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Dahm 2005

Friedrich Miescher: isolated unknown substance from leukocyte nuclei

* Contained carbon, hydrogen, oxygen, nitrogen...
* and high amounts of phosphorus, but no sulfur (so, it wasn’t protein)

e (Called it “nuclein”



DNA as the hereditary material

1928: Frederick Griffiths shows that dead virulent
bacteria can transform living non-virulent bacteria,
making it virulent

What is the hereditary material that allows this?
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THE SIGNIFICANCE OWEU)‘IO(.‘OC(_‘.AL TYPES.

By FRED. GRIFFITH, M.B.
(A Medical Officer of the Ministry of Health.)



DNA as the hereditary material

1944: Oswald Avery isolates many different substances
from virulent bacteria and applies them to nonvirulent
bacteria

“Preparation 44" transforms the nonvirulent bacteria.

It is high in phosphorus, and more tests show it is DNA.

STUDIES ON THE CHEMICAL NATURE OF THE SUBSTANCE
INDUCING TRANSFORMATION OF PNEUMOCOCCAL TYPES

INDUCTION OF TRANSFORMATION BY A DESOXYRIBONUCLEIC AcD FRACTION
IsoLATED FrROM PnEUMOCOccus Tyee III

By OSWALD T, AVERY, M.D,, COLIN M. MacLEOD, M.D., axp
MACLYN McCARTY,* M.D.

(From the Hospital of The Rockefeller Institsule for Medical Research)




1953: the Double Helix

MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

WE wish to suggest & structure for the salt
of deoxyriboso nucleio acid (D.N.A.),  Thin
structure has novel feutums which are of considerable
biological interest.

A structure for nucleic acid has already been
proposed by Pauling and Corey'. They kindly made
thoir msnuscript available to us in  advance of
publication. Their model consists of three inter-
twined chaing, with the phosphates near the fihre
axis, and the bases on tho outside. In our opinion,
this structure is unsatisfactory for two reasons:
(1) We beliove that the material which gives the
X-ray diagrams is tho salt, not the free acid. Without
the aeidic hydrogen atoms it is not clear what forees
would hold tho strucmro togethor. cspecially aa the
near the axis will
mpel each othor. (2) Some of tho van der Waals
dnsunoes appoar t to be too small,

has aleo h:i:lmf-
gosted by Fraser (in the press), In his m the

osphates aro on tho outside and the bases on tho
insido, Jinkod together by hydrogen bonds. This
atructure as described is rather ill-dofined, and for

737

is & residuc on cach chain every 3-4 A. in the s-direc-
tion. We have assumed an angle of 36° between
adjacont residucs in the same chain, so that the
structure repeats after 10 residues on cach ohain, that
is, after 34 A, The distanco of a phosphorus atom
from the fibre axis is 10 A. As the phosphatos aro on
the outside, cations have easy access to them.

The structure is an open one, and its water content
is rather high. At lower water contents we would
expect the bases to tilt so that the structure could
become more compact.

The novel feature of the structure is the manner
in which the two chmnn are held ‘together by the
purine and pyrimidine bases. Tho plancs of the basos
are perpendicular to the fibro uxis. They are joined
together in pairs, & single base from one chain being
hydrogen-bonded to & single base from the other
chain, so that the two lie side by side with identical
2-00-ordinates. One of the pair must bo a purine and
the other & pyrimidine for bonding to occur. The
hydrogen bonds are made as follows : purine position
1 to pyrimidine position 1; purine position 6 to
pyrimidine position 6.

If it is assumed that the bases only ocour in the
structure in the most plausible tautomeric forms
(that is, v;nh the[ kardo r'::her nghun th&:ml eon}
ﬂgumnonsmummttoyspeo pairs of
bases can bond together. Theso pairs are : adenine
(purine) with and
(purine) with oytosine (p n:mdme).

In other words, if an ine forms one member of
& pair, on cither chain, then on these assumptions

the other member must be thymine ; similarly for

and of bases on &
nng]o chain does not nppear 10 be restrioted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on

one chain is given, thon tho seqéience on the other

chain is sutomatically determined.
It has been found exponmmtﬂly'v‘ that the ratio

this reason we shall nat,
-~ on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chaina cach coiled round
the same axis (sce di ). We
have made the usual chomical
assumptions, nnmely, thnb each

= chain of phosg di-

og the l i l;:l' the ratio
o gunnmotooymum man very ¢l to unit;
for deoxyribose nucleic acid. e i

It is probably impossible to build this structure
with a ribose sugar in place of the deoxyribose, as
the extra oxygen atom would make too close a van
der Waals contact.

The previously published X-ray data‘# on deoxy-
ribose nucleic acid are insufficient for a rigorous test
of our structure. Sofuuweunuu,ntmmoghly

: ester groups 1ommg B-p-deoxy-
ribofuranose residues with 3’ 5'

N linkages. Tho two chains (buf
not their bases) are related by a
e dyad perpendicular to the fibre
axis. Both chains follow right-
: handed heliess, but owing to
the dyad the sequences of the
L atoms in the two chains run
in opposito dircctions. Each
A glnin loosely resombles Fur-
I\~ berg’s* model No. 1; that is,
< >—\ the bases are on the inside of
the helix and the phosphates on

"‘;l'l""n;':"""ﬂ "7{’"“"" tho outside. The configuration

ribbons of the sugar and the atoms
::zmm"‘:’mf‘w near it in close to Furberg's
wm the pairs of ‘standard conﬂgu};nuowu

Ing the cl being roughly pe: i-
e tharis th Abeeachs  cular to the Bttached base. There

ible with the 1 data, but it must
bemgudedunnpmvedwﬂnhnbmnw
inst more exact results, Some of these are given
in the following communications. We were not aware
of the details of the results presented there when we
devised our structure, which rests mainly though not
entirely on published experimental data and stereo-
chemical arguments.
Tt has not escaped our notioo that tho':pem&v
pmrm? we have postulated immediately suggests
ible copying mechanism for the mmi-l
ldeml-oft :t.r\uman.:m ingthonn—
with &

it
of ooordmnm for thn nwml will be publ-h-i
elsewhere.
‘We are much indebted to Dr. Jerry Donchue for
constant advioe and mt&oﬁn b on inter-

wnk.n- Dr. n. B. ‘ H
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King's College, London. One of us (J.D. W. )hubeen
aided by a fe!l'mnh:p from the National Foundation
for Infantile Paralysis.

