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Extensions to MendelExtensions to Mendel’’s Lawss Laws

Chapter 3
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Sections to studySections to study

3.1 Extensions to Mendel for single3.1 Extensions to Mendel for single--gene inheritancegene inheritance
 Pairs of alleles show deviations from complete dominance and Pairs of alleles show deviations from complete dominance and 

recessivenessrecessiveness..
 Different forms of the gene are not limited to two alleles.Different forms of the gene are not limited to two alleles.
 One gene may determine more than one trait.One gene may determine more than one trait.

3.2 Extensions to Mendel for 3.2 Extensions to Mendel for multifactorialmultifactorial inheritanceinheritance
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MendelianMendelian pattern of inheritancepattern of inheritance

 SingleSingle--gene traitgene trait
 Two allelesTwo alleles
 ClearClear--cut dominance and cut dominance and 

recessivenessrecessiveness
 Genotypic ratio 1: 2: 1Genotypic ratio 1: 2: 1
 Phenotypic ratio 3: 1Phenotypic ratio 3: 1
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Exceptions to Exceptions to MendelianMendelian pattern of inheritancepattern of inheritance

 SingleSingle--gene traitgene trait
 Pairs of alleles show deviations from complete dominance and Pairs of alleles show deviations from complete dominance and 

recessivenessrecessiveness..
 Different forms of the gene are not limited to two alleles.Different forms of the gene are not limited to two alleles.
 One gene may determine more than one trait.One gene may determine more than one trait.

 MultifactorialMultifactorial traittrait
 Traits determined by two or more genes, or by the interaction ofTraits determined by two or more genes, or by the interaction of

genes with the environment.genes with the environment.
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3.1 Extensions to Mendel for single3.1 Extensions to Mendel for single--gene inheritancegene inheritance
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1. Dominance is not always complete1. Dominance is not always complete

Crosses between true-breeding strains can produce hybrids with 
phenotypes different from both parents.

Fig. 3.2
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 CodominanceCodominance
 F1 hybrids express the traits of both parents.F1 hybrids express the traits of both parents.
 Phenotypic ratios are the same as genotypic ratios.Phenotypic ratios are the same as genotypic ratios.

 Incomplete dominanceIncomplete dominance
 F1 hybrids express an intermediate phenotype that differs from bF1 hybrids express an intermediate phenotype that differs from both oth 

parents.  Neither allele is dominant or recessive to the other.parents.  Neither allele is dominant or recessive to the other.
 Phenotypic ratios are the same as genotypic ratios.Phenotypic ratios are the same as genotypic ratios.



3-8Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

CodominantCodominant lentil coat patternslentil coat patterns

Fig. 3.4a

 CodominanceCodominance
 F1 hybrids express F1 hybrids express 

the traits of both the traits of both 
parents.parents.

 Phenotypic ratios are Phenotypic ratios are 
the same as the same as 
genotypic ratios.genotypic ratios.
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CodominantCodominant blood type allelesblood type alleles

Fig. 3.4b
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H
O antigen (H substance).
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Gal transferase
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GalNAc transferase
(IA)

GalNAc(N-acetylgalactosamine )
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Incomplete dominance in snapdragonsIncomplete dominance in snapdragons
 Incomplete dominanceIncomplete dominance

 F1 hybrids express an F1 hybrids express an 
intermediate phenotype that intermediate phenotype that 
differs from both parents.  differs from both parents.  
Neither allele is dominant or Neither allele is dominant or 
recessive to the other.recessive to the other.

 Phenotypic ratios are the Phenotypic ratios are the 
same as genotypic ratios.same as genotypic ratios.

Fig. 3.3
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Incomplete dominance arises when phenotype varies in Incomplete dominance arises when phenotype varies in 
proportion to the amount of functional protein.proportion to the amount of functional protein.

Fig. 8.30
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Do variations on dominance relations negateDo variations on dominance relations negate
MendelMendel’’s law of segregation? s law of segregation? 

 MendelMendel’’s law of segregation still applies. s law of segregation still applies. 
 Dominance relations do not affect the segregation of alleles.Dominance relations do not affect the segregation of alleles.
 Dominance relations only affect phenotype.Dominance relations only affect phenotype.

