is a 
widely misunderstood concept. Heritability describes the amount 
of phenotypic variation due to genetic variation for a particular 
population raised in a particular environment. The words varia-
tion, particular population, and particular environment cannot be 
overemphasized. For example, in one population of cattle, the 
heritability for milk production may be 0.35, whereas in another 
group (with less genetic variation), the heritability may be 0.1. 

Second, if a group displays a heritability of 1.0 for a particular 
trait, this does not mean that the environment is unimportant in 
affecting the outcome of the trait. A heritability value of 1.0 only 
means that the amount of variation within this group is due to 
genetics. Perhaps the group has been raised in a relatively homo-
geneous environment, so the environment has not caused a sig-
nificant amount of variation. Nevertheless, the environment may 
be quite important. It just is not causing much variation within 
this particular group.
 As a hypothetical example, let’s suppose that we take a spe-
cies of rodent and raise a group on a poor diet; we find their 
weights range from 1.5 to 2.5 pounds, with a mean weight of 
2 pounds. We allow them to mate and then raise their offspring on 
a healthy diet of rodent chow. The weights of the offspring range 
from 2.5 to 3.5 pounds, with a mean weight of 3 pounds. In this 
hypothetical experiment, we might find a positive correlation in 
which the small parents tended to produce small offspring, and the 
large parents produce large offspring. The correlation of weights 
between parent and offspring might be, say, 0.5. In this case, the 
heritability for weight would be calculated as robs/rexp, which equals 
0.5/0.5, or 1.0. The value of 1.0 means that the total amount of 
phenotypic variation within this group is due to genetic variation 
among the individuals. The offspring vary from 2.5 to 3.5 pounds 
because of genetic variation, and also the parents range from 1.5 to 
2.5 pounds because of genetics. However, as we see here, environ-
ment has played an important role. Presumably, the mean weight of 
the offspring is higher because of their better diet. This example is 
meant to emphasize the point that heritability tells us only the rela-
tive contributions of genetic variation and environment in influenc-
ing phenotypic variation in a particular population in a particular 
environment. Heritability does not describe the relative importance 
of these two factors in determining the outcomes of traits. When a 
heritability value is high, it does not mean that a change in the envi-
ronment cannot have a major impact on the outcome of the trait.
 With regard to the roles of genetics and environment 
(sometimes referred to as nature versus nurture), the topic of 
human intelligence has been hotly debated. As a trait, intelligence 
is difficult to define or to measure. Nevertheless, performance on 
an IQ test has been taken by some people as a reflection of intel-
ligence ever since 1916 when Alfred Binet’s test was used in the 

Trait  Heritability Value*

Humans
Stature 0.65

IQ testing ability 0.60

Cattle
Body weight 0.65

Butterfat, % 0.40

Milk yield 0.35

Mice
Tail length 0.40

Body weight 0.35

Litter size 0.20

Poultry
Body weight 0.55

Egg weight 0.50

Egg production 0.10

*As emphasized in this chapter, these values apply to particular populations raised in particular 
environments. The value for IQ testing ability is an average value from many independent studies. 
The other values were taken from D. S. Falconer (1989). Introduction to Quantitative Genetics, 
3rd ed. Longman, Essex, England.

TABLE 25.4
Examples of Heritabilities for Quantitative Traits
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Greyhound German shepherd

Bulldog Cocker spaniel
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United States. Even though such tests may have inherent bias and 
consider only a limited subset of human cognitive abilities, IQ 
tests still remain a method of assessing intelligence. By compar-
ing IQ scores among related and unrelated individuals, various 
studies have attempted to estimate heritability values in selected 
human populations. These values have ranged from 0.3 to 0.8. A 
heritability value of around 0.6 is fairly common among many 
studies. Such a value indicates that over half of the heritability for 
IQ testing ability is due to genetic factors.
 Let’s consider what a value of 0.6 means, and what it does 
not mean. It means that 60% of the variation in IQ testing abil-
ity is due to genetic variation in a selected population raised in 
a particular environment. It does not mean that 60% of an indi-
vidual’s IQ testing ability is due to genetics and 40% is due to the 
environment. Heritability is meaningless at the level of a single 
individual. Furthermore, even at the population level, a heritabil-
ity value of 0.6 does not mean that 60% of the IQ testing ability 
is due to genetics and 40% is due to the environment. Rather, it 
means that in the selected population that was examined, 60% of 
the  variation in IQ testing ability is due to genetics, whereas 40% 
of the variation is due to the environment. Heritability is strictly 
a population value that pertains to variation.

Selective Breeding of Species Can Alter 
Quantitative Traits Dramatically
The term selective breeding refers to programs and procedures 
designed to modify phenotypes in species of economically impor-
tant plants and animals. This phenomenon, also called artificial 
selection, is related to natural selection, discussed in Chapter 24 . 
In forming his theory of natural selection, Charles Darwin was 
influenced by his observations of selective breeding by pigeon 
fanciers and other breeders. The primary difference between arti-
ficial and natural selection is how the parents are chosen. Natural 
selection is due to natural variation in reproductive success. In 
artificial selection, the breeder chooses individuals that possess 
traits that are desirable from a human perspective.
 For centuries, humans have been practicing selective breed-
ing to obtain domestic species with interesting or agriculturally 
useful characteristics. The common breeds of dogs and cats have 
been obtained by selective breeding strategies (Figure 25.11 ). As 
shown here, it is very striking how selective breeding can modify 
the quantitative traits in a species. When comparing a greyhound 
with a bulldog, the magnitude of the differences is fairly amaz-
ing. They hardly look like members of the same species. Recent 
work in 2007 by Nathan Sutter and colleagues indicates that the 
size of dogs is often determined by alleles in the Igf1 gene that 
encodes a growth hormone called insulin-like growth factor 1. A 
particular allele of this gene was found to be common to all small 
breeds of dogs and nearly absent from very large breeds, suggest-
ing that this allele is a major contributor to body size in small 
breeds of dogs.
 Likewise, most of the food we eat is obtained from spe-
cies that have been modified profoundly by selective breeding 
strategies. This includes products such as grains, fruits, vegeta-
bles, meat, milk, and juices. Figure 25.12  illustrates how certain 

