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Modern man is perhaps 50,000 years old, civilization

has existed for scarcely 10,000 years and the United

States for only just over 200 years; but DNA and

RNA have been around for at least several billion

years.

All that time the double helix has been there,
and active, and yet we are tHest creatures on Earth
12 0SO02YS Il NBE 2F Ada SEAAGSYOS

Francis Crick (1982004)
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The first person to isolate DNA

A FriedrichMiescher

I Born with poor hearing

I Father was a doctor and refuse
to allowFreidrichto become a
priest

A Graduated as a doctor in 186¢

I Persuaded by his uncle not to
become a practising doctor and
Instead pursue natural science

i.dz0 KS gl a NIBf dzZDedridhmesghex




Biology PhD angst in the 1800s

o

aL Ift NBIRée KIR
had so little experience with 5
YFGKSYFOAOa | YR
reason many facts still remained
20a0dzNB G2 YS®é

His uncle counselled:

6L 6SEASQHS &2
AYLR2NIIFyOS 27 &



1869- First iIsolation of DNA

Worked in Felix Hoppg S & flaBdxdey in
Tubingen, Germany
I The founding father of biochemistry

The lab was one of the first to crystallise
haemoglobin and describe the interaction Felix HoppeSeyler
between haemoglobin and oxygen

Friedrich was interested in the chemistry of the
nucleus
FreidrichS E (i NJn@@ifR 24 O2f R 6 A
nights
I Initially from human leukocytes extracted from
bandage pus from the local hospital FriedrichMiescher
I Later from salmon sperm




a S A a Ogolatiedréchnique

A Cells from surgical
bandages or salmon
sperm

A Alcohol to remove
outer cell membrane

A Pepsin from pig

~ Q | Alcohol wash

stomachs . ®
A Basic solution to & o ®
dissolvenucleinin the &
nucleus o
A Acid solution to | sk

precipitate thenuclein

A Difficult to do without
also precipitating
bound protein

http://www.howdoweknowit.com/2013/07/03/howdo-we-know-the-geneticcodepart-2/
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Biology PhD angst in the 1800s

His student remembered

G CNASRNAOK Tl AfSR (2
We went off to look for him. We found him
j dzZA St e g2NJAYy3I AY KA

aL 32 d plY 2 GKS f
unheated room. No solution can be left standing
F2NJ Y2NB GKFYy p YAYdz
fFa0S Ayd2 GKS yAIKIGDE

FriedrichMiescher



1874- First hints to composition

A By 1874Meischerhad determined
that nucleinwas
I A basic acid
I High molecular weight
i Nucleing & 0 2 geyfdiin@ 2
A Came close to guessing its function
iaLFT 2yS glyida G2
substance is the specific cause of
fertilisation, the one should

undoubtedly first and foremost
considemucleire

I Discarded the idea because he
thought it unlikely thatnucleincould FriedrichMiescher
encode sufficient information




1881- Discovering the composition of
nuclein

A Kossel worked in the same lab as
FreidrichMiescher

A Wanted to relate chemical composition
to biological function

A Discovered fundamental building blocks
of nuclein
I Adenine,Cytosine Guanine,Thymine,
andUracill

I Identified histone proteins and thatuclein
was bound to histone in the nucleus

I Inferred that nucleinwas not used for energy
storage but was linked to cell growth

Albrecht Kossel



1890s- Molecular basis of heredity

A How are characteristics
transmitted between generations?

A Lots of theories
I Sterecisomers
I Asymmetric atoms
I Complex molecules
A Realisation that hereditary

Information is transmitted by one
or more molecules

A 1893 August Weismanngerm
plasm theory

A 1894 Eduardbtrashurgerd y dzOf S A
FNRY ydzOf SAé

EduardStrasburger



1900- What we knew

Known Unknown
A Distinction between AaSyRStQa f2ai
proteins and nucleic acids A Base composition of nucleic
A Somehownucleinwas acids
involved in cell growth A Role of the nucleus
A Distinction between RNA

A Somehow the nucleus was

. : . and DNA
Involved In cell division A Siqnifi e of
AWSRAZO20SNE 27 oV ES0a

laws A That enzymes were proteins

A Most of biochemistry



1902¢ Linking chromosome count to
somatic andyameticcells

A Walter Sutton using grasshopper gametes
A TheodoreBoveriusing sea urchins

a may finally call attention to the probability that the association of
paternal and maternal chromosomes in pairs and their subsequent
separation during the reducing division as indicated above may _
constitute the physical basis of the Mendelian law of hereblity Walter Sutton and Theodoigoveri

TheodoreBoveri sutton W. S. 1903, The chromosomes in heredity. Biological Bulletin:26231
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1910s- More on the composition of
DNA

/

L
[
phosphate
sugar*base
&1 S
///' & i-"y‘ﬁ =

Ammonia breaks - phosphate

' J’ [y '
S bande Phoebud evene
N
breaks the blue
sugar * base bond
:'3% - \
. / Close relative of TNT explosive

3

phosphate

sugar * base
o
i,

A Enabled the discovery of DNA and RNA bases

A Unfortunately, this method can destroy bases and bias results
A Made it impossible to compare composition between species
A Phoebud_eveneproposed thetetranucleotidehypothesis

A DNA consisted of repeating units of thymine, guanine adenine and cytosine
A E.g. GACGACTGACT

A Convinced many that DNA could not be a carrier of hereditary information

A Led to the assumption that DNA was just a structural component of cells



191030s- Chromosome theory of
heredity

A Chromosome as a unit of heritability
confirmed by Thomas Morgan and
his student Alfred Sturtevant creates
the first genetic map in 19235 in
Drosophila

A Hypothesized that crossirgyer
during meiosis could explain
variations in progeny phenotype
after crossing over

A Genetic recombination shown to be
caused by physical recombination of
chromosomes by Barbara
McClintock & Harriet Creighton in

1930 Barbara
McClintock

"Drosophila Gene Linkage Map" by Twaanders@Wn work. Licensed under CG®X 4.0 via CommoRs
https://commons.wikimedia.org/wiki/File:Drosophila_Gene_Linkage_Map.svg#/media/File:Drosophila_Gene_Linkage_Map.svg



1928- Inheritance of virulence

A Established that nowirulent
pneumococci bacteria could be
converted be made virulent by
exposure to lysed virulent bacteria

Mixing pieces of the bacteria

HD;—u'irulent ‘u"irulllant from the virulent strain with
train Strain bacteria from the non-virulent
.- .
o * strain
o0 * e ® -
0%0 * X % ,;’g!"t
é % . P
\ \ \ FrederickGriffiths
1, ™,

3 -r'.? P r'.;. G/ 2dzf R R2 Y2NB
tin and a primus stove than mos
l l l men could do with a palage
Hedley Wright
L o

Live and Happy! Dead and Unhappy Dead and Unhappy

A2KFEGO ¢6Fa GKS WINIYYaF2NXYAY3I LINAYOA LI S¢
which underlay this observation?

http://mic.sgmjournals.org/content/73/1/1 full.pdf



1944¢c What is life?