 Gene products control expression of phenotypes differently.Gene products control expression of phenotypes differently.
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2. A gene may have more than two alleles2. A gene may have more than two alleles
 Genes may have multiple alleles in a population.Genes may have multiple alleles in a population.

PhenotypePhenotype GeneGene GenotypeGenotype Red blood cell Red blood cell 
surface antigensurface antigen

Antibodies Antibodies 
in serumin serum

AA IIAA IIAAIIAA AA antianti--BB
IIAAii

BB IIBB IIBBIIBB BB antianti--AA
IIBBii

ABAB IIAA, I, IBB IIAAIIBB A and BA and B neitherneither

OO ii iiii neitherneither antianti--A and A and 
antianti--BB

Human ABO blood types: I (isoagglutinogen 同族凝集原)
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 Each individual carries only two of the alternative alleles.Each individual carries only two of the alternative alleles.
 ABO blood typeABO blood type

 3 alleles: 3 alleles: IIAA, , IIBB, and , and ii
 6 possible ABO genotypes6 possible ABO genotypes

 Dominance or Dominance or recessivenessrecessiveness is always relative to a second allele.is always relative to a second allele.
 ABO blood typeABO blood type

 IIAA is completely dominant to is completely dominant to ii but but codominantcodominant to to IIBB

 6 genotypes generate 4 phenotypes6 genotypes generate 4 phenotypes
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How to establish How to establish 
dominance relations dominance relations 

between multiple alleles?between multiple alleles?

 Perform reciprocal crosses Perform reciprocal crosses 
between pure breeding between pure breeding 
lines of all phenotypeslines of all phenotypes

 Establish dominance seriesEstablish dominance series

Fig. 3.6
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Mutations are the source of new allelesMutations are the source of new alleles

 Multiple alleles arise spontaneously in nature due to chance Multiple alleles arise spontaneously in nature due to chance 
alterations in genetic material alterations in genetic material –– mutations.mutations.

Mutant formWild-type mutation

Example: human -hemoglobin

 Chain ofChain of
HemoglobinHemoglobin

Sixth Sixth 
codecode

functionfunction

HbAHbA GAGGAG normalnormal
HbSHbS GTGGTG sickledsickled
HbCHbC AAGAAG abnormalabnormal

Fig. 9.1a, b
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 Mutation rate varies from 1 in 10,000 to 1 in 1,000,000 per Mutation rate varies from 1 in 10,000 to 1 in 1,000,000 per 
gamete per generation.gamete per generation.

 Allele frequencyAllele frequency is the percentage of the total number of gene is the percentage of the total number of gene 
copies represented by one allele.copies represented by one allele.
 WildWild--type allele type allele –– alleleallele whose frequency is more than 1%.whose frequency is more than 1%.
 MutantMutant alleleallele –– alleleallele whose frequency is less than 1%.whose frequency is less than 1%.
 MonomorphicMonomorphic –– gene with only one wildgene with only one wild--type allele.type allele.
 PolymorphicPolymorphic –– gene with more than one wildgene with more than one wild--type allele.type allele.
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The mouse The mouse agoutiagouti gene: one wildgene: one wild--type allele,type allele,
many mutant alleles (many mutant alleles (> 14)> 14)

Fig. 3.7a-b
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3. One gene may contribute to several visible characteristics3. One gene may contribute to several visible characteristics

 PleiotropyPleiotropy –– A single gene determines a number of distinct and A single gene determines a number of distinct and 
seemingly unrelated characteristics.seemingly unrelated characteristics.

Multiple traits

Single trait

Polygenic

Pleiotrophy
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 PleiotropyPleiotropy –– A single gene determines a number of distinct and A single gene determines a number of distinct and 
seemingly unrelated characteristics.seemingly unrelated characteristics.
 One recessive mutation in Maori people causes respiratory probleOne recessive mutation in Maori people causes respiratory problems ms 

and infertility in men.and infertility in men.
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 Defects in cilia of respiratory system and flagella in sperm areDefects in cilia of respiratory system and flagella in sperm are
the cause for the Maori disease.the cause for the Maori disease.
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 Some alleles affect viability.Some alleles affect viability.
 Alleles that affect viability often Alleles that affect viability often 

produce deviations from a 1:2:1 produce deviations from a 1:2:1 
genotypic and 3:1 phenotypic genotypic and 3:1 phenotypic 
ratio.ratio.

