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What was known about the hereditary material
in the [940s!

e Chromosomes (polytene) could be seen under a light microscope
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First drawings of polytene chromosome
made by Balbiani in (a) 1881 and (b) 1890.
(a) Salivary gland cells of Chironomus
plumosus and (b) Loxophyllum meleagris.
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Zhimulev and Koryakov. (2009) Polytene Chromosomes. In: Encyclopedia of Life
Sciences (ELS). John Wiley & Sons.

e chromosomes contained multiple loci responsible for a hereditary traits

e recombination of chromosomes was understood
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Fig. 6. Crossing-over. Left: the two homologous chromosomes
in contact. Rxght after exchange and separation.



What was known a

bout the hereditary material

1N

the |940s!

¢ The Tetranucleotide hypothesis:

e DNA was a sequence of four repeating nucleotides that provided
structural support to chromosomes

e (Genes were proteins contained within each locus of the chromosome
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Hargittai. (2009) The tetranucleotide hypothesis: a centennial. Structural Chemistry, 20:753-756.






Schrodinger:VWhat is Lite! (1944)

Chromosomes: The Hereditary Code-script

“How can we, from the point of view of statistical physics, reconcile the
facts that the gene structure seems to involve only a comparatively small
number of atoms (of the order of 1,000 and possibly much less), and
that value nevertheless it displays a most reqular and lawful activity -
with a durability or permanence that borders upon the miraculous?”

“The gene has been kept at a temperature around 98°F during all that
time. How are we to understand that it has remained unperturbed by the
disordering tendency of the heat motion for centuries?”

“These material structures can only be molecules.”



Schrodinger:What is Lite? (1944)

“We shall assume the structure of a gene to be that of a huge molecule,
capable only of discontinuous change, which consists in a
rearrangement of the atoms and leads to an isomeric molecule. The
rearrangement may affect only a small region of the gene, and a vast
number of different rearrangements may be possible. The energy
thresholds, separating the actual configuration from any possible
[Isomeric ones, have to be high enough (compared with the average heat
energy of an atom) to make the change-over a rare event. These rare
events we shall identify with spontaneous mutations.”
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Schrodinger:What is Lite? (1944)

“[T]hink of the Morse code. The two different signs of dot and dash in
well-ordered groups of not more than four allow thirty different
specifications. Now, if you allowed yourself the use of a third sign, in
aadition to dot and dash, and used groups of not more than ten, you

could form 88,572 different ‘letters'.”

Fig. 11. The two isomeres of
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propyl-alcohol.

1
i i ic levels (1) and (2).
. 12. Energy threshold (3) between the isomeric ar
l‘-‘lgl‘he arrows i%icate the minimum energies required for transition.




| 944: DNA Is responsible for the
[ransforming Principle

Griffith's experiment (1928):

rough strain | smooth strain | heat-killed rough strain &
(nonvirulent) (virulent) smooth strain | heat-killed
smooth strain
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mouse lives | mouse dies | mouse lives| mouse dies
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Avery, MaclLeod, and McCarty (1944) showed that DNA was
the transforming substance.



| 953: the structure of

¢ \Watson and Crick solve the 3-dimensional
structure of DNA by model building

¢ Relied on the crystallographic data of

Franklin and Watkins

e [ntuitively provided a model of how DNA

can be read and replicated
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MOLECULAR STRUCTURE OF
NUCLEIC ACIDS

A Structure for Deoxyribose Nucleic Acid

WE wish to suggest & structure for the salt
of deoxyribose nucleic acid (D.N.A.). This

structure has novel features which are of considerabloe
biologiocal interest. '

A structure for nucleic acid has already been
proposed by Pauling and Corey!. They kindly made
thoir manuscript available to us in advance of
publication. Thoir model consists of three inter-
twined chains, with the phosphates near the fibre
axis, and the bases on the 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 acidic hydrogen atoms it is not clear what forces
would hold the structure together, especially as the
negatively charged phosphates near the axis will
repel each othor. (2) Some of the van der Waals
distances appoar to be too small.

Another throo-chain structure has also been sug-
gostod by Fraser (in the press). In his model the
phosphates aro on the outside and the bases on tho
insido, Jinkod together by hydrogen bonds. This
atructure as described is rather ill-defined, and for
this reason we shall not comment
on it.

We wish to put forward a
radically different structure for
the salt of deoxyribose nucleic
acid. This structure has two
helical chains cach coiled round
the same axis (sce diagram). We
have made the usual chomical
assumptions, namely, that each
chain consists of phosphate di-
ester groups joining B-p-deoxy-
ribofuranose residues with 3°,5
linkages. Tho two chains (but
not their bases) are rolated by a
dyad porpendicular to the fibre
axis. Both chains follow right-
handed helices, but owing to
the dyad the soquences of the
atoms in the two- chains run
in opposito directions. Each
g¢lnin  loosely resombles Fur-
berg’s* model No. 1; that is,
the bases are on the inside of
The 0 . . the helix and tile phosyphates on

s Ogure ls purely  (ha gutside. "T'he configuration
}'('353‘...'“ "J;#.'.%a’."';: e of the suger and the atoms
e * near it is close to Furberg’s
zontal rods the paim of  ‘standard configuration’, t.h'o
bmholdlnulhachnutn:l sugar being roughly perpondl.

1 A
e ancavertical o ular to the attached base.

DNA Is elucidated

is & residuc on cach chain every 3-4 A. in the z-direc-
tion. We have assumed an angle of 36° between
adjacent residucs in the same chain, so that the
structure repeats after 10 residues on each ohain, that
is, after 34 A. The distance of & phosphorus atom
from the filbre axis is 10 A. As the phosphates aro on
the outside, cations have easy accees 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 chains are held ‘together by the
purine and pyrimidine bases, The planes of the bases
are perpendicular to the fibro uxis. They are joined
together in pairs, & singlo base from one chain being
hydrogen-bonded to a single base from the other
chain, so that the two lie side by side with identical
z-co-ordinates., One of the pair must be a purine and
the other a& pyrimidine for bonding to ocour. 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 occur in the
structuro in the most plausible tautomeric forms
(that is, with thof keto rather than the enol con-
figurations) it is found that onl; ific pairs of
bases can bond together. These A i::e;n: P:iamm
(purine) with thymine (pyrimidine), and guanine
(purine) with oytosine (pyrimidine).