Al'Y W LISNAZ2ZRAO &az2f )
could code for an organism
Aa! @r8dretl association of
atoms endowed with sufficient
resistivity to keep its order 4
LJS NJY | )/ S )f uf ec Erwin Schrodinger
A Also placed living systems into
a thermodynamic framework

A Served as inspiration for
Watson & Crick



1944 ¢ Establishing DNA as the
transforming principle

A Separated cellular components and
repeated Griffiths experiments

A9yl of SR 0 ySg Wdzd i NJ
OSYGNAFdAlI A2y Q GSOKy2ft
A Extended Griffiths work to prove
that nucleic acids were the tothal
WINFYAF2NYAY I LINRYO )\.LJf ogwald Avery
A Also demonstrated that DNA, not o
RNA was the genetic material v
A Incredibly small amounts 1 in 600
million were sufficient to induce AR 2 2 A
transformation N 4 v oW
Vo VoW

harmless harmless harmless lethal

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2135445
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1945¢ 1952 Critique

A Alfred Mirksywas a pioneer of s
molecular biology o

A Isolated chromatin from a wide m 9"
variety of cells N

AlS sla O2y0SNYSR ai-wl

results could be the result of
protein contamination

A Fought a battle against Avery

A Convinced the Nobel panel not to
award a prize to Avery

A Later,Mirskywould actually =~ ] §
RSY2YAaiuN} 0SS GKS w/ 2yaidl yoec
DNA throughout somatic cells

Alfred Mirsky



1950¢ Base composition between
organisms

A Erwin Chargaff hit back Mirsky
and developed the base
complementarity hypothesis with
Masson Gulland

A Determined that the molar ratio of |
A/T and G/C were always very
closeto 1

A Relative proportions of bases
varied between species but was
the same within species

A Refuted] S @ S30 ge@rild
tetranucleotidehypothesis

Erwin Chargaff



1952/ 2V FANXLF GA2Y
experiment

Grow bacteriophage using
radioactive substrates
I Protein with radioactive sulphur suttur iabéied protein

i DNA with radioactive epeule (e
phosphorous

Bacteriophages

phosphorus labeled
DNA (green)

()
1. Infection

R 7
© 2. Blending
l

s

Bacteriophages infected bacteri
by injecting DNA, not protein

Was taken as confirmation of th |
role of DNA as genetic material

Q% - @@ 3. Centrifugation
Yet there was still the possibility At centiitugationno At csntfugetion

protein contamination here
Hershey Chase experiment

http:// en.wikipedia.org/wiki/Hershey%E2%80%93Chase_experiment



1952¢ X-ray diffraction patterns of
DNA

A Wilkins, Franklin and |
GOSling W
A Much improved Xay

diffraction patterns of the
B-form of DNA

A Wilkins developed a
method to obtain
Improved diffraction
patterns using sodium
thymonucleateto draw
out long thin strands of
DNA

Photo Number 51
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1953¢ Watson & Crick obtain a
structure for DNA

A B-model of DNA

A Relied upon data from Maurice  [jee=
Wilkins and Rosalind Franklin via R&.
MazPerutz i

A "It has not escaped our notice that

Francis Crick &

the specific pairing we have James Watson
postulated immediately suggests a

possible copying mechanism for

the genetic materiab a

A Broad acceptance of the structure
did not occur until around 1960



1958¢ Evidence for the mechanism of
DNA replication

A Meselson& Stahl

A{dzLILR2NISR 2FGaz2zy g9 [/ NAO|lQa KeLRUuUKSaaAa
semiconservative DNA replication

Three postulated methods of DNA Replication

DODPDPDODP <7 &M P

Semi-Conservative

W@@W<‘Q@M@®M}@‘

Conservative™
Dispersive*
Newly, synthesized strand
. Original template strand * not found to be

biologically significant

http:// en.wikipedia.org/wiki/Meselson%E2%80%93Stahl_experiment
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1958¢ Evidence for thsemt
conservative mechaniswf DNA
replication

transferred
to "N (light)
medmm
———

bacteria grown

in 5N (heavy)
medium

bacteria

density

T4N/T4N (light) DNA

YIN/ISN (hybrid) DNA

ISN/15N (heavy) DNA

sample at —
0 minutes

generation
0

sample after —
20 minutes

generation
1

sample after ——
40 minutes

generation
2

sample after
40 minutes

generation
3




Other developments in molecular
biology

A 1954- George Gamow proposed déter code
A 1955¢ Polynucleotidgohosphorylaseliscovered

I Enabled synthesis of homogeneous nucleotide polymers
A 1957¢/ NA O]l flFeéea 2dzi WOSYUuUNrt R23
A 19571963

I RNA structure

I Work on DNARNA hybridization
A 1960s

I Crystal structures dRNAs

I Role in protein synthesis

I Role of ribosomes

A{SO GKS adlF3as ¥F2NX



1961- Deciphering the genetic code

How did DNA code for proteins?

Nirenberg andMatthaei

Used polynucleotid@hophorylasdo
construct a polyuracil polymer

Added to a celfree system containing
ribosomes, nucleotides, amino acids, energy

This produced an amino acid chain of
phenylalanine

Completed in mid 1960s byar Gobind
Khohrana —



Other key figures

Max Delbruck
I Physicist who helped found molecular biology

Salvador Luria A it
i WHYS&a 2F0az2yQa t K5 adz2igl s
T Demonstrated with Delbruck that inheritance in

bacteria was Darwinian and nbamarkian

Linus Pauling
I Proposed triple helix model for DNA

Lawrence Bragg

I Hosted Watson & Crick

i WAGFE 2F tI dzZ Ay3Qa
Jerry Donohue, WilliarAstbury Raymond Gosling,
John Randall, Fradeufield | SNB SNl 2 A f




1962

A Nobel Prize awarded for Physiology or
Medicine to Watson, Crick and Wilkins

A Rosalind Franklin died in 1958 of suspected
radiation induced cancer

Russia’'s Usmanov to give back Watson's
auctioned Nobel medal

James Watson's Nobel Prize gold medal, and intends to retum itto  Reiated Stories



Oswald Avery

A Avery died in 1955

A It is unknown whether he learned o .
2 a2y 9 / NA O] Qa

A He never received a Nobel for his  oguag avery
work

A However his 1944 paper is cited
around 40 times a year and has
cited over 2000 times in the past 20
years




Further reading

A Eighthday of creatior; Horace Freeland Judson

A Pal

Al A TS Q& D NHBMaiihewaGobb{ S ONXE i

A Oswald AveryDNA and the transformation of

biology.Cobb, M Current BiologWolume24, Issue 220 January
2014, Pages RBR60



http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2
http://www.sciencedirect.com/science/journal/09609822/24/2

First generation sequencing



The development of sequencing
methodologies

A2 KIF'd R2 6S YSIYy 0@ W:
A Determining the order and identity of chemical units in

a polymer chain

I Amino acids in the case of proteins
I Nucleotides in the case of RNA and DNA

A Why do we do it?