characteristics in the wild mustard plant (Brassica oleracea) have 
been modified by selective breeding to create several varieties of 
important domesticated crops. This plant is native to Europe and 
Asia, and plant breeders began to modify its traits approximately 
4000 years ago. As seen here, certain quantitative traits in the 
domestic strains, such as stems and lateral buds, differ consider-
ably from those of the original wild species.
 The phenomenon that underlies selective breeding is varia-
tion. Within a group of individuals, allelic variation may affect the 
outcome of quantitative traits. The fundamental strategy of the 
selective breeder is to choose parents that will pass on alleles to 
their offspring that produce desirable phenotypic characteristics. 
For example, if a breeder wants large cattle, the largest members of 
the herd are chosen as parents for the next generation. These large 
cattle will transmit an array of alleles to their offspring that confer 
large size. The breeder often chooses genetically related individuals 
(e.g., brothers and sisters) as the parental stock. As mentioned pre-
viously, the practice of mating between genetically related individ-
uals is known as inbreeding. Some of the consequences of inbreed-
ing are also described in Chapter 24 .
 What is the outcome when selective breeding is conducted 
for a quantitative trait? Figure 25.13 a shows the results of a pro-
gram begun at the Illinois Agricultural Experiment Station in 
1896, even before the rediscovery of Mendel’s laws. This experi-
ment began with 163 ears of corn with an oil content ranging 
from 4 to 6%. In each of 80 succeeding generations, corn plants 

FIGU R E 2 5. 11  Some common breeds of dogs that have been 
obtained by selective breeding.
Genes → Traits By selecting parents carrying the alleles that influence certain 
quantitative traits in a desired way, dog breeders have produced breeds with distinc-
tive sets of traits. For example, the bulldog has alleles that give it short legs and a 
flat face. By comparison, the corresponding genes in a German shepherd are found 
in alleles that produce longer legs and a more pointy snout. All the dogs shown in 
this figure carry the same kinds of genes (e.g., many genes that affect their sizes, 
shapes, and fur color). However, the alleles for many of these genes are different 
among these dogs, thereby producing breeds with strikingly different phenotypes.
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Strain Modified trait

Cabbage Terminal leaf bud

Broccoli Flower buds and stem

Cauliflower Flower buds

Brussels sprouts Lateral leaf buds

Kale Leaves

Wild mustard plant

Kohlrabi Stem
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were divided into two separate groups. In one group, members 
with the highest oil content were chosen as parents of the next 
generation. In the other group, members with the lowest oil con-
tent were chosen. After 80 generations, the oil content in the first 
group rose to over 18%; in the other group, it dropped to less 
than 1%. These results show that selective breeding can modify 
quantitative traits in a very directed manner.
 Similar results have been obtained for many other quan-
titative traits. Figure 25.13b shows an experiment by Kenneth 
Mather conducted in the 1940s, in which flies were selected on 
the basis of their bristle number. The starting group had an aver-
age of 40 bristles for females and 35 bristles for males. After eight 
generations, the group selected for high bristle number had an 
average of 46 bristles for females and 40 for males, whereas the 
group selected for low bristle number had an average of 36 bris-
tles for females and 30 for males.
 When comparing the curves in Figure 25.13, keep in mind 
that quantitative traits are often at an intermediate value in 
unselected populations. Therefore, artificial selection can increase 
or decrease the magnitude of the trait. Oil content can go up or 
down, and bristle number can increase or decrease. Artificial 
selection tends to be the most rapid and effective in changing the 
frequency of alleles that are at intermediate range in a starting 
population, such as 0.2 to 0.8.
 Figure 25.13 also shows the phenomenon known as a selec-
tion limit—after several generations a plateau is reached where 
artificial selection is no longer effective. A selection limit may occur 
for two reasons. Presumably, the starting population possesses a 
large amount of genetic variation, which contributes to the diversity 
in phenotypes. By carefully choosing the parents, each succeeding 
generation has a higher proportion of the desirable alleles. How-
ever, after many generations, the population may be nearly mono-
morphic for all or most of the desirable alleles that affect the trait 
of interest. At this point, additional selective breeding will have no 
effect. When this occurs, the heritability for the trait is near zero, 
because nearly all genetic variation for the trait of interest has been 
eliminated from the population. Without the introduction of new 
mutations into the population, further selection is not possible. A 
second reason for a selection limit is related to fitness. Some alleles 
that accumulate in a population due to artificial selection may have 
a negative influence on the population’s overall fitness. A selection 
limit is reached in which the desired effects of artificial selection 
are balanced by the negative effects on fitness.
 Using artificial selection experiments, the response to selec-
tion is a common way to estimate the narrow-sense heritability in 

FIGURE 25.12  Crop plants developed by selective breeding 
of the wild mustard plant (Brassica oleracea).
Genes → Traits The wild mustard plant carries a large amount of genetic (i.e., 
allelic) variation, which was used by plant breeders to produce modern strains that 
are agriculturally desirable and economically important. For example, by selecting 
for alleles that promote the formation of large lateral leaf buds, the strain of Brus-
sels sprouts was created. By selecting for alleles that alter the leaf morphology, kale 
was developed. Although these six agricultural plants look quite different from each 
other, they carry many of the same alleles as the wild mustard. However, they differ 
in alleles affecting the formation of stems, leaves, flower buds, and leaf buds.
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a starting population. The narrow-sense heritability measured in 
this way is also called the realized heritability. It is calculated as

 hN
2 =   R __ S  

where
R   is the response in the offspring to selection, or the 

difference between the mean of the offspring and the 
mean of the population of the starting population.

