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Figure 1.3 The nuclear and mitochondrial components of the human genome.
For more details on the anatomy of the human genome, see Section 6.1.
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Mitochondria. («) The inner membrane of 3 mitochondrion is
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area for oxidative metabolism. (#) Mitochondria in Cross-section
and cut lengehwise (70,000x),
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FIGURE 19.6 A comparison of the origin of gene
products that are essential to mitochondrial function. Those
shown entering the organelle are derived from the cyto-
plasm and encoded by the nucleus.
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Table 7.1: The human nuclear and mitochondrial genomas

Muclear genome  JoJ ¥ IJ’ (p Mitochondrial genome /& L@ {p
o)
0. of different DMA moleculas 23 (in XX! or 24 (in XY} cells One circular DNA mo ecle

Total no. of DMA molecules per cell 237n haploidcells, 48 in diploid cells Several thousand

Associated protein Several classes of histone and nonhistona protein Largely free of protein

Mumber of genes ~65 000-80 000 37

Gene density -1/40 kb 1/0.45 kb

Repstitive DMA Large fraction, see Figure 7.1 Very little

Transcription The great bulk of genes are transeribad individually  Continuous transcription of multiple

genes

Introns Found in most genes Absent

% of coding DNA -3% ~93%

Codon usage See Figure 1.22 See Figure 1.22

Recombination At least once for each pair of homologs Mot evident

: at meiosis
Anheritance > Mendelian for sequences an X and autosomes; Exclusively maternal
paternal for sequences on ¥

Human genome
[ 17

[
Nm% r:genome
: Mb,
“~80000'genes

Unigue or
moderately repetitive
=10% ~90%

Flgure 7.1: Organization of the human genome.
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Table 9.1: The human nuclear and mitochondrial genomes

Nuclear genome

Mitochondrial genome

Size

Mo. of different DNA molecules 23 {in XX cells) or 24 {in X¥ cells): all linear
- s

Total no. of DNA molecules percell 46 in diploid cells, but varies according to ploidy

Associated protein Several classes of histone and nonhistone protain

No. of genes ~ 30 000-35 000
Gene density = 17100 kb
Repetitive DNA Over 50% of genome, see Figure 9.1

Transcription The great bulk of genes are transcribad individually

\monocistranic transcription units)

Introns Found in most genes
% of coding DNA ~ 1.5%
Codon usage See Figure 1.22

Recombinatian At least once for each pair of homologs at meiosis

Mendelian for sequences on X and autosomes;
paternal for sequences on Y

Inheritance

( 16.6 kb }
e circulac DNAmolecule
Dften several thousands {but variable — see
Box 3.1)
Largely free of protein
@)
1/0.45 kb
Very little

Co-transcription of multiple genes from both
the heavy and the light strands {palycistronic
tranmscription wnits)

Absent

~ 93%

See Figure 1.27
Not evident

Exclusively maternal
]
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Figure 19.14 Map of human mtDNA showing the pat-
tern of transcription. Genes on the inner circle are tran-
scribed from the L strand of the DNA, whereas genes on
the outer circle are transcribed from the H strand of the
DNA. Arrows show the direction of transcription. ND1-6
are genes encoding subunits of the enzyme NADH reduc-
tase; the tRNA genes in the mtDNA are indicated by ab-
breviations for the amino acids.
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Figure 44-16 Cloning Dolly. The trick to cloning Dolly was
ta make differentiated cells less difierentiated. By depriving the cul-
tured udder cells of nutrients, the researchers induced the nuclei to
enter a dormant state.
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FIGURE B.5 Mitochondrial myopathy in skeletal muscle cells
of a patient with MERFF. Part (2) shows a ragged red fiber with abnor-

_mal mitochondria. Part (b) shows an abnormal mitachendrion revesl
ing paracrystalline arrays within ic.

In order tor a human disorder to be atributable to ge-
netically altered mitochondria, several criteria must he met.

1. Inheritance must exhibit a maternal rather than a
Mendelian partern.

2. The disorder must reflect a deficiency in the bioen-
ergetic function of the organelle.

3. There must be a specific penetic mutation in one of
the mitochondrial genes.

Thus far, several cases are known to demonstrate these
characteristics. For example, myoclonic epilepsy and
ragged red fiber disease (MERRF) demonstrates a pat-
tern of inheritance consistent with maternal inherirance.
Only offspring of affected mothers inherit the disorder;
the offspring of affected fathers are all normal. Individu-
als prith shissavediscdaragneesdanfnas dlamangip and
seizures. Both muscle fibers and mitochondria are affect-
m aberrant mitochondria characterize what are des-
cribed as ragged red fibers (RRFs) of skeletal muscle
(Figure 8.5). Analysis of mtDNA has revealed a mutation
in one of the mitochondrial genes encoding 4 transfer
RINA. This genetic alteration apparently interferes with
translation within the organelle, which in turn leads to the
various manifestations of the disorder,

A second disorder, Leber’s hereditary optic neuropa-
thy (LHON), also exhibits maternal inheritance as well as
mtDINA lesions. The disorder is characterized by sudden bi-
ateral blindness. The average age of vision loss is 27, butr
onset is quite variable. Four mutations have been identified,
2l e wihicl disrpe nommal oxidadve phasplor legan, Over
50 percent of cases are due to a mutation at a specific posi-
tion in the mitochondrial gene encoding a subunit of NADH
dehydrogenase so that the amino acid arginine is converted
to histidine. This mutation is transmitred to all maternal off-
spring. It is interesting to note that in many instances of
LHON, there is no family history; a significant number of
cases appear to result from “new” mutatons.

Individuals severely affected by a third disorder, Kearns-

SM, lose their yision, und
loss, and display heart conditions,.The genetic basis of KSS
involves deletions at various positions within mtDINA. Many
KSS patients are symptom-free as children but display pro-
gressive symptoms as adults. The proportion of mtDNAs
that reveal deletions increases as the severity of symptoms
increases.

The study of hereditary mitochondrial-based disorders
provides insights into the importance and genetic basis of this
organelle during normal development, as well as the rela-
tonship between mitochondrial function and neuromuscu-

lar disarders. Such study has also suggested a hypothesis for
aging based on the progressive accumulation of mtDNA mu-

tadons and the accompanyin lm
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Table 16.1 Phenotypes associated with some mitochondrial mutations

Nucleotide Mitochondrial
changed component affected Phenotype®

3480 ND1 of Complex 1 LHON
1778 ND4 of Complex | LHON

14484 NDE of Complex | LHON

8993 ATPG of Complex /" NARP

3243 tRNALeu(LURI® MELAS, PEO
an {RNALeu{UUR) MELAS

3291 tRINALeuUUR) MELAS

3251 ERNALzulUUR) PEC

3256 tRNALeUIUUR) PEO

5692 tRMAMST PEO

5703 tRINAMD PEO, myopathy
5814 tRNACH Encephalopathy
8344 tRNALS MERRF

B356 ERMAYS MERRF

9497 tRMACHY Cardiomyopathy
10006 ERNAC! PEQ

12248 {RNASEACY® PEO

14709 tRNASH Myopathy

15923 tRNATH Fatal infantile multisystem disorder
15880 tRNAPr Myopathy

ILHON Leber's hereditary optic neuropathy; MARP Meurogenic muscle weakness, ataxia, retinitis pigmentosa; MERRF
Myoclonic epilepsy and ragged-red fiber syndrome; MELAS Mitochondrial myopathy, encephalopathy, lactic acidosis,
stroke-like episodes; PEO Progressive external ophthalmoplegia

bComplex | is NADH dehydrogenase, Complex V is ATP synthase,

“|n tRNAUUR] the R stands for either A or G; in tRNASTIASY] the ¥ stands for either Tor C.

161 Patterns of Extranuclear Inheritance
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FIGURE 18.16. Morbudity map of the himan mitochondrial genome. Abbreviations are for the genes en-
cading seven subunits of complex | (ND), three subunsts of cvtochrome ¢ oxidase (COX), eytachronre b (Ot
b}, and the two sitbuanits of ATP synthase ( ATPase 6 and 8), 125 and 165 vefer to ribosomal RNAs; 22 nanger
RNAs are wdentified by the ane-letter codes for the corvesponding amio acids. FESN, famifial bilateal st
atal necrosis; KSS, Kearns—Sayre syndrome; LHON, LEFJM'J’JE:'&J’!&:;}I optic nc.rgm]rmr.l'j_}r; MELAS, mitochon-
drial encephalonyyopatly, lactic acidosts, and strokelike episodes; MERRF, snyoclonic epilepsy with rapged-red
_ﬁbm‘;; MILS, nmrfmm‘!_\l inbertted Leigh syndrome; NARP, newvopathy, ataxia, vetinitis pigmentosa; PEC,
progressive external ophthalmoplegia. From [XMauro and Schon (2001 ). Used with permission.
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Figure16.2 Inheritance of myoclonic epilepsy
with ragged-red fiber disease (MERRF) in

humans. (A) Electron micrograph of an v, .
abnormal MERRF mitochondrion containing 4:"“':4-!01 Ay a,
paracrystalline inclusions. (B)The pedigree Ce

shows inheritance of MERRF in one family and !‘ FRe ¢

the percentage of the mitochondria in each by "

person found to be wildiype or mutant, L %'"‘ »
[Micrograph courtesy of D. C. Wallace, from I,

M. Shoffner, M. T. Lott, A. M. S. Lezza, P. Seibel,

5. W. Ballinger, and D. C. Wallace. 1990. Cell 61:

931.]
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Figure16.0 Maternal inheritance of human mitochondrial DNA. {A) Patlern of DNA fragments
obtained when mitochondrial DNA is digested with the restriction enzyme Haell. The DNA type al
the left includes a fragment of 8.6 kb (red). The DNA type at the right contains a cleavage site for
Haell within the 8.6-kb fragment, which results in smaller fragments of 4.5 kb and 4.1 kb (blue)
(B) Pedigree showing maternal inheritance of the DNA pattern with the 8.6-kb fragment {red
symbols). The mitochondrial DNA type is transmitted only through the mother. [After D, C.
Wallace. 1989. Trends in Genetics 5: 9.]
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Figure 8.11 Maternal DNA
Pattern of Inheritance Key genes
tor cell respiration and mitochondrial
function are located in a small DNA
ring in human mitochondria. Becaus:
mitochondria are contributed by the
eqg before fertilization, DNA can be
traced through the maternal line with
fingerprinting of the mitochondrial
DNA,
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Using Mitochondrial DNA to Study
Human Evolution

In biology few subjects are more fascinating than that of hu-
man evolution. Who are we? Where did we come from?
Where are we going? Before the advent of molecular biol-
ogy, the study of human evolution depended on the analy-
sis of rare fossils—fragments of bone, a few teeth, an occa-
sional weapon or tool. Today, human evolution can be
studied by comparing DINA sequences. Each DNA sequence
is descended from a sequence that was present in an ances-
tral organism, Thus, the DNA sequences that we find today
are, in effect, living fossils—records of ancient DNA that has
been transmitted through many generations to organisms
currently alive. Because mutations may have occurred dur-
ing this time, a modern DNA sequence is not likely to be an
exact replica of its ancestor. However, by comparing mad-
ern DN A sequences, we can sometimes reconstruct features
of the evolutionary process that produced them.

Some of the most insightful studies of human evolution
have involved the analysis of mitochondrial DNA. There are
two reasons why mtDNA is so useful: (1) it evolves faster

nuclear DNA, and (2) it is transmitted exclusively
m@“—'aﬁgﬂ EmaTs. The ripidity of DN evolbon lows
a ] t significant genetic changes over a rela-
tively short period of time (in evolutionary terms), and the
strict maternal transmission of mtDNA allows a researcher
to trace modern DNA sequences back to a common female
ancestor.

Pioneering studies of human mtDNA were carried out
in the 1980s by Allan Wilson, Rebecca Cann, Mark Stonek-
ing, and their colleagues, These studies established that there
is relatively little variation in the mtDNA from different hu-
man populations and that the greatest variation is found in
the mtDNA from populations in Africa. Given the rate at
which mtDNA is known to evolve, these discoveries sug-
gested that modern human beings originated rather recently,
probably within the last 200,000 years, and probably in
Africa. Although these conclusions were initially controver-
sial, later work has reinforced them.! Wilson's laboratory col-
lected mtDNA samples from more than 200 individuals rep-
resenting many different racial and ethnic groups. The
mtDNA sequences in this collection were determined bio-
chemically and then analyzed by a computer program that
arranges the sequences in a phylogenetic, or evolutionary,
tree. Wilson’s conclusion was startling. The mtDNA in. all

ar p cknamed this woman “Mitochondrial Eve.”
By focusing on the evolution of mtDNA, Wilson's labo-
ratory traced human ancestry back to a point where the ma-

a single common ancestor—the mitochondrial mother of us
all. However, these researchers never meant to imply that a
single woman alone gave rise to all modern human beings.
The mass of human nuclear DNA, which is inherited equally
from males and females, and which varies among the mem-
bers of a breeding population, cannot be traced to a single
individual.

