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Sections to studySections to study

14.1 Mitochondria and their genomes
14.2 Chloroplasts and their genomes
14.3 The relationship between organellar and nuclear genomes
14.4 Non-Mendelian inheritance of mitochondria and 

chloroplasts
14.5 Mutant mitochondria and human disease
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Mitochondria are sites of energy production.Mitochondria are sites of energy production.
 Present in eukaryotes.
 Number of mitochondria in each cell varies. 

14.1 Mitochondria and their genomes
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 Produce ATP 
through the oxidative 
phosphorylation of 
ADP.
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The genomes of mitochondriaThe genomes of mitochondria

 Shape: circular in most species; linear in a few species.Shape: circular in most species; linear in a few species.
 mtDNAmtDNA lies within matrix of the organelle in structures called lies within matrix of the organelle in structures called 

nucleoidsnucleoids..
 Number of Number of mtDNAmtDNA in each mitochondria can change.in each mitochondria can change.
 Replication is independent of the cell cycle and occurs Replication is independent of the cell cycle and occurs 

randomly.randomly.



16-6Copyright © The McGraw-Hill Companies, Inc.  Permission required to reproduce or display

The size and gene content of The size and gene content of mtDNAmtDNA vary fromvary from
organism to organismorganism to organism

Size: 6 Size: 6 -- 2400 kb.2400 kb.
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Human Human mtDNAmtDNA carries closely packed genescarries closely packed genes

 37 genes37 genes
 13 encode polypeptide 13 encode polypeptide 

subunits that make up subunits that make up 
oxidative oxidative phosphorylationphosphorylation
apparatusapparatus

 22 22 tRNAtRNA genesgenes
 2 genes for large and small 2 genes for large and small 

rRNAsrRNAs

 Compact gene arrangementCompact gene arrangement
 No No intronsintrons
 Genes abut or slightly overlap.Genes abut or slightly overlap.

Fig 14.3
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Yeast Yeast mtDNAmtDNA contains spacers and contains spacers and intronsintrons

 Four times longer Four times longer 
than human than human mtDNAmtDNA..
 Long Long intergenicintergenic

sequences called sequences called 
spacersspacers separate genes separate genes 
accounting for more accounting for more 
than half of DNA.than half of DNA.

 IntronsIntrons form about form about 
25% of 25% of mtDNAmtDNA..
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 Protozoan parasites contain Protozoan parasites contain 
a single mitochondrion a single mitochondrion 
called called kinetoplastkinetoplast ((动基体动基体))..

Unusually organized Unusually organized mtDNAsmtDNAs of protozoan parasites of the of protozoan parasites of the 
genera genera TrypanosomaTrypanosoma, , LeishmaniaLeishmania, , and and CrithidiaCrithidia
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Protozoan parasites of the genera Protozoan parasites of the genera TrypanosomaTrypanosoma ((锥虫锥虫)),,
LeishmaniaLeishmania ((利什曼原虫利什曼原虫)), , and and CrithidiaCrithidia ((短膜虫短膜虫))

Trypanosomes in the blood

Tsetse fly

African sleeping sickness
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 mtDNAmtDNA exists in one place as a large network of interlocking  exists in one place as a large network of interlocking  
minicirclesminicircles and and maxicirclesmaxicircles..
 Large network of 10Large network of 10--25,000 25,000 minicirclesminicircles 0.5 0.5 –– 2.5 kb in length 2.5 kb in length 

interlocked with 50interlocked with 50--100 100 maxicirclesmaxicircles 2121--31 kb long.31 kb long.
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 MaxicirclesMaxicircles contain genes.contain genes.
 MaxicircleMaxicircle DNAsDNAs carry only short, recognizable gene fragments carry only short, recognizable gene fragments 

instead of whole genes.instead of whole genes.
 Two types of Two types of RNAsRNAs in in kinetoplastkinetoplast: short fragments and mature : short fragments and mature 

mRNAs.mRNAs.

 MinicirclesMinicircles carry no genes, involved in RNA editing.carry no genes, involved in RNA editing.

Fig. 14.4
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RNA editingRNA editing, a rare variation on the basic theme, a rare variation on the basic theme
of gene expressionof gene expression

 RNA editingRNA editing –– A postA post--transcriptional modification process that transcriptional modification process that 
converts preconverts pre--mRNA to mature mRNA by adding or deleting mRNA to mature mRNA by adding or deleting 
nucleotides.nucleotides.