I 3D structure and function is dependent on
sequence



1949¢ Amino acids

A Sequenced bovine insulin

A Developed a method to
label Nterminal amino
acids
I Enabled him to count four

polypeptide chains - red Sanger

A Used hydrolysis and

chromatography to

identify fragments




1965- RNA sequencing and structure

Sequenced transfer RNA of alanine

Used 2 ribonuclease enzymes to
cleave the enzyme at specific

motifs
Chromatography

1968 Nobel prize

http:// www.sciencemag.org/content/147/3664/1462

\ :.

Robert Holley

May 1965 R. W. Holley, G. A. Everett, J. T. Madison, and A. Zamir 2127
Di
Me H
Pancreatic RNage pG-G-G-C [ G-U | G-U | llii—C—C |G-U]| ﬁx—G—[lJ' | A-GnC_I_
frogmente: Di i
l-ll )!fle

| |
GGU|C|GLCIG-C|C|C|U|C|U|U|I-GC|

i i Di
| | |
Me H H Me
| | | |
Taks-Disstase pG |G |G |C-G | U-G | U-G | G | C-G | U-A-G | U-A-G | C-G |G | U-C-G | C-G | C(C,C, U)C-U-U-T | G | C-
T1 fragments:

Me
|
RNase (continued) G-G-T |¢ | C | G-C | I¢ | G-G-G-A-G-A-G-U* |C U | C | C |

GAU|U|C|C|CGCGAC|U|C|GU|C|C|AL|C]|Aon

Me

|
T1 {continued) G |G| T+-C-G|C-Iy-G |G ]G |A-G|A-G|U*C,UC-C-G |
A-U-U-C-C-( | G | A-C-U-C-G | U-C-C-A-C-C-Aom
Fia. 7. One of many possible arrangements of the pancreatic RNase and RENage T1 digest fragments that shows the overlaps between
the two digests. The RNA molecule is accounted for by the 16 oligonucleotide sequences indicated by the solid lines. Only the positions
of the tweo terminal eequences sre known. Wertical lines indicate the position of ensymatic attack. The asterizk indicates that the
uridine may be partially substituted by DiHT.
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1975- The dawn DNA sequencing

A Between 19751977 three methods of DNA
sequencing were published

ACNBR {ly3aSNXQa tfdzaka?
A MaxamGilbert
ACNBR {Iy3aSNXa OKI Ay I



MaxamGilbert Sequencing

Dimethyl

Dimethyl Sulfate Hydrazine
Sulfate + Hydrazine +
Formic Aci NaCl

g Y 1
f— Yi—C j—C ]

/ - m—
Radio label 3 — 3 —
Y pm— Y p—TT

MaxamGilbert sequencing is performed by chain
breakage at specific nucleotides.



MaxamGilbert Sequencing

Pi:f Natl. Acad. Sci. USA
Vol. 74, No. 2, pp. 560-564, F 1877
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A new method for sequencing DNA
(DNA chemistry/dimethyl sulfate cleavage /hydrazine /piperidine)
ALLAN M. MAXAM AND WALTER GILBERT
Department of Biochemistry and Molecalar Biology, Harvard University, Cambridge, Massachusetts 02138
Contributed by Walter Gilbert, December 9, 1976

ﬂﬂtﬂ.ﬁﬂ DNA can be mmnﬁ%‘;}f a chemical prﬂcﬁ:— THE SPECIFIC CHEMISTRY
dure that breaks a terminally labeled molecule parti . .
at each repetition of | %‘ of the labeled f 1 I’r A Guanine/Adenine Cleavage (2). Dimethyl sulfate

then identify the positions of that base, We describe reactions methylates the guanines in DNA at the N7 position and the
that cleave DNA Hﬂhllhll!um:lﬂ,llldmim,ntcy adenines at the N3 (3). T]leg]yt:usidicbﬂnduflm&ﬂ:lylllﬁd

tosines and equally, and at cytosines alone. When the purine is unstable (3, 4) and breaks easily on heating at neutral
mmd&mfmmmmmmhﬂhrsimbrelw pH, leaving the sugar free. Treatment with 0.1 M alkali at 90°
‘ragheresis o 1 gel, the DNA sequence can be then will cleave the sugar from the neighboring phosphate

reed dessvrihe pattern of radioactive bands. The technique will
sequencing RS groups. When the resulting end-labeled fragments are resolved
of at least 100 from the point of la- on a polyacrylamide gel, the autoradiograph contains a pattern
of dark and light bands. The dark bands arise from breakage
We have developed a new technique for sequencing DNA at guanines, which methylate 5-fold faster than adenines (3).
melncades. The prosedure determines the nucleotide sequence This strong guanine/weak adenine pattern contains almost
of a terminally labeled DNA molecule by breaking it at ade- half the information necessary for sequencing; however, am-

mime, guanine, cytosipe, or t ine with chemical agents. ties the interpretation of this pattern beca
m-‘-ﬂﬂurmﬂhuma Lﬂ'rt‘rwlmgf:un blgl“ unrir'jm‘u‘l 1 harnde ic rud aaer bn acooee an‘llﬂ’nrrnf




MaxamGilbert Sequencing

G G+A T+CC

Longer fragments
 —

Shortest fragments
Hm

OrPO001002>2002>2>w

Sequencing gels are read framttom to top (5 to 3).



Sanger ddeoxyseguencing method

Proe, Natl. Acad. Sci. USA
Veol. 74, No. 12, pp. 5463-5467, December 1977
Biochemistry

DNA sequencing with chain-terminating inhibitors

(DNA polymerase /nucleotide sequences/bacteriophage $X174)

F. SANGER, S. NICKLEN, aAND A. R. CoUuLSON

Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 20H, England

Contributed by F. Sanger, October 3, 1977

ABSTRACT A new method for determining nucleotide se-
quences in DNA is described. It is similar to the “plus and
minus” method [Sanger, F. & Coulson, A. R. (1975) J. Mol. Bial.
94, 441-4458] but makes use of the 2',3'-dideoxy and arabinonu-
cleoside analogues of the normal deoxynucleoside triphosphates,
which act as specific chain-terminating inhibitors of DNA

lymerase. The technique has been applied to the DNA of
ﬁclericmha ¢X174 and is more rnfid and more accurate than
either the pf:; or the minus method.

