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EPIGENESIS AND COMPLEXITY
The coming Kuhnian revolution in biology

Richard C. Strohman
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Figure 1. Genetic and epigenetic theories
of information processing.




The new science of epigenetics
reveals how the choices you
make can change your genes
~—and those of your kids

8Y JOoMN CLOUD

When Pembrey, Bygren and Goldi
looked at thesons of those 166
early smokersit turned out that
the boys had significantlyigher
body mass indexethan other boys
by age 9. That means the sons of
men who smoke in prepuberty will
be athigher risk for obesity and
other health problems well into
adulthood X

Pembrey, Bygren, Golding and the
colleagues concluded in the
European Journal of Human
Geneticgpaper. In other words, you
can change your epigenetics even
when you make a dumb decision &
10 years old.

If you start smoking then, you may
have madenot only a medical
mistake but a catastrophic genetic
mistake.




Cellular Differentiation: an Epigentic process -

Differentiation occurs numerous times
during the development of a multicellular
organism as the organism changes from

Sta b|||ty and ﬂEX|b|||ty Of epigenEtiC gene a single zygote to a complex system of

tissues and 200 cell types (genetically

regulation in mammalian development kel cEEn Wl B L

. Nature 447, 425-432 (24 May 2007)

and morpheo-functional characteristics)..
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Gametogenesis. Maturation of germ cells is characterized by an
impressive degree of cellular restructuring and gene
regulation that involves remarkable genomic reorganization.
These events are finely tuned, but are also susceptible to the
introduction of wvarious
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genomics.energy.gov

began in the '80s..

This site is a gateway to the U.S. Department of Energy's genomic websites

The Genomic Science Program
(formerly Genomes to Life) uses
microbial and plant genomic data,
high-throughput analytical
technologies, and modeling and
simulation to develop a predictive
understanding of biclogical systems
behavior relevant to soling energy
and environmental challenges

CE including bioenergy production,
Ch 4 environmental remediation, and
climate stabilization.
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This is the archive
This is the archive site of the LIS,

Department of Energy's Human Site Of the US

Zenome Project. Completed in 2003,
the Human Genome Project (HGRP)

Department of

was a 13-year project coordinated by Energy'gﬂuman
the U 5. Department of Energy and

e et Genome Project
sequence the 3 billion basepairs that
make up human DA,

5 Human Genome Project Information

This is the archive site of the LS,
Department of Energy's Microbial
Zenome Program. The MGF was
begun in 1984 as a spinoff from the
Human Genome Program. The
program sequenced the genomes of
a number of nonpathogenic microbes
useful in soking DOE's mission
challenges in emvironmental-waste
cleanup, energy production, carbon
cycling, and bictechnology.

.
= Microbial =
- Genome _
« Program .-

t o5

Microbial Genome Program Archive




nature.com regions' europe @ [A] systems-level understanding of what life is may

materialize as one of the major ideas of biology
The latest in high-quality European scientific news.

opinion and business content VOLUME 11| OCTOBER 2010
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. Epigenetics may provide hope that we are
NATURE REVIEWS | GENETICS d more than just the sequence of our genes
Ten years of genetics and genomics:
what have we achieved and

. Transgenerational effectisécoul d hel p t
Whe l"e al’e We head] ng? the rapid increases in certain common diseases in

countries with modern health care and lifestyles

Edith Heard, Sarah Tishkoff, John A. Todd, Marc Vidal, Giinter P. Wagner,
Jun Wang, Detlef Weigel and Richard Young

Abstract | To celebrate th: . after a decade of criticism, controversy and success,
eight leading researchers fc the interpretation of genomes (as expected) lags
and genomics in the past far behind the progress in genome sequencing

@ponses highlight the incredi ble changes that the fleld has seen, flom the

r

To celebrate the first 10 years of Nature Reviews Genetlcs we asked elght Ieadlng researchers for their views
on the key developments in genetics and genomics in the past decade and the prospects for the future. Their
responses highlight the incredible changes that the field has seen, from the explosion of genomic data and
the many possibilities it has opened up to the ability to reprogramme adult cells to pluripotency. The way
ahead looks similarly exciting as we address questions such as how cells function as systems and how

complex interactions amonqg ienetics| eiiienetics and the environment combine to shape phenotypes




http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml

The HGP-story began in the '80s..