S   is the selection differential in the parents, or the 
difference between the mean of the parents and the 
mean of the starting population. 

Here, 

 R =  
__

 X  O −  
__

 X  

         S =  
__

 X  P −  
__

 X  
where 

    
__

 X   is the mean of the starting population
  

__
 X  O is the mean of the offspring

  
__

 X  P is the mean of the parents

So,

 hN
2 =     

__
 X  O −  

__
 X   _______ 

  
__

 X  P −  
__

 X     

The narrow-sense heritability is the proportion of the variance in 
phenotype that can be used to predict changes in the population 
mean when selection is practiced.
 As an example, let’s suppose we began with a population of 
fruit flies in which the average bristle number for both sexes was 
37.5. The parents chosen from this population had an average 

bristle number of 40. The offspring of the next generation had 
an average bristle number of 38.7. With these values, the realized 
heritability is

 hN
2 =   38.7 − 37.5 __________ 40 − 37.5  

                                 hN
2 =   1.2 ___ 2.5  

                                      hN
2 = 0.48

This result tells us that about 48% of the phenotypic variation is 
due to the additive effects of alleles.
 An important aspect of narrow-sense heritabilities is their 
ability to predict the outcome of selective breeding. In this case, 
the goal is to predict the mean phenotypes of offspring. If we 
rearrange our realized heritability equation

R = hN
2 S

  
__

 X  O −  
__

 X   = hN
2 ( 

__
 X  P −  

__
 X)  

This equation is referred to the breeder’s equation, because it is 
used to calculate the mean phenotypes of offspring based on the 
mean weights of the parents, the mean weights of the starting 
population, and the heritability. Solved problem S1 at the end of 
the chapter illustrates the use of this equation.

Heterosis May Be Explained by Dominance 
or Overdominance
As we have just seen, selective breeding can alter the phenotypes 
of domesticated species in a highly directed way. An unfortunate 

F IGU RE  2 5 .13  Common results of selective breeding for a quantitative trait. 
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consequence of inbreeding, however, is that it may inadvertently 
promote homozygosity for deleterious alleles. This  phenomenon 
is called inbreeding depression. In addition, genetic drift, 
described in Chapter 24 , may contribute to the loss of beneficial 
alleles. In agriculture, it is widely observed that when two dif-
ferent inbred strains are crossed to each other, the resulting off-
spring are often more vigorous (e.g., larger or longer-lived) than 
either of the inbred parental strains. This phenomenon is called 
heterosis, or hybrid vigor.
 In modern agricultural breeding practices, many strains of 
plants and animals are hybrids produced by crossing two differ-
ent inbred lines. In fact, much of the success of agricultural breed-
ing programs is founded in heterosis. In rice, for example, hybrid 
strains have a 15 to 20% yield advantage over the best conventional 
inbred varieties under similar cultivation conditions.
 As shown in Figure 25.14 , two different phenomena may 
contribute to heterosis. In 1908, Charles Davenport developed the 
dominance hypothesis, in which the effects of dominant alleles 
explain the favorable outcome in a heterozygote. He suggested that 
highly inbred strains have become homozygous for one or more 

recessive genes that are somewhat deleterious (but not lethal). 
Because the homozygosity occurs by chance, two different inbred 
strains are likely to be homozygous for recessive alleles in different 
genes. Therefore, when they are crossed to each other, the result-
ing hybrids are heterozygous and do not suffer the consequences 
of homozygosity for deleterious recessive alleles. In other words, 
the benefit of the dominant alleles explains the observed heterosis. 
Steven Tanksley, working with colleagues in China, found that het-
erosis in rice seems to be due to the phenomenon of dominance. 
This is a common explanation for heterosis.
 In 1908, George Shull and Edward East proposed a second 
hypothesis, known as the overdominance hypothesis (see Figure 
25.14). As described in Chapter 4 , overdominance occurs when 
the heterozygote is more vigorous than either corresponding 
homozygote. According to this idea, heterosis can occur because 
the resulting hybrids are heterozygous for one or more genes that 
display overdominance. The heterozygote is more vigorous than 
either homozygote. In corn, Charles Stuber and his colleagues 
have found that several QTLs for grain yield support the over-
dominance hypothesis.
 Finally, it should be pointed out that overdominance is 
very difficult to distinguish from pseudo-overdominance, 
a phenomenon initially suggested by James Crow. Pseudo-
overdominance is really the same as dominance, except that 
the chromosomal region contains two or more genes that are 
very closely linked. For example, a QTL may be identified in 
a mapping experiment to be close to a particular molecular 
marker. However, a QTL could contain two genes, both affect-
ing the same quantitative trait. For example, at a single QTL, 
the alleles of two genes, a and B, may be closely linked in one 
strain, whereas A and b are closely linked in another strain. The 
hybrid is really heterozygous (AaBb) for two different genes, but 
this may be difficult to discern in mapping experiments because 
the genes are so close together. If a researcher assumed there was 
only one gene at a QTL, the overdominance hypothesis would be 
favored, whereas if two genes were actually present, the domi-
nance hypothesis would be correct. Therefore, without very fine 
mapping, which is rarely done for QTLs, it is hard to distinguish 
between overdominance and pseudo-overdominance. However, 
if the genome sequence is available, the identification of candi-
date genes in the mapped region may be able to discern between 
overdominance and pseudo-overdominance.