The “plus and minus™ method (1) is a relatively rapid and
simple technique that has made possible the determination of
the sequence of the genome of bacteriophage $X174 (2). It
depends on the use of DNA polymerase to transeribe specific
regions of the DNA under controlled conditions. Although the

method is considerably more rapid and simple than other

a sterecisomer of ribose in which the 3-hydroxyl group is ori-
ented in trans position with respect to the 2-hydroxyl group.
The arabinosyl {ara) nucleotides act as chain terminating in-
hibitors of Escherichia coli DNA polymerase [ in a manner
comparable to ddT (4), although synthesized chains ending in
3’ araC can be further extended by some mammalian DNA
polymerases (5). In order to obtain a suitable pattern of bands
from which an extensive sequence can be read it is necessary
to have a ratio of terminating triphosphate to normal triphos-
phate such that only partial incorporation of the terminator
occurs. For the dideoxy derivatives this ratio is about 100, and
for the arabinosyl derivatives about 5000.

METHODS



Sanger Sequencing

A Uses a mixture of raditabelled dideoxy(ddNTPH and
dexoy(dNTRH nucleotides to terminate base
Incorporation as soon asalNTHs encountered

A With addition of enzyme (DNA polymerase), the primer is
extended until addNTHs encountered.

A The chain will end with the incorporation of tlieNTP

A With the properdNTP:ddNTRatio (about 100:1)the
chain will terminate throughout the length of the
template.

A All terminated chains will end in trddNTPadded to that
reaction




How Is sequencing terminated at each of
the 4 bases?

The 3-OH group necessary for formation of the
phosphodiestebond is missing IAANTPS
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Sangeisequencing

AGCTGCCCG Possible fragment lengths

ddATP+ ddA 5
four dNTPs  dAdGACdTdGdCACdCdG

ddCTP+ dAdGIdC 4

four dNTPs dAdGdCdTd&dC
dAdGdCdTdGadIC
dAdGdCdTdGdCdEC

ddGTR+ dAddG 3

four dNTPs dAdGdCdadG
dAdGdCdTdGdCdCdd5

ddTTP+ dAdGd@dT 2

four dNTPs dAdGdCdTdGdCdCdCdG



Sanger ddeoxymethod

AGCTGCCCG

ddG ddA ddT ddC

Longer fragments
 — —

Shortest fragments —
e

X000 0000®



1985: Automating Sanger Sequencing

A Disadvantages of Sanger sequencing
I Labour intensive
I Used radioactive labels
I Interpretation/analysis was subjective
A Difficult to scale up
A Leroy Hood, Michael Hunkapiller developed an
automated method utilising:
I Fluorescent labels instead of radioactivity
I Utilise computerised algorithms to analyse data
I Robotics

A Development of PCR §aryMullis (NGS would be
Impossible without it)



Dye Terminator Sequencing

Al RAAGAYOU Reé&S 2NJ aOoz2f 2t
ddNTP
A Since the terminating nucleotides can be

distinguished by color, all four reactions can be
performed in a single tube.

(O The fragments are
— [AC distinguished by size and
) a02f 2 NIé

(0000



Dye Terminator Seguencing

The DNA ladder is resolved in one gel lane or |

a capillary
%
4

Capillary

ATCAC

>O-=0-0

Slab gel



Dye Terminator Seguencing

A The DNA ladder is read on aiectropherogram.

Slab gel Capillary

Electropherogram

<

5 AGICIG

/Q_I ML GRS,




Automated Sequencing

A Dye primer or dye terminator sequencing on capillary
Instruments.

A Sequence analysis software provides analyzed sequence il
text andelectropherogranform.

A Peak patterns reflect mutations or sequence changes.

T/T T/A A/A

5 AGTCTG 5 AG(T7TH)CIG 5 AGACTG



Sanger Sequencing
Useful videos
A http://www.youtube.com/watch?v=91294ZAG
2hg&feature=related

A http:// www.youtube.com/watch?v=bEFLBf5W
Etc&feature=fvwrel



http://www.youtube.com/watch?v=91294ZAG2hg&feature=related
http://www.youtube.com/watch?v=91294ZAG2hg&feature=related
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel
http://www.youtube.com/watch?v=bEFLBf5WEtc&feature=fvwrel

Features of Sanger Seguencing

A 96-384 sequences per run
A 500bp-1kb read lengths
A $100 permegabase

A Accuracy decreases with length (99.999% at
500bp down to 99% at 900bp)

A Still the most accurate technigue for
sequencing



Limitations of Sanger Segquencing

A Cloning/Sukcloning

I DNA must be compatible with biological machinery of
nost cells and can introduce bias

I Labour and/or machines to prepare clones requires
significant capital
A Difficult to distinguish allele frequency
I Especially if notin 1:1 ratio
A Cost

i $10,000,000 to sequence a 1Gbase genome to 10x
coverage




Human genome project
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Human Genome Project

. One of the largest scientific endeavors

. Target accuracy 1:10,000 bases

. Started in 1990 by DoE and NIH

- $3Billion and 15 years

. Goal was to identify 25K genes and 3 billion bases

. Used the Sanger sequencing method

- Draft assembly done in 2000, complete genome
by 2003, last chromosome published in 2006

. Still being improved



Human Genome Project

1984 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 200

e

Discussion and debate
in scientific community

MNRC report
1
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How It was Accomplished

- Public Project
. Hierarchical shotgun approach

. Large segments of DNA were cloned via BACs an
ocated along the chromosome

. These BACs where shotgun sequenced
- Celera

. Pure shotgun sequencing

- Used public data (released daily) to help with
assembly




Method 1: Hierarchical Sequencing
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http://www.icb.uncu.edu.ar/upload/dnasequencing.pdf



Using Bacterial artificial chromosomes
(BACSs) to aid assembly

a BAC clone library, 7-30 genome equivalents, inserts produced with 1 or
more restriction enzymes

b BAC clone
Digestion l
s 85 8 8 B 8§ B B |
Separation Detection Band calling
Gel violl = 20,000 bp %
— = 10,000 bp o
4500 g
¢ o
. = = 4,000 bp 2
= — 2,000 bp s
o
o=n = 1,200 bp o
= — 800 bp S
] E
o
| o
c High-stringency Pairwise comparisons '8
assembly =
(]
— - - -~ -~ '9
— (=]
—_— -—
d Low-stringency and @ Verification and map alignment
manual re-assembly — r —
[
— — —_—

—_— —
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—

Nature Reviews | Genetics

Nature Reviews Genetics 5, 578-588 (August 2004) | doi:10.1038/nrg1404 Genetics, Genomics and Breeding of OilsBesksicas, Page 134



Using optical mapping approaches to
ald assembly

Relaxed DNA coil e
Consensus map

B Direction of fluid flow ——
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Christopher Aston, Bud Mishra, David C Schwartz, Optical mapping and its potential for large-scale sequencing projects,
Trends in Biotechnology, Volume 17, Issue 7, 1 July 1999, Pages 297-302, ISSN 0167-7799,
http://dx.doi.org/10.1016/S0167-7799(99)01326-8



Method 2: Celera Shotgun Sequencin

STS
Mapped Genome
Scaffolds: i Y SRR P " — ——
t I l I | - | I | |
Scaffold: | I
Read pair (mates) Gap (mean & std. dev. Known)
Contig: - Consensus

— s ol e

— O =_ Reads (of several haplotypes)

® SNPs
=== BAC Fragments

- Used paireeend strategy with variable insert
size: 2, 10, and 50kbp



Pairedend sequencing

" e ( -
Genomic DNA e — — — -
fragments [ = - C

or cDNAs
Cloning based Q % Cloning-free based
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Sequencing the PETs and mapping to the genome

"PETworkflow by Jimhuang02 Own work. Licensed under Public Domain via Commor
https://commons.wikimedia.org/wiki/File:PETworkflow.png#/media/File:PETworkflow.



