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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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FIGURE 5.21

Mitochondria. (#) The inner membrane of a mitochondrion is
shaped into folds called cristae, which greatly increase the surface
area for oxidative metabolism, (4) Mitochondria in cross-section
and cut lengthwise (70,000x).




1) 7O oAy IR 1/  Aqe& YFA//:AQ
IR Aelles

Toure 04 £

DNA Aminoacyl tRNA
polymerase Initiation factors synthetases

Replication v

Transcription RNAS gy Translauon
_.-

Respiratory
proteins

DNA

RNA Ribosomal Other respiratory
polymerase ) proteins proteins
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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 genomes

Nuclear genome Mitochondrial genome
( Size )

0. of different DNA molecules 23 gin XX! or 24 (in XY) celis, all linear One circular DNA molecule
Total no. of DNA molecules per cell 23'in haploidells; 46 in diploid cells Several thousand
Associated protein Several classes of histone and nonhistona protein Largely free of protein
Number of genes ~65 000-80 000 37
Gene density ~1/40 kb 1/0.45 kb
Repetitive DNA Large fraction, see Figure 7.1. Very little
Transcription The great bulk of genes are transcribed 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 Not evident
: at meiosis
dEE,gdmagg,) Mendelian for sequences on X and autosomes:
paternal for sequences on Y

Human genome

f

Nucfaar ome
iy
aﬁﬂf 000 genes

I ~25% ~75% |

Unique or
moderately repetitive ~60% ~40%

~10% | ~90%
-

- Unique or
«.l_ quﬂ&mber

Flgure 7.1: Organization of the human genome.

®



7‘( m#doio”drlj Qﬂél‘fe /J: 4

Iwace <ipcle Cantiass /? 4”? g7
Genes

H strand

MtomnA i's <

10 Human mtDNA _ ND2
(~17 kb)
Leu ~Trp
Ser -

NDAL U o
ND &
OJ’:} \ 00‘\“‘06;\\
o rome ¢ ATPase G e
"dase |~ gypunit o

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
to make differentiated cells less differentiated. By depriving the cul-
tured udder cells of nutrients, the researchers induced the nuclei to
enter a dormant state.
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FIGURE 8.5 Mitochondrial

S S

!nai mitochondria. Part (b) shows an abnormal mitochondrion reveal-
ing paracrystalline arrays within ic.

: \ myopathy in skeletal musdle cells
of a patient with MERFF. Part (a) shows a ragged red fiber with abnor-

In order for a human disorder to be attributable to ge-
netically altered mitochondria, several criteria must be met.

1. Inheritance must exhibit a maternal
Mendelian pattern.

rather than a

2. The disorder must reflect a deficiency in the bioen-

ergetic function of the organelle.

3. There must be a specific genetic 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 imheritance consistent with maternal inheritance.

Only offspring of affected mothers inheri

the offspring of affected fathers are all normal. Individu-

alewishshissaredisnudaraynressdanfnasg

t the disorder;

seizures. Both muscle fibers and mitochondria are affect-

ed; the 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 encod
RNA. This genetic alteration apparently i

ing 4 transfer
nterferes with

translation within the organelle, which in turn leads to the

various manifestations of the disorder.
A second disorder, ! i

Leber’shereditary optic neuropa
thy (LHON), also exhibits maternal inheritance as well as

mtDNA lesions. The disorder is characterized by sudden bi-
lateral blindness. The average age of vision loss is 27, but
onset is quite variable. Four mutations have been identified,
all of which disrpe novinal oxidagve phosphorylagon. Ovar
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 transmitted 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” mutations.

Individuals severely affected by a third disorder, Kearns-
Sayre , lose their yisjon, und

loss, and disglag heart conditions, T he genetic basis of KSS

involves deletions at various positions within mtDNA. 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-
tionship between mitochondrial function and neuromuscu-

lar disorders. Such study has also suggested

a hypothesis for

aging based on the progressive,accumulation of mtDNA mu-

tations and the accompanying loss of mi

ondrial function.
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Table 16.1 Phenotypes associated with some mitochondrial mutations

Nucleotide Mitochondrial
changed component affected Phenotype®

3460 ND1 of Complex1® LHON

11778 ND4 of Complex | LHON

14484 ND6 of Complex | LHON
8993 ATPG of Complex Vb NARP
3243 tRNALeu(UUR)® MELAS, PEO
3271 tRNALeu(UUR) MELAS
3291 tRNALeu(UUR) MELAS
3251 tRNALeu(UUR) PEO
3256 tRNALeu(UUR) PEO
5692 tRNAAs PEO
5703 tRNAAsn PEQ, myopathy
5814 tRNAGYS Encephalopathy
8344 tRNALS MERRF
8356 tRNALS MERRF
9997 tRNACY Cardiomyopathy

10006 tRNAGY PEO

12246 tRNASer(AGY)© PEO

14709 tRNACH Myopathy

15923 tRNATH Fatal infantile multisystem disorder

15990 tRNAPro Myopathy

ALHON Leber’s hereditary optic neuropathy; NARP Neurogenic 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.