FIGURE  2 5 .1 4  Mechanisms to explain heterosis. The two 
common explanations are the dominance hypothesis and the overdomi-
nance hypothesis.
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 C H A P T E R  S U M M A R Y

 • Quantitative genetics is the field of genetics concerned with 
complex and quantitative traits.

25.1 Quantitative Traits
• Quantitative traits can be categorized as anatomical, physi-

ological, or behavioral (see Table 25.1).
• Quantitative traits often exhibit a continuum and may follow 

a normal distribution (see Figure 25.1).
• Statistical methods are used to analyze quantitative traits. 

These include the mean, variance, standard deviation, covari-
ance, and correlation (see Figure 25.2, Table 25.2).

25.2 Polygenic Inheritance
• Polygenic inheritance refers to an inheritance pattern in which 

multiple genes affect a single trait.
• The locations along a chromosome that contain genes affect-

ing a quantitative trait are called quantitative trait loci (QTLs).
• Polygenic inheritance and environmental factors may cause a 

quantitative trait to fall along a continuum (see Figures 25.3, 
25.4).

• By following the transmission of genetic markers, Crow deter-
mined that DDT resistance in fruit flies is explained by poly-
genic inheritance (see Figures 25.5, 25.6).

• Quantitative trait loci are mapped by their linkage to molecu-
lar markers (see Figure 25.7).

25.3 Heritability
• Heritability is the amount of phenotypic variation within a 

group of individuals that is due to genetic variation.
• Genetic variance and environmental variance may contribute 

additively to phenotypic variance.
• Genetic variance and environmental variance may exhibit 

interactions and associations (see Figure 25.8, Table 25.3).
• Broad-sense heritability refers to all genetic factors affect-

ing heritability, which includes the additive effects of alleles, 
effects due to dominant/recessive relationships, and effects 
due to epistatic interactions.

• Narrow-sense heritability is heritability that is due to the addi-
tive effects of alleles.

• Holt determined that dermal ridge count has a very high heri-
tability value in humans (See Figures 25.9, 25.10).

• Heritability values refer only to particular groups raised in a 
particular environment (see Table 25.4).

• Selective breeding refers to programs and procedures designed 
to modify phenotypes in commercially important plants and 
animals (see Figures 25.11, 25.12).

• When starting with a genetically diverse population, selec-
tive breeding can usually modify a trait in different directions 
until a selection limit is reached (see Figure 25.13).

• Heterosis is the phenomenon in which the crossing of differ-
ent inbred strains produces hybrids that are more vigorous 
than the inbred strains. This may be due to dominance or 
overdominance (see Figure 25.14).

P R O B L E M  S E T S  &  I N S I G H T S

Solved Problems
S1.  The narrow-sense heritability for potato weight in a starting 

population of potatoes is 0.42, and the mean weight is 1.4 lb. If a 
breeder crosses two strains with average potato weights of 1.9 and 
2.1 lb, respectively, what is the predicted average weight of potatoes 
in the offspring?

Answer: The mean weight of the parental strains is 2.0 lb. To solve for 
the mean weight of the offspring:

 R = hN
2 S

  
__

 X  O −  
__

 X   = hN
2 ( 

__
 X  P −  

__
 X)  

  
__

 X  O − 1.4 = 0.42 (2.0 − 1.4)  

                    
__

 X  O = 1.65 lb
S2.  A farmer wants to increase the average body weight in a herd of 

cattle. She begins with a herd having a mean weight of 595 kg 
and chooses individuals to breed that have a mean weight of 
625 kg. Twenty offspring were obtained, having the following 

weights in kilograms: 612, 587, 604, 589, 615, 641, 575, 611, 610, 
598, 589, 620, 617, 577, 609, 633, 588, 599, 601, and 611. Calculate 
the realized heritability for body weight in this herd.

Answer:

  hN
2 =   R __ S  

                =     
__

 X  O −  
__

 X  
 ________ 

  
__

 X  P −  
__

 X     

 We already know the mean weight of the starting herd (595 
kg) and the mean weight of the parents (625 kg). The only calculation 
missing is the mean weight of the offspring,  X—O.

  
__

 X  O =   
Sum of the offsprings’ weights    _________________________    Number of offspring  

  
__

 X  O = 604 kg

  
__

 X  O =   604 − 595 _________ 625 − 595  

         = 0.3
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S3.  The following data describe the 6-week weights (in grams) of mice 
and their offspring of the same sex:
Parent (g) Offspring (g)

   24 26
   21 24
   24 22
   27 25
   23 21
   25 26
   22 24
   25 24
  22 24
   27 24
Calculate the correlation coefficient.