In other words, if an adenine forms one member of
a pair, on oither chain, then on these assumptions
the other member must be thymine ; similarly for
guanine and cytosine. The sequenoce of bases on &
singlo chain does not appear-to be restricted in any
way. However, if only specific pairs of bases can be
formed, it follows that if the sequence of bases on
ono chain is given, then tho seqienoe on the other
chain is automatically determined. ' :

It has beon found experimentally®* that the ratio
of the amounts of adenine to thymine, and the ratio
of guaninse to cytosine, are always very close to unity
for deoxyriboso nucleic acid. .

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 & van
der Waals contact.

The previously published X-ray data** on deoxy-
ribose nucleic acid are insufficient for a rigorous test
of our structure. So far as we can tell, it is roughly
compatible with the experimental data, but it must
be regarded as unproved until it has been checked
against 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. . S e

It has not escaped our notice that tho/' speocific
pairing we have postulated i i suggests &
poesible copying mechanism for the io material,

Full details of the structure, including the ocon-
ditions assumed in building it, together with a set
of co-ordinates for the atoms, will be published
elsewhere,

We are muoh indebted to Dr, Jerry Donchue for
oonstant advice and oriticism, on inter-
atomio distances. We have also becn stimulated by
a knowledge of the general nature of the blished
experimental results and ideas of Dr. M. H. F.
Wilkins, Dr. R. E. Franklin and their co-workers at




Steps on the road to sequencing

¢ 1949-1955: Sanger and colleagues sequence the first protein
molecule: insulin

e 1959: Sinsheimer purifies the first homeogenous DNA
¢ Bacteriophage ®X174 aka PhiX, 5000bp circular chromosome

¢ 1965: First alanine tKNA molecule sequenced

e |t required five people working three years with one gram of
pure material (isolated from 140 kg of yeast) to determine 76
nucleotides

e 1970: First discovery of type |l restriction enzymes

e Cleaved DNA at specific 4-6bp sequence - first general
method to cleave DNA

e 1971: First DNA sequence determined (12bp!) - phage lambda

e 1972: sequencing of the first gene from RNA by Walter Fiers (E.
coli lac operon)

¢ 1976: sequencing of the first complete genome by Fiers
(Bacteriophage MS2 which infects E.col))

e 1975: Sanger first publishes his plus/minus method of sequencing

Hutchison. (2007) DNA sequencing: bench to bedside and beyond. Nucl. Acids Res. 35(18): 6227-6237



Sanger ‘Plus and Minus’ Sequencing

* Used E. coli DNA polymerase | and DNA polymerase from
bacteriophage T4 to synthesize sequence

* Round 1: Generate variable length molecules by
synthesis in poor (variable) conditions.

* Round 2: split reactions into ‘plus’ and ‘minus’ vessels
* Plus vessel gets a single nucleotide
* minus vessels get the other three nucleotides

* Run the eight plus and minus reactions on the same gel in
adjacent lanes

* Molecules that were 1bp different could be identified in
the adjacent gel lanes.

 ‘Plus and minus’ sequencing is unable to handle
homopolymers runs



P11 R3/7b F6/9 T7/8 18/9
GACTTITATC GCTTCCATCA CCCACAAGTT AACACTITCG GATATTIYCTG ATGAGTCGAA AAAITATCTI GATAAAGCAG GAATTACTAC TCCTTCTTTA CCAATTAAAT
10 20 30 40 50 60 0 80 90 oo (I
End 81
AS/18
19/10 H8b/4 Lo/4 Al8/6 F9/13

TGCIGCCCCA AAATGAGAAA ATTCCACCTA TCCTTGCGCA GCTCCAGAAG CTCTTACTTT GOGACCTTTC GCCAICAACT AACGCATICTC TCAAAMACTC ACCCCTTGGA TGAGGAGAAG
L3

T 140 150 160 170 180 190 200 210 220 2% 240
End A
F13/17 Fl7/18a R7b/6c Fl6a/16V
TCCCTTAATA TGCTTCCCAC GTTCCTCAAC CACTGCTTITA GATATGAGTC ACATITIGIT CAIGGIAGAG ATTCTCITST TGACATTTTA AMMGACCCIG GATTACTAIC TCAGTCOGAT
250 260 270 - 280 290 300 3o V7o 130 40 50 3
mRNA stare §
Fibb/1 237 AG/L
GCTGTTCAAC CACTAATAGE TAAGAAATCA TGAGTCAAGT TACTGAACAA TCCCTACGTT TCCAGACCGE TTTGGCCICT ATTAAGCTCA TTCAGGCTIC IGCLGTTTIG GATTTAACCG
370 80 3%0 To0 <10 420 %30 440 450 “ho 470 Gy
D start f
ML/T T4/5
AAGATGATTT CGAITITCIC ACGACTAACA AACTITGGAT TCCTACTCAC CGCTCICGTG CTCGTCGCT CTACGCTIGEA CTTIGTAGGA TACCCTCGET
450 500 510 520 530 540 3% 380 590 600
E start T
Réc/7a 27/5 1a/13
TICCTGCTCC TCTTGAGTTT ATIGCTGCCG TCATTGCTIA TTATGTICAT CCCGICAACA ncuw\cccc (“IGTCTCML‘ ATGGAACGEC CTCAATTTAC GGAAAACATT ATTAATSGCC
610 620 630 640 550 660 680 690 on 710 720
HL3/1L MT/3
A

CTTCCCTGTA CGOGCAGGAA
T 840
End £4

R7ajby

H14 /12

LL/1 e/l
TGATCTAATG TCTAAAGCTA AAMACGTTC TGGCGCTCCC CCTGETCCTC CGCAGCCCTT GCGAGCTACT AAAGGCAACC GTAAAGCCGC TCGICTT [CC TATCTACCIC G GTCAACAATT
50 880 890 900 916 920 930 950 960