J. D. Warson

¥, H. C. Cmiox
Medical Research Council Unit for the
Study of the Molecular Structuro of
Bmlog:anl Sy-teml.

April 2.

! Paaling, L., and » R. B.. Nature, 171, 346 (1958) ; Proc. U.S.

Net. Acsd. Set., 88 (1963),
* Farberg, 8., Adlﬂo-.l-d..‘..“(im)

* Chargal, E., for references ses Zameahof, ., Rrawerman, G., and
Cw \'E., Blockim. et m Acts, 9, 402 (1952),

XCratt. O, B, J. Gon. Phyriol,, 30, 201 (1952).

* Astbury, W. T., Symp. Soc. Exp, Blol. 1, Nuclelc Acld, 66 (Camb.
Univ. Press, 1947).
T;‘#ﬂ%ﬁ; . and Randall, J. T.. Biochim. et Biophvs. Acta.

APn'l 25, 1953 vou 17

Watson and Crick, 1953




DNA replication

“It has not escaped our notice that the specific
pairing we have postulated immediately
suggests a possible copying mechanism for the

genetic material.”

DNA polymerase

Original DNA

Topoisomerase

g | !
Lagging stand fragment  RNA Primase ‘I"

Helicase ;‘

AN

primer

Parent DNA

) Al

Leading stand https://www.news-medical.net/life-sciences/DNA-Replication-and-Repair.aspx




1977: Sanger’s Chain-Termination
method

. ~ Brin d’ADN a séquencer
Amorce (primer)

Denaturation

& priming LU LU LU L L]

Séquenase (ADN polymeérase) o Nucléotides dNTP
dATP, dTTP, ,dGTP)
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Polymerization ﬁ
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. Didésoxyribonucléotides ddNTP
" ddATP, ddTTP, ,ddGTP



1977: Sanger’s Chain-Termination

dNTP
dATP, dTTP,

dNTP

dATP, dTTP,

ddNTP
ddATP, ddTTP,

method

Simple brin dADN en
cours de synthése
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1977: Sanger’s Chain-Termination

method

a “template strand” b
1 2 31 5 6 d 8 9 10 EEl 12 12
30 A TGCGACTTACT)Y?% 11
primer 19
5@ G)3 9
nucleotide 8
' ' length 7§
5@ GD3 bl
the primer 5
5@ G 3 4
DNA synthesis ————» 3
substrates: 2
1

IR JEB
dd (i3
SICTP LI TTP)

“sequencing by synthesis”
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ddCTP_ \Q / _ ddATP
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1977: Sanger’s Chain-Termination
method

E+CCA

"é'(';ﬁxxc GAGA 4360

== TTTA 4350

b roGARAR 4340 “The electrophoresis

G 4330
cGAAC

o oo was on a 12% acrylamide gel
‘*§3é3§§A-T at 40 mA for 14 hr.”
s &

- A
‘“’I-_--GC
=
A
— - C 4270
— -
- GG
T T
A
-—— GA

T 4260 Sanger et al. 1977



Improvements to the Sanger method

Fluorophores instead
of radio-labelling

Capillary
electrophoresis
instead of acrylamide
gels

Discovery of more
useful enzymes

Automation

a0
=ll
Bl
Qac
000
888
0E0
Saa:
cra
80

e Dessnesn -

Capillary electrophoresis

www.neogenomix.com/products/sanger-sequencing



Identification of the Cystic Fibrosis Gene: Cloning :
Riordan, John R;Rommens, Johanna M;Kerem, Bat-Sheva;Alon, |
Science; Sep 8, 1989; 245, 4922; Agricultural & Environmental S
pg. 1066

Identification of t
Cloning and
Comple

JoHN R. RIORDAN, JOHANNA M
RICHARD ROZMAHEL,ZBYSZF
Natasa Pravsic, Jia-Ling CHou,

Publmed.gov

US National Library of Medicine
National Institutes of Health

Format: Abstract ~

Cell. 1993 Mar 26,72(6):971-83.

PubMed

A
v

Advanced

Sendto ~

A novel gene containing a trinucleotide repeat that is expanded and unstable on
Huntington's disease chromosomes. The Huntington's Disease Collaborative

Research Group.