Fig. 3.9
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A dominant coat color allele also producesA dominant coat color allele also produces
recessive lethality in micerecessive lethality in mice

 AAYY is dominant to A in is dominant to A in 
determining coat color.determining coat color.
 Yellow must be AYellow must be AYYA.A.

 AAYY is recessive to A in is recessive to A in 
producing viability.producing viability.
 Yellow mice do not breed Yellow mice do not breed 

true. true. 
 AAYYAAYY die die in in uteroutero and do not and do not 

show up as progeny.show up as progeny.

Fig. 3.9
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SickleSickle--cellcell
anemiaanemia

Mutant  chain 
(E6V) of 
hemoglobin 
forms aggregates 
that cause red 
blood cells to 
sickle.

Fig. 7.25a
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 Multiple allelesMultiple alleles
 WildWild--type is type is HbHbAA

 More than 400 mutant alleles identified so farMore than 400 mutant alleles identified so far
 HbHb SS allele specifies abnormal peptide causing allele specifies abnormal peptide causing sicklingsickling among among 

red blood cellsred blood cells
 PleiotropyPleiotropy

 HbHb SS affects more than one traitaffects more than one trait
 Muscle cramps, shortness of breath, and fatigueMuscle cramps, shortness of breath, and fatigue
 AnemiaAnemia
 Resistance to malariaResistance to malaria

 Recessive lethalityRecessive lethality
 Homozygous Homozygous HbHb SS HbHb SS individuals die at young age.individuals die at young age.

 Different dominance relationsDifferent dominance relations
 Heterozygous Heterozygous HbHb AA HbHb SS individuals become sick in lowindividuals become sick in low--

oxygen environment.oxygen environment.
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PleiotropyPleiotropy of sickleof sickle--cell anemiacell anemia

Fig. 3.10
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3.2 Extensions to Mendel for 3.2 Extensions to Mendel for multifactorialmultifactorial inheritanceinheritance

 Novel phenotypes can emerge from the combined action of the Novel phenotypes can emerge from the combined action of the 
alleles of two genes.alleles of two genes.

Single trait

Polygenic
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aabbaaBbAabbAaBbabab

aaBbaaBBAaBbAbBBaBaB

AabbAaBbAAbbAABbAbAb

AaBbAaBBAABbAABBABAB

ababaBaBAbAbABAB

♂ AaBb♀ AaBb 

AABB  aabbP

F1

F2
9 A_ B_

3 A_ bb

3 aa B_

1 aa bb
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 Genes A and B interact Genes A and B interact 
to produce new colors to produce new colors 
in lentils.in lentils.

Fig. 3.11a

1. Two genes interact 
to produce new 
phenotypes
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2. Complementary gene action generates2. Complementary gene action generates
flower color in sweet peasflower color in sweet peas

9:7 (purple: white) ratio 
demonstrates that one 
dominant allele of two 
genes must be present to 
produce purple flowers.

Fig. 3.12
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Two genes work in Two genes work in 
tandem to produce tandem to produce 
purple pigmentpurple pigment

Fig. 3.13
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3. One gene3. One gene’’s alleles mask the effects ofs alleles mask the effects of
another geneanother gene’’s alleless alleles

 EpistasisEpistasis: A gene interaction in which the effects of an allele at : A gene interaction in which the effects of an allele at 
one gene hide the effects of alleles at another gene.one gene hide the effects of alleles at another gene.
 Recessive Recessive epistasisepistasis  The recessive allele of one gene hides the effects The recessive allele of one gene hides the effects 

of another gene.of another gene.
 Dominant Dominant epistasisepistasis  The dominant allele of one gene hides the The dominant allele of one gene hides the 

effects of another gene.effects of another gene.