The work of Wilson and his colleagues strongly argues
that all modern humans evolved from individuals who lived
in Africa less than 200,000 years ago, and possibly as recently
as 120,000 years ago. Migrants from this original African pop-
ulation presumably founded the archaic human populations
of Europe and Asia, which, in turn, founded the early hu-
man populations of Australia, Oceana, and the Americas.
This evolutionary scenario has been called the “Out of
Africa” hypothesis. Another hypothesis proposes that hu-
mans evolved simultaneously in many regions of the world,
from groups that were long established in those regions, per-
haps for many hundreds of thousands of years, and that
these groups probably interbred with other archaic popula-
tions such as the Neanderthals of Europe and western Asia.

The Neanderthals have always been an enigmatic group
for students of human evolution. Fossil remains indicate that
they were quite different from modern humans; thicker
bones, greater musculature, and different body proporfions
clearly set them apart. Were the Neanderthals ancestral to
modern humans? Did they interbreed with the populations
that ultimately produced modern humans, or were they a
separate and distinct species altogether?

In 1997 Matthias Krings, Anne Stone, Ralf Schmitz,
Heike Krainitzki, Mark Stoneking, and Svante Péibo pub-
lished the sequence of 379 base pairs of mtDNA extracted
from a fossilized Neanderthal arm bone.* This particular fos-
sil, discovered in 1856 near Dusseldorf, Germany;, has been
the subject of many intensive studies. After lengthy negoti-
ations, the fossil’s custodians granted Krings and co-work-
ers permission to remove a 3.5-g piece of bone from the right
humerus. Small fragments from this piece were pulverized,
and the DNA remnants within them were carefully extracted,
Because of the fossil's age (between 30,000 and 100,000
years), most of the DNA was expected to be degraded. How-
ever, because mtDNA is much more abundant than any par-
ticular sequence of nuclear DNA, Krings and co-workers
hoped that some of it had survived. Their first step was to
use a technique called the polymerase chain reaction (PCR,
see Chapter 20) to amplify small segments of surviving
mtDNA molecules. PCR allows a researcher to generate mil-
lions of identical DNA molecules from just a few molecules
by in vitro replication with a bacterial DNA polymerase. The
sequence of the amplified DNA can then be determined bio-
chemically.

In carefully controlled experiments, Krings and co-
workers succeeded in amplifying mtDNA remnants ex-

ternal lineages of all modern mtDNA sequences coalesce in

tracted from the fossil. Biochemical analysis of this ampli-
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GTTCTTTCATGGGGMAGCAGATTTGGGTAC
XFCACCCAﬁGTATTGACTCAECCATC#QC&HC

CGCTﬁTGTAE@TCGTACATTACTG%?AG#?

ACCATGAATATTGT.&C@GT#EC&TA%THC

TTGAQ%ACCTQiﬁGTﬂCATﬂhAAhCQﬁﬁAT

CCACATCAAAACCCCCICCCCATGETTACA
AAecnnqéﬂCAGCAATCAAcqﬁJCAACTk@

TE%@ACATCAAE%@CA&CTCCAAA%&Q&FC
GHT iCACCCACTAGGATAGCAACAAACCTA

Pro—.
mt DMNA

CCCACCCTTAACAGTACATAGIACATAAAG
FCATTTACCGTACATAGCACATTACAGTCA
ARTCCCTTCTCGICCCCATGGATGACCCCC

CTCAG&TAGGGGTCCGTT_GJ

Figure 1. Nucleotide differences within a_379-bp non-
coding region of the mtDNA of g Neanderthal fossil and
that of a modern human being. The sequenced region lies
between the genes for the phenylalanine (Phe) and proline

fied material showed that Neanderthal mtDNA differs from
modern human mtDNA in 28 of the 379 nucleotides that
were analyzed (Figure 1). The mtDNA isolated from differ-
ant modern humans typically shows only 8 nucleotide sub-
stitutions in this region. Thus, Neanderthal mtDNA is sig-
nificantly unlike that of modern humans. Computer analysis
of the DNA sequences suggested that the human and Ne-
anderthal mtDNA lineages began to evolve separately be-
tween 550,000 and 690,000 years ago, and that modern hu-
man mtDNAS originated between 120,000 and 150,000 years
ag0, apparently in Africa. Thus, Neanderthals were almost
certainly not ancestral to modern humans. Rather, they
evolved separately and, in the end, became extinct,

In the discussion section of their paper, Krings and co-
authors concluded that “The Neanderthal mtDNA sequence
thus supports a scenario in which modern humans arose re-
cently in Africa as a distinct species and replaced Nean-
derthals with little or no interbreeding.” They also added a
caveat: “It must be emphasized that the above conclusions
are based on a single individual sequence; the retrieval and
analysis of mtDNA sequences from additional Neanderthal

{(Pro} tRNAs. For each nucleotide difference (highlighted),
the upper nucleotide is found in modern human mtDNA
and the lower one is found in the Neanderthal mtDNA,

specimens is obviously desirable.”* Of course, obtaining
mtDNA sequences from other Neanderthals will entail the
destruction of rare fossil material. Thus, the decision to col-
lect such data should not be taken lightly. The benefit of col-
lecting data from several individuals may not outweigh the
cost of sacrificing so many valuable fossils. However, ob-
taining the sequence from at least one more Neanderthal
does seem worthwhile, since this sequence could reinforce
or invalidate the inferences that have to be made from the
single sequence now available. We will have to wait and see
if another Neanderthal fossil suitable for DNA analysis can
be found. If it can, then the issue will be whether or not fo
allow part of that fossil to be destroyed to obtain a few mol-
ecules of mtDNA,

'Wilson, A. C,, and R, L. Cann. 1992. The recent African genesis of
humans. Sci. Amer., 266(4):68-73,

*Krings, M., A. Stone, R. W. Schmitz, H. Krainitzki, M. Stoneking,

and S. Padbo. 1997. Neandertal DNA sequences and the origin of

modern humans. Celf 90:19-30.

Yibid., p. 27.
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DNA Tests and the Mystery
of the Duchess Anastasia

According to historical records, the Russian royal family—
Tsar Nicholas II, Tsarina Alexandra, and their five children:
Alexis, Olga, Tatiana, Marie, and Anastasia (Figure 1)—were
executed on July 16, 1918, by a rEv.r.uluh'onary Bolshevik fir-
ing squad and then were buried in a single grave in the Ural
Mountains. However, in 1920, an unkhown woman,
“Fraulein Unbekannt," who was pulled fronva canal in Berlin
in a state of hypothermia, claimed that she was the Duchess
Anastasia. Although she did not speak Russian, Fraulein Un-
bekannt, or Anna Anderson Manahan, as she was subse-
quently known, was amazingly well informed about details
of life in the imperial Russian court: Her claim to be Anas-
tasia was vigorously rejected by the suryiving relatives of the
Russian royal family. The Grand Duke of Hesse even hired
a private detective to investigate Anna's heritage. The de-
tective concluded that Anna was really Franzisca
Schanzkowska, but-the dispute continued. Although little is
known about Franzisca, she was bora in the northern part
of Germany, lived in Berlin during World War I, and was se-
verely injured by anexplosion while working in a munitions
factory. She was subsequently admitted & two mental hos-
pitals for treatment. She disappeared in 1920, about the same
time that Anna Andersor Manahan was rescued from the
Berlin canal and claimed fo be Anastasia,

When Princess Irene of Prussis, Anastasia’s aunt, was
persuaded to meet with the woman who claimed to be her
niece, Anna ran and hid inher room. Anna‘s bizarre behav-
inr made her claim to be Anastasia difficult to evaluate, and
the controversy over the identity of Anna Anderson Mana-
han continued for over 70 yedrs. Was Anna really Aneastasia?
Her supporters were steadfast in their belief that she was in-
deed the Duchess. Disbelievers were equally adamant that
she was not Anastasia.

In 1979, a Russian geologist discovered a shallow grave
believed to contain the remains of the royal family, Because
of the political climate in the Sovict Union at the time, the
geologist reburied the badla,s Twelve years later, when the
political climate was more ﬁ&vorablg, the bodies were ox-
humed, and their authenticity was established by compar-
ing DNA from the skeletons with DNA from surviving rel-
atives: However, the contraversy about the identity of Anna
was rekindled by (he absence of two bodies, those of Anas-
tasia and her brother Alexis, Had they somehow escaped ex-
ecution? Although there is still no definitive answer to this
question; the results of recent DNA tests indicate that Anna
Anderson Manahan was not the Duchess Anastasia,

Anna Anderson Manahan died in 1984 at the age of 83,
However, during surgery performed in 1979 at the Martha
Jefferson Hospital in Charlottesville, Vl_rgl_ma, intestinal tis-
sues were removed, fixed in formaldehyde, and preserved

SERAILF

Flgure 1 The children of Tsar Nwhulas 1 ﬂeﬂ' to: right)
Marie, Tatiana, Anastasia, Olga, and Alexis.

in paraffin blocks. In addition, a few of Anna's hair follicles
were preserved. DNA tests—VNTR (variable number fan-
dem repeat) prints and nucleotide sequences of spedific aon:
coding reglons of mitochondrial DNA—were performed on
these preserved tissues and on relatives of Franzisds
Schanzkowska and of the royal family, These tests were par-
formed independently in thrée different laboratories: (1) the~
Armed Forces DINA Identification Laboratory in the United
States, (2) the Forensic Science Service in the United Kings
dom, and (3) the Department of Anthropology at Pennsyl-

vania State University. The results obfained by the three lab-
oratories all indicate that Anna Anderson Manahan was nat
Anastasia. Indeed, the results strongly suggest that Anna was'
Franzisca Schanzkowska,

Of five different VINTRS examined, four were Jmonsfa’—
tent with the possibility that Anna was the daughter of Tam;.
Nicholas I and Tsarina Alexandra. DNA sequence u:l-mparr‘
isons also argued that Anna was not related to the royal fame
ily: Instead, the nucleotide sequence data indicated that Anng
wal At the six variable positions shown
below, Anna’s mitochondrial DNA contained the same nu-

cleotides as the DNA from Carl Maucher, Franz.isca_

Schanzkowska's grand nephew, and differed from those in
the DNA of the Duke of Fdinburgh, the grand nephew: uF
Tsarina Alexandra.

Variable Nucleatides. iq?"

Mitachondrial DNA

Position: L i _55"%
Anna Anderson Manahan ST T e
Carl Maucher e T
w of Franzisca) =

Duke of Edinburgh Uy R ) A d_:_

{

Grand nephew of Alexandra) ; Ii 1
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Initial sequencing and analysis of the
\human genome

Intemational Human Genome Sequencing Consortium*

" A partial list of authars appears on the apposite page. Affiliatians are listed at the end of the peiper,

The human genome holds an extraordinary trove of information about human develo i i i

i a T pment, physiology, medicine and evolution,
Here we report the results of an international collaboration to produce and make freely available a draft sequence of the human
genome. We also present an initial analysis of the data, describing some of the insights that can be gleaned from the sequence.
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Figure 3 The automated production line for sample preparation at the Whitehead
Institute, Center for Ganome Rasearch, The system consists of custom-designad factory
style conveyor belt robets that perform all functions from purifying BNA from bactenal
cultwres through satting up and purifing sequencing reactions.
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Figure 4 Total amount of human sequence in the High Throughput Genoma Sequence
{HTGS) division of GenBlank. The total ls the sum of finished sequence (red) and unfinished
(draft plus predrgll) equence: (yeliow).
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Genome Sequencing Centres (Listed In order of total genomic
sequence contributed, with a partial list of personnel. A full list of
contributors at each centre is available as Supplementary
Information.)