1985 May Robert Sinsheimer convenes the first meeting on sequencing the human genome at the University of California, Santa

Cruz; October Renato Dulbecco introduces his idea of sequencing the human genome at a talk organized by the Italian embassy in
Washington,DC. Charles DeLisi of the U.S. Department of Energy (DOE) has the idea of mapping and sequencing the human
genome while reading a draft report on heritable mutations from the congressional Office of Technology Assessment (OTA).

1986 February: Sydney Brenner sends a letter to the European Commission in Brussels, urging a concerted program to map and
sequence the genomes of various organisms. March: A group from Los Alamos National Laboratory, led by Mark Bitensky,
convenesDOE' s first meetin on seqguencin the human genome, hel

€ Dulbecco publishes a commentary on sequencing
the human genome in Science.

€ James Watson organizes a rump session on the
genome project at a Cold Spring Harbor Laboratory

symposium on the molecular biology of Homo
sapiens. Watson invites Paul Berg and Walter
Gilbert to co-chair the session, which reveals

considerable opposition to the DOE program

DelLisi C. Meetings that changed the world: Santa Fe 1986: among molecular biologists.
Human genome baby-steps. Nature. 2008 Oct 16;455(7215):876-7.




E S S AY DelLisi C. Meetings that changed the world: Santa Fe 1986: @ There was Wldespread

Human genome baby-steps. Nature. 2008 Oct 16;455(7215):876-7. disaq reementover

whether it made sense
to sequencea genome,
more than 80% of
which we already
knew was noncoding

There was alsgreat
@ concernover the

ability to achieve
sufficiently low error
rates at reasonable
cost and over the
US$3billion price tag.

@ Not to mention the
boring and repetitive

Santa Fe 1986: Human genome baby-steps =~ fatureofthe project

The 1980s saw plenty of discussion on sequencing the human genome. But, according to
@ Charles Delisi, one conference was crucial for converting anidea to reality.

CKSNE ¢l 43 K2SOSNF dzy I YAYAGE | 62dzi G§KS LINRES
developmental biology, evolution) ando medical applicationsuch agenetic diseasendcancet
Interestingly, there is0 record of discussion on what is perhaps the greatest beneficiary

of the sequencing revolutiornt_infectious disease @




1992 owresolution genetic linkage map of entire human genome publish
Guidelines for data release and resource sharing announced by DOE an

genomics.energy.gov Human Genome Project Information . Genomic Science Program . DOE Microbial Genomics . hc

skip navigation

uman Profit-making competition
enome entered genomicsn 1992
news

whenCraig Ventera
specialist in gene sequencin
at NIH, leftto head a new
private centercalledThe
Institute for Genomic

Human Genome News, January 1993; 4(5) | Research (TIGR)/enter

<7 7. . ~ predicted thatTIGR would
NIH, DOE Guidelines Encourage Sharing of Data, ..k down one thousand
< >

At ity December 7, 1992, meeting, the DOE-NIH Joint Subcommittes on the Human Genome appm:fed the gene_s dallxand. WOUId
the DOE drajft of September 1991, identify the majority of

The information and resources generated by the Human Genome Project have become substantial, and the int human geneswithin three to
is therefore desirable to have a statement of philosophy concerning the sharing of these resources that can gui flve years In1998 Venter

well as those who wish to use them. moved to a new, foprofit

A key 13sue for the Human Genome Project is how to promote and encourage the rapid sharing of materials a cOmMpany callec€Celerathat
information that has not yet been published or may never be published in its entirety. Such sharing is essentia _ -
and to avoid unnecessary duplication. It is also desirable to make the fiuits of genome research available to t aimed to sequence the

possible to expedite research in other areas. entire human genome by

Although it is the policy of the Human Genome Project to maximize outreach to the scientific community, it is Musmg rapld new
verify the accuracy of their data and to gain some scientific advantage from the effort they have invested. Fun gutomated machines ,,,
inventions are rapidly developed to the benefit of the public, intellectual property protection may be needed iv. viiv va i v var sostevs si.