Hil/14

8 860 870
End Df fJ start

HIZUO

TTAATIGCAG GGGCTTCGGE CCCTTACTIC AGCATAMTT ATGICTAATA TTCAAACTCC CGCCGAGCGT ATGCCGCATG ACCTTTCCCA TCTIGGCITC CIIGCIGEIC AGATICCTCG

t 970 980 990 lolc loZo 1030 1040 1050 1060 1070 1080
End J F nan
¥3/2 Fl/léd  13/1 Hlo Z8/4 Flab/2

ICITATTACC ATTTCAACTA CTICCGCTTAT CGCTGGCCAC TCCTTCCAGA TGCACGCCCT TGGCCC'[CT" CGICTTTCTC CATIGCCTCE TGGCCTICCT ATTCACICTA CTGTAGACAT

1090 1100 1110 L120 1130 L1140 1150 1160 70 1180 11%0 1200
1/3c R6b/1L

TTTTACTITT TATGTCCCTC ATCGT"A(‘GT T‘I'ATGGTGAA CAGTCCATTA AGTTCATCAA GCATCCTCIT AATGCCACTC CTCTCCOGAC TCTTAACCAA ACTACTGGTT ATATIGACCA

1210 1220 230 1240 1250 1260 70 1280 12%0 1300 1310 1320
u/s

TGCCGCTTTT CTTGGCACGA TTAACCCTGA TACUAATAAA ATCCCTAAGC ATTTCTTICA GOGITATTTC ATATCTATAG CCTATTITAA ACCCCOGTCS ---ATGCCTG ACCGTACCGA

1330 L340 1350 1360 1370 1380 L3%0 1400 i4lo 1420 1430 La4o
Al/12¢ Al2cfl?

GGCTAACCCT AATGAGCTTA ATCAACATGA TGCTCG ITM COTTTCCCTT GCTGCLATCT FAAMACA‘IT ‘I’GGACTCC']I" COCTTCCTCC TCAGACTCAG CTTICICGCC AAATGACGAC

1450 1460 14710 La80 1290 1500 510 1530 1540 15% 1560
Al3/2 Mij4
TTCTACCACA TCTATTGACA TTATGGCTCT GCAAGCTGCT TATGCTAATT TGCATACTCA CCAAGAACCT CATTACTTCA TGCACCGITA CCATCA-GIT AIT‘CT‘ICI\T TITCCAGGIAN
1570 1580 1590 1600 Lelo 1620 l63p 1640 1650 1660 16 1680
H§/9n 21
AACCTCATAT GACGUCTGACA ACCGICCTTT ACIl(;TLAl{. CGCTCTAAIC TCTGGGCATC TGGUTATCAT GTTGATGGAA CTCACCAAAC GTCCTTACGC CACITTICTS GICCTCTICA
1690 L1700 1710 172¢ 1750 1740 1750 1760 1770 L780 17% 1800
19a /8a ¥2/11
ACAGACCTAT AAACATTICTC TGCCGCGTTT CTITCTICCT GI\GCA’DOGIA CTATGTTTAC TCTTGCGCTG GITCCTTTIC CGCCTACTGC GACTAAAGAC ATTCACTACC TTAACGCTAA
1810 1820 1850 L84c 850 1860 1870 1380 1890 L1900 1910 1920
Q3c/6 FLL/T

AGGIGCITTG ACTTATACCG ATATIGCTGG CGACCCTGTT TIGTATGGCA ACTTCCCGCC GCGICAANTT TCIATGAAGG AICYITTCCC TICTGCTGAT TCGTCTAAGA AGTTITAAGAL

1930 1940 195¢ 1980 1970 L9so 1930 000 2040 2020 20%0 20460
118a /6 Q8/5 Q373

T c1cAccr1‘ cAcmr::Arc cnn(.rcrr TTCGTATGTT TCTCCIGECTT ATCACCTICT TGAAGGCTTC "CATI(‘AT'H‘ AGGAACCE (r JICTGGTGAI_TTGCAAGAAC GCGIACTTAL

2060 2070 2080 2090 2100 2110 7170 7L 2L40 21507 2160

TCGCAACCAT GATTATGACC AGTGTTTCAG TC(J’I’U\LI'T GITGCAGI GG ATAGTCTTAC CTCATGTGAC CTTTATCUCA ATC:GC\,(.AC CACTCGH C(.M' T ATCATLA CTICGTGATA
2170 2180 21% 200 2210 2220 2230 22L0 2250 2260 2270 122&3
fnd #

INGULUIE Y LS00 CCOTUArY % Y7
AAACAT T"uAG T("(.,ACCTTA TAACCGAAGE GGTAAAALIT TTAATITTIC
230

_RL/9 H6/3 689

CCOCTCACTS (.’TlG!\LCAM‘ CGAAGCGCGG TAGH TTTCT CCTTACCAGT TTAATUATGH _TICAGACTTT

340 23% 2360 2370 2380 7390 2400

¢ start f
R AlB/15a N4/l0 Al5a/3 RO/10O
LATTICTUGE _CATAATTCAA ACTITITITC 1G GTVTCTCACTT CTCTTACTCC AGCTTCTICG GCACCTGITT TACAGAUACC TAAACCIACA TCGLC T_TATATTTTGA
0 2420 2430 2660 2450 2460 247 2480 24%0 2500 2510 2520
M0/9 Rlo/2
TAGTTTGACG GTTAATGCTS CTAATGETGE ITTTCTICAT TGCATTICAGA ATACATC TGICAACCCE GCTAAICAGE 'mT‘rrc/«... TGOTGOTGA! ATIGCTTITG ATGCCCACCE
2530 7540 550 2560 2570 2580 25% 2600 610 2620 2670 2640
F5u/8 M9/2
TAMITITTT CCCIG) I1(y(. TICGCITIGA GIt TTCTICC GTICCCACTA © CTCCCG:\C TGCCTATGAT GTTTATCCTT TGGATGGICG CCAICATCGT CCITATTATA CCGTCAAGGA
7850 7660 2670 2680 2650 270 2710 2770 2730 2760 27% 2760
¥2/5 _Faje
CICIGIGALT ATTGACGICC ncccc.rmc GCTCGGCAAT AACGICTACC TIGGLTICAT CCTITCGTICT AACTTTACCS CTACTAMATG CUGCGGATIC GIT! L(‘CT..A ATCAGGT TAT
2770 2780 2790 2800 2810 2820 2830 2840 2850 2860 2870 2880
3 3z
TAAAGJ\CAIT ATTTCTCTCC AGCCACTTAA GIGACCTGAT TTATCTTICG TGCTATTGET GGCGGTATIG CTTCTGCICT TCCTGGTGRC CCCATGICTA AATTGCL TIGC_ASGCOLTTAA
900 2920 930 2920 295 2960 2970 2980 2999 3000
End ct H§ start
/7 Q12

“i020 3ol 3040 3050
212 A3/9
CCOGCCCCTA GTITICTTTE GTCTGETATT GETAAAGCT!