[No authors listed]

Abstract
The Huntington's disease (HD)
haplotype analysis of linkage d
A new gene, IT15, isolated usir
repeat that is expanded and un
observed on HD chromosomes
and 4p16.3 haplotypes. The (C
approximately 348 kd protein tt
involves an unstable DNA segr
and myotonic dystrophy, acting

Comment in
Planting alfalfa and cloning the }

PMID: 8458085
[Indexed for MEDLINE]

Francis S. CorLrins, LLAp-CHEE Tsul

— isolation of polypepride comg

Overlapping complementary DNA clones were isolated  nel that mediates conductan
from epithelial cell libraries with a genomic DNA seg-  activated pathway and CF ha
ment containing a portion of the putative cystic fibrosis  biochemical defect in CF rem
(CF) locus, which is on chromosome 7. Transcripts,
approximately 6500 nucleotides in size, were detectable  large, contiguous segment o
in the tissues affected in patients with CF. The predicted  scribed sequences from a reg
protein consists of two similar motifs, cach with (i) a (7). These sequences were in
domain having properties consistent with membrane as-  abilitv to derect conserved s
sociation and (ii) a domain believed to be involved in ATP  DNA hybridization and were
(adenosine triphosphate) binding. A deletion of three

Molecular cloning experime

hybridization experiments, ¢l

nature

International journal of science

Article = Published: 24 January 1985

Complete nucleotide sequence of the
AIDS virus, HTLV-III

Lee Ratner, William Haseltine, Roberto Patarca, Kenneth J. Livak, Bruno Starcich, Steven F. Josepl
Ellen R. Doran, J. Antoni Rafalski, Erik A. Whitehorn, Kirk Baumeister, Lucinda Ivanoff, Stephen R
Petteway Jr, Mark L. Pearson, James A. Lautenberger, Takis S. Papas, John Ghrayeb, Nancy T. Cha

Robert C. Gallo &Flossie Wong-Staal

Nature 313, 277-284 (24 January 1985) Download Citation

Abstract

The complete nucleotide sequence of two human T-cell leukaemia tyj
IIT (HTLV-III) proviral DNAs each have four long open reading frames,
the first two corresponding to the gag and pol genes. The fourth oper
reading frame encodes two functional polypeptides, a large precursor
of the major envelope glycoprotein and a smaller protein derived fron
the 3'-terminus long open reading frame analogous to the long open
reading frame (lor) product of HTLV-I and -II.



Shotgun Sequencing

Cloned genomes

Multiple genomes are sheared
into variable sized segments

Unordered sequenced
segments

Computational automated
assembly

Resulting overlapping sequence
segments. (The higher the
coverage the better the quality
of the sequencing.

uence ments
ATGTTCCGATTAGGA/ AACTGTTTCATICAGTAAAAGGAGGAAATATAA | m*‘“ ok

genome consensus,



Human Genome Project

* |nitiated in 1990
— Goal: finished genome by 2005

e Hundreds of labs in 18 countries

— Sequences made available immediately after
assembly

 Competitors: J. Craig Venter and Celera

articles
|

Initial sequencing and analysis of the
human genome

International Human Genome Sequencing Consortium*

The Sequence of the Human Genome

igene W. Myers," Peter W. Li," Richard J. Mural,’

* A partial list of authors appears on the opposite page. Affiliations are liste " Mark Yandell,” Cheryl A. Evans," Robert A. Holt,’
atides,” Richard M. Ballew,” Daniel H. Huson,’
The human genome holds an extraordinary trove of inform: articles fhinnappa D. Kodira," Xiangqun H. Zheng," Lin Chen,’

bramanian,” Paul D. Thomas," Jinghui Zhang,’
- m - - n,2 Samuel Broder,” Andrew G. Clark,* Joe Nadeau,®
Finishing the euchromatic sequence of emlJ e itard ). kot ol S
hdall Bolanos,” Arthur Delcher,” lan Dew,” Daniel Fasulo,’
The rediscovery of Mendel’s laws of heredity in the opening weel bern,” Sridhar Hannenhalli,” Saul Kravitz,’ Samuel Levy,’

the 20th century'~ sparked a scientific quest to understand the human genome on,” Jane Abu-Threideh," Ellen Beasley," Kendra Biddick,’

nature and content of genetic information that has prop Cargill,” Ishwar Chandr i an,’ R Charlab,’
biology for the last hundred years. The scientific progress ntina Di Francesco, Patrick Dunn, Karen Eilbeck,’
falls naturally into four main phases, corresponding roughly to| International Human Genome Sequencing Consortium* Eniu Gan,’ Wangmao Ge, Fangcheng Gong,‘ Zhiping Gu,’

Here we report the results of an international collaboration
genome. We also present an initial analysis of the data, d

four quarters of the century. The first established the cellular bas e e 1 <1 . 1 1
heredity: the chromosomes. The second defined the molecular * A list of authors and their affiliations appears in the Suppl y Information .1Hl_ggl_n5. . :hll-Rl-l ]l.. Zh1ao).(| Ke., Ka.rezl A. Ke';chum,
L T L U TINA denhle helix The fhied tmlacked the infor ,1 Jiayin Li,” Yong Liang,? Xiaoying Lin,? Fu Lu,




Sequencing RNA

Intron Intron Intron

mRNA B e ST T

http://fairbrother.biomed.brown.edu/data/diseases/Research%20Explanation.html

Reverse transcription to cDNA is (almost) always necessary.

Oligo(dT) primers Gene-specific primers

Standard
* E— S AAAA 3 - — — AAAA Y * — — S AAAA 3
¢ T s N o
TYTY W TCGAC
I RNA cDNA NVATGC Primer

https://www.thermofisher.com/be/en/home/life-science/cloning/cloning-learning-center/invitrogen-school-of-molecular-biology/rt-education/reverse-
transcription-setup.html



Second Generation Sequencing

* AKA “next generation sequencing” or NGS
* Massively parallel sequencing

Short read length

—
SR
. D E=_) [ N . <
0 D | e ) ( — oo
) ) [
" G G ) C——S8
E N s
—t
W—
ATGTTCCGATTA TTTCATTCAGTAAAAGGAGGAAATATAA

S——

Cloned genomes

Multiple genomes are sheared
into variable sized segments

Unordered sequenced
segments

Computational automated
assembly

Resulting overlapping sequence
segments. (The higher the
coverage the better the quality
of the sequencing.