After extensive discussion with the community of genome researchers, the advisors of the NIH and DOE genome programs have determined that consensu
developing around the concept that a 6-month period from the time the data or materials are generated to the time they are made available publicly is a

reasonable maximum in almost all cases. More I‘apld sharmg 18 encouraged. http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml



Fig 1: Genomic DNA is fragmented, ligated into viral DNA
and packaged into viral particles to create a library
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Fig 2: Short fragments of DNA sequence are ordered by overlapping
data to recreate the whole genome sequence




1995Moderate-resolution maps of chromosomes 3, 11, 12, and 22 mppblished.

Physical map with over 15,000 STS markers publighesd.(nonviral) whole genome sequenced

(for the bacteriumHaemophilus influenzae Sequence of smallest bacteriuiycoplasma genitalium
completed; provideg model of the minimum number of genes needdéar independent existence.

genomics.energy.gov Human Genome Project Information . Genomic Science Program . DOE Microbial Genomics . hol
skip navigation http://lwww.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml
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Human Genome News, May-June 1995; 7(1)

Two Bacterial Genomes Sequenced

At the 95th meeting of the American Socie
(TIGR)] and Hamilton Smith (Johns Hopking University) announced the complete sequencing of two bacterial genomes. With in-house TIGR. support, the

- eI 105 Lol HeTie SeNOoMe was Tisned an Saps Closed I 1655 hall 4 year, g TOM e microbial genome project, administe
by Jay Grimes, allowed the 580-kb Adycoplasma genitalium genome to be completed in 3 months by Claire Fraser's team at TIGR.

"This is really an incredible moment in history,”" said Frederick Blattner (University of Wisconsin), who heads the NIH project to sed
Escherichia coli. "It demonstrates the ability to take the whole sequence of an organism and work down from that to its genes, which
been dreaming of for a long time." Blattner noted that geneticists traditionally have studied genes by identifying functions that are imp
mutated.

Whole-Genome Approach

The usual method of breaking DNA into overlapping segments (mapping), sequencing the pieces, and reassembling them is time-consuming. Smith (who
the Nobel prize for isolating restriction enzymes) and Venter developed a whole-genome shotgun sequencing approach that skipped the mapping stage. Th

employed ultrasonic waves to break the DNA into fragments, which were then sequenced and reordered with compier soltware developed af 11K,



1996 Methanococcus jannaschgenome sequencedzonfirms existence of third major branch of life on
earth. DOE initiates 6 pilot projects on BAC end sequencing. DOE and NCHGR issue guidelines on u
human subjects for largsecale sequencing project&accharomyces cerevisiae (yeast) genome sequenc

completedby international consortium Sequence of the human-gell receptor region completed.

genomics.energy.gov Human Genome Project Information . Genomic Science Program . DOE Microbial Genomics . h
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Human Genome News, July-September 1996; 8:(1)

Third Branch of Life Confirmed

Researchers Present Archaea Genome Seguence

In a major scientific breakthrough a team of DOE-fiunded researchers reported in the August 23 issue of Science {273, 1058-73) that /.. :

first complete genome of a microorganism that confirms the existence of the third major branch of life on earth [see ZFGN 7(6), 12-13]. For the f rat fzme

researchers can trek boldly across uncharted terrain to make large-scale comparisons among the three domains of life at the genomic level.

Researchers fraom The Institute for Genomic Research (TIGR); University of flinois, Urbana (UITD); and Johns Hopking University presented the

sequence jor Methanococous jannaschii, @ member of the Archaea domain of life. The other two major life groups are prokaryotes (bacteria) and Hhe
“PADTE COMPIER CHRGATYOIES, WHLLTL LRCIIAE DIGHLS, GHLITELS, WL TIPS,

a60 arate 3 : : }. "In decoding the genetic structur
Archaea, we were astounded to find that two-thirds of the genes do not look like anything we've ever seen in biology before.”" According to the Science
paper, only about 38% of M. jarnaschii genes match a gene with a known cellular function already entered in sequence databases. Comparisons also we
made with genes found in the genomes of the other two complete microbial genomes sequenced by TIGR, those of Adveoplasmae genitalivm and
Haemophilus influenzae.