 Discovered in the mitochondria of trypanosomes, also found in Discovered in the mitochondria of trypanosomes, also found in 
the mitochondria of some plants and fungi.the mitochondria of some plants and fungi.
 Adds or deletes uracils in trypanosomes.

 Adds or deletes cytosines in plants.
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RNA editing in trypanosomes: addition or deletion of RNA editing in trypanosomes: addition or deletion of uraciluracil

Fig. 14.5

 Pre-mRNA pairs with guide RNA. (atypical G-U pairing)
 Unpaired G and A in guide RNA initiate the addition of U in pre-

mRNA.
 Unpaired U’s in pre-mRNA are deleted.
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mRNA translation in mitochondriamRNA translation in mitochondria

 Mitochondria has its own translational machinery.
 tRNAs
 Ribosomes: different from bacterial and eukaryotic ribosomes.
 Translation initiation, elongation factors..

 Mitochondrial translation resembles prokaryotic translationMitochondrial translation resembles prokaryotic translation.
 First amino acid is N-formyl methionine.
 Inhibited by bacterial translation inhibitors, such as chloramphenicol

and erythromycin.
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Altered genetic code Altered genetic code 
in mitochondria in mitochondria 
shows that the shows that the 
genetic code is not genetic code is not 
universaluniversal
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ChloroplastsChloroplasts ((叶绿体叶绿体)) are sites of photosynthesis.are sites of photosynthesis.
 Found in plants and algae.
 40 50 chloroplasts each leaf cell in corn.

14.2 Chloroplasts and their genomes

Chloroplasts in a moss

Fig. 14.6
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 Capture, conversion, 
and storage of solar 
energy in the bonds of 
carbohydrates.

Fig. 14.6
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The genomes of chloroplastsThe genomes of chloroplasts

 Size: 120Size: 120--217 kb, mostly 120217 kb, mostly 120--160 kb.160 kb.
 Genes are closely packed and separated by few nucleotides.Genes are closely packed and separated by few nucleotides.
 Genes contain Genes contain intronsintrons..
 Shape: most Shape: most cpDNAscpDNAs are linear.are linear.
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Chloroplast DNA of the liverwort Chloroplast DNA of the liverwort M. M. polymorphapolymorpha
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 cpDNA-encoded proteins
 Proteins or enzymes for photosynthesis.

 RNA polymerase, ribosomal proteins, translation factors.

 Translation initiation, elongation factors..

 Chloroplast transcription and translation resemble prokaryotic Chloroplast transcription and translation resemble prokaryotic 
translationtranslation.
 RNA polymerase is similar to bacterial counterparts.

 Sensitive to bacterial translation inhibitors, such as chloramphenicol
and erythromycin.
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 Developed in late 1980s.
 Coat small metal particles (1 m) with DNA and shoot them at 

cells with the gene gun.
 Stable transformation of organelles is highly successful only for 

chloroplasts. 

Organelle transformationOrganelle transformation
Biolistic transformation

Helios gene gun 
(Bio-Rad)

Fig 14.8
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Mitochondria and Mitochondria and 
chloroplast functions chloroplast functions 
require cooperation between require cooperation between 
organelle and nuclear organelle and nuclear 
genomesgenomes

14.3 The relationship between 14.3 The relationship between 
organellarorganellar and nuclear genomesand nuclear genomes
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Gene transfer occurs through an RNA intermediate or by Gene transfer occurs through an RNA intermediate or by 
movement of DNA piecesmovement of DNA pieces

 Genes transfer between organelles and the nucleus.Genes transfer between organelles and the nucleus.
 COXII genegene

 Locates in Locates in mtDNAmtDNA in many plants.in many plants.
 In nuclear genome in other plants.In nuclear genome in other plants.
 In both nuclear genome (functional, In both nuclear genome (functional, intronlessintronless) and ) and mtDNAmtDNA

(nonfunctional, (nonfunctional, intronintron) in several plant species. ) in several plant species. 