Overlapping sequence segments
combined to construct the
genome consensus,



~2005: 454 Pyrosequencing

Margulies et al. 2005



454 Pyrosequencing

Margulies et al. 2005



Genome Sequencing with 454

“Here we report the DNA sequence of a diploid
genome of a single individual, James D. Watson,
sequenced to 7.4-fold redundancy in two

months using massively parallel sequencing in
picolitre-size reaction vessels.”

nature

LETTERS

Vol 45217 April 2008|d0i:10.1038/nature06884

The complete genome of an individual by massively
parallel DNA sequencing

David A. Wheeler'*, Maithreyan Srinivasan®*, Michael Egholm?*, Yufeng Shen'*, Lei Chen', Amy McGuire®,
Wen He2 Vi-lii Chen? Vinod Makhiiani2 G Thomae Roth2 Xavier Gome<2 Karrie Tartaro2+ Faheem NiaziZ



~2006: Solexa/lllumina

Genomic DNA

- Select ~200-300 bp fragments

¢ apply to flowcell
attach adapters to
create sequencing library ¢

cluster generation by
solid phase PCR
(bridge amplification)

sequencing by synthesis with reversible terminators

SEE L]

— — ' -

A

(

b
i
i

https://bitesizebio.com/13546/sequencing-by-synthesis-explaining-the-illumina-sequencing-technology/



2012

ARTICLE

doi:10.1038/nature11632

An integrated map of genetic variation
from 1,092 human genomes

The 1000 Genomes Project Consortium*

By characterizing the geographic and functional spectrum of human genetic variation, the 1000 Genomes Project aims to
build a resource to help to understand the genetic contribution to disease. Here we describe the genomes of 1,092
individuals from 14 populations, constructed using a combination of low-coverage whole-genome and exome
sequencing. By developing methods to integrate information across several algorithms and diverse data sources, we
provide a validated haplotype map of 38 million single nucleotide polymorphisms, 1.4 million short insertions and
deletions, and more than 14,000 larger deletions. We show that individuals from different populations carry different
profiles of rare and common variants, and that low-frequency variants show substantial geographic differentiation,
which is further increased by the action of purifying selection. We show that evolutionary conservation and coding
consequence are key determinants of the strength of purifying selection, that rare-variant load varies substantially
across biological pathways, and that each individual contains hundreds of rar

such as motif-disrupting changes in transcription-factor-binding sites. This

accessible single nucleotide polymorphisms at a frequency of 1% in related pop
low-frequency variants in individuals from diverse, including admixed, popt

Recent efforts to map human genetic variation by sequencing exomes'
and whole g >~ have ch ized the vast majority of com-
mon single nucleotide polymorphisms (SNPs) and many structural
variants across the genome. However, although more than 95% of
common (>5% frequency) variants were discovered in the pilot phase
of the 1000 Genomes Project, lower-frequency variants, particularly
those outside the coding exome, remain poorly characterized. Low-fre-
quency variants are enriched for potentially functional mutations, for
example, protein-changing variants, under weak purifying selection'=*.
Furthermore, because low-frequency variants tend to be recent in
origin, they exhibit increased levels of population differentiation®*.
Characterizing such variants, for both point mutations and struc-
tural changes, across a range of populations is thus likely to identify
many variants of functional importance and is crucial for interpreting

individual genome
those private to fan

‘We now report on the genomes of 1,092 individuals sampled from
14 populations drawn from Europe, East Asia, sub-Saharan Africa
and the Americas (Supplementary Figs 1 and 2), analysed through a
combination of low-coverage (2-6X) whole-genome sequence data,
targeted deep (50-100X) exome sequence data and dense SNP geno-
type data (Table 1 and Supplementary Tables 1-3). This design was
shown by the pilot phase® to be powerful and cost-effective in dis-
covering and genotyping all but the rarest SNP and short insertion
and deletion (indel) variants. Here, the approach was augmented with
statistical methods for selecting higher quality variant calls from can-
didates obtained using multiple algorithms, and to integrate SNP,
indel and larger structural variants within a single framework (see

Variant analysis

Table 1| S y of 1000 Project phase | data
Autosomes Chromosome X GENCODE regions*

Samples 1,092 1,092 1,092
Total raw bases (Gb) 19,049 804 327
Mean mapped depth (x) 5.1 39 80.3
SNPs

No. sites overall 36.7M 1.3M 498K

Novelty ratet 58% 77% 50%

No. synonymous/non-synonymous/nonsense NA 4.7/6.5/0.097 K 199/293/6.3K

Average no. SNPs per sample 3.60M 105K 240K
Indels

No. sites overall 138M 59K 1,867

Novelty ratet 62% 73% 54%

No. inframe/frameshift NA 19/14 719/1,066

Average no. indels per sample 344K 13K 440
Genotyped large deletions

No. sites overall 138K 432 847

Novelty ratet 54%, 54%, 50%

Average no. variants per sample 717 26 39

NA, not applicable.
*Autosomal genes only.

+Compared with doSNP release 135 (Oct 2011), excluding contribution from phase | 1000 Genormes Project (or equivalent data for large deletions).

*Lists of participants and their affiliations appear at the end of the paper.

2016

thebmj

BMJ 2016:353:11757 doi: 10.1136/bmj.i1757 (Published 13 April 2016)
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The 100 000 Genomes Project

Part research project, part commercial stimulus, this enormous sequencing programme could usher
genomic medicine into mainstream use, Mark Peplow reports

Mark Peplow freelance journalist, Cambridge

is now ramping up into high gear. Overseen by Genomics
England, it is one of the biggest whole genome sequencing
projects in the world. And it is working to a breathtaking
timetable: most of these genomes will be sequenced by the end
of next year.