1997 NIH NCHGR becomes National Human Genome Research Institute (NHGRI). E. coli
genome sequence completed. Second large-scale sequencing strategy meeting held in Bermuda.
(see also summary) High-resolution physical maps of chromosomes X and 7 completed.
UNESCO adopts Universal Declaration on the Human Genome and Human Rights

genomics.energy.gov Human Genome Project Information . Genomic Science Program . DOE Microbial Genomics . h
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Human Genome News, January 199%; 9:(1-2)

Complete E. coli Genome Sequence in Public Databases

Meets HGP Goal, Wili Aid Understanding of Toxic Strains

In September 1997, a team of scientists led by Frederick Blatiner {University of Wisconsin, Madison) reported completing the sequence of the 4.6-Mb

Escherichia coli K-12 genome. The paper published in Stience (277, 1453-62) represents an analysis of data collected by more than 239 people over th
project's 6-year duration.

Obtaining the complete DNA sequence of the 2. cofi genome has been a goal of the Human Genome Project, both to help develop sequencing and gene-
finding technology and to facilitate studies on gene function and organization. More than 4200 £, co/i genes have been identified, although the functions o
over one-third of them remain unknown. Because of similarities found in genes across species, this work provides a valuable starting point for identifyin;
and understanding genes in other organisms, including humans.

"Determination of the complete inventory of the genes of organisms iz one of the major goals of biology --analogous to development of the periodic table
the elements in chemistry,” said Blatiner. "Once they are all known and relationships between them become evident, a classification system for
understanding the bagic functions of life can be erected."

For more than 70 years E. /i, a natural inhabitant of the lower intestinal tract of animals, has been one of the most studied organisms for scientists
exploring findamental processes in biochemistry, genetics, and physiology. In recent years it has become the workhorse of biotechnology and serves as a



1998 Caenorhabditis elegans genome sequence completd®l| exceeds sequencing goal, achieves 20

for FY 1998 GeneMap'98 containing 30,000 markers releasétcyte Pharmaceuticals announces plans
sequence human genome in 2 yeaMycobacterium tuberculosis bacterium sequenced
Celera Genomics formed to sequence much of human genome in 3 yesang) HGRjenerated resources.

Available in PDE

inihis issue. .

Genome Project
ol).5 HGP on Fast Track
@D OE Joint Genome Institute Exceads Goal

ehew 5-Year Goals

of aster Sequencing with BACS

elapping with STCs and 5TSs

ebvailabilty of BAC Clones and STC Data
o0AC Related Webaites

*0AC Resource Success Story

eScientists Hunt SMPs for Yariation, Disease
ho's Sequencing the Human Genome?
ei5enomics Progress in Science

oElMSL Promotes Remote Access to Instrumentation

Sponsored by the U8, Department of Energy Hurman Genome Prog
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Yol 10, Mo.1-2 February 1

DOE Joint Genome Institute Exceeds DNA Sequencing
Goal

The DOE Joint Genome Institute (JGI) surpassed its sequencing goal of 20 Mb of hum
DNA for FY 1998, marking almost a tenfold increase in production over the previous
year.

"With this milestone, JGI rises to third position worldwide in terms of its total
contribution of human DNA sequence to public databases and signals great promise fo
completion of the entire [Human Genome] project in 5 years," noted Martha Krebs,
Director of the DOE Office of Science.

