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Licensing of figures

We warmly thank the Pearson Education Inc for granting the
right to use the following figures of this presentation:
Ewovec: 1-6, 8-10, 13-15

These figures come from the book Peter Russell, iGenetics: A

Mendelian approach, 2006, Pearson Education Inc, publishing
as Benjamin Cummings.
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e Extranuclear inheritance
*Mitochondrial DNA
*Chloroplastic DNA
*Origin of mitochondria and chloroplasts
*Criteria
*Examples
*Exclusions to maternal inheritance
*Mitochondrial diseases

* Epigenetic inheritance
* Infectious hereditary
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Extranuclear inheritance (1/10)

Inheritance pattern of the characteristics that are
controlled by organelles’ genes :

@ Mitochondria

@ Chloroplasts (only in plant cells)
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Extranuclear inheritance (2/10)

Early 20th century:
e Transfer of characteristics that do not follow the Mendel’s laws
e Uniparental inheritance

e Different results in reverse crossings

Thus the question arose:

Is there genetic material outside the nucleus?

In 1960s using Specific stains, Autoradiography and Electron Microscopy
Genetic material in the mitochondria and the chloroplasts
was detected
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Extranuclear inheritance (3/10)

Genes of mitochondria and chloroplasts

They are referred to as:
* Extrachromosomal genes

» Cytoplasmic genes
* Non-Mendelian genes
* Organellar genes

* Extranuclear genes
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Extranuclear inheritance (4/10)

Figure 1: Schematic illustration of a mitochondrion in

transverse-section

AlQPENBPAVIKOG XWPOG

EcwTepikn pePBpavn

Mitochondria: organelles which are
found in the cytoplasm of all aerobic
eukaryotic cells and are involved in

cellular respiration
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Figure 2: Schematic illustration of a chloroplast in transverse-

section
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Chloroplasts: organelles which

are found in the cytoplasm of
green plants and photosynthetic
primates and are involved in
photosynthesis

Aristotle
University of
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Extranuclear inheritance (5/10)
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The genome of organelles has the
following characteristics:

e Circular, double stranded, supercoiled
DNA molecule

e Bare of histones

e The size of the mtDNA is stable to
higher vertebrates, varies in lower
animals and plants

e The size of cpoDNA is stable

Figure 3: Electon micrograph of mitochondrial
DNA
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Extranuclear inheritance (6/10)

Genetic material of mitochondria and chloroplasts

SPECIES STRUCTURE SIZE(kDb)
Animals Circular 12-20
Higher plants Circular 100-2000
S Algae Circular 30-70
% Protozoa
Plasmodium Circular 25
@mecium LineD 40
<ZE Algae Circular 120-200
%_ Higher plants Circular 120-200

NN
Avristotle

University of
Thessaloniki
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Extranuclear inheritance (7/10)

Genetic material of mitochondria
The mitochondrial genome usually consists of a single
"chromosome”
In the majority of cases (such as human) mitochondrial genome is
a circular, supercoiled molecule

But there are exceptions...

Thus in some species the mtDNA consists of:

» Spizellomyces punctatus: 3 types of circular molecules

* Amoebidium parasiticum: hundreds of types of linear molecules
* Amoebidium parasiticum: 1 linear molecule

http://ac.els-cdn.com/S0168952503003044/1-s2.0-S0168952503003044-main.pdf? tid=977e24bc-
. b00a-11e3-a3b8-00000aab0f6b&acdnat=1395304708 71cdaf30b21fb450f9f8d8a650dd951d
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Extranuclear inheritance (8/10)

Genetic material of mitochondria

» The size of mitochondrial genome is usually between 15-60
kbp

Plasmodium sp: 6 kbp

Oryza sativa: 490 kbp

» The average of the mitochondrial genome genes are 40-50
genes

» The size of the mitochondrial genome is not always

proportional to the genes content

http://ac.els-cdn.com/S0168952503003044/1-s2.0-S0168952503003044-main.pdf? tid=977e24bc-

/{bOQa—l1e3—a3b8—00000aa bOféb&acdnat=1395304708 71cdaf30b21fb450f9f8d8a650dd951d
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Extranuclear inheritance (9/10)

Genetic material of mitochondria and chloroplasts

» In each organelle there may be multiple copies
of the genome, which are organized in nucleoids

» In each cell there may be tens to hundreds of
organelles

Special Topics on Genetics
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Genetic material of mitochondria and chloroplasts
The Table below shows the amount of mt & cp DNA into various cells