The genetic material will come from patients with rare diseases
or common cancers and their families (box 1). By identifying
any genetic anomalies, and linking them to participants’ medical
histories for the rest of their lives, the project aims to build up
a unique database for treatment and research. “It will allow us
to find things in the data that we might not notice in ordinary
clinical care,” says Caulfield. That should offer better diagnoses
and more targeted therapies. It also gives scientists a treasure
trove of information that could help to develop more effective
drugs.

That remit is impressive enough. But the project’s broader goals
are to kickstart a national genomics industry and make the UK
the first country to routinely use DNA sequencing in mainstream
healthcare. “If we get this right, our ambition is to see new
treatments, new diagnostics, coming to patients in the UK first,”
says Caulfield.

Clinical potential

The project is already having clinical impact among people with
rare diseases, with the first child participants receiving a genetic
diagnosis in January. There are about 7000 known rare diseases,
and roughly 1 in 17 people (about three million in the UK) are
affected at some point in their lives.' “Collectively, the burden
is high,” says Caulfield. “They are a huge cause of disability,
and the toll on individuals is huge.”

More than 80% of rare diseases are suspected to have a genetic
component. But their rarity makes diagnosis a huge challenge.

Beverly Searle, chief executive of Unique, the rare chromosome
disorder support group (www.rarechromo.co.uk). “That’s why
it’s so important to have these projects where you gather large
datasets.” With tens of thousands of genomes from patients with
rare diseases, it becomes much more likely to find a statistically
robust association between genetic variants and a particular
disease.

Once that link is established, the experiences of those who share
the same genetic anomalies can be compared to predict how a
particular patient’s condition might develop in the future and
which treatments are likely to be more effective. Not only could
this improve clinical outcomes, it could also save time and
money. “It’s imp that exp ions are d—not
every family will get a diagnosis,” cautions Searle. “But we’ve
got the potential for one test to give you an answer.”

The other arm of the project focuses on common cancers,
including those in the lung, breast, colon, prostate, and ovary,
where a genetic diagnosis could affect treatment options. About
half of melanomas are caused by a mutation in the BRAF gene,
for example, and these can be treated with a drug that
specifically targets the BRAF protein. “A mutation can help to
predict a medicine’s effectiveness,” says Caulfield.

Collecting and using the data

Most of the project’s participants arrive via one of the 13 NHS
Genomic Medicine Centres that were established last year
around England. People give a small blood sample, and (if they
have cancer) a small piece of their tumour, which can have a
substantially different genome.

The project has already sequenced more than 7000 genomes
and is recruiting more than 200 patients with rare diseases per
week. But the pace of sequencing will quicken in the coming
months, when a dedicated facility at the Wellcome Genome
Campus in Hinxton, Cambridgeshire, opens. The American
company Illumina is setting up a world class sequencing facility
there, stuffed with machines that can read an entire genome in



Paired-end sequencing
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ARTICLES

A human gut microbial gene catalogue
established by metagenomic sequencing

: Eacteroidos unformis . e TR mw
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To understand the impact of gut microbes on human health T e e "_m_‘:D
we describe the lllumina-based metagenomic sequencing, S =

microbial genes, derived from 576.7 gigabases of sequence

°
CR LTI R T —— L

~150 times larger than the human gene complement, cont |VI e t a e I I O I I l I ‘ S —{T

microbial genes of the cohort and probably includes a large| ' L

genes are largely shared among individuals of the cohort. | N N ) P —" S

cohort harbours between 1,000 and 1,150 prevalent bacterial species and each individual at least 160 such species, which Eﬁcw‘x?‘;?&?xm A 8 e "—m—‘: e

also largely shared. We define and describe the minimal gut metagenome and the minimal gut bacterial genome in term Coprococcus comes SLT 1 . P — L w—

functions present in all individuals and most bacteria, respectively. ﬁmg:; ;‘;_ 8 H ' T .
Eubacteriom vantriasum [ S——
Eacteroidos dorey v —{—

It has been estimated that the microbes in our bodies collectively  individuals from the United States or Japan"'®"". To get a bro: fuminococeus cheum A2-162 —

make up to 100 trillion cells, tenfold the number of human cells, overview of the human gut microbial genes we used the lllun gm‘?(;:;“‘;;‘;’.‘&":‘;“" ' e

. \ [ I i T

and suggested that they encode 100-fold more unique genes than  Genome Analyser (GA) technology to carry out deep sequencin Sgrmptococcus tharmophius LMO -8 ey s S,

our own genome'. The majority of microbes reside in the gut, have  total DNA from faecal samples of 124 European adults. We gener: Clostriaum leptum - I e

a profound influence on human physiology and nutrition, and are  576.7 Gb of sequence, almost 200 times more than in all previ 9!3amani fifarms= . S

. e . . . . s . . o . Bacteroides sterconis
crucial for human life””. Furthermore, the gut microbes contributeto  studies, assembled it into contigs and predicted 3.3 million uni goeemeaceus autactus

energy harvest from food, and changes of gut microbiome may be  open reading frames (ORFs). This gene catalogue contains virtu Clostridiwm sg. ME2 1
associated with bowel diseases or obesity"". all of the prevalent gut microbial genes in our cohort, provid ‘;’f“ﬁ;"“ epgarthy