Pairedend reads are important

Known Distance

/ /

Repetitive DNA
Unique DNA

] N ———

Paired read maps uniquely

N /P'_

Single read maps to
multiple positions




Using genetic maps to aid assembly

A Calculate recombination
frequencies for -\ -
microsatellites or sequenee
tag-sites

A Can help to order

assembled sequence L |
scaffolds e

https://sites.google.com/site/geneticmappingwiki/linkage_maps
Dib et al.Nature380, 152- 154 (14 March 1996); doi:10.1038/380152a0



Chromonomerg Improving genetic
maps for the NGS era

A Takes RAD and/or other marker data
A Assembly AGP file
A Alignment of markers to assembly (SAM/BAM)

A Reorder and if necessary break scaffolds to ensure
assemblies are consistent with genetic map

Amores A.,Catchen J., Nanda, I., Warren, W., Walter, &thart] M., &
Postlethwait J. H. (2014A RADBTag Genetic Map for thielatyfish(Xiphophorus
maculatug Reveals Mechanisms of Karyotype Evolution Among Teleost
Fish Genetics 197(2), 626641.
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Outcome of the HGP

Spurred the sequencing of other organisms
oc GO2YLX SGSé¢ SdzlF NB20Sa o0d49H
MTnann GO2YLX SiGS¢ YAONROAIE 3IS
Hcyp GO2YLX SUSE¢ GANYf 3IASYy2YS.
Enabled a multitude of related projects:
Encode, modEncode
HapMap, doGAP, dbSNP, 1000 Genomes
GenomeWide Association Studies, WTCCC
Medical testing, GeneTests, 23AndMe, personal genomes
Cancer sequencing, COSMIC, TCGA, ICGC

Prowded a context to organize diverse datasets

20110813 http://www.ncbi.nlm.nih.gov/sites/genome



HGP Data Access
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Name Last modified Size Description

Parent Directory -

chromAgp. tar.gz 20-Mar-2009 ©9:02 538K

chromFa.tar.gz 20-Mar-2089 @9:21 905M 1.00 Mb Ecr Hler ==
ChromFaHaSkEd.tar.gz 20-Mar-2009 09:30 477M 132.60 Mb 132.70 Mb 132.80 Mb 132.90 Mb 132.00 Mb 132.10 Mb 133.20 Mb 133.30 Mb 133.40 Mb 1332.50 Mb
chromQut.tar.gz 20-Mar-2009 ©9:63 163M -
chromTrf.tar.gz 20-Mar-2009 @9:30 7.86M ]

est.fa.gz 11-Aug-2011 18:57 1.4G < RPL23APA6

est.fa.gz.mdS ll—Aug-2@ll 10:57 44 "EEF1A1P36 > b HMGB1P13 "RP11-315RE:1311:EB—/'1_
hgl9.2bit ©8-Mar-2009 15:29 778M RARS = beanGin I T
mdSsum. txt 29-Jul-2009 10:04 457 "RP1-55C23 7 =

mrna.fa.gz 11-Aug-2011 1@:33 197M “< RP11-205F44  'RP1-55C234 3

mrna.fa.gz.md5 11-Aug-2011 18:33 45

refMrna. fa.gz 11-Aug-2011 18:58  39M HCRNA

refMrna. fa.gz.md5 11-Aug-2011 10:58 48

upstreaml0o. fa.gz 85-Aug-2011 16:32 7.5M

. S‘tr’eaml@@@.‘fa. ZImdS GS_AUg-zell 1632 33 132.60 Mb 132.70 Mb 132.80 Mb 132,90 Mb 133.00 Mb 133.10 Mb 133.20 Mb 133.30 Mb 133.40 Mb 133.50 Mb
upstrean2660.fa.gz 05-Aug-2011 16:34  14M Ensembl Homo sapiensversion 63.37 (GRCh37) Chromosome 6 132,589,427 - 133,589,426

upstream2@00.fa.gz.md5 05-Aug-2011 16:34 53 M processed Eranscript merged Ensembl/Havana

upstream5088.fa.gz @5-Aug-2011 16:36  34M =E?\|T::%:HE

upstream5000, fa.gz.md5 ©5-Aug-2011 16:36 53

xenoMrna. fa. gz 11-Aug-2011 18:39 1.4G

xenoMrna. fa. gz, md5 11-Aug-2011 10:39 49

Results iIn GenBank, UCSC, Ensembl & others



Achievements Since the HGP

Genomic achievements since the Human Genome Project

Human genatic vanation is

breakthrough af the year gLbR genome

sequence

UK Biobank reaches
500,000 participants.

Hanajhae PR o vl 7

genome séquence

First genome-wide
assaciation study
published

International data release workshop >1,000 mouse

knockaut mutations

Wellcome Trust Case Control

Rat genome Consortium publication

sequence ¢ (ENCODE| | encone publications
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ED Green et al. Nature 470, 204-213 (2011) doi:10.1038/nature09764



Economic Impact of the Project

. Battelle Technology Partnership Practice
released a study in May 2011 that quantifies
the economic impact of the HGP w596
billion!