Whitehead Institute for Blomedical Research, Center for Genome
Rasearch: Eric §. Lander'*, Lauren M. Linton', Bruce Birren'*,
Chad Nusbaum'*, Michael C. Zody'*, Jennifer Baldwin',

Keri Devon', Ken Dewar', Michael Doyle', William FitzHugh'~,

Roel Funke', Diane Gage', Katrina Harris', Andrew Heaford',

John Howland', Lisa Kann', Jessica Lehoczky', Rosle LeVine',
Paul McEwan', Kevin McKernan', James Meldrim', Jill P. Mesirov',
Cher Miranda', Willlam Morris', Jerome Naylor',

Christina Raymond', Mark Hose!ﬂ'; Ralph Santos',

Andrew Sheridan', Carrie Sougnez', Nicole Stange-Thomann',
Mikola Stojanovic', Aravind Subramanian’

& Dudley Wyman'

The Sanger Centre: Jane Rogers?, John Sulston®,
Rachael A.Inaauuqz
Christopher Clee?’, ulgar Carter’, Alan Coulson?,

Rebecca Dmmun Panos Deloukas®, Andrew Dunhan’,

lan Dunham’ nlward Durbin®™, Lisa French?, Darren Graman’,
Simon GI'BQWJJ Tim Hubbard?*, Sean Humphray®, Adrienne Hunt’,
Matthew Jones”, Christine Lioyd®, Amanda Hcllm‘ray’

Lucy Matthews, Siman Mercer’, Sarah Miine?, James C. Mullikin®,
Andrew Mungall®, Robert Plumb?, Mark Ross’, Ratna Shownkeen®
& Sarah Sims’

Washington University Genome Sequencing Center:

Robert H. wmmn‘* Richard K. mum’ LaDeana W. Hillier*,
John D. McPherson®, Marco A. Marra®, Elaine R. Mardis®,
Lucinda A. Fulton®, AsifT. cmmalla’*i Kymberlle H. Pupln*.
Warren R. Gish®, Stephanie L. Chissoe®, Michael C. mmﬁ
Kim D. nﬂalnumy'. Tracle L Miner®, Andrew Delehau

Jason B. Kramer, Lisa L. Cook®, Robert $. Fulton®,

Douglas L. Johnson®, Patrick J. Minx® & Sandra W. Clifton®

US DOE Joint Genome Institute: Trevor Hawkins®,

Elbert Branscomb®, Paul Predki*, Paul Richardson®,

Sarah Wenning*, Tom Slezak®, Norman Doggett®, Jan-Fang Cheng*,
Edward Uberbacher® & Marvin Frazier*

Bayior Gollege of Medicine Human Genome Sequencl
Richard A. Gibbs®™, Donna M. Muzny®, Steven E.

John B. Bouck®™ Erl-m.lSﬂderg K C. Worley™, Catherine M.
Rives®, James H, Gorrell®, mumll..m«’

Suianl..lhylnr' Raju S. Kucherlapati’, David L. Neison,

& George M. Weinstock®

RIKEN Elnn.ln Solences Center: Yoshiyukl Sakaki®,
Asao Fujlyama®, Masahira Hattori®, Tetsushl Yada®,
Atsushi Toyoda®, Takehiko toh®, Chiharu Kawagoe®,
Hidemi Watanabe®, Yasushi Totoki® & Todd Taylor®

Conter:

Genoscope and CMRS UMR-8030: Jean Welssenbach'?,
Roland Helllg"®, Willam Saurin'", Francols Artiguenave™,
Philippe Brottier" éThonms Bruls', Erlc Pelletier’®,
Catherine Robert"® & Patrick Wincker'?

arc Center: Douglas R. Smith"",
Lynn Dmmﬁu—sumn“ Marc Monﬂam" Keith Welnstock™',
Hong Mel Lee"" & JoAnn Dubols™

Department of Genome Analysls, institute of Molecular

, Stephan Beck®, David Banﬂw’. John Burtan®,

Blotechnology: André Rosenthal'?, Matthias Platzer'?,
Gerald Nyakatura™, Stefan Taudien'? & Andreas Rump"

Beljing Genomlcs Institute/Human Genome Center:
Huanming Yang", Jun Yu', Jian Wang'?, Guyang Huang"*
& Jun Gu'"®

Muftimegabase Sequencing Center, The Institute for Systems
Blology: Leroy Hood'®, Lee Rowen'®, Anup Madan'® & Shizen Qin"®

Stanford Genome Technology Center: Ronald W. Davis",
Mancy A. Federsplel'”, A. Pia Abola'” & Michael J. Proctor'

Stanford Human Genome Center: Richard M. Myers'®,
Jeremy Schmutz'®, Mark Dickson™, Jane Grimwood®
& David R. Cox™®

Universtty of Washington Genome Center: Maynard V. Olson'®,
Rajinder Kaul'® & Christopher Raymond'®

Department of Molecular Blology, Kelo University School of
Medicine: Nohuyoshl Shimizu®, Kazuhiko Kawasaki?®
& Shinsei Minoshima™

University of Texas Southwestern Medlcal Center at Dallas:
Gien A, Evans®'+, Marla Athanasiou™ & Roger Schultz”'

University of Okiahoma's Advanced Center for Ganome
Technology: Bruce A. Roe®?, Feng Chen & Huagin Pan®

Max Planck Insiitute for Molecular Genetics: Juliane Ramser™,
Hans Lehrach®™ & Richard Reinha

Gold Spring Harbor La , Lita Annenberg Hazen Genome
Center: W. Richard McCombie™, Mellssa de la Bastide™
& Neilay Dedhia®

GBF—German Ressarch Centre for Bletechnology:
Helmut Bldcker™, Klaus Hornischer™ & Gabriele Hnrdaiek“

* Ganome Analysis Group (listed In alphabetical order, also
includes individuals listed under other headings):

Richa Agarwala®, L. Aravind®, Jeffrey A. Balley”, Alex Bateman’f
Serafim Batzoglou', Ewan Birney™, Peer , Danlel G. Brown',
Christopher B. Burge™, Lorenzo ﬂumtﬂ”, Hslu-Chuan Chen®™,
Deanna Church®™, Michele Clamp’, Richard R. Copley™,

Tobias Doerks™, Sean R. Euuy” Evan E. Elchler””,

Terrence S. Furey™, James Galagan', ames . R Gilbert?

Cyrus Harmon™, Yoshihide Hayashizaki™, David w
Henning Hann]amh” Karsten Hokam h‘nnhu
L Steven Johnson®, Thomas A. Jones=, Simon

Arek Kaspryzk™, Scot Kennedy™, W. James Kent™, Paul Kitts™,
Eugene V. I(nonln’ lan Korf®, David Kulp®, Doron Lancet*',
Todd M. Lowe® mmm“ , Tarjel Mikketsen™,

John V. Moran®, Nicola Victor J. Pollara’,

Chris P. Ponting™, Greg Schuler, Jdrg Schultz®, Guy Stater®,
Arian F. A. Smit®, Elia Stupka™, .lnaq:hﬁumﬂrwuldy"
Danielle Thierry-Mieg™, Jean ThierryMieg®, Lukas Wagner™,
John Wallis®, Raymond Wheeler™, Alan Willlams®, Yurl 1. WoIF“
Kenneth H. Wolfe™’, Shlaw-Pyng 'rmg’ & Ru-Fang Yeh™

Sclentific management: National Human Genome Research
Institute, US Mational Instituies of Health: Francis Collins*®,
Mark S. Guyer™, Jane , Adam
&mnmmmummwn
Energy: Aristides Patrinos™; The Wellcome Trust: Michael J.
Mor
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The Sequence of the Human Genome
ark D. Adams,” Eugene W, Myers," Peter W. Li," Richard J. Mural,”

Granger G. on,” Hamilton O, Smith,” Mark Yandell," Cheryl A. Evans,’ Robert A. Holt,"
Jeannine D. Gocayne,” Peter Amanatides,? Richard M. Ballew,” Daniel H. Huson,’
Jennifer Russo Wortman," Qing Zhang," Chinnappa D. Kodira,” Xiangqun H. Zheng, Lin Chen,’
Marian Skupski," Gangadharan Subramanian,’ Paul D, Thomas,’ Jinghui Zhang,’

George L. Gabor Miklos,” Catherine Nelson,® Samuel Broder,! Andrew G. Clark,* Joe Madeau,5
Victor A. McKusick,® Norton Zinder,” Amold ). Levine,” Richard J. Roberts,® Mel Simon,?
Carolyn Slayman,’ Michael Hunkapiller,"" Randall Bolanos,” Arthur Delcher,” lan Dew,? Daniel Fasulo,’
Michael Flanigan,” Liliana Florea,” Aaron Halpern,! Sridhar Hannenhalli,’ Saul Kravitz," Samuel Levy,’
Clark Mobarry,” Knut Reinert," Karin Remington,” Jane Abu-Threideh," Ellen Beasley,” Kendra Biddick,’
Vivien Bonazzi,’ Rhonda Brandon,” Michele Cargill,’ Ishwar Chandramouliswaran,” Rosane Charlab,’
Kabir Chaturved],” Zuoming Deng," Valentina Di Francesco,” Patrick Dunn," Karen Eilbeck,’
Carlos Evangelista,” Andrei E. Gabriellan," Weiniu Gan,’ Wangmao Ge,” Fangcheng Gong," Zhiping Gu,’
Ping Guan," Thomas J. Heiman,' Maureen E. Higgins, Rui-Ru Ji," Zhaoxi Ke,” Karen A. Ketchum,’
Zhongwu Lai," Yiding Lei,' Zhenya Li," Jiayin Li," Yong Liang,? Xiaoying Lin," Fu Lu,’
Gennady V. Merkulov," Natalla Milshina,” Helen M. Moore,” Ashwinikumar K Naik,?

Vaibhav A. Narayan,” Beena Neelam,” Deborah Nusskern,’ Douglas B. Rusch,’ Steven Salzberg, 2
Wei Shao,” Bixiong Shue,” Jingtac Sun,’ Zhen Yuan Wang, Aihui Wang," Xin Wang, Jian Wang,!
Ming-Hui Wei," Ron Wides,”® Chunlin Xiao,” Chunhua Yan, Alison Yao,! Jane Ye,' Ming Zhan,'
Weiqing Zhang," Hongyu Zhang," Qi Zhao," Liansheng Zheng," Fei Zhong, Wenyan Zhong,’
Shiaoping C. Zhu," Shaying Zhao,'? Dennis Gilbert," Suzanna Baumhueter,” Gene Spier,’
Christine Carter,” Anibal Cravchik,’ Trevor Woodage, Feroze Ali, Huijin An,” Aderonke Awe,’
Danita Baldwin,” Holly Baden,' Mary Barnstead,” lan Barrow, Karen Beeson,” Dana Busam,’
Amy Carver,’ Angela Center,’ Ming Lal Cheng,” Liz Curry, Steve Danaher,” Lionel Davenport,’
Raymond Desilets,’ Susanne Dietz,’ Kristina Dodson,” Lisa Doup,” Steven Ferriera,’ Neha Garg,’
Andres Gluecksmann,’ Brit Hart," Jason Haynes,” Charles Haynes,” Cheryl Heiner,” Suzanne Hladun,’
Damon Hostin," Jarrett Houck," Timothy Howland," Chinyere Ibegwam,’ Jeffery Johnson,’
Francis Kalush," Lesley Kline," Shashi Koduru,’ Amy Love,” Felecia Mann," David May,’

Steven McCawley,” Tina Mcintosh, vy McMullen,” Mee Moy, Linda Moy, Brian Murphy,’
Keith Nelson,' Cynthia Pfannkoch,” Eric Pratts,” Vinita Puri, Hina Qureshi,’ Matthew Reardon,’
Robert Rodriguez,’ Yu-Hul Rogers,’ Deanna Romblad,” Bob Ruhfel, Richard Scott,' Cynthia Sitter,’
Michelle Smallwood,” Erin Stewart," Renee Strong,” Ellen Suh,” Reginald Thomas,” Ni Ni Tint,’
Sukyee Tse," Claire Vech," Gary Wang," Jeremy Wetter," Sherita Williams," Monica Williams,?
Sandra Windsor," Emily Winn-Deen,” Keriellen Wolfe," Jayshree Zaveri,” Karena Zaveri,’

Josep F. Abril,’* Roderic Guigé,™ Michael ). Campbell,” Kimmen V. Sjolander,” Brian Karlak,’
Anish Kejariwal," Hualyu Mi,” Betty Lazareva,” Thomas Hatton,’ Apurva Narechania, Karen Diemer,’
Anushya Muruganujan,’ Nan Guo," Shinji Sato,” Vineet Bafna," Sorin Istrail,’ Ross Lippert,’
Russell Schwartz,” Brian Walenz," Shibu Yooseph,' David Allen,’ Anand Basu,’ James Baxendale,
Louls Blick,' Marcelo Caminha,’ John Carnes-Stine,’ Parris Caulk, Yen-Hui Chiang," My Coyne,’
Carl Dahlke,’ Anne Deslattes Mays,' Marla Dombroski,” Michael Donnelly,” Dale Ely," Shiva Esparham,’
Carl Fosler," Harold Gire,” Stephen Glanowski,’ Kenneth Glasser,” Anna Glodek,” Mark Gorokhov,’
Ken Graham," Barry Gropman,’ Michael Harris,” Jeremy Hell,! Scott Henderson, Jeffrey Hoover,’
Donald jennings," Catherine jordan,' James Jordan,’ John Kasha,’ Leonid Kagan,! Cheryl Kraft,’
Alexander Levitsky," Mark Lewis," Xlangjun Liu," john Lopez," Daniel Ma, William Majoros,’