Further dramatic increases are expected as JGI's main sequencing efforts move to its ne
facility in Walnut Creek, California, half of which has just been occupied. When the

second half 1s completed in March 2000, about 200 staff members will maintain aroun
the-clock CFPC“I'atiC'HS. http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml



EGG http://www.ncbi.nlm.nih.gov/books/NBK26861/
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A C. elegans hermaphrodite generates 1030 somatic cell nuclei in the course

of its development, but 131 of the cells die. These programmed cell deaths
occur in an absolutely predictable pattern



http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5814/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5071/
http://www.ncbi.nlm.nih.gov/books/n/mboc4/A4754/def-item/A5682/

It should be emphasized that perhaps the most important

discoveries made so far by the Human Genome Project relate to the
microbial world: which is not understood by most researchers,
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1999 First-Human Chromosome, CompletelymSequenc@d!'December 1, researchers in the Human

Genome Project announced tlwemplete sequencing of the DNA making apman chromosome? 22

genomics.energy.gov. Human Genome Project Information . Genomic Science Program . DOE Microbial Genomics . home
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December 1, 1999

Scientists complete first chapier of book of life with decoding of chromosome 22

An international team of researchers has achieved a scientific milestone by unraveling for the first
time the genetic code of an entire human chromosome.

Reported in this week's issue of Nature (Dec. 2), researchers at the Sanger Centre near Cambridge,
England; University of Oklahoma, Norman, OK; Washington University, St. Louis, MO; and Keio
University in Japan have succeeded in deciphering the sequence of the 33.5 million "letters," or
chemical components, that make up the DNA of chromosome 22.

This sequence includes the longest, continuous stretch of DNA ever deciphered and assembled. It is
over 23 million letters in length.

Each human gene is made up of a series of chemical building blocks represented by letters, A
{adenine), T (thymine), G (guanine) and C (cytosine). The number and order of these letters, also
called bases, determine what we are, how we look, and the diseases to which we may be predisposed.
The chromosome 22 tearm has deduced the text of o http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml



1999The Billion Base Pair Celebration November 23, 1999

Bruce Alberts President, National Academy of Sciences and early planner of the Genome Fi@Bcis
Collins Director, NHGRI; Secretary of HB8nna ShalalaSecretary of DOE, Bill RichardsélGP_advances
goal for obtaining a draft sequence of the entire human genome from 2000 to 2001

genomics.energy.gov Human Genome Project Information . Genomic Science Program . DOE Microbial Genomics . home
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Information

About the HGP Ethical f Legal Issues Wm Sene Gateway BECEEE = W =[]
Goals History Timeline Benefits ELSI Genetics 101 FAQs

HGP lL.eaders Confirm Accelerated Timetable for Draft Sequence

B?z[i; Information New Sequerncing Resoturces Aid Effort

& S

+ Glossary . . . .

: i&c%m In September, international leaders of Human Genome Project (HGP) sequencing confirmed a plan

X @,'Zn;ti.:g 101 to complete a rough draft of the human genome by next spring, a yvear ahead of schedule. This

’ Wm londar accelerated pace is made possible by the commercialization of a new generation of automated

» Media Guide capillary DNA sequencing machines and by BAC mapping resources generated from DOE-sponsored

About the Project clone projects.

$ The rough draft will provide a scaffold of sequence across about 90% of the human genome.
e Remaining gaps will be closed and accuracy improved over the following 3 vears to achieve a

’ % complete, high-quality human DNA reference sequence by 2003 [see HGN10(1-2), 1

. Ethical lssues (www.ornl. gov'hgmis/publicat/hgn/vl Onl/01 goals.shtml)]. So far, about 13%6 of human sequence
:%S . has been finished, and another 12%6 is available in draft form (genome. ornl. cov/GCat;

sEAQs www.ncbi.nlm.nih. gov/genome/seq).

mzdr'::: éenetics Sequencing Allocation

» Home

+ Gene Testing About 60% of the draft sequencce will be produced k http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml
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9 x 10'2 pairwise comparisons

Drosophila melanogaster sequence
published by Celera and the Berkeley
Drosophila Genome Project

J. Craig Venter
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Arivalry betweentwo
independent initiatives tg

sequence the human
genome, thepublicly
funded Human Genome
Project (HGPand the

private effort by Celera
Genomicscame to a

headoverintellectual
property disputes.

With both groups

finishing a rough draft of

the genome at about the
same time.




