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Applied Biosystems

ABI 3730XL Roche / 454
1Mb/d Genome Sequencer FLX
4 100 Mb / run

lllumina / Solexa Applied Biosystems
Genetic Analyzer SOLID

2000 Mb / run 3000 Mb / run
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From discovery to technology

1868: Discovery of DNA eXPIOSion

1953: Watson and Crick propose double helix structure
1977 Sanger sequencing
1985: PCR

2000: Working draft human genome announced (Sanger
method)

2005: 454 sequencer launch (pyrosequencing)
2006: Genome Analyzer launched (Solexa sequencing)
2007: SOLID launched (ligation sequencing)

2009: Whole human genome no longer merits Nature/Science
paper
2010: “third-gen” systems

$ human
Genome

$3 billion

$2-3 million

$250k
$50k
$20k
<$1k



Frederick Sanger

1958 — Nobelova cena za urceni
struktury inzulinu

1975 - Dideoxy sekvenacni metoda
1977 — osekvenoval ®-X174 (5,368 bp)

1980 — dostal druhou Nobelovu cenu
za chemii

Pozdéji (polovina 80-tych let)
osekvenoval bakteriofaga A pomoci
shotgun metody (48,502 bp)




Sekvenovani genomu

* 1986 Leroy Hood: prvni automaticky =
sekvenator o

~ Leroy Hood

e 1986 Human Genome Initiative

1990 zapocat projekt sekvenovani

lidského genomu (predpokladana
doba 15 let)




Sekvenovani genomu

* 1995 John Craig Venter
sekvenoval prvni bakterialni
genom

* 1996 prvni eukaryoticky
genom (kvasinka)
sekvenovan

John Craig Venter



Craig Venter

Global Ocean Sampling Expedition
Synthetic genomics

Human Longevity Inc

http://www.youtube.com/watch?v=J0OrDFbr
hijtl




Which applications are labs
performing?

Sequencing Applications

mRNA-seq

whole-genome de novo sequencing

small RNA sequencing

whole-genome resequencing

targeted sequencing/deep sequencing

ChiP-seq

digital gene expression/expression tag sequencing
metagenomic sequencing

15

methylation/bisulfite sequencing

other

=

10

(]
=
Ll
=
f-9
=



Oxford Nanopore




Nanopore

* Pros: Extremely long sequences, single
molecule, portable (minlON)

» Cons: Very high error rates (up to 38%
reported)




DNA degradation

Mechanical damage during tissue homogenization.

Wrong pH and ionic strength of extraction buffer.

Incomplete removal / contamination with nucleases.

Phenol: too old, or inappropriately buffered (pH 7.8 — 8.0); incomplete removal.

Wrong pH of DNA solvent (acidic water).
Recommended: 1:10 TE for short-term storage, or 1xTE for long-term storage.

Vigorous pipetting (wide-bore pipet tips).
Vortexing of DNA in high concentrations.
Too many freeze-thaw cycles (we tested 5, still Ok).

Debatable: sequence-dependent



What are the main
contaminants?

Polysaccharides Chitin

Lypopolysaccharides Protein

Growth media residuals Secondary metabolites
Pigments

Growth media residuals

Chitin Polyphenols

Fats Polysaccharides
Proteins Secondary metabolites
Pigments Pigments



BioNano

Customer Sample

Tissua Microbes

|solate High Molecular Label Specific Transfer Labeled DNA into Load, Linearize & Image Labeled DNA in Repeated
Weight DNA Sequences Across the Cartridge for Scanning Cycling to Scan Whole Genome
Entire Genome

i
b
,.