3130 %0 360 3170

CCCAT TCAAGG‘!CA"‘ CTCCTTGCTA CCCATAACAA TACTGTAGGC ATGCG!

G CTAAAGCACT TCTTCAAGGT ACGTTGCAGC CIGCCACTTC TGCCCTTTCTY

SATG CTGGTATTAA ATCTGCCATT CAAGGCTCIA AIGTICCTAA CCCTIGATCAG
3060 3070 3080 0% 3100 3o 3120

CATAAGTICC TTCATTTCCT TGGACTTGED
1180 3190 3200 210 3220 2230 320

A9/12d R2/6a

CCCAAGTCTC CCOCTCATAA AGCAAAGCAT ACTC(‘TCI\TT ATCTTCCICC TC"ATTTC\.T GAGCTTAATG CTTGGGAGCE TGCTGETGCT GATGCTTCCT CIGCTCCTAT CCTTCACCCC
32

3250 3260 3270

Yarnt £4/l4a Al2d/fic

330 320 1339 3340 0

Fliafl?

(MTT'I[-M.:\ ATCAAAAACA GCTTACTAAA ATCCAACTCC ACAATCACAA AGAGATTCCC CACATCCAAA ATGAGACICA AAAAGAGATT GCIGGCATTC AGTCGGCGAE TTCACGCCAG

337 3380 33% 3600 3410

3420 a0 3440 3450 a0 a0 3480

F12/10

AATACGAAAG ACCAGGTATA TGCACAAAAT GAGATGCTTG CTTATTC-AC M}AA[‘I

/9%
CAGATTAIGC GCCAAATGCT TACTCAAGCT CAAACGGCTC GTCAGTATIT TACCAATGAC CAAATCAAAC AAATCACTCG CAACCTI‘A(“’ GCCICAG

TTGCGTCTAT TATGGAAAAC ALL‘\I\ILJII CCAAMCAACA GCAGGTTICC

Flo/15

ACTTAGTTCA TCAGCAAACG
3660 3670 3680 TEoc 1700 3710 3720

#8/1%

CAGAATCAGC GGTATGGCTC TTCTCATATT GGCGCTACTG CAAAGGATAT TTCTAATGIE GICACTGATG CTGCTTCTIGG TCIGGITGAT ATTITTCATG GTATTGATAA ACCIGITCCC

1490 1500 3510 3s20 - T T 350
Alc/8
6l 3620 3630 3640 3650
15/5¢ M2 /5 HOb/1
370 3740 3750 3760 3700
AlLf7o

GATACTIGCA ATAAT TC_CAAACACCCT AAAGCTGATC GTATTGGCTC TAATTTGTCT AGGAAATAAC C("ICMICATT GACACCCTCC CAATICTATG TTTICATGEC
— 38% Ew 3870 1880 3890 3900 3910 ~ %20 3920 1940 1950

GGAGCCTTTT _TTATGCTICG TTCTTATTAC OCTTCTGAAT GTCACGCTGA TTATTTIGAC TTTGAGCGTA TCGAGGCTCT TAAACCT

3780 1790 4800 1810 3820 38% 3840

CCAAATCTT

1660
£na 04 WRNA Starl

11/6

Ci_ATTGAGGCTT G

1970 3980 1990 400 aclo 4020 4030 4060 4050 4060
asare |
ATejia M5/8 EScfd 92/3a
GA ATTC

&180

CATAM‘(’CIG CTTCTGACGT TCGIGATGAG TTIGTATCTG TTACTGAGAA GTTAATGGAT GAAITGGCAC AATGCTACAA TGIGCTCCUC CAAUITCATA TTANTAACAC TATACACCAC
2

“2lo 4220 4230 4260

MB/6

CGCCCCGAAG GOGACGAAAA ATCGTTTITA GAGAACGACA AGACCGTTAC GCAGTTTTGE AAGCTGGCTC

433 4340 4350 4360 4370

6270 4280 4290 PR 4310 4320

Alaja
CTGAACGEEC _TCTTAAGGAT ATTCGCGATG AGIATAATTA CCCCARAAAG
4380 4390 L400 4510 442D ad 3o 4440

6h/6a
AMGGTATTA AGGATGAGTG ITCAAGNI TG CTGGAGGCCY CCACTAAGAT ATCGCGTACA GOCTTTGCTA TTCAGCCTTT GATCAATCCA ATGCGACAGE CTCATCCTGA TGGTTCCTTY

4450 4Lsn “io 4480 4450

4500 4310 4520 4330 4540 4550 4560

ATCGTTTTITG ACACTCTCAC GTTGGCTGAL GACCGATTAG R'irCYTITA TGAT AAY(‘(‘( AATGC!TTGE GTGACTATIT TCOYGATAY T GGTCOTATGG TTCTTGCTGE CGACGGTCGL

Fig. 1 For full description see p. 690. rean Y pram 4660 4670 4680
—— ,et.al. cleotide sequence of bacteriophage . :
F3/5a_ AsfLL 26a/9 M6/1

AAGGCTAATG_ATTCACACGC CGACTGCTAL CAGTATTTIT GTGTGCCIGA GTATGGTACA GCTAATGGCC GICTICATTT CCATGCGCTC CACTTTATCC (mumv( LACAGGTAGC

4690 4700 4710 4720 47130 4740 4750 4760 4770 4780 4500
R3/8 All/lo 29/10
GITCACCCTA ATTTIGGTCG TCGGGTACGC AATCGCCGCC AGTTAAATAG CTTGCAAAAT ACGTGGCCTT ATGGTTACAG TATGCCCATC GCAGTICGC! ACACGC) AGGA_CGETTTITCA