To understand and exploit the impact of the gut microbes on  broad view of the functions important for bacterial life in the Béé’,‘f;,o.;‘gj&’;';“g
human health and well-being it is necessary to decipher the content, and indicates that many bacterial species are shared by diffe Paratwctercices ohasomi
diversity and functioning of the microbial gut community. 168 ribo-  individuals. Our results also show that short-read metageno Gostridim &g, L2-50

somal RNA gene (rRNA) sequence-based methods’ revealed thattwo ~ sequencing can be used for global characterization of the gen Sd?fg:“:s'm“

bacterial divisions, the Bacteroidetes and the Firmicutes, constitute  potential of ecologically complex environments. A'uc\'t:a'.mcf:f:g::cp;\\:s

over 90% of the known phylogenetic categories and dominate the Ruminococous gnavus

distal gut microbiota'. Studies also showed substantial diversity of ~Metagenomic sequencing of gut microbiomes iﬁmg:: ;’:‘;&"g\? 1

the gut microbiome between healthy individuals**'®'"", Although this ~ As part of the MetaHIT (Metagenomics of the Human Intest Clostriaium asparagiorme

difference is especially marked among infants", later in life the gut  Tract) project, we collected faecal specimens from 124 healthy, o Enferococcus faecals TX0104 g

microbiome converges to more similar phyla. weight and obese individual human adults, as well as inflamma gﬁ:\?':ﬂsgx:m ' '_CD_‘E Lot .
Metagenomic sequencing represents a powerful alternative to  bowel disease (IBD) patients, from Denmark and Spain (Supplen

rRNA sequencing for analysing complex microbial communities’ ™. tary Table 1). Total DNA was extracted from the faecal specime _l _L _!, _!

Applied to the human gut, such studies have already generated some  and an average of 4.5 Gb (ranging between 2 and 7.3 Gb) of sequ¢

3 gigabases (Gb) of microbial sequence from faecal samples of 33  was generated for each sample, allowing us to capture most of Aeiative abundance (0g, )




Genome-Wide Mapping of in Vivo
Protein-DNA Interactions

David S. Johnson,™* Ali Mortazavi,** Richard M. Myers,*+ Barbara WOlme

In vivo protein-DNA interactions connect each transcription factor with its direct targets to form a
gene network scaffold. To map these protein-DNA interactions comprehensively across entire
mammalian genomes, we developed a large-scale chromatin immunoprecipitation assay (ChiPSeq)
based on direct ultrahigh-throughput DNA sequencing. This sequence census method was then
used to map in vivo binding of the neuron-restrictive silencer factor (NRSF; also known as REST, for
repressor element—1 silencing transcription factor) to 1946 locations in the human genome. The
data display sharp resolution of bindina position [+50 base pairs (bp)]. which facilitated our

finding motifs and allowed us to ident
data also have high sensitivity and spec
area > 0.96] and statistical confidence
candidate interactions. These include k
pancreatic islet cell development.

Ithough much is known about t
Ation factor binding and action a

genes, far less is known about |
position and function of entire fact
interactomes, especially for organisms w
genomes. Now that human, mouse, a
large genomes have been sequence
possible, in principle, to measure h
transcription factor is deployed across t
genome for a given cell type and phys
condition. Such measurements are important for
systems-level studies because they provide a
global map of candidate gene network input
connections. These direct physical interactions
between transcription factors or cofactors and the
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ChIP-Seq
RIP-Seq

pleteness, and high binding-site resolution. These
data-quality and depth issues dictate whether pri-
mary gene network structure can be inferred with
reasonable certainty and comprehensiveness, and
how effectively the data can be used to discover
binding-site motifs by computational methods.
For these purposes, statistical robustness, sam-
pling depth across the genome, absolute signal
and signal-to-noise ratio must be good enough
to detect nearly all in vivo binding locations for
a regulator with minimal inclusion of false-
positives. A further challenge in genomes large
or small is to map factor-binding sites with high
positional resolution. In addition to making com-

putational discovery of binding motifs feasible,

this dictates the quality of regulatory site anno-

tation relative to other gene anatomy landmarks,

such as transcription start sites, enhancers, introns

and exons, and conserved noncoding features

(2). Finally, if high-quality protein-DNA inter-

actome measurements can be performed rou-

tinely and at reasonable cost, it will open the

way to detailed studies of interactome dynam-

ics in response to specific signaling stimuli or

genetic mutations. To address these issues, we

tumed to ultrahigh-throughput DNA sequenc-

ing to gain sampling power and applied size

selection on immuno-enriched DNA to enhance

nositional resolution.

shown here differs

hIP methods such as

Pchip (1); ChIPSAGE

t (4) in design, data

design is simple (Fig.

ChIPPet, it involves no

on. Unlike microarray

of single-copy sites in

or ChIPSeq assay (),

:d to be array features.

vith similar complete-

le microarray design, a

liding window design

'es per array would be

portion of the human

'Seq counts sequences

and so avoids constraints imposed by amray

hybridization chemistry, such as base composition

constraints related to T, the temperature at which

50% of double-stranded DNA or DNA-RNA

hybrids is denatured; cross-hybridization; and

secondary structure interference. Finally, ChIPSeq

is feasible for any sequenced genome, rather than

being restricted to species for which whole-
genome tiling arrays have been produced.

ChIPSeq illustrates the power of new se-

quencing platforms, such as those from Solexa/

Illumina and 454, to perform sequence census

counting assays. The generic task in these appli-

cations is to identify and quantify the molecular
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Single molecule sequencing

 Sometimes called “third generation
sequencing”

* Long read lengths (like Sanger sequencing)
and high throughput (like second-generation
sequencing)



~2013: PacBio SMRT sequencing

Rhoads & Au 2015

Intensity mmp

Similar to 454 sequencing, but optics can detect
the flash of a single dNTP being incorporated



PacBio SMRT sequencing

Rhoads & Au 2015
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Abstract
Background: Plasmodium cynomolgi, a non-human primate malaria parasite