A B C D E
A B C D

A：epistatic gene
B：hypostatic gene
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33--1 Recessive 1 Recessive epistasisepistasis
Coat color in Labrador retrieversCoat color in Labrador retrievers

Fig. 3.14a
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Recessive Recessive epistasisepistasis in human blood types in human blood types 

Fig. 3.14b

Bombay phenotypeBombay phenotype ––
mutant recessive allele at mutant recessive allele at 
second gene second gene hhhh masks masks 
phenotype of ABO alleles.phenotype of ABO alleles.

Woman
(O type)

Man 
(O type)

Children
(A, B or O type)

IAIB hh ii Hh

IAi Hh
IBi Hh

IAi hh, IBi hh

H substance

A antigen

B antigen

IA

IB

Precursor

H
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33--2 Dominant 2 Dominant epistasisepistasis (I)(I)

Fig. 3.15a

Summer squash
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One gene inhibit the other gene’s function

precursor product

A

enzyme

B
×

B gene suppress A gene’s function.

Example： Primrose color

A：yellow

B：inhibit A，white（colorless）

33--3 Dominant 3 Dominant epistasisepistasis (II)(II)
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AaBbF1

AAbb × aaBBP

A_B_9/169/16
A_bb3/163/16

aaaa bbbb1/161/16
aaB_3/163/16

GenotypeGenotypePredicted 
F2 ratio 

A_B_9/169/16
A_bb3/163/16

aaaa bbbb1/161/16
aaB_3/163/16

GenotypeGenotypePredicted 
F2 ratio 

white
3/163/16yellow

white

13/1613/16
white

Final ratioFinal ratioPhenotypePhenotype

white
3/163/16yellow

white

13/1613/16
white

Final ratioFinal ratioPhenotypePhenotype
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Precursor ProductA or B

A and B gene have the same 
function，only one is enough.

Example:

4. Two genes have the same phenotype4. Two genes have the same phenotype

The shape of maize leaves.
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aabbaaBbAabbAaBbabab

aaBbaaBBAaBbAbBBaBaB

AabbAaBbAAbbAABbAbAb

AaBbAaBBAABbAABBABAB

ababaBaBAbAbABAB

♂ AaBb♀ AaBb 

AABB  aabbP

F1

F2
9 A_ B_

3 A_ bb

3 aa B_

1 aa bb
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5. Several genes can contribute to the same trait5. Several genes can contribute to the same trait

 Heterogeneous traitsHeterogeneous traits are traits determined by a number of are traits determined by a number of 
different genes. A mutation at any one of these genes can give different genes. A mutation at any one of these genes can give 
rise to the same phenotype. rise to the same phenotype. 
 Albinism in plants, animals and humans.Albinism in plants, animals and humans.
 Deafness in humans is a heterogeneous trait. About 50 different Deafness in humans is a heterogeneous trait. About 50 different 

genes have mutant alleles that can cause deafness.genes have mutant alleles that can cause deafness.

A B C D E
A B C D

Genes

Biochemical reaction cascade

Substances
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Fig. 3.16

 Difficult to determine which of many genes mutated in a person Difficult to determine which of many genes mutated in a person 
with a heterogeneous mutant phenotype.with a heterogeneous mutant phenotype.

 Complementation testing can determine if mutations arise from Complementation testing can determine if mutations arise from 
the same or different genes.the same or different genes.
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Breeding studies help determineBreeding studies help determine
how a trait is inheritedhow a trait is inherited

 How do we know if a trait is caused by one gene or two genes How do we know if a trait is caused by one gene or two genes 
that interact?that interact?
 Ratios such as 9:7 or 13:3 can indicate potential gene interactiRatios such as 9:7 or 13:3 can indicate potential gene interaction.on.
 Further breeding studies can confirm hypotheses.Further breeding studies can confirm hypotheses.
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Testing two gene and Testing two gene and 
one gene hypothesis one gene hypothesis ––

example from miceexample from mice

Fig. 3.18a
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Fig. 3.18b
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 Genes can interact to generate new phenotypes.Genes can interact to generate new phenotypes.
 The dominant alleles of two interacting genes can both be The dominant alleles of two interacting genes can both be 

necessary for producing a phenotype.necessary for producing a phenotype.
 One geneOne gene’’s alleles can mask the effects of another genes alleles can mask the effects of another gene’’s.s.
 Mutants alleles at one of two or more different genes can resultMutants alleles at one of two or more different genes can result

in the same phenotype.in the same phenotype.