Answer: To calculate the correlation coefficient, we first need to calcu-
late the means and standard deviations for each group:

 
__

 X  parents =    24 + 21 + 24 + 27 + 23 + 25 + 22 + 25 + 22 + 27     ____________________________________________   10   = 24

 
__

 X  offspring =    26 + 24 + 22 + 25 + 21 + 26 + 24 + 24 + 24 + 24     ____________________________________________   10   = 24

SD parents =   √ 
____________________________________

         0 + 9 + 0 + 9 + 1 + 1 + 4 + 1 + 4 + 9    ___________________________________  9     = 2.1

SD offspring =   √ 
____________________________________

          4 + 0 + 4 + 1 + 9 + 4 + 0 + 0 + 0 + 0    ____________________________________  9     = 1.6

 Next, we need to calculate the covariance. 

COV ( parents, offspring) =   
Σ  [  ( X P −   

__
 X  P )  ( X O −   

__
 X  O )  ]    _______________________  N − 1  

                   =    0 + 0 + 0 + 3 + 3 + 2 + 0 + 0 + 0 + 0    ___________________________________  9  

                   = 0.9
 Finally, we calculate the correlation coefficient:

 V ( parents, offspring) =   
COV ( P, O)            ________ SD P SD O

  

 V ( parents, offspring) =   0.9 ________ (2.1)(1.6)  

  r(parent, offspring) = 0.27

S4.  As described in this chapter, the correlation coefficient provides 
a way to determine the strength of association between two 
variables. When the variables are related due to cause and effect 
(i.e., one variable affects the outcome of another), researchers may 
use a regression analysis to predict how much one variable changes 
in response to the other. This is easier to understand if we plot the 
data for two variables. The graph shown here  compares mother s’ 
and offsprings’  body weights in cattle. The line running through 

the data points is called a regression line. It is a line that minimizes 
the squared vertical distances to all of the points. 

  For many types of data, particularly those involving quantitative 
traits, the regression line can be represented by the equation

   Y = bX + a
  where
   b is the regression coefficient
   a is a constant
   In this example, X is the value of a mothe r’s weight, and Y 

is the value of its offspring’s weight. The value of b, known as the 
regression coefficient , represents the slope of the regression line. 
The value of a is the y-intercept (i.e., the value of Y when X equals 
zero). The equation shown is very useful because it allows us to 
predict the value of Y at any given value of X, and vice versa. To 
do so, we first need to determine the values of b and a. This can be 
accomplished in the following manner:

    b =   
COV(X,Y) _______ VX

  

    a =  
__

 Y   − b 
__

 X  
   Once the values of a and b have been computed, we can use 

them to predict the values of Y or X by using the equation 
    Y = bX − a 
   For example, if b = 0.5, a = 2, and X = 58, this equation can 

be used to compute a value of Y that equals 31. It is important to 
keep in mind that this equation predicts the average value of Y. As 
we see in the preceding figure, the data points tend to be scattered 
around the regression line. Deviations may occur between the 
data points and the line. The equation predicts the values that 
are the most likely to occur. In an actual experiment, however, 
some deviation will occur between the predicted values and the 
experimental values due to random sampling error.
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    Now here is the question. Using the data found in this chapter 
regarding weight in cattle, what is the predicted weight of an off-
spring if its mother weighed 660 lb?

Answer: We first need to calculate a and b.

 b =   
COV(X,Y) _______ VX

  

 We need to use the data on page   704  to calculate VX , which is the vari-
ance for the mothers’ weights. The variance equals 445.1. The covari-
ance is already calculated on page 704 ; it equals 152.6.

 b =   152.6 _____ 445.1  

 b = 0.34

 a =  
__

 Y   − b 
__

 X  

 a = 598 − (0.34)(596) = 395.4

Now we are ready to calculate the predicted weight of the offspring 
using the equation
 Y = bX + a
In this problem, X = 660 pounds.
 Y = 0.34(660) + 395.4
 Y = 619.8 lb
The average weight of the offspring is predicted to be 619.8 lb.
S5.  Genetic variance can be used to estimate the number of genes 

affecting a quantitative trait by using the following equation:

   n =   D   2 ____ 8VG
  

  where
   n is the number of genes affecting the trait
   D  is the difference between the mean values of the trait in 

two strains that have allelic differences at every gene that 
influences the trait

   VG  is the genetic variance for the trait; it is calculated using 
data from both strains

   For this method to be valid, several assumptions must be 
met. In particular, the alleles of each gene must be additive, each 
gene must contribute equally to the trait, all of the genes must 

assort independently, and the two strains must be homozygous 
for alternative alleles of each gene. For example, if three genes 
affecting a quantitative trait exist in two alleles each, one strain 
could be AA bb CC and the other would be aa BB cc. In addition, 
the strains must be raised under the same environmental 
conditions. Unfortunately, these assumptions are not typically met 
with regard to most quantitative traits. Even so, when one or more 
assumptions are invalid, the calculated value of n is smaller than the 
actual number. Therefore, this calculation can be used to estimate 
the minimum number of genes that affect a quantitative trait.

   Now here is the question. The average bristle number in 
two strains of flies was 35 and 42. The genetic variance for bristle 
number calculated for both strains was 0.8. What is the minimum 
number of genes that affect bristle number?

Answer: We apply the equation described previously.

 n =   D   2 ____ 8VG
  

 n =   (35 − 42)2
 _________ 8(0.8)  

 n = 7.7 genes
 Because genes must come in whole numbers and because this 
calculation is a minimum estimate, we conclude that at least eight genes  
affect bristle number.
S6.  Are the following statements regarding heritability true or false?
 A. Heritability applies to a specific population raised in a particular 

environment.
 B. Heritability in the narrow sense takes into account all types of 

genetic variance.
 C. Heritability is a measure of the amount that genetics contributes 

to the outcome of a trait.
Answer:
 A. True
 B. False. Narrow-sense heritability considers only the effects of 

additive alleles.
 C. False. Heritability is a measure of the amount of phenotypic 

variation that is due to genetic variation; it applies to the 
variation of a specific population raised in a particular 
environment.