2000 HGP leaders and President Clinton announce the completion of a "working draft" DNA sequenc
the human genomeInternational research consortium publishdwomosome 21 genomehe smallest
human chromosome and the second to be completely sequenced. DOE researchers announce comp
chromosomes 5, 16, and 19 draft sequence

genomics.energy.gov Human Genome Project Information . Genomic Science Program . DOE Microbial Genomics . home

Human Genome Proggact
Information

About the HGP Ethical / Legal Issues Ww Gene Gateway BECECEEH iR
Goals History Timeline Benefits ELSI Genetics 101 FAQs

Jlllle 25, 2000 Francis Collingdirector, NIH National Human Genome Research Institute).

PRESIDENT CLINTON ANNOUNCES THE COMPLETION OF THE FIRST SURVEY OF THE
ENTIRE HUMAN GENOME Hails Public and Private Efforts Leading to This Historic Achievement

Craig Ventefhead of Celera Genomics)
THE WHITE HOUSE

Ari Patrinos(director of DOE Human Genome Prograr
and Biological and Environmental Research Program

C0ffice of the Press Secretary

http://www.ornl.gov/sci/techresources/Human_Genome/project/timeline.shtml



Initial sequencing and analysis of the
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International Human Genome Sequencing Consortium* .. the first draft data published
on Nature by the National
Human Genome Research
The human genome holds an extraordinary trove of information about human development, 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.

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

Table 5 The draft genome seguence

Chromosome Seguence from clones (kb) Sequence from contigs (kb)
Finished clones Draft clones Pre-draft clones Contigs containing Deep coverage Draft/predraft
finished clones sequence contigs sequence contigs
All 826,441 1,734,995 131476 958,922 B40.815 893,175
1 50,851 149,027 12,356 61,001 78,773 72461
2 45 900 167,439 7210 53775 81,669 BE 214
3 22,3580 162,840 11,057 26,959 79,645 79,638
4 15,914 134,973 17,261 19,006 66,165 B2 BET
5 37973 120,581 2,160 48 895 61,387 59,431
] 75,312 TB,082 6,696 43458 28,204 B 428
7 a4 B45 47,328 4,047 103,188 14,434 28,597
8 14 538 102,484 7.236 16,659 47,198 60,400
] 18 401 77.648 10,864 24,030 42 653 40,230
10 16,889 99,181 11,066 21,421 54,054 51,662
11 13,162 111,092 4352 16,145 65,147 47314
12 32,156 B4,653 7651 37519 43,995 42946
13 16,818 68,983 7,136 22,191 38,319 32429
14 58,985 27,370 565 78,302 3267 5,355
15 2,738 67,453 3.211 3112 34,758 35,533
16 22 887 48 907 1,143 27,751 20,8592 24 484
17 20,881 36,349 6,600 33,531 14,671 24 628
18 5,128 65,284 2352 6,656 40,947 25,1680
19 28 481 26,568 369 32228 7188 16,003
20 Bd 217 5,302 976 56,534 1,065 2 B96
21 33,824 ] ] 33,824 ] ]
22 33,786 ] ] 33,786 ] ]
X 77 B30 45,100 4,941 83,796 14,066 29820
Y 18,169 3.221 363 20,222 333 1,188
g44

£ E Q £ Pl 0 =i
chlones that could be L.LOE:‘:J in the |;.‘}"..‘|Lﬂ but that NJuI.J nat |'€:‘.'|I;.Lr]-’ be placed ona ._,I"lr{JI'"I{_L.{JI'"I(:‘, First three columns, data from 'rlnL.he.J clones, draft clones and predraft clones. The last three columns
bresk the data down accomding to the type of sequence contig. Contigs containing finished clones represent sequence contigs that consist of finished sequence plus any (smal) extensions from merged
sequence contigs that arise from ovedap with flanking draft clones. Deep coverage sequence contigs include sequence from two or more overdapping unfinished clone s; they consist of roughily full shotgun
ocoverage and thus are longer than the average unfinished sequence contig. Daft/predraft sequence contigs are all of the other sequence contigs in unfinished clones. Thus, the draft genome seguence
consists of approxmately one-third finished sequence, one-third deep coverage sequence and one-third dratt/pre-draft coverage sequence. In all of the statistics, we count only nonoverdapping bases in
the draft genome sequence.




.. the first draft data published on

Science by Celera Genomics