Extranuclear inheritance (10/10)

SPECIES CELLS MOLECULES/ORGANELLE ORGANELLES/CELL % OF TOTAL DNA

mtDNA

Rat Liver 5-10 1000 1%
Human Hela 10 880 3%

Yeast - 40-150 1-45 15%
cpDNA

Euglena 40 15 3%

Corn Leaves 20-40 20-40 15%

A
Avristotle

University of
Thessaloniki

Special Topics on Genetics
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Extranuclear inheritance-

Mitochondrial DNA (1/15)

1981: Publication of primary structure of human and yeast DNA

e Human: 16569 bp
e Yeast: approximately 78000bp

Significant size difference - Similar genetic information
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Extranuclear inheritance-
Mitochondrial DNA (2/15)

Human Saccharomyces

2 rRNA genes (125, 16S) 2 rRNA genes (215, 15S)

22 tRNA genes 30 tRNA genes

13 genes for proteins: COX I, 11111, 8 genes for proteins: COX |, I1,11l, Ctb,
Ctb, ATPase 6,8, NDU 1-7 ATPase 6,9, ribosomal protein and

, splicing enzyme
control region or D-loop

control region or D-loop

The most important difference: presence of introns and non-
coding regions in the mitochondria of Saccharomyces!

Special Topics on Genetics 17
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Extranuclear inheritance-

Mitochondrial DNA (3/15)

. . . Transcri ptic;n;%;’ \'u\l\ — l;’hi—_:\\\ ’;,rrvHsl and
The mitochondrial DNA of higher Y A
vertebrates is an economy model as Y \
exhibits the following characteristics ~ «./ A T
vnoz L l: L strand l H strand
> It does not include introns i & Jo
» It does not include spacer DNA \\\ /
i 4 ':\\\_7 S nDaL
» ltincludes only 22 tRNA S o

—s  § 55 ~“’<‘;-
ATPase 8 ATPaseg CO"

Figure 4: Map of the genes of the
human mtDNA
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Extranuclear inheritance-

Mitochondrial DNA (4/15)

There are more than 600 mitochondrial or associated with
mitochondria proteins!
Proteins encoded by genes of the nucleus :
e DNA polymerase
e RNA polymerase
e Proteins which regulate replication - transcription
e Ribosomal proteins
e Protein translation factors
~_* Peptide subunits COX, NADH, ATPases etc
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Extranuclear inheritance-

Mitochondrial DNA (5/15)

Replication
v’ Semi-conservative replication

v’ Specific mitochondrial polymerase (y)

v’ The replication is independent of the nuclear DNA,
throughout the cell life cycle, but depends on the nuclear DNA

v Model of D-loop displacement
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Extranuclear inheritance-
Mitochondrial DNA (6/15)

Replication
Figure 5: Model replication of mitochondrial DNA, showing the formation of the D loop.
’/:'3 New H strand New L. strand

ﬁ . strand Ny ‘

} e T vy T)is
({

? Heavy (H)
" strand
(1] Superco:led @ New heavy © Loop © Loop expands; © Replication
circular strand starts expands new light strand complete;
mtDNA to form in starts. Replication two circular
(approximately displacement structure resembles mtDNAs
100 coils) loop aletter D supercoil
uncoils
Peter 1. Russell, iGeneres: Copyright ' Pearsoa Fdocation, Inc ., pudishing as Beajamin Cumammings
Aristotle Special Topics on Genetics 21

University of .
Thessaloniki School of BIO|Ogy



Extranuclear inheritance-
Mitochondrial DNA (7/15)

Transcription
Vertebrates

Two promoters
2 large RNA molecules

Genes for tRNAs are inserted between the genes encoding the
rRNAs and the mRNAs

They are recognized by specific enzymes and cut, so rRNAs and
MRNAs are released

The mitochondrial mMRNAs do not carry cap at its 5" end of the
untranslated region

Stop codons are completed by the addition of polyA tails

Special Topics on Genetics 22
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Extranuclear inheritance-

Mitochondrial DNA (8/15)

Transcription Filling of stop codon

ND1 TA A tRNA!le
ND2 TAG tRNATP
ND3 TGG tRNAA"e
ND4 TGT tRNAHis
Cytb TGG tRNATH
colil TAC tRNASY
ATPase 6 TAATG co 1

Transcription, cut and
polyadenylation

ND1 UARAAA

ND2 AAA_

ND3 UAAAA,

ND4 URAAA,

Cytb URAAA,

COo 1 UAAAA,

p— ATPase 6 UARAAA
Aristotle Special Topics on Genetics 23
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Extranuclear inheritance-

Mitochondrial DNA (9/15)

Translation

* Existence of mitochondrial ribosomes
 Absence of 5’ leader sequence
e Starting with f-Met

e Sensitivity to prokaryotic ribosomal function inhibitors
(streptomycin, neomycin, chloramphenicol).