Joe McDanlel,’ Sean Murphy,” Matthew Newman," Trung Nguyen,’ Ngoc Nguyen,” Marc Nodell,”
Sue Pan,’ Jim Peck,’ Marshall Peterson,’ William Rowe,! Robert Sanders, John Scott,’
Michael Simpson,’ Thomas Smith,” Arlan Sprague,’ Timothy Stockwell,” Russell Turner," Eli Venter,’
Mei Wang," Meiyuan Wen," David Wu," Mitchell Wu,! Ashley Xia,” Ali Zandieh,” Xlaohong Zhu'
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A 2.91-billion base pair (bp) consensus sequence of the euchromatic portion of
the human genome was generated by the whole-genome shotgun sequencing
methiod. The 14.8-billion bp DNA sequence was generated over 9 months from
27,271,853 high-quality s overage g
fromfboth ends of plasmid clones made from the DNA of five [ndivid wo
ly strategies—a whole-genome assembly and a regional chromosome
assembly—were used, each combining sequence data from Celera and the
publicly funded genome effort. The public data were shredded into 550-bp
segments to create a 2.9-fold coverage of those genome regions that had been
sequenced, without including biases inherent in the cloning and assembly
procedure used by the publicly funded group. This brought the effective cov-
erage in the assemblies to eightfold, reducing the number and size of gaps in
the final assembly over what would be obtained with 5.11-fold coverage. The
two assembly strategies yielded very similar results that largely agree with
independent mapping data. The assemblies effectively cover the euchromatic
regions of the human chromosomes. More than S0% of the genome is in
scaffold assemblies of 100,000 bp or more, and 25% of the genome is in
scaffolds of 10 million bp or larger. Analysis of the genome sequence revealed
26,388 protein-encoding transcripts for which there was strong corroborating
evidence and an additional ~12,000 computationally derived genes with mouse
matches or other weak supporting evidence. Although gene-dense clusters are
obvious, almost half the genes are dispersed in low G+C sequence separated

by large tracts of apparently noncoding sequence. of the genome
d by exons, whereas 24% is in introns, 75% of the genome
inte plications of segmental blocks, ranging In 31ze up ro-

mosomal lengths, are abundant throughout the genome and reveal a complex
evolutionary history. Comparative genomic analysis indicates vertebrate ex-
pansions of genes associated with neuronal function, with tissue-specific de-
velopmental regulation, and with the hemostasis and immune systems, DNA
sequence comparisons between the consensus sequence and publicly funded
genome data provided locations of 2.1 million single-nucleotide polymorphisms

(SNPs). A air of human haploid of 1 r
1250 on_ayerage,, but there was marked heterogeneity in the level of poly-
morphism across the genome. Less than 1% of all SNPs resulted in variation in

proteins, but the task of determining which SNPs have functional consequences
remains an open challenge.
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18.22 |s This the Future of Medicine?

The elucidation of the human genome sequence may result in an
approach to medicine that is oriented to the genetic and functional indi-
viduality of each patient.
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HOW ARRAYS WORK

TO DETERMINE QUICKLY whether a potential new drug is likely to
harm the liver, aresearcher could follow the steps below, asking
this question: Does the drug cause genes

-
,-”:’Tf‘\“"‘"-. .»'/
/,4-"(,»' % OHA
r_;,,-r{; < BASES
\;'E:f--.__ﬁ____: ‘_./,«‘ -h__"“'“—q__h <% /”' .
MICROARRAY e g

[the blueprints for proteins) in liver cells to alter their activity in
ways that are known to cause or reflect liver damage? A “yes”
answer would be a sign of trouble.

Construct or buy a microarray,

or chip, containing single-stranded
DNA representing thousands of different
genes, each assigned to a specified spot
on the one-by-three-inch or smaller

(CHIP) SEGMENT SPOT CONTAINING COPIES PART OF ONE device. Have every spot include thousands
OF A CHIP OF A SINGLE ONA MOLECULE DA STRAND tomillions of capies of a DNA strand.
mRNA
e - e ——DRUG Obtain two samples of liver cells
i T PROTEIN g 3 p iver cells;
INACTIVE o \-y\ T ‘«q% apply the drug to one sample. Then,
EE"EE; - % g .S - from each sample, collect molecules
ACTIV H 1 \ p _
EENE ,155_ j .\.55--’ of messenger RNA [mRNA]—the mabile
—~ ; copies of genes and the templates far
protein synthesis in cells.
UNTREATED CELL TREATED CELL y
mANA r 1 mANA
b e PAIR OF
- e COMPLEMENTARY
|
cONA F ¢ cDNA BASES ;E,:‘,;
b e TREATED
Transcribe the mRNA into more stable = cONA FROM — CELLS
o UNTREATED
complementary DNA [cDNA) and add ‘)Jlf\, CELLS
fluorescent labels—green to cDNAs derived from T
untreated cells, red to those from treated cells. T
Apply the labeled cONAs to the chip, Binding occurs
when cONA from a sample finds its complementary <
sequence of bases on the chip [detail at right). Such o ~
binding means that the gene represented by the chip DNA Pt J//f" 1
. : i EXAMPLES
was active, or expressed, in the sample P
5 P : ﬁ OF REACTIONS 5‘

I GENE THAT STRONGLY
INCREASED ALTIVITY
1N TREATED CELLS

B GENE THAT STRONGLY
DECREASED ACTIVITY
INTREATED CELLS

D3 GENE THAT WAS EQUALLY
ACTIVE IN TREATED AND
UNTREATED CELLS

W GENE THAT WAS INACTIVE
INEOTH GROUPS

SAME

6 Determine whether any genes responded strongly to the

drug in ways knawn to promote or reflect liver damage.
Urcompare the averall expression pattern produced by strang
responders with the patterns produced when those genes react to
known liver toxins [right]. Close similarity would indicate that the
new candidate was probably toxic as well. In the diagram, each box
represents a single gene’s response 1o a compound
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Put the chip in a scanner, Have a

computer calculate the ratio of red to
green at each spot [to quantify any
changes in gene activity induced by the
drug] and generate a color-coded readout,
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Figure13.30 Principle of operation of one Lype
of DNA chip. At the top are dried microdrops,
each of which contains immobilized DNA
strands from a different gene (A—F), These are
hybridized with a mixture of fluorescence-
labeled DNA samples obtained by reverse
transcription of cellular mRNA, Competitive
hybridization of red (experimental) and green
tcontrol) label is proportional to the relative
abundance of each mRNA species in the
samples, The relative levels of red and green
{luorescence of each spot are assayved by
microscopic scanning and displayed as a single
color. Red or orange indicares averexpression in l

Confocal microscopa

the experimental sample, green or yellow-green fluorescence scanning

underexpression in the experimental sample,
and yellow equal expression,
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Figure 1.4 The immense length of the human genome.
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Figure 8.1 Genome size ranges over several arders of

magnitude in some groups of organisms, and genome size

is not correlated with developmental, metabolic, or
behavioral complexity.
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(A) Hierarchical shotgun
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Figure 8.3: Different shotgun sequencing strategies for sequencing the human genome.

J

G rrary &

(B) Whole-genome shotgun

Genome 3 . =

Sequencing and
assembly

Anchoring

Genome assembly

(A) Hierarchical shotgun sequencing. Human genomic DNA is fragmented by partial restriction digestion and the resulting large restriction
fragments are cloned into BAC vectors to generate a BAC library. BAC clones are organized into large contigs by typing all clones with TS
markers to identify clones with overlapping inserts. The inserts of selected BAC clones are shotgun cloned and sequenced. The sequenced
fragments of a BAC are then assembled to give the BAC sequence and the full BAC sequences are integrated to remove overlaps.

(B) Whale genome shotgun sequencing. Here isolated genomic DNA is submitted directly to shotgun cloning and sequencing, and the
sequenced pieces are assembled into large contigs spanning megabases. Adapted from Waterstan et al. (2002) Proc. Natl Acad. Sci. USA
99, p. 313, with permission from the National Academy of Sciences, USA.
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Figure 11.21 Cloning and Sequencing
Pieces of a Human Chromosome to
Create Chromosome Maps By cutting
chromosomes into small pleces, genome
scientists can clone these pieces into
vectors such as plasmids, cosmids, BACs,
or YACs. The fragments can then be
sequenced, and the overlapping pieces can
be strung together to maks a continuous
map. Using computers o analyze the
saquence of these fragments, genes
involvad In genetic disease condilions can
be identified including genes, such as
globin, involved in genetic diseass
canditions as ghown in this map of
chromosome 11, Mote: Only a partial map
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Chromosome 21 (37 Mb)

Genetic map: bbbt

Genetic map of markers, such as
RFLPs, 5TSs spaced about

1 Mb resolution TR Mb apart, This map s
\\\ derived from recombination studies
=
! .
/ R Physical map with RFLPs, STSs
Physical map; ety showing order, physical distance
100 kb resolution PETETIARTTT  of markers, Markers spaced
g o ™ about 100,000 base pairs apart
o
o7 CON | Mwalkeng ¢
YAC map £ 1 Set of overlapping ordered
and contigs —= == —— = ' clones covering 0.5-1.0 Mb
7 0
7 % Each overlapping clone will be
P b sequenced, sequences assembled
Mucleotide 7 > into genomic sequence of
sequence  /TCCCCCATTGCAT 3.2 < 10% nuclectides, 37 Mb of

which will be from chromosome 21

(a) Identify an ordered series of overlapping genomic clones.

Chromosome

{b) Analyze each clone for restriction sites and gene locations.

{Flestriclicjn sites)
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A {Genes)

(c) Create maps of overlapping genomic clones.
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{d) Combine information into a single continuous physical
map that spans the length of the chromosome.
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FIGURE 21.17  An overview of the
strategy used in the Human Genome Project. The
first goal, achieved in 1995, was to have a genet-
ic map of each chromosome, with markers spaced
at distances of about | Mb (I million base pairs
of DNA). This wark was accomplished by finding
markers such as RFLPs and STSs and assigning
them to chromosomes. Once assigned to chro-
masomes, the markers’ inheritance was observed
in heterozygous families to establish the order
and distance between them (a genetic map). In
the second stage, the goal was to prepare a phys-
ical map of each chromosome (our example uses
chromosome 21, the smallest chromosome) con-
taining the location of markers spaced about
100,000 base pairs apare. This goal has now been
achieved The third stage involves the construction
of a set of overlapping clones, in yeast artificial
chromosomes (YACs) or other vectars that
cover the length of the chromasome. The last
stage will be the sequencing of the entire genome.
Sequencing on selected parts of the genome has
started.

Overlapping
clones mapped by
fn situ hybridization
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Subclones derived
from one clone

Each subclone can
be characterized by
restriction mapping

Subclones cut at
restriction sites,
fragments cloned, and
b nucleotide sequence

determined

T
Contig
Figure 10.5 Building a whole-chromosome physical map.
(a) To produce a whole-chromosome physical map, you first order a
set of overlapping genomic clones that extend from one end of the
chromosome to the other, Subsequent figures describe various
methods of obtaining this ordered set of clones. (b) You next map the
restriction sites of each clone in the set through restriction analysis,
and analyze individual restriction fragments in other ways, such as
Morthemn blot analysis, to identify transcription units. (c) Computers
overlay the different types of maps for each clone onto the
overlapping clones to obtain a continuous map. (d) The result is a
single continuous map extending the length of the chromosome.

FIGURE 20.2  The top-down approach for the Drosophila
genome project. A genome library is constructed with very large frag-
ments (~200 kb) in a special vector. The physical location of each Is
mapped to the polytene chromosomes, Each clone is then broken down
inta subclones, which are characterized by restriction mapping for DNA
sequenee analysis.
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Figure 8.6: Gene Iinding_ by computer-hasg:l analysis of genomic sequences.