 DNA movement between organelles.DNA movement between organelles.
 Some plant Some plant mtDNAsmtDNAs carry fragments of carry fragments of cpDNAcpDNA. . 
 Nonfunctional copies of organelle DNA are found in the nuclear Nonfunctional copies of organelle DNA are found in the nuclear 

genomes of eukaryotes.genomes of eukaryotes.
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Origin of mitochondria and chloroplastsOrigin of mitochondria and chloroplasts

EndosymbiontEndosymbiont theorytheory::

 1970s, Lynn 1970s, Lynn MargulisMargulis
 Mitochondria and chloroplastsMitochondria and chloroplasts

originated more than a billion originated more than a billion 
years ago.years ago.

 Ancient precursors of eukaryotic cells engulfed bacteria and Ancient precursors of eukaryotic cells engulfed bacteria and 
established symbiotic relationship.established symbiotic relationship.
 Mitochondrial genomes derives from a common ancestor of presentMitochondrial genomes derives from a common ancestor of present--

day day nonsulfurnonsulfur purple bacteriapurple bacteria..
 Chloroplast genomes derives from Chloroplast genomes derives from cyanobacteriacyanobacteria..
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Nonsulfur purple bacteria Cyanobacteria
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 Molecular evidenceMolecular evidence

 Both chloroplasts and mitochondria have their own DNA Both chloroplasts and mitochondria have their own DNA 
and and ribosomesribosomes..

 mtDNAmtDNA and and cpDNAcpDNA are not organized into are not organized into nucleosomesnucleosomes by by 
histoneshistones, similar to bacteria., similar to bacteria.

 Mitochondria uses Mitochondria uses NN--formylformyl methioninemethionine and and tRNAtRNAfmetfmet in in 
translation.translation.

 Inhibitors of bacterial translation have same effect on Inhibitors of bacterial translation have same effect on 
mitochondrial translation, but not on eukaryotic mitochondrial translation, but not on eukaryotic cytoplasmiccytoplasmic
protein synthesis.protein synthesis.
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 Organelle DNAOrganelle DNA
 Mitochondrial DNAMitochondrial DNA
 Chloroplast DNAChloroplast DNA

 PlasmidPlasmid

NonNon--MendelianMendelian inheritanceinheritance: An inheritance pattern that does not : An inheritance pattern that does not 
follow Mendelfollow Mendel’’s laws and does not produce s laws and does not produce MendelianMendelian ratios ratios 
among the progeny of various crosses.among the progeny of various crosses.

14.4 Non14.4 Non--MendelianMendelian inheritance of mitochondria and inheritance of mitochondria and 
chloroplasts chloroplasts 
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Inheritance of variegated leaves in four-o’clocks
(Mirabilis jalapa)

 In 1909, Carl Correns.
 Reciprocal crosses showed different 

patterns of inheritance.
 Maternal inheritance pattern.

Fig 14.1, 14-10
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♀Green ×♂Variegated  Green

♀Variegated ×♂Green  White
or Green
or Variegated

♀White  ×♂Variegated  White

Variegated 
leaf
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Colony-size inheritance in yeast Saccharomyces cerevisiae
found by French researchers in 1949

grande (95%), petite (5%)Yeast on glucose

grande

petite

grande, petite colonies 

petite

grande  petite grande (diploid) 4 grande: 0 petite
(haploid)

Sporulation

grande  grande grande (diploid) 4 grande (haploid) 
Sporulation

petite  petite petite (diploid) No sporulation
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NonNon--MendelianMendelian inheritance of organelleinheritance of organelle
DNADNA--encoded traitsencoded traits

 UniparentalUniparental inheritanceinheritance: Inheritance of organelle genes from : Inheritance of organelle genes from 
only one parent.only one parent.
 Mitochondrial DNAMitochondrial DNA--encoded traitsencoded traits
 Chloroplast DNAChloroplast DNA--encoded traitsencoded traits

 BiparentalBiparental inheritanceinheritance: Inheritance of organelle genes from : Inheritance of organelle genes from 
both parents.both parents.
 Yeast mitochondrial DNAYeast mitochondrial DNA
 Chloroplast DNAChloroplast DNA--encoded leaf variegation in geranium encoded leaf variegation in geranium Pelargonium Pelargonium 

zonalezonale..
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In most species, progeny inherit organelle DNA from only In most species, progeny inherit organelle DNA from only 
one parent, usually their motherone parent, usually their mother

 Examination of Examination of mtDNAmtDNA
inheritance in the inheritance in the 
XenopusXenopus frog.frog.
 Isolate Isolate mtDNAmtDNA from from 

two species.two species.