- Genomics supports:

- >51,000 jobs
 Indirectly, 310,000 jobs
. Adds at least $67 billion to the US economy

http://www.genome.qov/27544383



2004 onwards:
Beyond 1 species, 1 genome
A Cost of producing a single genome could vary

from $100,000s to $10s of millions using
capillary sequencers

A Labour intensive methodology

A New methods were required to lower the
overall cost per genome



Second generation short read
technologies



Large scale sequencing 2006

PRODUCTION

Rooms of equipment
Subcloningr picking > prepping
35 FTEsS

3-4 weeks

SEQUENCING

74x Capillary Sequencers

10 FTEs

15-40 runs per day

1-2Mb per instrument per day
120Mb total capacity per day




Key advantages over Sanger

Seqguencing

A Hugely reduced labour requirements
I No need to perform cloning

A Reduced Cost per sequence
A Reduced time to result
A Decentralisation

g
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Worldwide sequencers

o Bumina MSeq 2000 s Blumena Genome Analyser 2x = ABISOLD

« Roche 454 e lon Torrem e Burmina MiSeq
e lon Proton e Pacii Biosciences e PFolonator

e Bumina NextSeq ® Oxford Nanopote MiniON

http://www.gosreports.com/globaisequencinginstrumentindustry-2015marketresearchreport/



Fun fact

A Clive Brown

A Formerly director of
Computational Biology at
Solexdlllumina)

A Chief Technology Officer
at OxfordNanopore




lllumina Sequencing By Synthesis

llluminaHiSeq llluminaNextSeq llluminaMiSeq



llluminaSequencing
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Step 1. Sample Preparation

Active Chromatin e Prepare genomic DNA sample Genomic DNA
ligate adaj plcrs Imlh nds of the .
R min 1ng

i
" —
"" P“e 1 ugtotal RNA

LNl ChIPSequencing Other Apps



Step 2: Clonal Single Molec#ierays

Attach single molecules to surface
Amplify to form clusters

| | ~1000 molecules per ~ 1 um cluster
100um ~2 billionclusters perflowcell



Step 3: Sequencing By Synthesis (SBS)

Cycle 1.

Add sequencing reagents
First base incorporated

Remove unincorporated bases

e

Detect signal

Deblock and defluor

PPP Base

=

Cycle 2n: Add sequencing reagents and repeat



lllumina video




Under the hood:

Fluidics & Flow cell & Laser
electronics detection optics
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Base calling from raw data

TTTTTTAT

The identity of each base of a cluster is read off from sequential images.



llluminaPairedEndSequencing

1
Cluster ()
amplification Read 1
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[ Linearize DNA ] . ( [ Sequence 1st strand ]
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FLOWC/ELL ZZZZ
' Strand re-synthesis

1

Read 2

2nd ‘

cut

ZZZZZ FLOWCELL ZZZZ ZZZZ; FLOWCELL 2;;;
Sequence 2nd strand

Linearize DNA




Working with Paired Reads

A Applicable to different fragment size ranges
- up to ~800Dbp for standard pairedibraries
- 2 - 20kb matepair libraries

Enables alignment software to assign unique positions to previously non-
unique reads



Mate pair vs pairegnd reads

A Paired end reads

<— ~500bp ———

Read 1 Read 2



Mate pair vs pairegbnd reads on

A Mate pair libraries

Circularise Fragment -
o — — @

20kb DNA fragment

A Purify fragments containing biotin moiety using Streptavidin beads
A Create a standard Illumina library and sequence using p&nedreads
A Physical fragment size is 500

A Genomic distance between read 1 and read 2 is 19.5kb

@) - Biotin moiety



lllumina platforms

To Jo I T Do Do

To I

llluminaHiSeq

500Gbasdlowcell

8 human genomes

6 day run time

High output or rapid run mode
Read lengths up to 250bp

Requires large numbers of samples
(or large genomes) to obtain lowest
cost

4 colourchemsitry
£750,000incl 3 year servicing

o Io Do Do Io I Do

llluminaNextSed00

90Gbaseflowcell

1 human genome

2 day run time

High output or rapid run mode
Read lengths up to 150bp

2-colour chemistry

£250,000incl 3 year servicing

o Io Do o P>

llluminaMiSeq

15Gbaseflowcell

2 day run time

Read lengths up to 300bp
4 colourchemsitry

£90,000incl 3 year servicing



lllumina Developments

Run Mode

Flow Cells per
Run

Output Range

Run Time

Reads per Flow
Cellt

Maximum Read
Length

HiSeq 2500

Rapid High-
Run Output
1or2 1or2

10-300 50-1000

Gh Gh

760 <16
hours days

A0

300 2 billion
million

2x 250 2x125
bp bp

HiSeq 3000

N/A

2.5 billion

2 x 150 bp

= =

HiSeq 4000

N/A

1or2

125-1500 Gb

<1-3.

i
(=
K]
m

25 billion

2 x 150 bp



llluminaMiniseq

A $50,000
A 25 million reads per run
A 2 colour SBS chemistry



Increasing throughput

A NextSeg

I Utilises 2colour instead of £olour chemistry to
reduce sequencing time

A HiSeq2500,NextSecand MiSeq

I Clusters formed randomly on the surface of the
flowcell

A HiSeB3000, 4000

I Clusters only form withimanowells
| Patternedflowcells



2-colour chemistry

A Instead of using 4 different dyes for each
nucleotide, use 2

_abel T as green and C as red

el A as green and red

_abel G with no dye

Rely on cluster position to call G bases

Do J>o o o
s




2-colour chemistry

o ) I O S
@T ©C @A ©G @A

Green
channel

Red
channel

http://core -genomics.blogspot.cz/2014/01/nextseé®)0snew-chemistrydescribed.html



Advantages/disadvantages

A Advantages
I Speed
I Only two pictures need to be taken each cycle
Instead of four

A Disadvantages
I Higher likelinood of errors
I Difficult to calibrate guanine quality scores

I With fragments shorter than read length,
tendency is to call G with high quality scores



Patternedflowcells

Randomly clustereflowcell Patternedflowcell
(2500) (3000/4000)



Comparison

UNDEFINED FEATURE SHA :‘
RANDOM SFACING
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Advantages

Removes the need to detect cluster location
during first4 cycles of sequencing

Lower sensitivity to oveclustering




Advantages

A Allows for exclusion amplification to reduce the
number of polyclonal clusters

A Utilises an electric field to transport labelled
dNTPs to wells faster than amplicons can diffuse
between wells

A 1 sequence per well

A Whichever sequence starts replicating first within
a well will rapidly ouicompete other sequences

A Removes uppegpoissonlimit on randomflowcell
clustering (~37%)

http:// www.google.com/patents/W02013188582A17?cl=¢



http://www.google.com/patents/WO2013188582A1?cl=en
http://www.google.com/patents/WO2013188582A1?cl=en

Disadvantages

A Possibility to obtain large number of
duplicated sequences across wells

| Caused by seeding of adjacent wells
I Can be caused by undelustering
I Still important to load correct concentrations

A Limits on DNA fragment length



Potential issues withlumina
seguencing

A Specific motifs which are difficult to sequence

I GGC motif
I Inverted repeats

A Now mostly resolved

I Low diversity sequences
A 16SAmpliconsequences
Al dzZaG2Y | RFELIWG2NA 6A0GK o0F ND2RSa
A Now a much reduced problem thanks to software updates

I GC/AT bias
A GC clusters are smaller than AT
A (less of a problem post June 2011)

Nakamura K.,Oshima T., Morimoto, T., Ikeda, S., YoshikawaSHiwa Y., Ishikawa, S., et al. (2011). Sequapezific
error profile ofilluminasequencers. Nucleic acids research, gkt38&trieved from
http:// nar.oxfordjournals.org/cgi/content/abstract/gkr344v1



http://nar.oxfordjournals.org/cgi/content/abstract/gkr344v1
http://nar.oxfordjournals.org/cgi/content/abstract/gkr344v1

Why do quality scores drop towards
the end of a read?