This example shows NIX analysis (see text) of a PAC sequence from a region of chromosome 12924.1 encompassing the Darier's disease
locus. The nucleotide size of the region is illustrated by the bar at the bottom. Analyses include the use of programs to scan for gene-
associated motifs such as promoter sequences (areen inverted triangles at top), and polyadenylation sites {ochre-colored inverted
triangles) and various exon prediction programs (GRAIL, GENSCAN etc.). Significant homologies to other sequences at the nucleotide level
and at the protein level are indicated by the boxes for the various BLAST programs. Data provided by Dr. Victor Ruiz-Perez and Simon
Carter, University of Newcastle upon Tyne, UK.
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Table g.1 Conventional karyotype symbols used in human genetics

A= Chromosome groups

1-22 Autosome designations -

XY Sex-chromosome designatians

p Short arm of chromosome a

q Long arm of chromasome

ter Terminal portion; pler refers to terminal portion of shert arm, qter to terminal portion of long arm

+ Preceding a chromasome designation, indicates that the chromasome or arm is extra: fo llowing a designation,
indicates that the chromasome or arm s larger than normal

= Preceding a chromosome designation, indicates that the chromosome or arm is missing; following a designa-
tion, indicates that the chromosome or arm is smaller than normal

mos Mosaic
Separates karyotypes of clones in mosaics—e.g., 47, XXX/45 X

dup Duplication

dirdup  Direct duplication

imedup  Inverted duplication

del Delation

iny Inversion

t translocation

rp Reciprocal translocation

rob Robertsonian translacatian

Ring chromosome

Isochromosame (two identical arms attached to a single centromere, like an attached-X chromosome in

Drosaphila)
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Figure 4.10 The way in which the shotgun approach was used to obtain the DNA sequence of the Hoemaphilus influenzae

H, influenzae DNA was sonicared and fragments with sizes between |6 and 2.0kb purified from an agarose gel and ligated into 2
phismid vector to produce a clone library. End-sequences were obuined from clones taken from this library,and a computer used
ta identify overlaps berween sequences. This resulted in 140 sequence contigs, which were assembled into the complete genome
sequence as shown in Figure 4.1 1. For further derails, see Fleischmann et al., 1995,
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Table 11, Genoime ovarview

Size of the genome (including gaps)

Size af the genome (excluding gaps)

Longest contig

Lengest scaffald

Percent of A-+T in the genome

Percent of G+C in the genome

Parcent of undetermined bases in the genome
Mast GC-rich 50 kb

Least GC-rich 50 kb

Percent of genome classified as repeats

Mumber of annotared genes

Percent of annotated genes with unknown function
Mumber of genes (hypothetical and annotatad)
Percent of hypothetical and annatated genas with unkmown Function
Gene with the most exops

Average gene size

Mast gene-rich chromasame

Least gene-rich chromosomes

Total size of gene deserts (=500 kb with no annotated genes)
Percent of base pairs spanned by genes
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RE 9-2 Two examples of complex sukaryotic
ption units and the effect of mutations on expression
encoded proteins. The RMA transcribed from a complex
iption unit (blue) can be processed in alternative ways to
d two or more functional monocistronic mRNAs. Dashed lines
cate spliced-out introns. (al A complex transcription unit
primary transcript has two poly(A) sites produces two
NAs with alternative 3’ exons. (b) A complex transcription
whose primary transcript undergoes exon skipping during
ing preduces alternative mRNAs with the same 5 and 3’
- In this example, some cell types would express the mRNA
iding exon 3, whereas in other cell types, exon 2 is spliced
4, producing an mRMA lacking exon 3 and the protein
ce it encodes. In {a) and (b), mutations (designated a)
gxons shared by the alternative mANAs (solid red) affect
ins encoded by both alternatively processed mRNAs,
intrast, mutations (designated b and ¢} within exons unigue
of the alternatively processed mRNAs (red with diagonal
laffact only the protein encoded by that mRNA.
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Figure 2,12 A Eukaryotic Gene and mRNA Processing (a) Transcription of

a eukaryotic gene produces a primary transcript or pre-mRNA, The primary tran- & .
script undergoes processing through RNA splicing, the addition of a 5' cap, and e / 724 3 W",r
polyadenylation. After processing, the final, mature mRNA is ready for export to

the cytoplasm where it will be translated into a protein. (b) Alternative splicing J-ﬂh'{r-n..‘ *"e v 4‘ ./

can produce different mRNAs and protein products from the same gene. Notice
that the larger mRNA on the left contains three exons spliced together but that
the shorter mRANA on the right contains only two exons spliced together,
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GO categories
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Figure 12.20: A preliminary functional classification of human polypeptide-encoding genes.

Known or predicted functions for 26 383 human polypeptide-encoding genes. Classification is according to the GO molecular function
categories as shown in the outer circle (Gene Ontology classification — see Section 8.3 6) or to Celera’s Panther molecular function
categories (inner circle). Reproduced from Venter et al. (2001) Science 291, 1304-1351, with permission from the American Association for

the Advancement of Science.
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Internal exon 122 bo RefSeq dignments to draft genoms saquence, wilh
. confirmed Infron boundaries (43,317 exans)
Exon number 7 RatSac abgnments to finished sequence (3,501 genes)
1,023 bp FeiSeq aignmants to finished sequence (27,238 introns)
400 bp Canfirmed by mRMNA ar EST on chromosome 22 (683)
240 bp Canfirmad by mRNA or EST on chromaosoms 22 (463
1.100 bp Selected RafSeq entries (1,804)
367 aa
14 kb 27 kb Setected RafSeq entries (1,604)
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Table 7.7: Average sizes of exons and introns in human genes save £/

Gene product Size of gene Number of exons Average size Average size
{kb) of exon (bp) of intron (bp)
tRNAY 0.1 2 50 20
Insuli A 3 155 480
cLGTE;‘;@ 1) Stk 3 150 490
Class | HLA B 8 187 260
_Serum albumin 18 14 137 1100
Type VIl collagen 31 118 77 190
Complement C3 41 29 122
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TABLE 22.1 Comparison of Mice and Humans

Trait Mice Humans

Average weight 0g 77,000 g (170 Ib)
Average length 10 em (without tail) 175 cm

Genome size ~3,000,000,000 bp ~3,000,000,000 bp
Haploid gene number ~100,000 ~100,000

Number of chromosomes 19 autosomes + X and Y 22 autosomes + X and Y
Gestation period 3 weeks 38 weeks (8.9 months)
Age at puberty 5-6 weeks 624-728 weeks (12-14 years)
Estrus cycle 4 days 28 days

Life span 2 years 78 years
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A member of the 129 strain of inbred mice commaonly used in
targeted mutagenesis studies.

i

=

I! _
g B -
&= Ei -
& = ] - = )
= H THETHE
— = —] ] il
] =5 . — it
= i = o = =1 | —
,‘_—.! = = L4 — =
= 3 = fim =
.-"‘.—_—_. W e —E
- - - W Y
= = = ——
—F L1 T l s .i i ar
- el " . L b= |
1234 5 6 7 8 9810 11 1213 14 15 16 17 18 19 X
Hmen HE N EEEE NEESPENE-"EEEER W
12 34567 80910111213141516171819202122 X

Fgure 3 Segments and blocks =300 kb in size with conserved symeny in human are
superimposed on the mouse genome. Each colour corresponds to a particular human
chromosome. The 342 segments are separated from each other by thin, white lines within
the 217 blocks of consistent colour

J

¥ Lice Verga /

Table 10 Gene count in human and mouse genomes

Geanome feature

Predicted transcripts
Predicted genes
Known cDNAs

New predictions

Mean exons/transcript}

Total predicted exons

-

170,211

198,889

Hurman Mouse
Initial Current Initial* Extendedt
{Feb. 2001) (Sept. 2002) (this paper) {this paper)
44,860 27,048 28,097 29,201
31,778 22,808 22,444 22,011
14,882 17,152 13,501 12,226
16,896 5,656 8,853 8,785
4.2 (3) 8.7 (8 B.2 (B) 8.4 (6)

191,290 213,562

_,_._--""——””-d—‘ = s .—;- - e, _.._'_:_ ﬁ.. - "'"_—'\ﬂ
/ties AL [flwudrful Téels*® ~a 9 ’L’,""(i-f""""“‘"‘i,)
S oo CrrEngEs a—"

e —
sl



VERTHEBRATE Aurp MAN pga iom

R&E4 T2on SWspy
Groups and
Jawless examples
vertebrates — i Lampreys
aginous
Jawad _ Sharks_skates, rays
vertebrates Teleost fish Pufferfish, zel)%sh.
I medaka
=450 Amphibians Nersonnis
n
280 Reptiles and birds oA
Prototherian mammals (monotremes) )
:]iU | Watat ti o Platypus, echidna
170 | (il atny Kangaroo
130 2|0_ Sheep, goats
I L— Cattle
I AT oo Pigs
85
5[ Horses
75 ——— Dogs
L cats
Rabbits
s ——— Rnlsl
il 'mf“““’ L Micew”
l‘n"f a0
New Waorld monkeys
I {e.q. marmoset)
~35 — 0ld World monkeys
[ l (e.g: macaques)
Key: i Orang utan
Eutherian mammals B, Gorilla
Catharrhine primates
P 7 Chimpaﬁ, bonobo
Hominoids 54l -
; uman

Figure 12.24: A simplified vertebrate phylogeny.

Numbers at nodes show estimated divergence times in millions of years,

Corrpararos Qaaaf;c&j

37



IRTlALL

Chimp Genome Draft Online

The relationship between humans and chimps just got a little easler to
understand. This week, the consortium that has been unraveling the
DNA sequence of our closest cousin for the past year put its results
inta the public domain. Rebert Waterston of the University of Wash-
ington, Seattle, and his mliaagues at the Broad Institute in Cambridge,
Massachusetts (including the former genome center of the Whitehead
Institute for Biomedical Research), and at the Washington University
Genome Sequencing Center in St. Louis, Missouri, have determined
the order of many of the 3.1 billion bases of a single male chimp's
genome. Until now, only pieces of deciphered DNA were available, and
their placement along the two dozen chromosomes was uncertain.
On average, each base was sequenced only four times. That's far

| R
Hiergan) v+ CHirgp SEWONES ARE

dEn TicAL

short of the current 10-fold coverage of the hurnan genome, but it's
enough to put together a rough draft with many bases in the right
order, which the researchers deposited online in GenBank. The con-
sortium matched up the human and chimp genomes base by base as
much as possible, an alignment that will make it easier for re-
searchers to find elusive genes and regulatory regions. The matchup
will also highlight specific differences between the two genomes, per-
haps further hinting at what set us apart. The sequence is more than
researchers could have hoped for a few years ago, says Ajit Varkl of
the University of California, San Diego, and it "will be most useful” for
geneticists trying to find genes responsible for inherited diseases.
Work on the chimp sequence continues, but in the meantime,
the consortium is taking the next few months to analyze the data
it has. It expects to publish results early next year. —E.P.
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Genome Comparisons Hold Clues to Human Evolution

A #’l‘.#r.‘l.- ”- - gt
Hear no evil. Changes in genes for hearing, olfac-
tion, and speech helped prompt human evolution.
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. Protein-coding genes
Cean PouE Solitary genes
J‘Gﬂl(m# Duplicated and diverged genes (functional gene —) Sdngr/
families and nonfunctional pseudogenes)

Tandemly repeated genes encoding rRNA, 5§ rRINA,
tRNA, and histones

*  Reg etitious DINA L)

oderately repeated

Transposons

-Viral retrotransposons

Long interspersed elements (LINES; nonviral
retrotransposons)

Short interspersed elements (SINES; nonviral

IElrotransposons)

DNA (mobile DNA elements)

= Unclassified spacer DNA
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Box 6.4: The organization of the human genome

Based on Strachan and Read (1996).
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Table 7.11: Major classes of(t;ndemly repeated human DNA [f‘ TEFuL AL prores’)

Class Size of repeat Major chromosomal location(s)
‘Megasatellite’ DNA (blocks of several kb Various locations on selected chromosomes
hundreds of kb in some cases)
RS447 4.7 kb ~-50-70 copies on 4p15 plus several copies on distal 8p
untitled 2.5 kb ~-400 copies on 4g31 and 19913
untitled 3.0 kb ~50 copies on the X chromosome
Satellite DNA (blocks often from 5-171bp Especially at centromeres
100 kb to several Mb in length)
a (alphoid DNA) 171 bp Centromeric heterochromatin of all chromosomes
B (Sau3 A family) 68 bp Centromeric heterochromatin of 1, 9, 13, 14, 15, 21,22 and Y
Satellite 1 (AT-rich) 25-48 bp Centromeric heterochromatin of most chromosomes and other
heterochromatic regions
Satellites 2 and 3 5bp Most, possibly all, chromosomes
Minisatellite DNA (blocks often 6-64 bp At or close to telomeres of all chromosomes
within the 0.1-20 kb range) )
telomeric family 6 bp All telomeres