 DNA hybridization.DNA hybridization.

 F1 hybrids retain only F1 hybrids retain only 
mtDNAmtDNA from mother.from mother.
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LHON, a maternally inherited human neurodegenerative LHON, a maternally inherited human neurodegenerative 
diseasedisease

 LeberLeber’’ss hereditary optic neuropathy (LHON)hereditary optic neuropathy (LHON), , defective defective 
mitochondrial electron transport chain leads to optic nerve mitochondrial electron transport chain leads to optic nerve 
degeneration and blindness.degeneration and blindness.

 Mutation in a gene encoding NADH Mutation in a gene encoding NADH dehydrogenasedehydrogenase subunit 4: subunit 4: 
GG--toto--A substitution at nucleotide 11,778 in A substitution at nucleotide 11,778 in mtDNAmtDNA..

Fig 14.14
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Segregation of organelles during mitosisSegregation of organelles during mitosis

 HomoplasmyHomoplasmy –– cells contain cells contain 
one type of organelle DNA.one type of organelle DNA.
 Mitotic products contain same Mitotic products contain same 

type, except for rare mutation.type, except for rare mutation.
 HeteroplasmyHeteroplasmy –– cells contain cells contain 

a mixture of organelle a mixture of organelle 
genomes.genomes.
 Mitotic progeny could be Mitotic progeny could be 

heteroplasmicheteroplasmic, , homoplasmichomoplasmic
wild type, or wild type, or homoplasmichomoplasmic
mutant.mutant.

Cells can carry one type or a mixture of organelle genomes.Cells can carry one type or a mixture of organelle genomes.

Fig 14.11
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Mitotic segregation produces an uneven distribution of Mitotic segregation produces an uneven distribution of 
organelle genes in organelle genes in heteroplasmicheteroplasmic cellscells

 Some ova may carry large number of wildSome ova may carry large number of wild--type mitochondria and type mitochondria and 
few mitochondria with LHON mutation.few mitochondria with LHON mutation.

 Other ova may carry mainly mitochondria with LHON mutation Other ova may carry mainly mitochondria with LHON mutation 
and few wildand few wild--type.type.

 Consequence of Consequence of heteroplasmyheteroplasmy after fertilizationafter fertilization
 Some cells produce tissues with normal ATP production and Some cells produce tissues with normal ATP production and 

others with low production.others with low production.
 If low production cells are in optic nerve, LHON results.If low production cells are in optic nerve, LHON results.

Women with Women with heteroplasmicheteroplasmic LHON mutation:LHON mutation:
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Mechanisms that contribute to Mechanisms that contribute to uniparental inheritance

 Differences in gamete size Differences in gamete size (big egg, small sperm).(big egg, small sperm).
 Organelles or organelle DNA of male gametes are degraded in Organelles or organelle DNA of male gametes are degraded in 

some organisms.some organisms.
 Paternal organelle genomes are distributed to cells that are notPaternal organelle genomes are distributed to cells that are not

destined to become part of the embryo during early destined to become part of the embryo during early 
development in some plants.development in some plants.

 Paternal organelles are not allowed to enter the egg during Paternal organelles are not allowed to enter the egg during 
fertilization in some animals.fertilization in some animals.

 Paternal organelles in the zygote are destroyed after Paternal organelles in the zygote are destroyed after 
fertilization in some organisms.fertilization in some organisms.
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BiparentalBiparental inheritance and mitotic segregation ofinheritance and mitotic segregation of
mtDNAmtDNA--encoded traits in yeastencoded traits in yeast

Fig 14.13
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Biparental inheritance of leaf variegation in 
geranium Pelargonium zonale

variegated
green

whitevariegatedgreen

Variegated leaves 
are a chimeric

condition. 
Chloroplasts are 

from both 
parents.

Fig. 14.36
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Summary of the genetic principles of non-Mendelian
inheritance

 Parental alleles segregate at the ratio of 4:0 instead of 2:2.

 In most organisms, inheritance of organelle-encoded traits is 
uniparental, mainly maternal. Biparental inheritance is rare.