4810 4820 4830 4BLO 4850 4860 4870 4BB0 4890 L5900 m 4920

2lo/3 Q3a/l Alo/12 RB/S

CCTTCTGETT GETTCTGGCE TGTICATGCT AAACGIGAGC CGCTTAAAGC TACCAGITAT ATGGCIGITG CITICTAIGT GGCTAAATAC TTTAACAAMMA AGICAGATAT GGACCI 1G]

4930 4940 4950 4960 4970 4980 4990 Suon S0i0 3020 S0 5040

AL2b/15b AL5b/17 AL7/12a  FSa/6

GCTAAAGGTC TAGGAGCTAA AGAATGGAAC AACTCACTAA AAACCAAGCT GTCGCTACTT CCCAAGAAGC TGTICAGAAT CAGAATGACC CGC AACTTCG COATEAMAT GOICACAALG

5100 5o 5120 5130 510 5150 LT

ACAAATCTGT CCACGGAGTG CTTAATCCAA CTTACCAAGC TGGGTTACGA CGCGACGCCG TTCAACCAGA TATTICAAGCA GAACGCAAAA AGAGAGATGA GATTGACGCT GCGAAAAGTT

5050 5060 5070 5080 5090
B start T
Al2a/5
g T

5170 5180 5190 5200 5210

/s

5220 5230 5240 5250 5260 5270 5280
H15/8b_ 12/7 ri/i

ACTGTAGCCG ACCTTTIGCC GGCGCAACCT GTGACGACAA AITCTGCTCAA ATTTATCCGC GCITCGATAA AAATCAITGG CGTATCCAAC CIGCA

5290 5300 5310 5320 53%

5340 5350 5360 5370 5375

S —

EE—



| 5 Years from structure to sequencing
Why did it take so long?

e The chemical properties of different DNA molecules were
so similar that it appeared difficult to separate them

* The chain length of naturally occurring DNA molecules is
much greater than for proteins and made complete
seguencing seem unapproachable.

 The 20 amino acid residues found in proteins have widely
varying properties that had proven useful in the
separation of peptides.

+ Only four bases in DNA made sequencing a more
difficult problem for DNA than for protein.

 No base-specific DNAases were known.

+ Protein sequencing had depended upon proteases
that cleave adjacent to certain amino acids

 DNA was considered boring compared to proteins

Hutchison. (2007) DNA sequencing: bench to bedside and beyond. Nucl. Acids Res. 35(18): 6227-6237



Maxam-Gilbert Sequencing

Proc. Natl. Acad. Sci. USA
Vol. 74, No. 2, pp. 560-564, February 1977
Biochemistry

A new method for sequencing DNA

(DNA chemistry/dimethyl sulfate cleavage/hydrazine/piperidine)

ALLAN M. MAXAM AND WALTER GILBERT

Department of Biochemistry and Molecular Biology, Harvard University, Cambridge, Massachusetts 02138

Contributed by Walter Gilbert, December 9, 1976

ABSTRACT  DNA can be sequenced by a chemical proce-
dure that breaks a terminally labeled DNA molecule partially
at each repetition of a base. The le of the labeled fragments
then identify the positions of that base. We describe reactions
that cleave DNA preferentially at guanines, at adenines, at cy-
tosines and thymines equally, and at cytosines alone. When the
products of these four reactions -arf tr:eamlved by size, by el%c;
trophoresis onapolync?hmld‘ e ge DNA sequence can

read fssmn-dhe pattern of radioactive bands. The technique will

m: sequencing of at least 100 bases from the point of la-

We have developed a new technique for sequencing DNA
meolecules. The procedure determines the nucleotide sequence
of a termimally labeled DNA molecule by breaking it at ade-
mime, guanine, cytosine, or thymine with chemical agents.
Partial deavage at each base produces a nested set of radioactive

extending from the labeled end to each of the posi-
tions of that base. Polyacrylamide gel electrophoresis resolves
these single-stranded fragments; their sizes reveal in order the
points of breakage. The autoradiograph of a gel produced from
four different chemical cleavages, each specific for a base in
a sense we will describe, then shows a pattern of bands from
whiich the sequence can be read directly. The method is limited

THE SPECIFIC CHEMISTRY

A Guanine/Adenine Cleavage (2). Dimethyl sulfate
methylates the guanines in DNA at the N7 position and the
adenines at the N3 (3). The glycosidic bond of a methylated
purine is unstable (3, 4) and breaks easily on heating at neutral
pH, leaving the sugar free. Treatment with 0.1 M alkali at 90°
then will cleave the sugar from the neighboring phosphate
groups. When the resulting end-labeled fragments are resolved
on a polyacrylamide gel, the autoradiograph contains a pattern
of dark and light bands. The dark bands arise from breakage
at guanines, which methylate 5-fold faster than adenines (3).

This strong guanine/weak adenine pattern contains almost
half the information necessary for sequencing; however, am-
biguities can arise in the interpretation of this pattern because
the intensity of isolated bands is not easy to assess. To determine
the bases we compare the information contained in this column
of the gel with that in a parallel column in which the breakage
at the guanines is suppressed, leaving the adenines apparently
enhanced.

An Adenine-Enhanced Cleavage. The glycosidic bond of
methylated adenosine is less stable than that of methylated
guanosine (4); thus, gentle treatment with dilute acid releases
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Maxam-Gilbert Sequencing
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Hydrazine

Sequencing by Chain Breakage

e Thousands of copies of the
genomic sequence in each reaction
vessel

e Chemicals cleave at particular
nucleotides

e Chemical concentration is controlled
to create, on average, one break per
molecule

e Seqguencing occurs simultaneously
at all bases — one per molecule

e Highly toxic and dangerous reactions



Sanger Seguencing

Proc. Natl. Acad. Sci. USA
Vol. 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, AND A. R. COULSON

Medical Research Council Laboratory of Molecular Biology, Cambridge CB2 2QH, 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. Biol.
94, 441-448] 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
ﬂolymerase. The technique has been applied to the DNA of

acteriophaFe ¢X174 and is more rapid and more accurate than
either the plus 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 transcribe specific
regions of the DNA under controlled conditions. Although the
method is considerably more rapid and simple than other
available techniques, neither the “plus” nor the “minus”
method is completely accurate, and in order to establish a se-
quence both must be used together, and sometimes confirma-
tory data are necessary. W. M. Barnes (J. Mol. Biol., in press)
has recently developed a third method, involving ribo-substi-
tution, which has certain advantages over the plus and minus
method, but this has not yet been extensively exploited.