* There is not sensitivity in substances, in which the
cytoplasmic ribosomes are sensitive, such as cycloheximide

Special Topics on Genetics 24
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Extranuclear inheritance-

Mitochondrial DNA (10/15)

Translation
Untreated Chloramphenicol- Cycloheximide-
treated treated
Cytoplasmic
ribosomes
Mitochondrial
ribosomes
Protein synthesis | l l
'
Protein Q. ¢ - : ,
components 9 0 S B | QO 90 9 2 ] O
made 0
Conclusion: Conclusion:
Gl Components 2, 5, 6 Components 1, 3,4, 7
synthesized on synthesized on
. . Functional v : mitochondrial ribosomes cytoplasmic ribosomes
Figure 6: Some of the polypeptide (0o JQQSO")
subunits of cytochrome oxidase are  ©xidase enzyme
synthesized from cytoplasmic
. . Active ribosomes
ribosomes, while others are
synthesized from mitochondrial Kagve rincacnse
ribosomes Ferer ) Russell, iGemenics. Copynight * Pearson Educaton, Ing,, publashing s Beajamen Cuammen
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Extranuclear inheritance-

Mitochondrial DNA (11/15)

Translation

» Only the mitochondria of higher plants use the universal
genetic code

» Mitochondria of other organisms use different genetic
codes

» Different mitochondrial code for Ascites, Echinoderms,
Yeasts
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Extranuclear inheritance-

Mitochondrial DNA (12/15)

Translation
Mitochondrial genetic code Universal genetic code
U C A G U C A G
ujuuu] . fucu UAUJ.Tyr ueu] . | Y| |uluuu],, |ucu UAUl . |ueu] . |U
uuc [ ™€ uce | | UAC ucc [ | c vuc| ™ uce|,. |uac] " luec [T ¢
UUAT | UCA %7 | UAA Stop | UGA'Trp | A UUAT | UCA UAAStop | UGAstop | A
UUG | uCG | UAG Stop | UGG Trp | G UUG | UCG UAG stop | UGG Trp | G
clcuu] |ccu cAU] ... | cou Ul |clcuu] |ccu cAUl ;.. | cGU u
cuc | _ccc | | CAC ceCl, |C CUC | | CCC |, | CAC cGCl, | C
CUA CCA CAAT] | CGAAE | A CUA CCA CAA cca[ ™t | A
CUG CCG CAG CGG G CUG | CCG CAG [CIn | cGG G
A | AUUMet | acyT AAULAsh | AGU ] [ U| |alAuu| | Acu AAUY, . |AGU | |U
AUC lle | ACC| | AAC AGC C AUC [lle | ACC| . | AAC AGC C
AUAMet | ACA[ '""| AAA T, ¢ | AGA Stop | A AUA _ acal M| AAA e | AGAT | A
AUGlle | ACG. AAG AGG Stop | G AUG Met | ACG| AnG ] | ace ™| G
G| GuU GCU" GAU |, | GGU ul |G| cuu GCU GAU GGU U
GUC [, | 6CC | . | GAC [P GeC | o [ C GUC | ya | GCCl 51, | GAC [ASP | GGC| ¢y | C
GUA GCA GAA | . | GGA A GUA GCA GAA GGA A
GUG GCG_ GAG GGG G GUG | GCG GAG [GlU| GGG G
_®»
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Extranuclear inheritance-

Mitochondrial DNA (13/15)

Translation of nuclear DNA

G U/C
Wobble rules: 2 S 32 tRNAs
U A/G

Translation of mtDNA

Simplified mating

14 tRNA recognize two codons that
differ in the last nucleotide

8 tRNA recognize 4 codons 22 tRNAs

_{®
Tz "':', /&"
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Extranuclear inheritance-

Mitochondrial DNA (14/15)

Genetic/evolutionary studies

The mitochondrial DNA is an ideal genetic marker widely used in genetic and evolutionary
studies because of the following features:

v’ Haploid nature

v Small size and conserved organization

v’ Easy extraction

v'Absence of recombination

v’ Fast evolution pace

v’ Existence of regions with different evolution rates
v’ Existence of global primers

v’ Maternal inheritance

,;.n - &’
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Extranuclear inheritance-