Conceptual Questions

C1. Give several examples of quantitative traits. How are these 
quantitative traits described within groups of individuals?

C2. At the molecular level, explain why quantitative traits often exhibit 
a continuum of phenotypes within a population. How does the 
environment help produce this continuum?

C3. What is a normal distribution? Discuss this curve with regard to 
quantitative traits within a population. What is the relationship 
between the standard deviation and the normal distribution?

C4. Explain the difference between a continuous trait and a 
discontinuous trait. Give two examples of each. Are quantitative 
traits likely to be continuous or discontinuous? Explain why.

C5. What is a frequency distribution? Explain how the graph is made 
for a quantitative trait that is continuous.

C6. The variance for weight in a particular herd of cattle is 484 lb2. 
The mean weight is 562 lb. How heavy would an animal have to be 
if it was in the top 2.5% of the herd? The bottom 0.13%?

C7. Two different varieties of potatoes both have the same mean 
weight of 1.5 lb. One group has a very low variance, and the other 
has a much higher variance.

bro25286_c25_700_729.indd   725bro25286_c25_700_729.indd   725 11/23/10   11:27 AM11/23/10   11:27 AM



726 C H A P T E R  2 5  : :  QUANTITATIVE GENETICS

 A. Discuss the possible reasons for the differences in variance.
 B. If you were a potato farmer, would you rather raise a variety 

with a low or high variance? Explain your answer from a 
practical point of view.

 C. If you were a potato breeder and you wanted to develop 
potatoes with a heavier weight, would you choose the variety 
with a low or high variance? Explain your answer.

C8. If an r value equals 0.5 and N = 4, would you conclude a positive 
correlation is found between the two variables? Explain your 
answer. What if N = 500?

C9. What does it mean when a correlation coefficient is negative? Can 
you think of examples?

C10. When a correlation coefficient is statistically significant, what do 
you conclude about the two variables? What do the results mean 
with regard to cause and effect?

C11. What is polygenic inheritance? Discuss the issues that make 
polygenic inheritance difficult to study.

C12. What is a quantitative trait locus (QTL)? Does a QTL contain one 
gene or multiple genes? What technique is commonly used to 
identify QTLs?

C13. Let’s suppose that weight in a species of mammal is polygenic, and 
each gene exists as a heavy and light allele. If the allele frequencies 
in the population were equal for both types of allele (i.e., 50% 
heavy alleles and 50% light alleles), what percentage of individuals 
would be homozygous for the light alleles at all of the genes 
affecting this trait, if the trait was determined by the following 
number of genes?

 A. Two
 B. Three
 C. Four
C14. The broad-sense heritability for a trait equals 1.0. In your own 

words, explain what this value means. Would you conclude that 
the environment is unimportant in the outcome of this trait? 
Explain your answer.

C15. Compare and contrast the dominance and overdominance 
hypotheses. Based on your knowledge of mutations and genetics, 
which do you think tends to be the more common explanation for 
heterosis?

C16. What is hybrid vigor (also known as heterosis)? Give examples that 
you might find in a vegetable garden.

C17. From an agricultural point of view, discuss the advantages and 
disadvantages of selective breeding. It is common for plant 
breeders to take two different, highly inbred strains, which are the 
product of many generations of selective breeding, and cross them 
to make hybrids. How does this approach overcome some of the 
disadvantages of selective breeding?

C18. Many beautiful varieties of roses have been produced, particularly 
in the last few decades. These newer varieties often have very 
striking and showy flowers, making them desirable as horticultural 
specimens. However, breeders and novices alike have noticed that 
some of these newer varieties do not have very fragrant flowers 
compared with the older, more traditional varieties. From a genetic 

point of view, suggest an explanation why some of these newer 
varieties with superb flowers are not as fragrant.

C19. In your own words, explain the meaning of the term heritability. 
Why is a heritability value valid only for a particular population of 
individuals raised in a particular environment?

C20. What is the difference between broad-sense heritability and 
narrow-sense heritability? Why is narrow-sense heritability such a 
useful concept in the field of agricultural genetics?

C21. The heritability for egg weight in a group of chickens on a farm in 
Maine is 0.95. Are the following statements regarding heritability 
true or false? If a statement is false, explain why.

 A. The environment in Maine has very little effect on the outcome 
of this trait.

 B. Nearly all of the phenotypic variation for this trait in this group 
of chickens is due to genetic variation.

 C. The trait is polygenic and likely to involve a large number of 
genes.

 D. Based on the observation of the heritability in the Maine 
chickens, it is reasonable to conclude that the heritability for egg 
weight in a group of chickens on a farm in Montana is also very 
high.

C22. In a fairly large population of people living in a commune in the 
southern United States, everyone cares about good nutrition. All of 
the members of this population eat very nutritious foods, and their 
diets are very similar to each other. How do you think the height 
of individuals in this commune population would compare with 
that of the general population in the following categories?

 A. Mean height
 B. Heritability for height
 C. Genetic variation for alleles that affect height
C23. When artificial selection is practiced over many generations, it is 

common for the trait to reach a plateau in which further selection 
has little effect on the outcome of the trait. This phenomenon is 
illustrated in Figure 25.13. Explain why.

C24. Discuss whether a natural population of wolves or a domesticated 
population of German shepherds is more likely to have a higher 
heritability for the trait of size.