 When cells carrying a mixture of organelles with different 
genotypes divide, organelle genotype segregates due to uneven 
partitioning of organelles.
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14.5 Mutant mitochondria and human disease14.5 Mutant mitochondria and human disease

Abnormal mitochondria in muscle

MERRFMERRF: : MyoclonicMyoclonic epilepsy and ragged red fiber diseaseepilepsy and ragged red fiber disease

 Symptoms include Symptoms include 
uncontrolled jerking, uncontrolled jerking, 
muscle weakness, deafness, muscle weakness, deafness, 
heart problems, kidney heart problems, kidney 
problems, progressive problems, progressive 
dementia.dementia.

 Caused by a mutation in the Caused by a mutation in the 
tRNAtRNALysLys gene, or other gene, or other 
tRNAtRNA genes, which disrupts genes, which disrupts 
the production of proteins the production of proteins 
involved in ATP production.involved in ATP production.
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Maternal inheritance of MERRFMaternal inheritance of MERRF

Fig. 14.16

 Individuals with MERRF disease are Individuals with MERRF disease are heteroplasmicheteroplasmic..
 The percentage of mutant mitochondria in an individual varies The percentage of mutant mitochondria in an individual varies 

and corresponds with the severity of the disease.and corresponds with the severity of the disease.
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Proportion of Proportion of 
mutant mutant mtDNAmtDNA and and 
tissue in which they tissue in which they 

reside influence reside influence 
phenotypephenotype

Fig. 14.17
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Mitochondrial inheritance in identical twinsMitochondrial inheritance in identical twins

 Symptoms of neurodegenerative diseases or other mutations Symptoms of neurodegenerative diseases or other mutations 
may manifest in one twin, but not in the other.may manifest in one twin, but not in the other.

 Nuclear genomes are identical, but mitochondrial genomes Nuclear genomes are identical, but mitochondrial genomes 
could be different.could be different.
 In a fertilized egg carrying a mixture of normal and mutant In a fertilized egg carrying a mixture of normal and mutant mtDNAmtDNA, , 

two populations of two populations of mtDNAmtDNA may unevenly partition into two twins.may unevenly partition into two twins.
 During embryonic development of each twin, mutant During embryonic development of each twin, mutant mtDNAmtDNA may may 

partition into cells that will die, or into cells that will devepartition into cells that will die, or into cells that will develop into lop into 
heart and optic nerves. heart and optic nerves. 
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mtDNAmtDNA has high rate of mutationhas high rate of mutation

 10 times higher rate of mutation than nuclear DNA.10 times higher rate of mutation than nuclear DNA.
 Oxidative Oxidative phosphorylationphosphorylation system generates a high concentration of system generates a high concentration of 

DNADNA--damaging free radicals.damaging free radicals.

 Provides a tool for studying evolutionary relationships among Provides a tool for studying evolutionary relationships among 
closely related organisms.closely related organisms.
 Mitochondrial DNA test as evidence of kinship.Mitochondrial DNA test as evidence of kinship.

 The hypothesis of a The hypothesis of a ““mitochondrial Evemitochondrial Eve””. Maternal lineage of . Maternal lineage of 
humans trace back to a few women who lived in Africa about 200,0humans trace back to a few women who lived in Africa about 200,000 00 
years ago.years ago.
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mtDNAmtDNA mutations and agingmutations and aging

 HypothesisHypothesis:  Accumulation of mutations in :  Accumulation of mutations in mtDNAmtDNA over over 
lifetime and biased replication of lifetime and biased replication of mtDNAmtDNA with deletion result with deletion result 
in agein age--related decline in oxidative related decline in oxidative phosphorylationphosphorylation system.system.

 EvidenceEvidence: : 
 mtDNAmtDNA accumulated 16 times more oxidative damage than nuclear accumulated 16 times more oxidative damage than nuclear 

DNA.DNA.
 Significant decreases of Significant decreases of cytochromecytochrome c c oxidaseoxidase in hearts from in hearts from 

autopsies.autopsies.
 Rate of DNA deletions in Rate of DNA deletions in mtDNAmtDNA increases with age.increases with age.
 AlzheimerAlzheimer’’s patients have abnormally low energy metabolism.s patients have abnormally low energy metabolism.
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OocyteOocyte nuclear transplantation can sidestep transmissionnuclear transplantation can sidestep transmission
of mitochondrial diseaseof mitochondrial disease

Fig. 14.18, 14.19