. Another rapid and simple method that depends on specific
chemical degradation of the DNA has recently been described
by Maxam and Gilbert (3), and this has also been used exten-
sively for DNA sequencing. It has the advantage over the plus
and minus method that it can be applied to double-stranded
DNA, but it requires a strand separation or equivalent frac-
tionation of each restriction enzyme fragment studied, which
- - 1.1 - -

PR S . L o_» -~ oo - -le .2

a stereoisomer 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 I 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

Preparation of the Triphosphate Analogues. The prepa-
ration of ddTTP has been described (6, 7), and the material is
now commercially available. ddA has been prepared by
McCarthy et al. (8). We essentially followed their procedure
and used the methods of Tener (9) and of Hoard and Ott (10)
to convert it to the triphosphate, which was then purified on
DEAE-Sephadex, using a 0.1-1.0 M gradient of triethylamine
carbonate at pH 8.4. The preparation of ddGTP and ddCTP
has not been described previously; however we applied the
same method as that used for ddATP and obtained solutions
having the requisite terminating activities. The yields were very
low and this can hardly be regarded as adequate chemical
characterization. However, there can be little doubt that the
activity was due to the dideoxy derivatives.




Sanger Sequencing
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Automating Sanger Sequencing

 Moved from radio labeled DNA to fluorescent-labeled
DNA

* Moved from a single fluorescent label to four different

colored labels — enabled move from a four lane gel to a
single lane gel

* Gels were replaced by capillaries

* PHRED scores were introduced so computers could
determine florescence

 The ABI PRISM 377 could sequence 96 molecules per
run, two runs per day.
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Sequencing Costs after Sanger

$10,000.00

$1,000.00

$100.00

$10.00

$1.00

$0.10

R ——————
https://www.genome.gov/sequencingcostsdata/
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Human Genome Project

* One of the largest scientific endeavors
e Target accuracy 1:10,000 bases

e Started in 1990 by U.S. DOE and NIH
« $3Billion and 15 years

* Goal was to identify 25K genes and 3 billion bases
* Used the Sanger sequencing method

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



Human Genome Project

1984 1990 1991 1992 1993 1994 1995 1996 1997 1998 1999 2000 2001

I

Discussion and debate
in scientific community

NRC report

- - H. flu E. coli
S. cerevisiae sequencing

C. elegans sequencing

D. melanogaster sequencing

Other organisms

A. thaliana sequencing

Bacterial genome sequencing
*
39 species

ESTs Full length

Mouse

cDNA sequencing Pilot

sequencing

Genomic sequencing ———-
[ Microsatellites SNPs
enetIC mapS e e ] —

[ Microsatellites
enetIC mapS e B N O W . —

Physical maps

CDNA SequenCIng M

Working
Pilot project,15% draft, 90% Finishing, ~100%

11

Chromosome 22 Chromosome 21
International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of the human genoﬂ‘?’me. ature. 409:860-921

Human

Genomic sequencing -m-




uman Genome Project
Hierarchical shotgun sequencing
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BAC to be
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Shotgun ...ACCGTAAATGGGCTGATCATGCTTAAA
sequence TGATCATGCTTAAACCCTGTGCATCCTACTG. ..

Assemblv ...ACCGTAAATGGGCTGATCATGCTTAAACCCTGTGCATCCTACTG. ..

International Human Genome Sequencing Consortium (2001) Initial sequencing and analysis of the human genome. Nature. 409:860—921




uman Genome Project
Celera Attempts Privatization

e Started in Sept 1999, goal was to do in $300M and 3
years what the public project was doing for $3B and 15
years!

* Whole-genome shotgun sequencing

e At that time had only been used for bacterial genomes
of 6Mb

e Celera sought patent protection on 200 to 300 genes

» Eventually filed preliminary ("place-holder") patent
applications on 6,500 whole or partial genes



uman Genome Project
Celera Attempts Privatization

&he New ork Eimes
Scientist’s Plan: Map All DNA Within 3 Years

By NICHOLAS WADE MAY 10, 1998

A pioneer in genetic sequencing and a private company are joining forces
with the aim of deciphering the entire DNA, or genome, of humans within
three years, far faster and cheaper than the Federal Government is
planning.

If successful, the venture would outstrip and to some extent make
redundant the Government's $3 billion program to sequence the human
genome by 2005.

Despite a host of new questions, the charting of the full human genome
would offer enormous medical and scientific benefits.

The principals have high credibility in the world of genome sequencing.
They are Dr. J. Craig Venter, president of the nonprofit Institute for
Genomic Sciences in Rockville, Md., and Michael W. Hunkapiller, president
and technical maestro of the Applied Biosystems division of the Perkin-
Elmer Corporation of Norwalk, Conn.

The director of the Federal human genome project at the National Institutes
of Health, Dr. Francis Collins, first heard of the new company's plan on
Friday, as did the director of the N.I.H., Dr Harold Varmus. Both said that
the plan, if successful, would enable them to reach a desired goal sooner.




uman Genome Project

Celera Attempts Privatization

€he New Hork Eimes

Scientist's Plan: Map All DNA Within 3 Years

By NICHOLAS WADE MAY 10, 1998

A pioneer in genetic sequencing and a private company are joining forces
with the aim of deciphering the entire DNA, or genome, of humans within
three years, far faster and cheaper than the Federal Government is

planning.

If successful, the venture would outstrip and to some extent make
redundant the Government's $3 billion program to sequence the human
genome by 2005.

Despite a host of new questions, the charting of the full human genome

would offer enormous medical and scientific benefits.

The principals have high credibility in the world of genome sequencing.
They are Dr. J. Craig Venter, president of the nonprofit Institute for
Genomic Sciences in Rockville, Md., and Michael W. Hunkapiller, president
and technical maestro of the Applied Biosystems division of the Perkin-
Elmer Corporation of Norwalk, Conn.