C25. With regard to heterosis, would the following statements be 
consistent with the dominance hypothesis, the overdominance 
hypothesis, or both?

 A. Strains that have been highly inbred have become monomorphic 
for one or more recessive alleles that are somewhat detrimental 
to the organism.

 B. Hybrid vigor occurs because highly inbred strains are 
monomorphic for many genes, whereas hybrids are more likely 
to be heterozygous for those same genes.

 C. If a gene exists in two alleles, hybrids are more vigorous 
because heterozygosity for the gene is more beneficial than 
homozygosity of either allele.
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Experimental Questions
E1 . Here are data for height and weight among 10 male college 

students.
Height (cm) Weight (kg)

 159 48
 162 50
  161 52
 175 60
 174 64
 198 81
 172 58
 180 74
 161 50
 173 54
 A. Calculate the correlation coefficients for this group.
 B. Is the correlation coefficient statistically significant? Explain.
E2.  The abdomen length (in millimeters) was measured in 15 male 

Drosophila, and the following data were obtained: 1.9, 2.4, 2.1, 2.0, 
2.2, 2.4, 1.7, 1.8, 2.0, 2.0, 2.3, 2.1, 1.6, 2.3, and 2.2. Calculate the 
mean, standard deviation, and variance for this population of male 
fruit flies.

E3.  You need to understand solved problem S5 before answering this 
question. The average weights for two varieties of cattle were 
 514 kg and 621 kg. The genetic variance for weight calculated for 
both strains was 382 kg2. What is the minimum number of genes 
that affect weight variation in these two varieties of cattle?

E4.  Using the same strategy as the experiment of Figure 25.6, the 
following data  are the survival of F2 offspring obtained from 
backcrosses to insecticide-resistant and control strains:

E6.  From an experimental viewpoint, what does it mean to say that 
an RFLP is associated with a trait? Let’s suppose that two strains 
of pea plants differ in two RFLPs that are linked to two genes 
governing pea size. RFLP-1 is found in 2000-bp and 2700-bp 
bands, and RFLP-2 is found in 3000-bp and 4000-bp bands. The 
plants producing large peas have RFLP-1 (2000 bp) and RFLP-2 
(3000 bp); those producing small peas have RFLP-1 (2700 bp) 
and RFLP-2 (4000 bp). A cross is made between these two strains, 
and the F1 offspring are allowed to self-fertilize. Five phenotypic 
classes are observed: small peas, small-medium peas, medium 
peas, medium-large peas, and large peas. We assume that each 
of the two genes makes an equal contribution to pea size and 
that the genetic variance is additive. Draw a gel and explain what 
RFLP banding patterns you would expect to observe for these five 
phenotypic categories. Note: Certain phenotypic categories may 
have more than one possible banding pattern.

E7.  Let’s suppose that two strains of pigs differ in 500 RFLPs. One 
strain is much larger than the other. The pigs are crossed to each 
other, and the members of the F1 generation are also crossed 
among themselves to produce an F2 generation. Three distinct 
RFLPs are associated with F2 pigs that are larger. How would you 
interpret these results?

E8.  Outline the steps you would follow to determine the number of 
genes that influence the yield of rice. Describe the results you 
might get if rice yield is governed by variation in six different 
genes.

E9.  A researcher has two highly inbred strains of mice. One strain is 
susceptible to infection by a mouse leukemia virus, whereas the 
other strain is resistant. Susceptibility/resistance is a polygenic 
trait. The two strains were crossed together, and all of the F1 mice 
were resistant. The F1 mice were then allowed to interbreed, and 
120 F2 mice were obtained. Among these 120 mice, 118 were 
resistant to the viral pathogen, and 2 were sensitive. Discuss how 
many different genes may be involved in this trait. How would 
your answer differ if none of the F2 mice had been susceptible to 
the leukemia virus? Hint: You should assume that the inheritance 
of one viral-resistance allele is sufficient to confer resistance.

E10. In a wild strain of tomato plants, the phenotypic variance for 
tomato weight is 3.2 g2. In another strain of highly inbred 
tomatoes raised under the same environmental conditions, the 
phenotypic variance is 2.2 g2. With regard to the wild strain,

 A. Estimate VG.
 B. What is hB

2?
 C. Assuming that all of the genetic variance is additive, what is 

hN
2?

E11. The average thorax length in a Drosophila population is 1.01 mm. 
You want to practice selective breeding to make larger Drosophila. 
To do so, you choose 10 parents (5 males and 5 females) of the 
following sizes: 0.97, 0.99, 1.05, 1.06, 1.03, 1.21, 1.22, 1.17, 1.19, 
and 1.20. You mate them and then analyze the thorax sizes of 30 
offspring (half male and half female):

  0.99, 1.15, 1.20, 1.33, 1.07, 1.11, 1.21, 0.94, 1.07, 1.11, 1.20, 1.01, 
1.02, 1.05, 1.21, 1.22, 1.03, 0.99, 1.20, 1.10, 0.91, 0.94, 1.13, 1.14, 
1.20, 0.89, 1.10, 1.04, 1.01, 1.26

  Calculate the realized heritability in this group of flies.

  Interpret these results with regard to the locations of QTLs.
E5.  In one strain of cabbage, you conduct an RFLP analysis of head 

weight; you determine that seven QTLs affect this trait. In another 
strain of cabbage, you find that only four QTLs affect this trait. 
Note that both strains of cabbage are from the same species, 
although they may have been subjected to different degrees of 
inbreeding. Explain how one strain can have seven QTLs and 
another strain four QTLs for exactly the same trait. Is the second 
strain missing three genes?
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E12. In a strain of mice, the average 6-week body weight is 25 g and the 
narrow-sense heritability for this trait is 0.21.