Mitochondrial DNA (15/15)

Genetic/evolutionary studies

Mitochondrial DNA has been widely used in studies of human
evolution

» Mitochondrial DNA polymorphisms track human migrations

Wallace, 2006, Sci. Amer., 277:40

» Mitochondrial genome variation and the origin of modern humans Ingman et
al. 2000, Nature, 408, 708-713

» Mitochondrial DNA and human evolution

Pakendorf and Stoneking 2005, Annu. Rev. Genomics Hum. Genet., 6:165-83

The data show that all people come from a small group of Africans
who appeared about 200,000 years ago.

fi & x‘.‘,i gﬁ’
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Extranuclear inheritance

Chloroplastic DNA

1986: Publication of primary structure of cpoDNA of a
bryophyte and tobacco

Bryophyte: 121024 bp

Tobacco: 155844bp

» The typical size of the chloroplast is 120-220 kb

» Includes 4 regions (LSC, SSC, IRa & IRb)

» The typical number of genes is approximately 140
» Existence of spacer DNA and introns
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Extranuclear inheritance-
Chloroplastic DNA (1/2)

e Includes 4 rRNA genes (16S, 23S, 4.5S, 5S) (2X), 30-32 tRNAs, 90 protein
genes, 20 of which are related to the photosynthesis and electron
transport

e The replication mechanism of cpDNA is similar to that of mtDNA

e The protein composition is similar to prokaryotes but ribosomes differ
from mitochondrial and prokaryotic

e Universal genetic code
e Sensitivity to antibiotics and inhibitors same to mitochondria
» 2/3 of chloroplast proteins are coded by the nuclear DNA
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Extranuclear inheritance-

Chloroplastic DNA (2/2)

Similarities to prokaryotic organization:

* Grouped genes
* Synchronous transcription of functionally similar genes

* Gene series similar to E. coli (e.g. ribosomal protein
genes)

e Sensitivity to antibiotics and inhibitors of protein
synthesis in prokaryotes
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Extranuclear inheritance-Origin of
mitochondria and chloroplasts (1/6)

Endosymbiotic theory

Symbiosis of eukaryotic cell with a bacterium

l

mitochondria

Parallel or subsequent symbiosis with a cyanobacterium

l

chloroplasts
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Extranuclear inheritance-Origin of
mitochondria and chloroplasts (2/6)

Nudeoid Prokaryotic cell
e - 1 A prokaryote grows In size

e and develops infoldings inits

. _ cell membrane to increase its

Cytoplasm surface area to volume ratio

Cell membrane
Cell membrane 7 infolds

2 The infoldin seveﬂlualr,'{xnch off
from the cell membrane, forming
an early endomembrane system.

It endoses the nudeoid, making a
membrane-bound nucleus.
This is the first eukaryote.

Nudeus
3 An aerobic (oxygen using)
f Endomembrane system proteobacterium enters the
/ Nuclear membrane eukaryote, either as prey or a
Endoplasmic reticulum parasite, and manages to avoid

digestion. It becomes an
endosymbiont, or a cell iving
inside another cell

Protecbacterium

) =t

& L

4 The aerobe's ability to use oxygen to make energy
becomes an asset for the host, allowing it to thrive
in an increasingly oxygen-rich enwironment as the
other eukaryotes go extingt. The protecbacterium s
eventually assimilated and becomes a mitodhondrion

Mitochondria
\ Cyanobacterium
(@5 =

N o Mitochondrion

Chloroplasts
= ™ 5 Some eukaryotes go on to acquire additional

Figu re 7: Endosym biotic theory ,.-‘! S ' engosym_blonts:( e cyanobacteria, a group
) of bacteria capable of photosynthess

They become chloroplasts.
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Extranuclear inheritance-Origin of
mitochondria and chloroplasts (3/6)

Data that support the theory of endosymbiosis:

e Circular and free genome

* Absence of organization in chromosomes
* Genes similar to bacterial

* Independent system of replication, transcription and
translation
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Extranuclear inheritance-Origin of
mitochondria and chloroplasts (4/6)

A small “problem”...