9-64bp All chromosomes, often near telomeres
t1-4 bp C glsparsed throughout all Chmmomm@
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Figure 2.28 In a simple tandem repeat polymorphism {STRP), the alleles in a population differ in the
number of copies of a short sequence (typically 2-60 bp) that is repeated in tandem along the DNA
molecule. This example shows alleles in which the repeat number varies from 1 to 10. Cleavage at
restriction sites flanking the STRP yields a unique fragment length for each allele. The alleles can also
be distinguished by the size of the fragment amplified by PCR using primers that flank the STRP,
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Figure 9.12 Detection of microsatellite polymorphisms by
and gel electrophoresis. (a.1) Microsatellite alieles differ from
One another in length. (2) Sequence determination from both sides of
& microsatellite enables the construction of primers that can be used to
amplify the microsatellite by PCR. (3) Gel electrophoresis and ethidium
ide staining distinguish the alleles from each other.
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Figure17.14 Use of DNA typing in paternity
testing. The sets of lanes numbered 1 and 2
contain DNA samples from two differeni
paternity cases. In each case, the lanes contain
DNA fragments from the following sources; M,
the mother; C, the child; A, the accused father.
The lanes labeled A + C contain a mixture of
DNA fragments from the accused father and the
child. The arrows in case 2 point Lo bands of the
same size that are present in lanes M, ¢, and

A + C. Note that the male accused in case 2
could not be the father because neither of his
bands is shared with the child. [Courtesy of R,
W. Allen.]
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Figure17.13 An example of DNA typing in a criminal case. Each panel is the result of DNA typing for
a different VNTR. The lanes marked S1, 52, and 53 contain DNA from blood samples of three male
suspects; those in columns U] through U7 contain DNA from semen samples collected from seven
female victims of rape. The lanes marked M contain molecular-weight markers. In each case, the
DNA from suspect S2 matches the samples obtained from the victims, [Courtesy of Steven J.
Redding, Office of the Hennepin County District Attorney, Minneapolis, and Lowel] ¢ Van Berkom
and Carla J. Finis, Minnesota Bureau of Criminal Apprehension. |
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Chromosome typing for the identification of gross
chromosomal abnormalities is being carried out at an
increasing number of gemetic counseling centers
throughout the United States. The result of the proce-
dure is a graphic display of the chromosome comple-
ment, known as a karyotype. The chromosomes
shown in a karyotype are mitotic metaphase chromo-
somes, éach consisting of two sister chromatids held

metaphase by the addition of{colchicing, a drug that
prevents the subsequent steps of mitosis from taking
place by interfering with che spindle microtubules.
After treating and staining, the chromosomes are
photographed, enlarged, cut our, and arranged
according to size. Chromosomes of the same size are
paired according to centromere position, which
results in different “arm” lengths. From the karyo-

together at their centromeres. To prepare a karyo-
type, cells in the process of dividing are interrupted at

type, certain abnormalities, such as an extra chromo-
some or piece of a chromosome, can be detected.

Add
warer
Spread
ane drop
Cfmri- l
s [ e
Fix with alcohal
and stain
Red cells Stopsall Causes White cells
settle our l::mu cells ta setrle our
and are metaphase swell
e
227 prde

i - " Phorograph and enlarge
have
- Fedona bad I
CﬁiC‘amlh:. mmm;m : ";cw::g..(.nfm?
Metaghage ,/ with centromere on pencil line

Q)



—
N

CARSrro50rrEr AHALE

STRU cTareys

T4« ARe Lusifle  Lypht #rd
T Ll Tiroscoper

Jght micrograph of
wman chromosomes
enlarged 600 times)

Electron micrographic 3-D image
(enlarged 30,000 times)

| 77As Afys

Eleciron micrograph
of fiwed chromasome
(enlarged 30,000 times)
Figure 1.3 Human chromosomes. e peli BV
: B f
‘-\.__‘__a._____f"
Shrury a o d-
c: MRerrere A Chrorresame
lorerw JI'....,}:; Diingsdas

D,

Chronah & -

= o
5 e

Yestoe
ol



CACH <HROMsome yoc 4 lassplte

724 £Hyo COFY v B pmiz PoTTERR

—

-
— i

F

l'. 7 = -
..,_.{_ Faipns oF AaTesower

- __ -\ ) ]. —_ _25( f-“ECf.r

72l sMere
a) ) (c) =
i ] T '
{l__ "’: "N l }! 5
1 H 3 4 5
A —— s fAN
15
11 H L HH | -4 i n
@ T B ,..'...._¢ w0 M 12 cﬂ&'*p‘
12
i (T T o i
1; s " : ]
1.2
b i ¥ i ,
] o F Y % ¥
— —— ——  Ess Cromosomes — o
J)
ﬂ 31
1 2 3 4 5 [} 7 8 ]

8§ BEH #

10 11 12
13 14 15 18 17 18 19 20 21 2 ¥ X

Figure 10.3 The human karyotype: Banding distinguishes the chromosomes. (2) Photograph of a complete set of human
chromosomes at metaphase. Staining with Giemsa dye accentuates the bands and interbands. (b) Idiegrams for the complete set of
human chromaosomes. An idiogram is an idealized diagram of the banding pattern associated with a stained chromosome.
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Table 9.1 Conventional karyotype symbols used in human genetics

A-G Chromosome graups
1-22 Autosome designations o

XY Sex-chromosome designations

p Short arm of chromosome

q Long arm of chromosome =, =N
ter Terminal portion: pter refers to terminal portion of short arm, qter ta terminal portien of long arm

1 Preceding a chromosame designation, indicates that the chromosome or arm is extra: following a designation,
indicates that the chromosome or arm is larger than normal

- Preceding a chromosome designation, indicates that the chromosome or arm is missing; following a designa-
tion, indicates that the chromosome or arm is smaller than normal

mos Maosaic

/ Separates karyotypes of clones in mosa ics—e.g., 47, XXX /45,%
dup Duplication

dirdup  Direct duplication
invdup  Inverted duplication

del Deletion
inv Inversion
t translocation
rcp Reciprocal translocation
rob Robertsonian translocation
r Ring chromosome
i Isochramosome (two identical arms attached toa single centromere, like an attached-X chromosome in
Drosophila)
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Thehaploid human genome)This is a schemaric drawing of 1 of each of the 23 human
chromosomes, showing the pattern of staining seen with the Giemsa banding method. Chro-
mosomes are firse reated with rypsin and then stained with Giemsa. The patcerns of light
and dark bands are characteristic for each chromosome; and rranslocations, deletions, and
other structural abnormalities can be identified. Typically 400 bands can be seen per haploid
genome, and each band represents on average 7.5 x 10° bp, or twice as many base pairs as in
the entire £ coli genome! Chromasome 1 constitutes 8.4 percent, and the Y chromosome
abour 2.0 percent, of the human genome. Taking the E cali genome as a unit of genome size,
a cytogeneric band is 2 genome units, and the Y chromosome is 15 genome units.
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Figure 9.1 Human chromosome painting. in which each pair of chromosomes is labeled by
hybridization with a different fluorescent probe, {A) Metaphase spread showing the chromosomes

in a random arrangement as they were squashed onto the slide. (B) A karyotype, in which the
chomosomes have been grouped in pairs and arranged in conventional order, Chromosomes 1-20 are
arranged in order of decreasing size, but for historical reasons, chromosome 21 precedes chromosome
22, even though chromosome 21 is smaller. [Courtesy of Johannes Wienberg and Thomas Ried.]

Table 7.2: DNA content of human chromosomes®

Chromosome Amount Chromosome Amount

of DMNA of DMNA
(Mb) (Mb)
1 263 13 114
2 255 14 108
3 214 15 106
4 203 16 a8
8 194 17 92
6 183 18 BS
[ 171 19 67
B 155 20 72
] 145 21 50
10 144 22 56
11 144 X 164
12 143 Y 59

* The DNA content is given for chromosomes prior to entering
the S (DNA replication) phase of cell division (see Figure 2.2)
Data abstracted from electronic reference 1.
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Becker musculor dystrophy

Hypophosphatemia
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TABLE 12.1 Chromosomal Rearrangements and Changes In Chromosome Number (or Ploidy).
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Figure 2.19: Origins of triploidy and tetraploidy.

About two-thirds of human triploids arise by fertilization of a
single egg by two sperm (A). Other causes are a diploid egg
(B) or sperm (C). Most human triploids abort spontaneously;
very rarely they survive to term, but not beyond. Tetraploidy
(D) results from failure of the first mitotic division after
fertilization, and is incompatible with development.
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Amniocentesis and Chorionic Biopsy:
Procedures to Detect Aneuploidy
in Human Fetuses

The Andersons, a couple living in Minneapolis, were ex-
pecting their first baby. Neither Donald nor Laura Anderson
knew of any genetic abnormalities in their families, but be-
cause of Laura’s age—38—they decided to have the fetus
checked for aneuploidy.

Laura’s physician performed a procedure called am-
niocentesis. A.small amount of fluid was removed from the
cavity surrounding e develbping rerus By thsertivg o fiee
dle into Laura’s abdomen (Figure 1), This cavity, called the
amnionic sac, is enclosed by 'a membrane. To prevent dis-
comfort during the procedure, Laura was given a local anes-
thetic. The needle was guided into position by following an
ultrasound scan, and some of the amnionic fluid was drawn
out. Because this fluid contains nucleated cells sloughed off
from the fetus, it is possible to determine the fetus’s kary-
otype (Figure 2). Usually the fetal cells are purified from the
amnionic fluid by centrifugation, and then the cells are cul-
tured for several days to a few weeks. Cytological analysis
of these cells will reveal if the fetus is aneuploid. Additicnal

i gasamp]eofﬂuid from the
woman for prenatal diagnosis
nical abnormality:

tests may be performed on the fluid recovered from the am-
nionic sac to detect other sorts of abnormalities, including
neural tube defects and some kinds of mutations. The results
of all these tests may take up to three weeks. In Laura’s case,
no abnormalities of any sort were detected, and 20 weeks af-
ter the amniocentesis, she gave birth to a healthy baby girl.

Chorionic biopsy provides another way of detecting
chromosomal abnormalities in the fetus. The chorion is a fe-
tal membrane that interdigitates with the uterine wall, even-
tually forming the placenta. The minute chorionic projections
into the uterine Hssue are called oilli {singular, villus). At 10-
11 weeks of gestation, before the placenta has developed, a
santcpal v 0ill ane de abininad! by pasnine @ ol
low plastic tube into the uterus through the cervix. This tube
can be guided by an ultrasound scan, and when it is in place,
a tiny bit of material can be drawn up into the tube by as-
piration. The recovered material usually consists of a mix-
ture of maternal and fetal tissue. After these tissues are sep-
arated by dissection, the fetal cells can be analyzed for
chromosome abnormalities.

Chorionic biopsy can be performed earlier than amnio-
centesis (10~11 weeks gestation versus 1416 weeks), but it
is not as reliable. In addition, it seems to be assaciated with
a slightly greater chance of miscarriage than amniocentesis,
perhaps 2 to 3 percent. For these reasons, it tends to be used
only in pregnancies where there is a strong reason to expect
a genetic abnormality: In routine pregnancies, such as Laura
Anderson’s, amnibcentesis 15 the preferred procedlure.

Amniotic cavity
Fetal cells
Placenta

Uterine
wall

Biochemical

Canri
g analysis

Biochemical | Chromosomal
analys analysis

e

w4 FeQ

ﬁrﬂ;, e

- S

Fetal celis Fetal cell culture

Figure 2 Amniocentesis and procedures for prenatal di-
agnosis of chromosomal and biochemical abnormalities.
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FIGURE 27-1

Amniocentesis and chorionic villus sampling. (a) A sample of amniotic fluid (mostly fetal
urine and other secretions) is taken by inserting a needle into the amniotic cayity during or
around the sixteenth week of gestation. The feral cells are separated from the fluid by cen-
trifugation. The cells can be used immediately, or more usually they are cultured so tiar o
number of biochemical, enzymatic, and chromesomal analyses can be made. The culmred
cells can also be a source of DNA. (b) Chorionic villus sampling is performed berween the
eighth and rwelfth weeks of gestation. A catheter is introduced through the vagina or tran-
sabdominally, and a small sample of chorionic villi is drawn into the syringe. DNA can be
isolared directly from the dssue, ar cell cultures can be established. Note thar the various
elements of this figure are not drawn o scale.
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lsidecells  Oulsidecells | oPnoblast
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Chom

-

Morula Blastocyst q orioe
Mumber of inside cells of Proportion of labeled cells » .
16-cell stage | in ICM 1LL,
2 >65% Sesgpln
5 (mean —25% %
7‘ : < 5% (‘f""‘ﬂ-)-.vat c)

ﬁgura 5.13 Stepwise formation of the inner cell mass (ICM)
ymammalian embryos. Most of the ICM cells are derived
E‘_nm those cells that are in an inside position at the morula
stage. Thus, after selectively labeling cells on the outside of
amorula, most ICM cells of the developing blastocyst are un-
eled. However, in embryos that have few inside morula
is, additional ICM cells are generated by differential cleav-
e of outside morula cells.