 A. What would be the average weight of the offspring if parents 
with a mean weight of 27 g were chosen?

 B. What weight of parents would you have to choose to obtain 
offspring with an average weight of 26.5 g?

E13. Two tomato strains, A and B, both produce fruit that weighs, on 
average, 1 lb each. All of the variance is due to VG. When these 
two strains are crossed to each other, the F1 offspring display 
heterosis with regard to fruit weight, with an average weight of 2 
lb. You take these F1 offspring and backcross them to strain A. You 
then grow several plants from this cross and measure the weights 
of their fruit. What would be the expected results for each of the 
following scenarios?

 A. Heterosis is due to a single overdominant gene.
 B. Heterosis is due to two dominant genes, one in each strain.
 C. Heterosis is due to two overdominant genes.
 D. Heterosis is due to dominance of several genes each from 

strains A and B.
E14. You need to understand solved problem S4 before answering this 

question. The variance in height for fathers (in square inches) was 
112, the variance for sons was 122, and the covariance was 144. 
The mean height for fathers was 68 in., and the mean height for 
sons was 69 in. If a father had a height of 70 in., what is the most 
probable height of his son?

E15. A danger in computing heritability values from studies involving 
genetically related individuals is the possibility that these individuals 
share more similar environments than do unrelated individuals. In 
the experiment of Figure 25.10, which data are the most compelling 
evidence that ridge count is not caused by genetically related 
individuals sharing common environments? Explain.

E16. A large, genetically heterogeneous group of tomato plants was used 
as the original breeding stock by two different breeders, named 
Mary and Hector. Each breeder was given 50 seeds and began an 
artificial selection strategy, much like the one described in Figure 
25.13. The seeds were planted, and the breeders selected the 10 
plants with the highest mean tomato weights as the breeding stock 
for the next generation. This process was repeated over the course 
of 12 growing seasons, and the following data were obtained:

                                                   Mean Weight of Tomatoes (lb)
Year  Mary’s Tomatoes Hector’s Tomatoes

  1 0.7 0.8
  2 0.9 0.9
  3 1.1 1.2
  4 1.2 1.3
  5 1.3 1.3
  6 1.4 1.4
  7 1.4 1.5
  8 1.5 1.5
  9 1.5 1.5
 10 1.5 1.5
 11 1.5 1.5
 12 1.5 1.5

 A. Explain these results.
 B. Another tomato breeder, named Martin, got some seeds from 

Mary’s and Hector’s tomato strains (after 12 generations), grew 
the plants, and then crossed them to each other. The mean 
weight of the tomatoes in these hybrids was about 1.7 lb. For a 
period of 5 years, Martin subjected these hybrids to the same 
experimental strategy that Mary and Hector had followed, and 
he obtained the following results:

                                                             Mean Weight of Tomatoes (lb)
 Year Martin’s Tomatoes
 1 1.7
 2 1.8
 3 1.9
 4 2.0
 5 2.0
  Explain Martin’s data. Is heterosis occurring? Why was Martin 

able to obtain tomatoes heavier than 1.5 lb, whereas Mary’s and 
Hector’s strains appeared to plateau at this weight?

E17. The correlations for height were determined for 15 pairs of indi-
viduals with the following genetic relationships:
Mother/daughter: 0.36
Mother/granddaughter: 0.17
Sister/sister: 0.39
Sister/sister (fraternal twins): 0.40
Sister/sister (identical twins): 0.77

  What is the average heritability for height in this group of females?
E18. An animal breeder had a herd of sheep with a mean weight of 

254 lb at 3 years of age. He chose animals with mean weights of 
281 lb as parents for the next generation. When these offspring 
reached 3 years of age, their mean weights were 269 lb.

 A. Calculate the narrow-sense heritability for weight in this herd.
 B. Using the heritability value that you calculated in part A, what 

weight of animals would you have to choose to get offspring 
that weigh 275 lb (at 3 years of age)?

E19. The trait of blood pressure in humans has a frequency distribu-
tion that is similar to a normal distribution. The following graph  
(see next page) shows the ranges of blood pressures for a selected 
population of people. The red line depicts the frequency distribu-
tion of the systolic pressures for the entire population. Several 
individuals with high blood pressure were identified, and the 
blood pressures of their relatives were determined. This frequency 
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Questions for Student Discussion/Collaboration
1.  Discuss why heritability is an important phenomenon in agricul-

ture. Discuss how it is misunderstood.
2.  From a biological viewpoint, speculate as to why many traits seem 

to fit a normal distribution. Students with a strong background in 
math and statistics may want to explain how a normal distribu-
tion is generated, and what it means. Can you think of biological 
examples that do not fit a normal distribution?

3.  What is heterosis? Discuss whether it is caused by a single gene 
or several genes. Discuss the two major hypotheses proposed to 
explain heterosis. Which do you think is more likely to be correct?

Note: All answers appear at the website for this textbook; the answers to 
even-numbered questions are in the back of the textbook.

www.mhhe.com/brookergenetics4e
Visit the website for practice tests, answer keys, and other learning aids for this chapter. Enhance your understanding of genetics with our interactive 
exercises, quizzes, animations, and much more.

distribution is depicted with a blue line. (Note: The blue line does 
not include the people who were identified with high blood pres-
sure; it includes only their relatives.)

   What do these data suggest with regard to a genetic basis for 
high blood pressure? What statistical approach could you use to 
determine the heritability for this trait?
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