* The smallest genome of free organism
 Mycoplasma genitalium
— 580 kB, 470 genes

 What happened to the other "mitochondrial” genes?
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Extranuclear inheritance-Origin of
mitochondria and chloroplasts (5/6)

Transfer of mtDNA and cpDNA to the nucleus

& ©

Early eukaryote Modern eukaryote

Cooperation of nucleus and mitochondria - chloroplasts

RUBISCO the most common protein in the world:
8rbclL (chloroplasts) / 8rbcs (nucleus)
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Extranuclear inheritance-Origin of
mitochondria and chloroplasts (6/6)

The genome of organelles shows a significant difference from

prokaryotes:

The presence of introns

Did the introns exist before the prokaryote-eukaryote
diversification?

* Were the chloroplast introns created from genetic material
rearrangements?

Special Topics on Genetics
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Extranuclear inheritance-Criteria

e The typical Mendelian ratios of separation are not followed (no
meiotic separation)

e In multicellular organisms there are differences to the
descendants coming from inverse intersections (maternal
inheritance)

e Not possible mapping in nuclear linkage groups
e The characteristics remain even when the nucleus is replaced

e Mutagens of nuclear genes do not affect genes organelles
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Extranuclear inheritance-Examples (1/6)

Poky mutants in Neurospora

Figure 8: Results of mutual crossings in Neurospora between a strain (poky) and wild

type
a) Q Normal S b)
o, X .. Normal ¢ [poky] S
oo ® 3 R - i e ®® x P >
. 0 ° 5 g *e
o 4_’/ . ‘e 0. - . .,
/ . ° 4—/ bl e
N nuclei \
2N
\ o
AR 2N
Meiosis \
\ Meiosis
s @EEEEEEE '
: ASCUS o 0o @ @ @ @ o @
All [ poky] spores
All normal spores
I ] Rus | Coyp ! Pes | I T Ben (
/; N\
()
\\.\.\;‘v ; A
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Extranuclear inheritance-Examples (2/6)

Poky mutants in Neurospora

The mutant phenotype of slow growth (poky) in Neurospora
crassa shows maternal inheritance

At a molecular level, the mutation (poky) is a deficit in the
promoter of mitochondrial rRNA gene of the small
ribosomal subunit, leading to reduced ability of protein
synthesis and the slow growth phenotype
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Extranuclear inheritance-Examples (3/6)

Inheritance of chloroplasts in evening primrose Mirabilis jalapa

Variegated shoot

Figure 9 b)
YIS arwhie  Normal chloroplasts
, 4 o .
' vz Green photosynthetic
> ) » All-green
| V g | s Mutant chloroplasts
= White non-photosynthetic
/
i Var_iegated .
main shoot Mixed chloroplasts
White / green
| 43
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Extranuclear inheritance-Examples (4/6)

Inheritance of chloroplasts in evening primrose Mirabilis jalapa
Crossing results

Strain of female Strain of male descendents
parent parent
white White white
Maternal _
inheritance green White
multicolored White
The color of the _
chloroplast is green White Green
determined by a Green Green
Cp gENE Multicolored green
multicolored White multicolored, white or green
green multicolored, white or green
r{@g multicolored multicolored, white or green
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Extranuclear inheritance-Examples (5/6)

Inheritance of chloroplasts in evening primrose Mirabilis jalapa
Pt i ey contihution -
nucleus (N) (2N) "

Shoot color
White \oo
White Leukoplasts White
Green S N = N
Green  Chloroplasts Green

Figure 10: The inheritance
of the color of the shoot in
the evening primrose

R\ ) (95 — ¥
p ‘ , -
Multicoloured Varlogatod Laukoplasts and chioroplests i
th o .
:;:as?g > W
T Chloroplasts only Gr:::\
oy, \
{/ @ :\.
E— ‘ 4 */  VF I
G
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Extranuclear inheritance-Examples (6/6)

Inheritance of chloroplasts in evening primrose Mirabilis jalapa

Random separation of normal and
— Chloroplasts
mutant coDNA

during the division of chloroplasts ~—— Leucoplasts

Random separation of chloroplasts and
leucoplasts during cell division

N\

White phenotype Green phenotype
HETEROPLASMY
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Extranuclear inheritance-
Exclusions to Maternal inheritance

Maternal inheritance of mtDNA & the cpDNA has proven to most
organisms

Exclusions:

v" In conifers the cpDNA is inherited paternally, while in some
angiosperms inherited from the two parents

v" In yeast the mtDNA is inherited from the two parents

v'In the female mussels the mtDNA is inherited from the mother,
while in males from both parents

v'Presence of paternal mtDNA in mice at frequency 10
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Extranuclear inheritance-Mitochondial

diseases (1/2)