Quality Scores

Rever=a




3 main factors

a b Phasing c Loss d Crosstalk

Schematic representation of main lllumina noise factors.

(ai d) A DNA cluster comprises identical DNA templates (colored boxes) that are attached to the flow cell.
Nascent strands (black boxes) and DNA polymerase (black ovals) are depicted.

(a) In the ideal situation, after several cycles the signal (green arrows) is strong, coherent and corresponds to
the interrogated position.

(b) Phasing noise introduces lagging (blue arrows) and leading (red arrow) nascent strands, which transmit a
mixture of signals.

(c) Fading is attributed to loss of material that reduces the signal intensity (c).

(d) Changes in the fluorophore cross-talk cause misinterpretation of the received signal (blue arrows; d). For
simplicity, the noise factors are presented separately from each other.

http://arep.med.harvard.edu/pdf/Fuller 09.pdf

Erlich et al. Nature Methods 5: 679-682 (2008)


http://arep.med.harvard.edu/pdf/Fuller_09.pdf

Limits to lllumina technology

A Limitations:
I Reagent degradation
I Dephasing
A Leads to higher error rates

A A 1% loss of signal or polymerase error every cycle leads to only 35%
correct signal after 100 cycles

I Seguencing time is always governed by the cyclic nature of the
Instrument (one base at a time)
A Ideally dispense with incorporate, image, wash cycles
I Size of fragments which can be clustered onfthercell
A Read lengths beyond the size of the DNA fragment are useless
A Inefficient clustering >800bp

I PCR steps during library preparation or clustering will result in
bias



Features of lllumina Sequencing

A 1 ¢ 300 million sequences per run/lane
(depending on platform and configuration)

A 36-300bp read lengths
A $0.01- $0.1 permegabase

A Accuracy decreases along read length but
~0.5%




454 and lon Torrent




Fun fact

A Jonathan Rothberg
A Set up 454 in late 90s
A Sold to Roche in 2007

A Founded lon Torrent in
2007

A Superseded 454
A Sold to Life Tech in 2010




454 Step 1: Sample preparation

One Fragment = One Bead

4. The single stranded DNA

. Genomic DNAis isolated and library is immobilised onto
fragmented. proprietary DNA capture

. Adaptors are ligated to single stranded beads
DNA

. This forms a library



454 Step 2: Amplification

Water-based emulsion PCR

water drop:
beads + DNA template + PCR reagents



454 Step 3: Load emPCR product

»
T

r .

“ 7\';.‘;* :‘P‘ — l_ el R
NIEER -

- Oad

Picotitre plate - enrich for DNA + beads

- diameter of the wells allows for only 1 bead/well

Smaller beads (red) carrying immobilized enzymes required for
pyrophosphate sequencing are deposited into each well.



454 Step 4: Pyrsequencing

1. Nucleotides are pumped
seqguentially across the plate

2. ~ 1 million reads obtained
during 1 run

3. Addition of nucleotides to DNA
on a particular bead generates
a light signal




454 Chemistry

R Signal image

GAAXYCGGCATGCTAAAGTCA

‘ APS Anneal pr
2>y ol

Sulfurylase

PP,

ATP S
luciferin

Light + oxy luciferin



Life Technology lon Torrent

454-like chemistry without dygabelled

nucleotides ﬁ =
. No optics, CMOS chggnsor =
- Up to400bp reads (singiend) =
. 2 hour runtime (+5 hours on One Touch)
. Output is dependent on chip type (314,
316 or 318)

- 318 (11M wells) >1Gbase imn8urs

- $700 perrun

- $50K for theinstrument, plus $75k for
additional One Touch station and Server

. Libraries not compatible with lon Proton

-

G e e
X

L m— |




Life Technology lon Proton

454like chemistry without dydabelled
nucleotides

. No optics, CMOS chgensor

- Up to D0bp reads (singtend)

. 2 hour runtime (+8 hours on One Touch)
. Output is dependent on chip type (P1 or P2
coming soon)

. 60-80 million reads (P1)

- $1500 per run

~ $150Kfor the instrument, plus $75k for
additional One Touch station and Server

. Libraries not compatible with lon Torrent




lon Torrent vs lon Proton

SMALL SETSOF GENE EXPRESSION WHOLE HUMAN HUMAN
GENOMES GENES ChIP-SEQ TRANSCRIPTOMES EXOMES GENOMES

lon PGM™ Sequencer lon Proton™ Sequencer

UNIVERSITY OF

EXETER



lon Torrent

Nucleotide incorporates
into DNA

Hydrogen ion
is released




Library prep

A 454 style library using emulsion PCR

water drop:
beads + DNA template + PCR reagents



lon Torrent

- enrich for DNA + beads
- diameter of the wells allows for only 1 bead/well

Micro-machined wells

lon-sensitive layer

Proprietary lon sensor ————=




lon System

Two bases ‘ Two hydrogen ions
are incorporated _ / are released

H* H*




Homopolymernssues

A Unlike lllumina platforms 454/lon Torrent
does not contain a blocking agent

A At each cycle multiple bases of the same type
can be incorporated

AE.qg.
I Sequence is AGTCCCCT
I The CCCC will be incorporated in a single cycle



Homopolymernssues
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Limits to lon technology

A Limitations:
I Reagent degradation
I Dephasing
A Leads to higher error rates

A A 1% loss of signal or polymerase error every cycle leads to only 35%
correct signal after 100 cycles

I Seguencing time is always governed by the cyclic nature of the
Instrument

A Ideally dispense with incorporate, image, wash cycles

I Size of fragments which can be amplified on beads
A Read lengths beyond the size of the DNA fragment are useless
I PCR steps during library preparation or clustering will result in
bias
I Inaccuratehomopolymercalls



Features of lon Torrent Sequencint

A 5-80 million sequences per run (depending on
platform and configuration)

A 100-400bp read lengths

A ~$0.1 permegabase

A Accuracy decreases along read length but ~0.5%
1%

A Note increased propensity féttomopolymers

(although much work has gone in to reduce the
Impact)



Third generation sequencers

A My definition: singlemolecule DNA
sequencing

A Currently onlyPacBidRS Il is commercially
available



Pacific Biosciences RS ||




Introduction

A Based on monitoring a single molecule of DNA
polymerase within a zero mode waveguide
(ZMW)