The director of the Federal human genome project at the National Institutes
of Health, Dr. Francis Collins, first heard of the new company's plan on
Friday, as did the director of the N.I.H., Dr Harold Varmus. Both said that
the plan, if successful, would enable them to reach a desired goal sooner.

[T]he venture would outstrip and...make redundant the Government's $3
billion program to sequence the human genome

The director of the Federal human genome project at the National Institutes
of Health, Dr. Francis Collins, first heard of the new company's plan on
Friday.

¢ Dr. Collins expressed confidence that they could persuade Congress to
accept the need for this change in focus.

[1]t would make possible almost overnight many developments that had
been expected to unfold over the next decade.

The possession of the entire human genome by a single private company
could become an issue of public concern.

The new venture was conceived only a few months ago. The two men
concluded in January that it would be possible to sequence the three billion
letters of human DNA within three years.

Congress...might ask why it should continue to finance the human genome
project...if the new company is going to finish first.

"It's not impossible at all that [Venter] could succeed"

Dr. Venter and his new colleagues plan not just to sequence the human
genome but to construct a ''definitive'' data base that will integrate medical
and other information with the basic DNA sequence.

The new company's data base seems likely to rival or supersede Genbank,
the data bank operated by the National Institutes of Health.



Human Genome Project

Used data from Public Project Pure Shotgun Sequencing
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39X mate pairs from 33,421 BACs
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WGA Assembly  CSA Assembly Venter, et al. (2001) The sequence of the human genome. Science. 291:1304-1351




Percentage of the genome assembled

Human Genome Project
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Jared Roach, http://www.strategicgenomics.com/Genome/index.htm



Second Generation Sequencing

* Performing huge number of reactions on a micrometer
scale

* Enabled by improvements in microfabrication and high
resolution imaging

e Sequencing is done on clusters of molecules
e enabled with various methods of PCR amplification
* requires the construction of libraries with adaptors
* Typically biological samples are highly multiplexed

* Read lengths are a fraction of Sanger, but data volume is
massive

* Two remaining major methods after heavy competition



Second Generation Sequencing: Pyrosequencing

Attached
DNA

Microbead




Second Generation Sequencing: Pyrosequencing
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Second Generation Sequencing: Pyrosequencing

Attached
DNA

Microbead

Picotitre wells containing DNA-bearing microbeads



Second Generation Sequencing: Pyrosequencing

Polymerase integrates a nucleotide.

Polymerase

Hydrogen and pyrophosphate are released.

https://commons.wikimedia.org/wiki/File:DNTP_nucleotide_incorporation_reaction.svg

e Sequencing By Synthesis (like Sanger)

e ATP sulfurylase is used to convert pyrophosphate into ATP, which is then used as the substrate
for luciferase, thus producing light proportional to the amount of pyrophosphate.

e Produces reads 300-500bp in length

¢ |[ts major flaw: can’t handle homopolymer runs



Second Generation Sequencing: Pyrosequencing

e |on Torrent

Polymerase integrates a nucleotide.

Polymerase

Hydrogen and pyrophosphate are released.

https://commons.wikimedia.org/wiki/File:DNTP_nucleotide_incorporation_reaction.svg

e Uses a silicon chip to host beads, does not use optics to detect florescence

¢ The chip, like a pH meter, detects when a Hydrogen atom is released after the incorporation

of a nucleotide

e Each nucleotides are washed over the chip every 15 seconds, cycling.



Sequencing Costs after Pyrosequencing

$10,000.00

$1,000.00

$100.00

$10.00

$1.00

$0.10
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https://www.genome.gov/sequencingcostsdata/



Solexa (lllumina) Sequencing
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Solexa (lllumina) Sequencing

Bridge amplification Flowcell-bound cluster
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Solexa (lllumina) Sequencing

oLof @Uﬁl

Seqguencing Cycles ( )

htfps:”www.l umina.com/content/dam/iIIumina—marketing/documents/products/ilIumina_sequencmg_lnfroduction.pdf

Digital Image

e Sequencing By Synthesis (like Sanger)

e Uses fluorescent ‘reversible-terminator’
dNTPs

e cannot iImmediately bind further
nucleotides as the fluorophore
occupies the 3’ hydroxyl position

¢ Fluorophore is cleaved away to allow
polymerisation to continue

¢ Allows the sequencing to occur in a
synchronous manner

¢ A digital camera captures the
fluorescence

e Reads up to 150bp in length (300bp
on the MiSeq)

e Can do paired-end seqguencing

e 400 million reads per run (25 million on
MiSeq)



Solexa (lllumina) Sequencing

Incorporate all four
nucleotides,
each labeled with a

different dye.




Solexa (lllumina) Sequencing

Patterned Flow Cell

Flow Cell




Solexa (lllumina) Sequencing




Solexa (lllumina) Sequencing




Solexa (lllumina) Sequencing




Solexa (lllumina) Sequencing




Solexa (lllumina) Sequencing




Solexa (lllumina) Paired-end Sequencing

Cluster
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Solexa (lllumina) Sequencing

Error model: clusters come out of phase on the flow cell

111




Sequencing Costs after lllumina

$10,000.00

$1,000.00

$100.00

$10.00

$1.00

$0.10

Https:ﬁwww.genommgov se cingcostsdata/



Solexa (lllumina) Sequencing + 10X Genomics

Emulsion PCR
Arbitrarily long DNA
is mixed with beads

loaded with
barcoded primers,
enzyme and dNTPs
Pooling

Amplification The emulsion is
GEMs Long fragments are broken and DNA is
Each micelle amplified such that the pooled, then it
has 1 barcode product is a barcoded undergoes a standard
out of 750,000 fragment ~350bp library preparation

Goodwin, ' INg of age: ten years of next-generation sequencing technologies. Nature . 17:333-351.



Third Generation Sequencing

* Those capable of sequencing single molecules

* With no requirement for DNA amplification.