. [ ]
species, has been an important model parasite since its discovery in 1907. Invited Refer
Similarities in the biology of P. cynomolgi to the closely related, but less 1 e | l O I I I I ‘ S e l l e I I ‘ e
tractable, human malaria parasite P. vivax make it the model parasite of choice

for liver biology and vaccine studies pertinent to P. vivax malaria. Molecular and version 1 v
genome-scale studies of P. cynomolgi have relied on the current reference published epo
genome sequence, which remains highly fragmented with 1,649 unassigned 16 un 2017

[ ] [ ]
scaffolds and little representation of the subtelomeres.
Methods: Using long-read sequence data (Pacific Biosciences SMRT 1 Aaron R. Jex, Walter and Eliza e S p e C I a y I n r e p e a
technology), we assembled and annotated a new reference genome sequence, ) )

PcyM, sourced from an Indian rhesus monkey. We compare the newly S T
assembled genome sequence with those of several other Plasmodium species,  , Richard Bartfal, Radboud Univ

including a re-annotated P. coatneyi assembly. Netheriands e o

Results: The new PcyM genome assembly is of significantly higher quality than

the existing reference, comprising only 56 pieces, no gaps and an improved e X a n S I O n r e I O n S
average gene length. Detailed manual curation has ensured a comprehensive Discuss this article

annotation of the genome with 6,632 genes, nearly 1,000 more than previously
attributed to P. cynomolgi. The new assembly also has an improved
representation of the subtelomeric regions, which account for nearly 40% of the
sequence. Within the subtelomeres, we identified more than 1300 Plasmodium
interspersed repeat (pir) genes, as well as a striking expansion of 36
methyltransferase pseudogenes that originated from a single copy on
chromosome 9.

Conclusions: The manually curated PcyM reference genome sequence is an
important new resource for the malaria research community. The high quality
and contiguity of the data have enabled the discovery of a novel expansion of
methyltransferase in the subtelomeres, and illustrates the new comparative
genomics capabilities that are being unlocked by complete reference genomes.

Comments (0)

Keywords
P. cynomolgi, PacBio assembly, P. coatneyi, methyltransferase
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Defining a personal, allele-specific, and
single-molecule long-read transcriptome

Hagen Tilgner™’, Fabian Grubert™', Donald Sharon™®', and Michael P. Snyder®?

L] “Department of Genetics, Stanford University, Stanford, CA 94305-5120; and "Department of Molecular, Cellular, and Developmental Biology,
Yale University, New Haven, CT 06511
‘ Edited by Sherman M. Weissman, Yale University School of Medicine, New Haven, CT, and approved June 3, 2014 (received for review January 8, 2014)
Personal transcriptomes in which all of an individual’s genetic var-  for both parents of GM12878 (GM12891 and GM12892), we
iants (e.g., single nudeotide variants) and transcript isoforms (tran-  show that despite the higher error rate of the PacBio platform,
scription start sites, splice sites, and polyA sites) are defined and  single molecules can be attributed to the alleles from which they
quantified for full-length transcripts are expected to be important  were transcribed, thereby generating accurate personal tran-
for understanding individual biology and disease, but have not  scriptomes. This technigue allows the assessment of biased allelic
been described previously. To obtain such transcriptomes, we se- expression and isoform expression.
quenced the lymphoblastoid transcriptomes of three family mem-
bers (GM12878 and the parents GM12891 and GM12892) by using  Results
a Pacific Biosciences long-read approach compl d with lllu-  Increased Full-Length Representation of RNA Molecules by
mina 101-bp sequencing and made the following obser [¢ Reads. We sequenced ~711,000 circular cor
First, we found that reads representing all splice sites of a transcript o5 (CCS) molecules from unamplified, polyA-selecte
are evident for most sufficiently expressed genes <3 kb a.nd often from the GM12878 cell line (see Fig. S1 for mapping sta
for 97"95 It;nger'thdan “I"at Se(o;\d we added and quantified pre-  yy, paye recently shown that CCS often describe all spli
v;'ousy uni en: u‘z splicing isoforms to an existing annot.a(:on, of typical RNA molecules, although the success rate dec
:'hu:d(rean:g‘l e ":; ';;;v d to our d o ed RNA length increases (11). The CCS we sequenced hei
o \./ve nf,f"rm, . ace novo manner and conne significantly longer (average 1,188 bp, maximum 6 kb) tha
g. 14). Both ¢
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Much better
resolution of RNA
sequences (e.g.
splice variants)




~2014: Nanopore sequencing
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Not sequencing by synthesis: direct reading of
the sequence



Nanopore sequencing

Quick et al. 2016
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Using long-read sequencing to detect
imprinted DNA methylation
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Systematic variation in the methylation of cytosines at CpG
sites plays a critical role in early development of humans and
other mammals. Of particular interest are regions of differen-
tial ylation between p. I alleles, as these often dictate
monoallelic gene expression, resulting in parent of origin spe-
cific control of the embryonic transcriptome and subsequent de-
! ina ph known as genomic imprinting.
Using long-read nanopore sequencing we show that, with an av-
erage genomic coverage of appr ly ten, it is possible to
determine both the level of methylation of CpG sites and the
haplotype from which each read arises. The long-read property
is exploited to characterise, using novel methods, both methyla-
tion and haplotype for reads that have reduced basecalling pre-
cision compared to Sanger sequencing. We validate the anal-
ysis both through ison of e-derived hyl
tion patterns with those from Reduced Representation Bisulfite
Sequencing data and through comparison with previously re-
ported data.
Our analysis successfully identifies known imprinting control
regions as well as some novel differentially methylated regions
which, due to their proximity to hitherto unknown monoallel-
ically expressed genes, may represent new imprinting control
regions.

| aplotyping |
Long-read sequencing
o

scoft. edu, edu.au

Introduction

Methylation of the Sth carbon of cytosines (SmC or simply
mC) is an epigenetic modification essential for normal mam-
malian development. Methylation differences between alle-
les contribute to establishing allele-specific expression pat-
terns.  As obtaining genome-wide haplotyped methylomes
with short reads remains challenging, we eval 1the ability
of long read, nanopore-based sequencing to improve allele-
specific methylation analyses.