A Nucleotides with fluorophore attached to
phosphate (rather than base) diffuse in and out
of ZMW (microseconds)

A As polymerase attaches complementary
nucleotide, fluorescent label is cleaved off

A Incorporation excites fluorescent label for
milliseconds-> nucleotide recorded



PacBiovideo




SMRT Cell

prod=0 prod=1 prod=2

Bl B

\4) vy,
Zero-Mode
Waveguide Chip

Prism Lens

ZMW 5

Monochrome Detector



Free nucleotides
Zero mode

waveguide

Immobilised DNA
Laser and detector polymerase



Reducing noise in the Zero Mode

Waveqguide (ZMW)

A Sequencing takes place in the ZMW

A Sequencing can only take place if one and only one
DNA/polymerase complex is present in each ZMW

A Each ZMW is just 70nm wide

A Wavelength of laser light used to illuminate ZMW
~500nm

A Therefore light incident on ZMW will act as an
evanescent wavand only penetrate the first ~30nm

A This reduces the amount of noise from fluorescence of
non-incorporated fluorophores



Free nucleotides
Zero mode

waveguide

Immobilised DNA
Laser and detector polymerase



Observing a single polymerase
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What it looks like

Sequencing Well BO1, SMRT Cell 1

PacBIiZMWs with single _
DNA strand luminaDNA monecolonalclusters

Ordered Unordered



Output statistics

A Approximately 50,000 sequences per SMBWcell
A 500Mb-1Gbase output per SMR®Bwcell

I $200 per run
A Library prep required

I ~$500 per sample

I ~1ug per sample for shortakb reads

I 20-50ug for 2630kb reads
A Size selection required to get the longest reads
A Read lengths

I Distribution

I Mean 12Kkb up to 2@0kb



Polymerase read lengths

P6-C4 Chemistry
4000 -
3500 Data per SMRT® Cell: 500 Mb - 1 Gb
3000 1 Half of data in reads: > 14 kb
————————————————————————— >
2500 '
" ; Top 5% of reads: > 24 kb
°© - >
& 2000 A i |
o |
|
1500 :
i Maximum read length: > 40 kb
1000 : . >
! 1
! 1
500 :
1
1
0 e e
1000 6000 11000 16000 21000 26000 31000 36000
Read Length
Based on data from a 20 kb size-selected E. coli library using a 4-hour movie

Each SMRT Cell yields ~ 50,000 reads




Circular consensus sequencing

1. generate amplicon 5 forward strand 3

3‘ reverse strand 5°

\ 4
2. ligate adaptors SMRT/:;( > ¢ O

3. sequence template X

DNA
polymerase
";’

4. data analysis v
raw long read — =
processed long read -
* o
. Q
single-molecule fragments 2
. \ @,
circular consensus sequence (ccs) 7

Fichot E. B., & Norman, R. S. (2013). Microbial phylogenetic profiling with the Pacific Biosciences sequencing platform.
Microbiome 1(1), 10. doi:10.1186/20426181-10



Circular consensus sequencing

Standard Sequencing for Continuous Long Reads (CLR)

Generates one pass on

Large Insert Sizes
each molecule sequenced

Circular Consensus Sequencing (CCS)

Generates multiple passes on
each molecule sequenced

Small Insert Sizes



Note on read length and accuracy

A Error rate of a single read hagphred quality score of approximately 9 (~12%
error rate)

A Therefore to obtain @hredquality above 30 we need to have at least 4
passes of the molecule

A With a median polymerase read length of 12kb, this means fragments with a
size of approximately 3kb will be high quality

1800
1600
1400
1200

1000
2 (29,558)
3 (28,268)
_ 4 (26,180)
5 (23,914)
6 (21,494)
7 (19,173)
8 (16,723)
9 (13,997)
10 (10.170)

a0o

600

Number of reads

16 18 20 22 24 26 28 30 32 34 36 3B 40 42 44 48 48 50 52 54 56 58 €0 62 64 686 68 70

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4152597



http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4152597/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4152597/

Note on read length and accuracy

A In short
I Shorter reads will tend to be higher quality
I Longer reads will tend to be lower quality

A Depending on the application this may or may
not be a problem

I Long, error prone fragments are OK for scaffolding
genome assemblies

I May not be so good if you have a 20kb amplicon



Issues to be aware of

A PCR chimeras and artefacts (affects all PCR
amplicon methods)

A Partial adaptor ligation

Normal library

C——=0

Single stranded overhang Fragmeniconcatermerization

c— —=0



Issues to be aware of

A Shortersequences will be loaded
preferentially

I Need to enrich for long fragments using gel
extraction (hence large starting material)



Issues to be aware of

A DNA quality

This is absolutely crucial as we are sequencing native DNA
You need to be aware of several things
What is the source of your DNA (plants, furdc)
A Fungi often have carbohydrates bound to DNA which are hard to remove
Method of DNA isolation
A Any carry over of CTAB, pherabiblorformetc will interfere with sequencing
Quantification of contaminants
A Dyebased (e.g. Qubit)
A Nanodropabsorbance at 260/230 (22.2) and 260/280 (1.8)
Run a to look at your material and check for degradation
A52y Q0 06S GSYLIWISR G2 NMHMzy RS3INI RSR
representative reads



Library prep notes from the field
(Courtesy Jeremie Poschmann)

SMET™ zequencing sample preparation workflow

Treat with ExXo nuclease




Fragment DNA
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Repair DNA

A Exonuclease treatment to remove single
stranded DNA

A Make blunt ends for ligation
A Beware of:

DNA damage: alkylationxydation U\fcrosslinks,
ARsites, Intercalating agents

DNA binders: polyphenols, secondangtabolites,
pigments, polysaccharides

Polymerase inhibitors: salts (EDTA), phenol, alcoh




Examplenanodropcurves

4
) C T
Shifted peak
B \‘-\
; No\rxpal peaks
’ \ \\
" s Shifted troughs',
A \
4
\Normaltrough
) —— = — — \\_ ——
BEr- B NS NS BRI %0 20 X0 0 20 B R
avelerg® iren (

FIGURE 2. Spectra of purified DNA without contamination (A), and
of the same DNA sample contaminated with guanidine (B) and
phenol (C).

http://www.nanodrop.com/Library/TO42NanoDropSpectrophotometers
NucleieAcid-Purity-Ratios.pdf



Estimating the quality of DNA

Nanodrop ratios

2 | W D50/280 W 260/230
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Different methods will often give different resukgarticularly when DNA
Is damaged or contaminated



Ligate adapters

A Blunt end ligation:
O

:‘f ‘%'

Beware of chimeras:

adaptor ligation S Z SMRTbell



Purify DNA

A Do size selection and multiple clean ups in
order to remove smaller fragments and
adapter chimeras

A Remove non circular DNA using Exo VII and ||
A Size select with Blue Pippin