Summary of genetic variations onSummary of genetic variations on
multifactorialmultifactorial traitstraits



3-51Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

The same genotype does not alwaysThe same genotype does not always
produce the same phenotypeproduce the same phenotype

 Phenotype often depends on Phenotype often depends on penetrancepenetrance and expressivity.and expressivity.
 PenetrancePenetrance ((外显率外显率)): Percentage of individuals with a particular : Percentage of individuals with a particular 

genotype that show the expected phenotype in a population.genotype that show the expected phenotype in a population.
 PenetrancePenetrance can be complete (100%) or incomplete can be complete (100%) or incomplete 

(retinoblastoma 75%).(retinoblastoma 75%).
 Expressivity (Expressivity (表现度表现度)): Degree or intensity with which a particular : Degree or intensity with which a particular 

genotype is expressed in a phenotypegenotype is expressed in a phenotype
 Expressivity can be variable or unvarying.Expressivity can be variable or unvarying.
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Incomplete Incomplete penetrancepenetrance

Phenotypic expression
(each circle represents an individual)

Variable penetrance



3-53Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

Variable expressivity

Color spots in beagle
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 Modifier genesModifier genes have subtle, secondary effect on a phenotype have subtle, secondary effect on a phenotype 
from a major gene.from a major gene.

 Environment can affect the phenotypic expression of a genotype.Environment can affect the phenotypic expression of a genotype.

 TemperatureTemperature
 Coat color in Siamese cats is lighter in its extremities.Coat color in Siamese cats is lighter in its extremities.
 Conditional Conditional lethalslethals

 shibireshibire gene in fly is lethal at temperatures above 29gene in fly is lethal at temperatures above 29ooC.  C.  
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Temperature can affect coat colorTemperature can affect coat color
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 Environment can affect the phenotypic expression of a genotype.Environment can affect the phenotypic expression of a genotype.

 TemperatureTemperature
 Coat color in Siamese cats is lighter in its extremities.Coat color in Siamese cats is lighter in its extremities.
 Conditional Conditional lethalslethals

 shibireshibire gene in fly is lethal at temperatures above 29gene in fly is lethal at temperatures above 29ooC.  C.  
 PhenocopyPhenocopy ((表型模拟表型模拟)): Change in phenotype arising from : Change in phenotype arising from 

environmental agents that mimics the effect of a mutation at environmental agents that mimics the effect of a mutation at 
a gene.a gene.
 In early 1960s, the drug thalidomide disrupts limb In early 1960s, the drug thalidomide disrupts limb 

development in normal fetuses.development in normal fetuses.
 Diet, exercise, smoking contribute to certain heart and lung Diet, exercise, smoking contribute to certain heart and lung 

diseases.diseases.
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Continuous variation can be explainedContinuous variation can be explained
by by MendelianMendelian analysisanalysis

 Discontinuous traitsDiscontinuous traits: Phenotype is clear cut without variation. : Phenotype is clear cut without variation. 
 Continuous traits (Continuous traits (连续性状连续性状)): Phenotype shows continuous : Phenotype shows continuous 

variation.variation.
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Height is a continuous trait in humansHeight is a continuous trait in humans

Fig. 3.21a
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Skin color is a continuous traitSkin color is a continuous trait

Fig. 3.21b
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 Continuous traitsContinuous traits: Phenotype shows continuous variation.: Phenotype shows continuous variation.
 Continuous traits are also called Continuous traits are also called quantitative traitsquantitative traits by geneticists by geneticists 

and are usually polygenic.and are usually polygenic.

 Continuous traits such as height in humans are determined by Continuous traits such as height in humans are determined by 
segregating alleles of many genes interacting with one another asegregating alleles of many genes interacting with one another and nd 
the environment.the environment.

 The more genes that contribute to a trait, the greater the numbeThe more genes that contribute to a trait, the greater the number of r of 
possible phenotypic classes and the greater the similarity to possible phenotypic classes and the greater the similarity to 
continuous variation.continuous variation.