CIn tRNALeU(UUR) the R stands for either A or G; in tRNASer(AGY) the Y stands for either T or C.

16.1  Patterns of Extranuclear Inheritance



MAP oF Lo, TockHoMOl1Re & Eass AVE
CORRES Lot s O)sEases

Cardiomyopath
Sensorineural deafness
\wmnigryeesiidaindieen\dalresy

Cardiomyopathy

MELAS
PEO
Mpyopathy

Ry R

i)
s,

Human miDNA
16,569 bp

"
s
..

ND 5

adia Heietion in
§ on
ngyl’ED.'?ursm

R
CH W RO,

"Commaon deletion”
(4,977 bp)

Deafness + myoclonus
MERRP!M%LAS

MERRF
PEQ + myoclonus

Encephalomyo,
Dcafms + cnrdi%;l: Y,

FIGURE 18.16. Morbidity map of the buman mitochondrial genome. Abbreviations are for the genes en-
coding seven subunits of complex I (ND), three subunits of cytochrome ¢ oxidase (COX), cytochrome b (Cyt
b), and the two subunits of ATP synthase (ATPase 6 and 8). 128 and 16S refer to ribosomal RNAs; 22 transfer
RNAs are identified by the one-letter codes for the corresponding amino acids. FBSN, familial bilateral stri-
atal necrosis; KSS, Kearns—Sayre syndrome; LHON, Leber heveditary optic newropathy; MELAS, mitochon-
drial encephalomyopathy, lactic acidosis, and strokelike episodes; MERRF, myoclonic epilepsy with ragged-red
fibers; MILS, maternally inherited Leigh syndrome; NARP, neuropathy, ataxia, retinitis pigmentosa; PEQ,
progressive external opbthalmoplegia. From DiMauro 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 Y, .
abnormal MERRF mitochondrion containing 4}“¢4 *n L, A,
paracrystalline inclusions. (B)The pedigree Ce :

shows inheritance of MERRF in one family and Z‘ -‘7!¢~
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[Micrograph courtesy of D. C. Wallace, from J.
M. Shoffner, M. T. Lott, A. M. S. Lezza, P. Seibel,
S. W. Ballinger, and D. C. Wallace. 1990. Cell 61:
931.]
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Figure 16.1 Maternal inheritance of human mitochondrial DNA. (A) Pattern of DNA fragments
obtained when mitochondrial DNA is digested with the restriction enzyme Haell. The DNA type at
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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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 DNA 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 mod-
ern DNA 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
than nuclear DNA, and (2) it is transmitted exclusively
through the female. The rapidity of mtDNA evolution allows
a scientist to detect 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

modern groups of humans is descended from an mtDNA
molecule existed in a single woman who lived in Africa
abott 200,000 years ago. Applying a biblical metaphor, the
popular press nicknamed 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-
ternal lineages of all modern mtDNA sequences coalesce in

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 poptila-
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 proportions
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 muolecules 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-
tracted from the fossil: Biochemical analysis of this ampli-
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GTTCTTTCATGGGQﬁﬁGCAGATTTGGGTAC
CACCCAAGTATTGACTCACCCATCAACAAC
CGCTA?GTAEbTCGTACATTACTG;§A9§g
ACCATGAATATTGTAq&pTACCATA%ﬁTAC
TTGAQ@ACCTQﬁﬁ@?ACATAAAAAC%ﬁAAT
CCACATCAAARACCCCCICCCCATGCTTACA
AAGCAA%bACAGCAATCAACQﬁJCAACTkﬁ

C TCAACTSCA AAA C
T %ﬁACA c C(ﬁ ACTCCAA qé}éfc
Q%T;CACCCACTAGGATA$CAACAAACCTA

CCCACCCTTAACAGTACATAGIACATAAAG
fCATTTACCGTACATAGCACATTACAGTCA

AATCCCTTCTCGECCCCATGGATGACCCCC

CTCAGATAGGGGTCCCTTG-—I

Figure 1. Nucleotide differences within a 379-bp non-
coding region of the mtDNA of a 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-
ent 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
ago, 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 miDNA 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 miDNA.

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 to
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. Péaba. 1997. Neandertal DNA sequences and the origin of

modern humans. Cell 90:19-30.