Amnion

Connecting
stalk

Bilaminar
germ disc

Yolk sac

Cytotrophoblast
{charion)

(c) (d)

Figure 14.38 Extraembryonic membranes in human development: {a) at 3 weeks; (b) at 4 weeks; (e) at 10 weeks; (d) at 20
weeks. The connecting stalk develops into the umbilical cord. The amniotic cavity expands {arrows} until it completely fills the
chorionic cavity and envelops the umbilical cord plus the remnant of the yolk sac. The chorionic villi near the umbilical cord
branch and form the embryonic portion of the placenta. The other villi disappear.
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19-2 The normal diploid chromosame mumber of a buman
being is 46, 22 pairs of autosomes and fwo sex chromosomes.
T'he autosomes are grouped by size (A, B, C, etc.), and then the
probable homologues are paired. A normal woman has tiwe X
chromosomes and a normal man, shown here, an X and a Y,
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19-4 (a) Although children with Dowsr's
syndrome share certain Physical charae-
teristics, there is a wide range of mental
capacity among these individuals, (b) The
karyotype of a male with Down's syn-
drome caused by nondisjunction. Note
that there are three chromosomes 21,
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two identical sister chromosomes, a gamete ing chromosome 21, and two normal gametes,
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Recounting a genetic story

Roger H. Reeves

The DNA sequence of human chromosome 21, now published, provides
indications that the total number of human genes has been overestimated,
and is a valuable resource for research into Down syndrome.

Figure | Chromosome 21in
context. Top, triplication of
chromosome 21 is the :
genetic defect underlying
Down syndrome. Bottom,
transmission electron |
micrograph of chromosome
21, showing the long and
short arms,



The DNA sequence of human
chromosome 21

The chromosome 21 mapping and sequencing consortium

M. Hattori*, A. Fujlyama®, T. D. Taylor*, H. Watanabe*, T. Yada*, H.-S. Park*, A. Toyoda*, K. Ishii*, Y. Totoki*, D.-K. Chol*, E. Soedaf,
M. Ohkit, T. Takagi$, Y. Sakaki*s; S. Taudienl, K. Blechschmidt|, A. Polley, U. Menzel, J. Delabar, K. Kumpfl, R. Lallmannllé

D. Pattersons, K. Reichwaldl, A. Rumpl, M. Schillhabell, A. Schudyi, W. Zinmermannl, A. Rosenthall; J. Kudoh*, K. Shibuya®,

K. Kawasaki”, S. Asakawa®, A. Shintani”, T. Sasaki*, K. Nagamine®, 5. Mitsuyama®, S. E. Antonarakis**, S. Minoshima®, N. Shimizu®,
G. Nordsiekit, K. Hornischer{, P. Brandt{, M. Scharfeft, 0. Schontt, A. Desariot, J. Reichelti 1, G. Kauerit, H. Blockerif;

J. Ramsers$, A. Beckss, S. Klagesss, 5. Hennigss, L. Riesselmannss, E. Dagandss, T. Haaf§$, S. Wehrmeyerss, K. Borzymss,

K. Gardiner#, D. Nizeticll, F. Francis$$, H. Lehrach$$, R. Reinhardt$s & M.-L. Yaspos$$

Consortium Institutions:

* RIKEN, Genomic Sciences Center, Sagamihara 228-85335, Japan

| Frestituat fiir Molekulare Biotechnologie, Genomanalyse, D-07745 Jena, Germany

® Department of Molecular Biology, Keio University School of Medicine, Tokyo 160-8582, Japan

tt GBF (German Research Centre for Biotechnology), Genome Analysis, D-38124 Braunschweig, Germany
§§ Max-Planck-Institut fitr Molekulare Genetik, D-14195 Berlin-Dahlem, Germany

Collaborating Institutions:

t RIKEN, Life Science Tsukuba Research Center, Taukuba 305-0074, Japan

§ Cancer Genomics Division, National Cancer Center Research Institute, Tokyo 104-0045, Japan

§ Human Genome Center, Institute of Medical Science, University of Tokyo, Tokyo 108-8638, Japan
§ UMR 8662 CNRS, UFR Necker Er:_fa:mu'ud'ndades, Paris 75730, France

# Eleanor Roosevell Institute, Danver, Colorado 80206, USA

** Medical Genetics Division, University of Geneva Medical School, Geneva 1211, Switzerland

++ CNRS UPR 1142, Institut de Biologie, Montpellier, 34060, France

Il School of Pharmacy, University of London, London WCIN 1AX, UK

Chromosome 21 is the smallest human autosome. An extra copy of chromosome 21 causes Down syndrome, the most frequent
genetic cause of significant mental retardation, which affects up to 1 in 700 live births. Several anonymous loci for monogenic
disorders and predispositions for common complex disorders have also been mapped to this chromosome, and loss of
heterozygosity has been observed in regions associated with solid tumours, Here we report the sequence and gene catalogue of the
long arm of chromosome 21. We have sequenced 33,546,361 base pairs (bp) of DNA with very high accuracy, the largest contig
being 25,491,867 bp. Only three small clone gaps and seven sequencing gaps remain, comprising about 100 kilobases. Thus, we
achieved 99.7% coverage of 21g. We also sequenced 281,116 bp from the short arm. The structural features identified include
duplications that are probably involved in chromosomal abnormalities and repeat structures in the telomeric and pericentromeric
regions. Analysis of the chromosome revealed 127 known genes, 98 predicted genes and 59 pseudogenes.
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A gene expression map of
human chromosome 21
orthologues in the mouse

The HSA21 expression map initiative

*Group 1:Yorick Gitton, Nadia Dahmane:, Sonya Baik+

Ariel Ruiz | ARabat

*Group 2:Lorenz Neidhardis, Manuela Scholze$, Bernhard 6. Herrmanns
*Group 3:Pascal Kahlem||, Alia Benkahla||, Sabine Schrinner||,

Reha Yiidirimman||, Ralf Herwig||, Hans Lehrach|| & Marie-Laure Yaspo||

Genes
Genes prominently expressad in
eingia tissues
1 OUGO1: disncephaion (16 days after birth)
2 TFF3: colon (B wk), bowe! (B wk)
3 DNMT3L: macrophage (wehi-3 call ling)
4 TFF1: stomach (adult)
5 PRED28: wholg sidn, skin (11 wi)
& PCBP3: reting, sye
7 APP: salivary gland, iddney
B ATPSA: embryo (E13.5-14.5)
§ CSTB: ambryo (E13,5-14.5),
pra-Implantation blastocyst
10 SOO: total fetus (E19.5)
11 ATPSO: total fatus (E12.5-14.5)
12 TTC3: pancroas (E14.5)
13 PTTANP: kidney (adult)
14 COTE: kidney (adut)
15 FTCD: Iver
16 COL1BA1: lhvpr
17 ZNF285: llver (adult)
18 MX1: splsen (4 wi)
18 C21ord5: thymus (4 wk)
0 ] 10 =15
g Cluster 1: Ciluster 3: Cluster 4: | Cluster 5: Clustar 6 Clustar 7: | Clustar 8:
£ | JAMZ KCNEZ ATPEA STCH | DSCA SAMSN1 E NRIPT USP25
E | ADARE1 mg |csm KCNJ1S |catomas & | caionee UBE2G2 DYRK1A
3 | PcaPa son R # | cavas IGSF5 3 ces B | ZnF264 E‘ C21ertte C2lor1
PFIL E E PRKCEPZ E KCNE1 | FICcD 3 | KlAAD136 ABGET | AIRE
B | aanre g |menoxt  Z|PretP B coLiaat usPle mi | PoNT2 | G210
= m | 5001 CLDN& LRAC3 i IL10RE @ .| BTGS | c2loraz
Cluster 2 g.m ATPSO Czlortzs LSS oz @ £ | nscRs =| FNGR2
& | cxapr B sHBGR = | C2iod MK .:-E_ NDUFV3 | e
| TMPRSS2 2% | coLsal CCTB IFNARZ B | WDRA & | RUNX1
3 | G2lorf5a 7 | coLaaz ANKRD3 HMG14 T | McMaaP | MoE2
| cHaFB $§ GART POXK Z | MRPL38 | C21ora8
= | SMT3H1 SLC19A1 DSCR2 GABPA,
P | o210 | DoNSON
QE KIAADGSS | UBASH3A
H2ZBFS
DeCR3

Figure 4 EST analysis. Matrix displaying the expression profiles of 159 mmu21 genes  the matrl), Coloured dots represent the number of ESTs found In a given library for
{rows) within 190 cONA libraries {columns). Dendrograms used to reorder librarles (o) each gene {s8e scale). Numbers In red refer to genes prominently expressed in single
and genas {Ieft) are shown, together with sight significent gene chustars (solid bars, tissues, listed at the right. Intaractive figure and details are given in the Supplementary
left and right of the matrlx together with correlation coefficlents). The cluster composition  Information. Gene symbols of human orthologues are Lssd,

s shown with corresponding libraries (A-1 and indicated by white amrows at the botiom of
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TABLE 7.1
Aneuploidy Resulting from Nondisjunction in Human Beings
Estimated

Chromasome Clinical Frequency

Karyo Formula - Syndrome at Birth Phenatiype
ryotype i typ
47,+21 2n+1 Down 1/700 Short, broad hands with palmar crease, short
stature, hyperflexibility of joints, mental re-

tardation, broad head with round face, open
mouth with large tongue, epicanthal fold.

47,+13 2n+1 Patau 1/20,000 Mental deficiency and deafness, minor mus-
cle seizures, cleft lip and/or palate, cardiac
anomalies, posterior heel prominence.

47,+18 n+1 Edward 1/8000 Congenital malformation of many organs, !
low-set. malformed ears, receding mandible, !
small mouth and nose with general elfin ap-

= ===  pearance, mental deficiency, horseshoe or
J'GX CHRe roS8ne) double kidney, short sternum, 90 percent |
~ die within first six months after birth. |
2n—-1 Turner l 1/2500 female births Female with retarded sexual development,
usually sterile, short stature, webbing of

skin in neck region, cardiovascular abnor-

A \ ’&ﬁ‘ H‘;&, malities, hearing impairment.
2n+1 Klinefelter 1/500 male births _#subferﬁle with small testes, developed
2n+2 reasts, feminine-pitched voice, knock
n+2 2 knees, long limbs.
2n+3
2n+4
2n+1 Triplo-X 1/700 Female with usually normal genitalia and

limited fertility, slight mental retardation.
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Figure 3.5 Comparison of spermatogenesis and oogenesis. Primordial germ cells divide mitotically, producing spermatogonia
in males and oogonia in females. These cells are diploid, containing two or four genomic complements (2C or 4C), depending
on their stage in the mitotic cycle. Before the gonia enter meiosis, their DNA replicates. They are then called primary spermato-
cytes or oocytes. After the first meiotic division, they contain two genames (2C) and are called secondary spermatocytes or
oocytes. After the second meiotic division, they are haploid {1C) spermatids or eggs. Note that the two rounds of meiosis pro-
duce four haploid spermatids, each of which develops into a spermatozoon, but only one egg. The egg’s three small sister
cells, known as polar bodies, have no known function and degenerate. Often the first polar body does not divide, so that only a

total of two polar is I
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upon the species, eggs are fertilized at various sta

i
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of meiosis (see Fig. 3.18).
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FIGURE 10.6 Incidence of Down syndrome births contrast-

19-6 The frequencies of births of infants
with Dowr's syndrome in relation to the

ages of the mothers. The number of cases nificantly older and arrested longer than those they ovu-
shown for each age group represents the lated 10 or 20 years previously. However, it is not yet
occurrence of Down's syndrome in every known whether ovum age is the cause of the increased in-

1,000 live births by motbers in that group.
As you can see, the risk of having a child
with Down's syndrome increases rapidly
after the mother's age exceeds 40. An

cidence of nondisjunction leading to Down syndrome.