We apply the technique to the study of genomic imprinting,
where differential expression of the maternal and paternal al-
leles in the offspring is at least partially set by the differential
methylation (1-5). Imprinting is proposed to arise from the
diverging interests of the maternal and paternal genes (6). In
accordance with its primordial role in allocation of resources
from the mother to the offspring, the placenta, along with the

brain, is the organ where parental conflict results in the most
pronounced imprinted expression (7-9). We thus conduct a
survey of differential methylation and expression in murine
embryonic placenta.

Recent studies have increased the number of genes identified
as subject to imprinting in mouse to about 200 (10-15). The
cause of the differential expression between paternal and ma-
ternal alleles is only known for a subset of these genes; ma-
ternal histone marks can play a role (14), and in other cases it
involves the differential methylation of adjacent regions (5).
The differential methylation patterns may be established in
the gametes and persist through the epigenetic reprogram-
ming occurring after fertilisation (16). These differentially
methylated regions (DMRs) are called primary DMRs, or
imprinting control regions (ICRs). Alternatively, differen-
tial methylation may arise during development, perhaps as
a downstream effect of differential expression, in which case
the regions are called somatic or secondary DMRs (17).
Apart from the parent of origin of the allele, genetic differ-
ences can also be associated with differential methylation. In
this case, F1 hybrids of distinct mouse strains will display
DMRs between the alleles according to the strain of origin
(18), and not the parent. Genetically determined DMRs can
have profound effects on phenotype, for instance in humans
by altering the expression of mismatch repair genes impor-
tant in cancer (19). Therefore, we also investigate the link
between DNA methylation and expression for strain-biased
genes.

Reconstructing haplotyped methylomes necessitates the si-
multancous measurement of DNA methylation and single-
nucleotide polymorphisms (SNPs) differentiating the alle-
les. This can be achieved by deep sequencing of bisulfite-
converted DNA on the Illumina platforms, although the short
reads combined with the reduced complexity of the bisulfite-
treated DNA make the process inefficient, meaning many re-
gions with low SNP density remain unresolved. Long reads
provided by third generation sequencing technologies can
overcome the requirement of a high SNP density, while sev-
eral methods allow the assessment of base modifications on
native DNA (thus also avoiding the reduction in complex-
ity associated with bisulfite conversion). These methods in-
clude: analysis of polymerase kinetics for PacBio SMRT se-
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DNA sequencing types: summary

Read Length | Single pass Reads per Time per Cost per
error rate run run million
(%) bases (USD)
96

Sanger (ABI) 600-1000 0.001 0.5-3h 500

454 700 1 le6 23 h 8.57
lllumina (HiSeq) 2x125 0.1 8€e9 (paired) 7-60h 0.03
PacBio (RS Il) 1-1.5e4 13 3.5-7.5e4 0.5-4h 0.40-0.80
Oxford Nanopore  2-5e3 38 1.1-4.7e4 50 h 6.44-17.90
(MinlON)

Adapted from Rhoads & Au 2015



Data processing

Base calling (A/C/T/G)

$

Performed by Quality Scoring

sequencing
team

Adapter trimming

¥

FASTA/FASTQ files

Performed by ‘ ‘ ,

researcher

Alignment/mapping

Assembly [
to reference



FASTA/FASTQ

@NB551431:31:HYTTGBGX7:1:23312:16016:20368 1:N:0:AGCGATAG+AGGCTATA

GGGGAAGTATGTAGGAGTTGAAGATTAGTCCGCCGTAGTCGGTGTACTCGTAGGTTCAGTACCATTGGTGGCCAAT
+

AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE

CCCCGTTCGGTCGGCACAGTTAGGACTCCCTCCCTGGGAGAGAATCACGACCCTGACTTAGAGGAAGACTCGACTC
+

AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE /EEEEEE/EEEEEAEAEEEEEEEEEAEEEEEEEE
@NB551431:31:HYTTGBGX7:1:23312:5529:20373 1:N:0:AGCGATAG+AGGCTATA
GTTTTTGTTTTACTGCTGTGCTTGATATACATGAAGTAATGAATACCAAGCAATTCATTTTTCCTGCATCTTTACT
+
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
@NB551431:31:HYTTGBGX7:1:23312:7028:20379 1:N:0:AGCGATAG+AGGCTATA
GCCTCCTTCTCAAATTTTTCAATGGTTCTTTTGTCGATGCCACCGCATTTATAGATCAGATGGCCAGTAGTGGTGG
+
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
@NB551431:31:HYTTGBGX7:1:23312:24086:20380 1:N:0:AGCGATAG+AGGCTATA
CTGGATTCCTGCACTGGCTGTGAACTTCTGCCAAGCTCCCCAGTCATCCTGGTCAAAGGGATCTTCGATAGACACC
+
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
@NB551431:31:HYTTGBGX7:1:23312:22838:20386 1:N:0:NGCGATAG+AGGCTATA
ATTGGGTAAAAGATGAGCTAGCTGTTCTAGTATTTGCTTTTTGTAATCCAGTTAAGACCATGAGCATATACAATAT
+
AAAAAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE




Current challenges

Repeats, especially homopolymers, are still difficult
to sequence

— Lower quality scores, less coverage

Read lengths are still significantly shorter than
some RNA transcripts

Most technologies require amplification before
sequencing, which can introduce errors and biases

Most technologies don’t provide information about
base modifications

Some technologies require large amounts of input
material

Cost, time, convenience
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