%ibid., 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 revolutionary Bolshevik fir-
ing squad and then were buried in a single grave in the Ural
Mountains. However, in 1920, an unknown woman,
“Fraulein Unbekannt,” who was pulled from a 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 surviving 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 born in the northern part
of Germany, lived in Berlin during World War I, and was se-
verely injured by an explosion while working in a munitions
factory. She was subsequently admitted to two mental hos-
pitals for treatment. She disappeared in 1920, about the same
time that Anna Anderson Manahan was rescued from the
Berlin canal and claimed to be Anastasia.

When Princess Irene of Prussia, Anastasia’s aunt, was
persuaded to meet with the woman who claimed to be her
niece, Anna ran and hid in her room. Anna’s bizarre behav-
ior made her claim to be Anastasia difficult to evaluate, and
the controversy over the identity of Anna Anderson Mana-
han continued for over 70 years. Was Anna really Anastasia?
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 Soviet Union at the time, the
geologist reburied the bodies. Twelve years later, when the
political climate was more favorable, the bodies were ex-
humed, and their authenticity was established by compar-
ing DNA from the skeletons with DNA from surviving rel-
atives. However, the controversy about the identity of Anna
was rekindled by the absence of two bodies, those of Anas-
tasia and her brother Alexis, ‘Had tht,a,y 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, Virginia, intestinal tis-
sues were removed, fixed in formaldehyde, and preserved

A e T

Fxgure 1 The chﬂdren of Tsar N1cholas II: (left to nght)
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 tan-
dem repeat) prints and nucleotide sequences of specific non-
coding regions of mitochondrial DNA-—were performed on
these preserved tissues and on relatives of Franzisca
Schanzkowska and of the royal family. These tests were per-
formed independently in three different laboratories: (1) the
Armed Forces DNA Identification Laboratory in the United
States, (2) the Forensic Science Service in the United King-
dom, and (3) the Department of Anthropology at Pennsyl-
vania State University. The results obtained by the three lab-
oratories all indicate that Anna Anderson Manahan was not
Anastasia, Indeed, the results strongly suggest that Anna was
Franzisca Schanzkowska.

Of five different VINTRs examined, four were inconsis-
tent with the possibility that Anna was the daughter of Tsar
Nicholas I and Tsarina Alexandra. DNA sequence compar-
isons also argued that Anna was not related to the royal fam=
ily. Instead, the nucleotide sequence data indicated that Anng :
was Ms §&Qmm At the six variable positions shown
below, Anna’s mitochondrial DNA contained the same nu-
cleotides as the DNA from Carl Maucher, Franzisca
Schanzkowska’s grand nephew, and differed from those in
the DNA of the Duke of Edinburgh, the grand nephew: of
Tsarina Alexandra. 4

Variable Nucleotides

\_ (Grand nephew of Alexandra)
S ey,

Mitochondrial DNA
Position: s 3ovgins
Anna Anderson Manahan ot e LAl o
Carl Maucher CrG - Fe'p
(Grand nephew of Franzisca)
Duke of Edinburgh i 1Y s SR |
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Initial sequencing and analysis of the
human genome

international Human Genome Sequencing Consortium*

* A partial list of authors appears on the opposite page. Affiliations are listed at the end of the paper.

The human genome holds an extraordinary trove of information about human development i icil i

{ 2 I , physiology, medicine and evolution.
Here we report the resulis of an .mternaho_nal 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 1 Timeline of large-scale genomic analyses. Shown are selected components of  {green) from 1990; earlier projects are described in the text. SNPs, single nucleotide
waork on several non-vertebrate model organisms (red), the mouse (blue) and the human polymorphisms; ESTs, expressed sequence tags.
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Figure 3 The automated production line for sample preparation at the Whitehead
Institute, Center for Genome Research. The system consists of custom-designed factory-
style conveyor beit robots that perform all functions from purifying DNA from bacterial
cultures through setting up and purifying sequencing reactions.
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Figure 4 Total amount of human sequence in the High Throughput Genome Sequence
(HTGS) division of GenBank. The total Is the sum of finished sequence (red) and unfinished
(draft plus predraff) sequence (yellow).
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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.)
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Hong Mei Lee" & JoAnn Dubois'
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Beljing Genomigs Institute/Human Genome Center:
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The Sequence of the Human Genome
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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
method. The 14.8-billion bp DNA sequence was generated aver 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 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 90% 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 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. Qnly 1.1% of the genome
is spanned by exons, whereas 24% is in introns, with 75% of the genome bei

n
;mmllcatims of segmental blocks, ranging in $i7& Up to chro-

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 random pair of human haploid genomes differed at a rate of 1 bp per
1250 on av but there was marked heterogeneity in the level of poly-
rﬁsﬁﬁﬁ-ﬂﬁ:& 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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