Parkinson Parkinson

Distonia

Mutagenicity rate 10 times
higher

. MELAS
Several diseases caused by

mitochondrial gene mutations

Distonia

www.mitomap.org Atassia

Corea

MND

MERRF
Figure 11: Mitochondrial DNA and diseases

A
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http://www.mitomap.org/

Extranuclear inheritance-Mitochondial

diseases (2/2)

Mitochondrial cytopathies: affects the muscles and nerves

Leber optical neuropathy (LHON): total or partial blindness,
mutation in proteins of electron transfer

Kearns —=Sayre Syndrome: neuromuscular problems, paralysis of
optical muscle, heart disease, retinal degeneration, deficits
involving tRNA genes

Myoclonic epilepsy (MERRF): convulsions and ataxia, abnormal
mitochodrion morphology, nucleotide change in the tRNA lysine
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Epigenetic inheritance (1/4)

Inherited pattern caused by modification of nuclear genes,
which causes changes in their expression but not in their
structure

* The epigenetic changes do not remain in different generations

* The epigenetic changes may be caused by modifications of
sequences or whole chromosomes

* May occur during ovulation, spermatogenesis or early
developmental stages
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Epigenetic inheritance (2/4)

Gene dose compensation

e Sex mammalian chromosomes
e Disable X chromosome

Ewkova 12: Barr Body

* Heterozygous females for sex-linked genes
_ show mosaic phenotype
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Epigenetic inheritance (3/4)

Genomic imprinting

s Phenomenon in which the expression of a gene depends
on whether it is inherited from the female or male
parent

s Depending on the "sign - imprint" of each gene, the
progeny express either the maternal or the paternal
alleles but NOT both

= Monoallelic expression
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Epigenetic inheritance (4/4)

m The imprint is permanent in somatic cells

m It may concern:

o Unique gene
o Part of chromosome
o Whole chromosome

s Syndromes in cases of chromosomal abnormalities or
inheriting a pair of chromosomes from the same
parent (uniparental disomy)
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Infectious inheritance

Extranuclear inheritance which is not due to the genetic material of
organelles but to infectious agents (bacteria, viruses)

a) Killer yeast Nucleus b) Sensitive yeast

Mitochondrion

or
[/ \\ \‘\ 'l
/ " ‘\ ‘\ ‘]
L viruses M viruses
g Figure 13: Infectious
choed- B inheritance in yeast
.|v -’f Y
One 4.6-kb Two identical 1.8-kb L viruses only No L or M viruses
double-stranded double-stranded
RNA genome RNA genomes
— ¥ LR [ 1 * P I 1 I B [
SR\
(®)
A
Aristotle Special Topics on Genetics 54

University of

Thessaloniki School of BIO|Ogy



Maternal effect (1/2)

Phenotype of an offspring is
determined by the nuclear genotype
of its mother

No involvement of extranuclear

genes
Figure 14: The snail Limnaea peregra
)
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Maternal effect (2/2)

Figure 15: Inheritance of coiling in Limnaea snails

P generation

F, generation

Selfing

F, generation

Selfing

F, generation

Poarson blocation, les

a) Dextral @ X sinistral 3 b) Sinistral ¢ X dextral 3
Dextral Sinistral Sinistral Dextral
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¥ . N
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Note of use of third party works

Endosymbiotic theory, http://en.wikipedia.org/wiki/File:Serial endosymbiosis.svg, by Kelvinsong, CC-BY-

SA-3.0 (http://creativecommons.org/licenses/by-sa/3.0/deed.en)

Mitochondrial DNA and diseases,

http://commons.wikimedia.org/wiki/File:Mitochondrial DNA and diseases.svg, by Razorbliss, CC-BY-SA-

3.0 (http://creativecommons.org/licenses/by-sa/3.0/deed.en)

Barr Body, http://commons.wikimedia.org/wiki/File:BarrBodyBMC Biology2-21-Figlclip293px.jpg, by

Gartler SM, et al. CC-BY-2.0 (http://creativecommons.org/licenses/by/2.0/deed.en)
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Licensing note

This material is available under the terms of license Creative Commons
Attribution - ShareAlike [1] or later, International Edition. Standing
works of third parties e.g. photographs, diagrams, etc., which are
contained in it and covered with the terms of use in “Note of use of third
parties works”, are excluded.
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The beneficiary may provide the licensee a separate license to use the work

for commercial use, if requested.
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