These statistics are the basis of a serious issue facing
parents when pregnancy oceurs late in a woman’s repro-

increased risk is also thought to occur ductive years. Genetic counseling early in such pregnan-

nfter the father's age exceeds §5.
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19-7 (a) A chromosomal abnormality Iy
associated with cancer. The chromosomes w ‘
shoton here have been stained to reveal \
banding patterns. The chromosome on the
left is normal. The one on the right has a
deletion, shown by the smaller size of the
bracket. Such deletions have been found
in children with Wilms' tumor. (b) The
left eye of a 15-year-old boy who has this
chramosomal deletion and who developed -
Wilms' tumor in infancy. Note the {a)
absence of an iris. An older half-brother
and a maternal aunt also had aniridia and
developed Wilms' tumor at an early age.
Another brother and the boy's mother are

henotypically normal. Analysis of the
':;a:her’s chromosomes revealed that e Lred Fo
although she carries the deletion in chro-
mosame 11, the missing segment is present CorRela b Ganm
in ber cells in chromosome 2. Almost all
other chromosomal abnormalities asso-
ciated with cancer have occurred only in
somatic cells and are not inberited.
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Figure 7.18 Cri-du-chat syndrome. (q) Patient with cri-du-chat syndrome. (b) Karyotype
of infant with eri-du-chat syndrome, 46, XY(5p-). There is a deletion in the short arm of
chromosome 5 {arrow).
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bor 1 = —beric-abl
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%y &{5e zBreakpoint Breakpoint PCR primer
QV c-abl gene ber gene Hybrid ber/ c-abl gene
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A 8uapigad — __.,l disRarTs
Inrprgy, 0-abimANA ber mANA berc-abl mRNA e P
" | Serifodn
ﬂlw‘) 1 Cog Mol

Abnormal fused protein

Figure 12.12 How a reciprocal translocation helps cause one kind of leukemia. (a) Uncontra ivisions of large, dark-staining white
blood cells in the blood of a leukemia patient (right) preduce a higher than normal ratio of white to red blood cells than that of a nermal individual
(left). (b) A reciprocal translocation between chromosomes 9 and 22 contributes to chronic myelogenous leukemia, This rearrangement makes an
abnormal hybrrid gene composed of part of the c-abl gene on chromosome 9 and part of the ber gene on chromosome 22, The hybrid gene
produces a mRNA with sequences from both c-abl and ber, and this hybrid mRMA is translated into an 2in that 2l

controls on cell division, Black arrows indicate PCR primers that will generate a PCR product only in DNA containing the hybrid gene.

S D tledran
The canstriction at the lower tip of this chromo-

some is the location of the fragile-X abnormality,

18.5 A Fragile-X Chromosome at Metaphase
The chromosomal abnormality that causes the mental retardation

symptomatic of fragile-X syndrome shows up physically as a con-
striction.
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(u) Hydrogen-bonded A:C and G:T base pairs that form when cytosine
and guanine are in their rare imino and enol tautomeric forms.
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(1) Mechanism by which tautomeric shifts in the bases in DNA cause mutations.

Figure 14.14 The effects of tautomeric shifts in the nucleotides in DNA on (1) base-pairing
and (&) mutation. Rare A:C and G:T base pairs like those shown in {a) also form when
thymine and adenine are in their rare enol and imino forms, respectively. (b) A guanine (1)
undergoes a tautomeric shift to its rare enol form (G') at the time of replication (2). In its
enol form, guanine pairs with thymine (2). During the subsequent replication (3 to 4), the
guanine shifts back to its more stable keto form. The thymine incorporated opposite the enol
form of guanine (2) directs the incorporation of adenine during the next replication (3 to 4).
The net result is a G:C to A:T base-pair substitution.
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TABLE 9.1 Five Classes of DNA Polymorphism
' Rate of Mutation Number per
per Locus Frequency in Human Genome
Class Cause per Gamete Genome (on average)
Single base Mutagens or 107107 1/700 bp o
e o v B
Microsatellite Slippage during 103 1/30,000 bp 100,000
replication
Minisatellite Unequal crossovers To™? Unknown; Fewer than 100 fam!li:q;
discovered by known, yielding 1000
chance capies n all
Deletions Mutagens; unequal Extremely rare Very low 0 - a few
Crossovers
Duplications Mutagens; unegual Extremely rare Very low 0-afew
Crassovers
Other insertions Transposable elements Extremely rare Very low 0~ afew
{excluding those resulting
from micro- ar minisatellite
recombination) ;
Complex haplotype Any of the above Combination of Mot applicable Mot applicable i
|. (any locus of 5 kb or more) the above . = |
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|A) .1, — Polymorphic (8) 1, — Polymorphic
Sl 4 M !
GAATTC GAATTC site GAATTC GAATTC GAACTC site GAATTC
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Y Mo cleavage
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Figure 2.23 A minor difference in the DNA sequence of two molecules can be detected if the differ-
ence eliminates a restriction site. (A) This molecule contains three restriction sites for EcoR], includ-
ing one at each end. It is cleaved into two fragments by the enzyme. (B) This molecule has an altered
EcoRlI site in the middle, in which 5'-GAATTC-3' becomes 5'-GAACTC-3', The altered site cannot be
cleaved by EcoRI, so treatment of this molecule with EcoR1 results in one larger fragment.
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A 2.91-billion base pair (bp) consensus sequence of the euchromatic partion of
the human genome was generated by the whole-genome shotgun sequencing
method, The 14.8-billion bp DMA sequence was generated over 9 months from
27,271,853 high-quality sequence reads (5.11-fold coverage of the genome)
from both ends of plasmid clones made from the DNA of five individuals. Two
assembly strategies—a whale-genome assembly and a regional chromosome
assembly—were used, each combining sequence data from Celera and the
publicly funded genome effort. The public data were shredded into 550-bp
segments to create a 2.9-fold coverage of those genome reglons that had been
sequenced, without including biases inherent in the cloning and assembly
procedure used by the publicly funded group. This brought the effective cov-
erage in the assemblies to eightfold, reducing the number and size of gaps in
the final assembly over what would be obtained with 5.11-fold coverage. The
two assembly strategies yielded very similar results that largely agree with
independent mapping data. The assemblies effectively cover the euchromatic
regions of the human chromosomes, More than 80% of the genome Is in
scaffold assemblies of 100,000 bp or more, and 25% of the genome Is in
scaffolds of 10 million bp or larger. Analysis of the genome sequence revealed
26,588 pratein-encoding transcripts for which there was strong corroborating
evidence and an additional ~12,000 computationally derived genes with mouse
matches or other weak supporting evidence. Although gene-dense clusters are
cbvious, almast half the genes are dispersed in low G+C sequence separated
by large tracts of apparently noncoding sequence, O

is span . whereas 24% is in in with t being
intergenic DNA. Duptimtlommméﬁach. ranging in size up to ¢

n'v?gﬁmhs, are abundant throughout the genome and reveal a complex
evolutionary history. Comparative genomic analysis indicates vertebrate ex-
pansions of genes associated with neuronal function, with tissue-specific de-
velopmental regulation, and with the hemostasis and immune systems.Db4

nsingle-nucle

U on aye G i was madd sleropen

morphism acros the gename, Less than 1% of all SNPs resulted in variation i
proteins, but the task of determining which ave fu consequences

remains an open challenge,
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A map of human genome sequence
variation containing 1.42 million
single nucleotide polymorphisms

The International SHP Map Working Group*

* A full list of authors appears at the end of this paper.
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We describe a map of 1.42 million single nucleotide polymorphisms (SNPs) distributed throughout the human genome, providing
an average density on available sequence of ane SNP every 1.9 kilobases. These SNPs

across the genome, in a manner broadly
SNP map provides a public resource for defining
important genes for diagnosis and therapy.

Inherited differences in DNA sequence contribute to phenotypic
variation, influencing an individual’s anthropometric characteris-
tics, risk of disease and response to the environment. A central goal
of genetics is to pinpoint the DNA variants that contribute most
significantly to population variation in each trait. Genome-wide
linkage analysis and positional cloning have identified hundreds of
genes for human diseases' (http://ncbi.nlm, nih,gov/OMIM), but
nearly all are rare conditions in which mutation of a single gene is
necessary and sufficient to cause disease. For common diseases,
genome-wide linkage studies have had limited success, consistent
with a more complex genetic architecture. If each locus contributes
modestly to disease aetiology, more powerful methods will be
required.

One promising approach is systematically to explore the limited
set of common gene variants for association with disease*. In the
human population most variant sites are rare, but the small number
of common polymorphisms explain the bulk of heterozygosity® (see
also refs 5-11). Moreover, human genetic diversity appears to be
limited not only at the level of individual polymorphisms, but also
in the specific combinations of alleles (haplotypes) observed at
closely linked sites™'"", As these common variants are responsible
for most heterozygosity in the population, it will be important to
assess their potential impact on phenotypic trait variation.

If limited haplotype diversity is general, it should be practical to
define common haplotypes using a dense set of polymorphic
markers, and to evaluate each haplotype for association with
disease. Such haplotype-based association studies offer a significant
advantage: genomic regions can be tested for association without
requiring the discovery of the functional variants, The required
demit)rofmm'kmwiﬂdcpmdunthemmphxﬂyofmeluul
haplotype structure, and the distance over which these haplotypes
extend, neither of which is yet well defined.

Current estimates (refs 13—17) indicate that a very dense marker
map (30,000—1,000,000 variants) would be required to perform
haplotype-based association studies. Most human sequence varia-
tion ilathibutlhletoSNPs,widlthcmtnmihuubleminurﬁmu
or deletions of one or more bases, repeat length polymorphisms and
rearrangements, SNPs occur (on average) every 1,000-2,000 bases
when two human chromosomes are PASIH and are
mmpmamﬁdmtdmﬁw&rcmpmmw
analysis. SNPs are binary, and thus well suited to automated,

genes and other genomic
exon (coding and untranslated reglons), and 85% of exons are within 5kb of the nearest SNP. Nucleotide diversity varies g

consistent with a standard population genetic model of human history. This high-density
haplotype variation across the genome, and should help to identify biomedically

genome'™”, Individual contributions

features, We estimate that 60,000 SNPs fall within

high-throughput genotyping. Finally, in contrast to more mutable
markers, such as microsatellites®, SNPs have a low rate

density to study human haplotype structure, enabling future

study of human medical and population genetics.

Identification and characterlstics of SNPs

The map,contains all SN'Ps that were publicly available in November
2000. Over 95% were discovered by The SNP Consortium (TSC)
and the public Human Genome Project (HGP), TSC contributed
1,023,950 candidate SNPs (http:// snp.cshl.org) identified by shot-
gun sequencing of genomic fragments drawn from a complete (45%

of data) or reduced (55% of data) representati

were: Whitehead Institute,
289,209 SNPs from 2.57 million (M) passing reads; Sanger Centre,
262,279 SNPs from 1.16M passing reads; Washington University,
172,462 SNPs from 1.69M passing reads, i

ing a publicly available panel of 24 gthnically divers .
ads were aligned to one another and to the a lable genome
sequence, followed by detection of single base differences using one
of two validated algorithms: Polybayes™ and the neighbourhood
quality standard (NQS'*%).

An additional 971,077 candidate SNPs were identified
sequence differences in regi
clones (bacterial artificial chromosomes (BACs) or Pl-deri
artificial chromosomes (PACs)) sequenced by the HGP.
groups (NCBI/Washington University (556,694 SNPs): G.
PY.K. and 5.5,; and The Sanger Centre (630,147SNPs); ].C.M. an
D.R.B.) independently analysed these overlaps using the two
tion algorithms. This approach contributes dense clusters of SNPs
throughout the genome. The remaining 5% of SNPs were discov-
ered in gene-based studies, either by automated detection of si
base differences in clusters of '(exprca;ﬁuquen
tags™* or by targeted resequencing efforts (see fip://ncbi.nlm.nih.
gov/snp/human/submit_format/*/*publicat.rep. gz).

It is critical that candidate SNPs have a high likelihood of
representing true polymorphisms when examined in population
studies. Although many methods and contributors are represented
on the map (see above), most SNPs (> 95%) were contributed by

tmhrge-oca]:ﬂorts!hatunifomlynppﬁedmtummd methods.
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DNA polymorphisms |Th€ closer a marker is to the disease gene,
(genetic markers) along the closer the linkage and the more
the chromosomes likely it is that they will be inherited together.

Figure2.29 Concepts in genetic localization of genetic risk factors for disease. Polymorphic DNA
markers (indicated by the vertical lines) that are close to a genetic risk factor (D) in the chromosome
end to be inherited together with the disease itsell. The genomic location of the risk factor is deter-
mined by examining the known genomic locations of the DNA polymorphisms that are linked with it.

P GEnes FoR ir&AsE J"‘are#a""/d/{z? —

CEBE s CMCop 4. <havpley (’N&(ﬁ-_,-,,my
IRAITS éy.‘, Hou P dffﬂ-.}”* Av,aferrm:—b oR

Sens) hunty, Dbess )

IR = Zaomwous E€n FRersis
S PO Mnduad tredems /

o