Use DNA
polymerase as a
“real-time
sequencing engine”

PacBio Single Molecule Sequencing

Zero Mode Wave Guide
(Holes half the wavelength of light)

Aluminum

Glass

Emission

Excitation

Eid, et al. (2009) Real-Time DNA Sequencing from Single Polymerase Molecules. gcuence. 233.
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PacBio Single Molecule Sequencing

Zero-Mode Waveguides for
Single-Molecule Analysis at High
Concentrations

M. ). Levene,’ ). Korlach,’? S. W. Turner,’* M. Foquet,’
H. G. Craighead,” W. W. Webb'

Optical approaches for observing the dynamics of single molecules have re-
quired pico- to nanomolar concentrations of fluorophore in order to isolate
individual molecules. However, many biologically relevant processes occur at
micromolar ligand concentrations, necessitating a reduction in the conventional
observation volume by three orders of magnitude. We show that arrays of
zero-mode waveguides consisting of subwavelength holes in a metal film
provide a simple and highly parallel means for studying single-molecule dy-
namics at micromolar concentrations with microsecond temporal resolution.
We present observations of DNA polymerase activity as an example of the
effectiveness of zero-mode waveguides for performing single-molecule exper-

iments at high concentrations.

Data from a single molecule can reveal infor-
mation about kinetic processes not normally
accessible by ensemble measurements, such as
variances in kinetic rates, memory effects, and
lifetimes of transient intermediates (/, 2). Sin-
gle-molecule approaches to drug screening,
mRNA expression profiling, single-nucleotide

'Applied and Engineering Physics, °Graduate Program
in Biochemistry, Molecular, and Cell Biology, Cornell
University, Clark Hall, Ithaca, NY 14853, USA.

*Present address: Nanofluidics Incorporated, 17 Sher-
aton Drive, Ithaca, NY 14850, USA.

¥To whom correspondence should be addressed. E-
mail: www2@comell.edu

polymorphism detection and DNA sequencing
may also have many advantages over current
techniques (3-5). Common approaches to
studying single molecules include fluorescence
correlation spectroscopy (FCS) (6, 7) and direct
observation of sparse molecules using diffrac-
tion-limited optics (8, 9). These approaches pro-
vide observation volumes on the order of 0.2 fl
and therefore require pico- to nanomolar con-
centrations of fluorophore in order to isolate
individual molecules in solution (/0). However,
many enzymes naturally work at much higher
ligand concentrations, and their Michaelis con-
stants are often in the micro- to millimolar range

(11). Low concentrations of ligand can influ-
ence the mechanistic pathway of enzyme ki-
netics (e.g., by allosteric control or conforma-
tional relaxation) and alter the partitioning
between multiple catalytic pathways, thus af-
fecting turnover cycle histories and distribu-
tions (/2). Working at biologically more rel-
evant, micromolar concentrations requires re-
ducing the observation volume by over three
orders of magnitude.

In addition to requiring low concentrations
of ligand, the temporal resolution of conven-
tional approaches to single-molecule kinetics is
often limited by the time it takes for molecules
to diffuse out of the observation volume, usu-
ally on the order of several hundred microsec-
onds. The temporal resolution and the upper
limit of practicable concentrations would be
greatly improved by reducing the effective ob-
servation volume.

Previous approaches include total internal
reflection illumination, which can reduce the
observation volume by a factor of 10 (/3),
and near-field scanning optical microscopy
(NSOM), which achieves observation vol-
umes with lateral dimensions on the order of
50 nm by illumination through a small aper-
ture, usually terminating a tapered optical
fiber (/4). NSOM has been used to observe
single molecules on a surface (/5), but it
suffers from unreliable probe manufacture
and its complexity is not easily amenable to
highly parallel implementations.

Concurrent to the development of single-
molecule analytical techniques has been rapid
progress in nanobiotechnology and efforts at

31 JANUARY 2003 VOL 299 SCIENCE www.sciencemag.org




PacBio Single Molecule Sequencing

Fig. 3. A fused silica coverslip with zero-mode waveguides arrays. (A) The electron microscope image of an individual waveguide is shown in (D).

coverslip, with overlying gasket to isolate arrays for individual experi-  The bright spots in (C) correspond to defects in the metal film. The large

ments. Successive increases in scale are shown in (B) to (D). A scanning  bright pattern in the upper right corner is a coded orientation marker.
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PacBio Single Molecule Sequencing
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PacBio Single Molecule Sequencing
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waveguide
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Korlach, et al. (2010) Real-Time DNA Sequencing from Single Polymerase Molecules. Methods in Enzymology. 472.



PacBio Single Molecule Sequencing

Read lengths >20 kb
N Data per SMRT Cell: 5-8 Gb
30,000
Half of data in reads: >20 kb
25000 Jls @200 Frm=—==== === S
o 20,000 Top 5% of reads: >35 kb
=, F————— - - - = |
o |
o 15,000 ! Maximum read length: >60 kb
| F———=p
!
10,000 , :
: |
5,000 . :
Sea. ,
0 ULmu][u,:jL;L;];.;L;LIE‘.,;.;;;'.::_-;uma._=_!..__ —
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Read Length

—————————————
http://www.pacb.com/smrt-science/smrt-sequencing/read-lengths/



PacBio Single Molecule Sequencing

Long reads rt— A
J — —— ». Construct

Longest ——  — - preassembled

‘seed’ reads reads
Preassembled ____ ___ === e
reads — e S e T G S— w— — Assemble
Genome ~~ genome

Chin, et al. (2013) Nonhybrid, finished microbial genome assemblies from long-read SMRT sequencing data. Nature Methods.

e Error model: indels from polymerase slippage
¢ Errors are independent and random

® can be corrected by piling-up multiple reads.



Nanopore Seguencing

Establishment and cryptic transmission of Zika
virus in Brazil and the Americas

N. R. Faria"?*, J. Quick?*, I. M. Claro**, J. Thézé'*, J. G. de Jesus’*, M. Giovanetti>®*, M. U. G. Kraemer"”8* S_C. Hill'*,
A. Black?!%* A. C. da Costa?, L. C. Franco?, S. P. Silva?, C.-H. Wu'!, J. Raghwani', S. Cauchemez'?'3, L. du Plessis', M. P. Verotti'4,
W. K. de Oliveira™'®, E. H. Carmo", G. E. Coelho'®!?, A. C.F. S. Santelli'®?", L. C. Vinhal'®, C. M. Henriques",
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