High-Throughput, High-Resolution Imaging Gives Contiguous Reads up to Mb Length

Algorithms Convert Images Assembly Algorithms Align Molecules de novo for Cross-Mapping Across Multiple
into Molecules Constructing Consensus Genome Maps Samples or to a Reference
THERIRQE RN THIW W WERD JHEMI mIEpIE EW® Wer m A A
mmrmrene ey TEImIn npry JMEMD EMIE @I ORWM OB OWED W0
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TR TER T TR T R TR E TN NN I TR TR TR T} / RN i
fnrmEnne ten rEIrm o nprr VmEM mPE Wi EmoE o m i Insertion
- . + Automated SV Detection
.‘.:ll i = . :.“I " " \ . Scaffolding
P g S— | b * Gap Sizing



Top sequencing companies

#1. lllumina

Revenues: $2.752 billion in 2017

Popular Applications & Methods

Large Whole-Genome Sequencing (human, plant,
animal)

Small Whole-Genome Sequencing (microbe, virus)
Exome Sequencing

Targeted Gene Sequencing (amplicon, gene panel)
Whole-Transcriptome Sequencing

Gene Expression Profiling with mRNA-Seq

mIiRNA & Small RNA Analysis

DNA-Protein Interaction Analysis

Methylation Sequencing

Shotgun Metagenomics

NextSeq Series ©

HiSeq 4000 System

Key Application

®

e 6 6 6 6 0 0 0 O

Key Application

®

e 6 6 6 06 06 0 0 O

Production-Scale Sequencers

HiSeq X Seriest

n
| S—

NovaSeq 6000
System

Key Application

Key Application



#2. Thermo Fisher Scientific

Revenues: “Just under” $418.36 million in 2017

lon AmpliSeq technology works for researchers using lllumina’s
NGS platforms, under the name AmpliSeq for lllumina. Thermo
Fisher includes NGS within its life sciences solutions segment,
which accounted for $5.73 billion of the company’s total revenue of
$20.918 billion.



#7. Pacific Biosciences of California (PacBio)
2017 revenues: $93.5 million aquired by lllumina 2019

#10. Oxford Nanopore Technologies
2016 revenues: £4.5 million

Instrument
Specifications

Average read

length
Error rate

Output

# of reads

Instrument

price/Access fee®

Run price

PacBiol

RS II (P6-C4)

10-15kb

10-15%

500 Mb -1 Gb

~ 5

50k

$700k

~$400

Sequel

10-15kb

10-15%

5Gb-10Ghb

~500k

$350k

~$850

Oxford Nanopore?

MinION PromethION
Variable (up to

900 kb)34

5-15 %% =

~5 Gb? =

Variable (up to

$10008 $135k bundle®
$500-$9007



#9. 10x Genomics

2017 revenues: $71 million

The company announced a new version of its
Chromium de novo assembly solution, which includes a
new version of the assembly software, Supernova 2.0.
The company’s offerings also include Linked-Reads, a
sequencing technology designed to provide long-range
information from short-read sequencing data. 10x
Genomics—which completed a $55 million Series C
financing in 2016—organizes genetic information based
on what is known as “read clouds” to map the larger
picture of the genome.



Sequencing without a limit?

e Arapid progress in next generation sequencing technologies
promises to provide complete (reference) DNA sequences

 The bottleneck:
- NOT the sequencing capacity

- BUT the ability to assemble many short reads with
prevalence of repeated DNA (and polyploidy)



Genome sequencing

Two strategies

« Whole genome shotgun (bottom-top)

e Clone-by-clone (top-bottom)

Eg http://olomouc.ueb.cas.cz/




Whole genome shotgun Clone-by-clone

physical map
construction

Ravensburger'inguzzle

sequence assembly




Chromosome genomics

= Aplication of genomics to flow-sorted chromosomes

Genome size Three genomes of hexaploid wheat

D

Triticum aestivum

(2n = 6x = 42) O

1C ~ 17,000 Mbp Oryza sativa
(2n = 2x = 24)
1C ~ 400 Mbp

>

= Chromosomes: 605 - 995 Mbp
(3.6 - 5.9% of the genome)

<

= Chromosome arms: 225 - 585 Mbp
(1.3 - 3.4% of the genome)

Dolezel et al., Choromosome Research 15: 51, 2007



Chromosome sorting using flow cytometry

Chromosomes
suspension

- L

chamber

Sheat fluid

inl

Fluorescence

emission o o | L[]  Flow karyotype
c
(O]
= Sample rate/ sec: Excitation o
~1000 chromosomes light c R
. 0
= Yield / day: 5 g
2 - 5x10° chromosomes - “
Deflection E Scattered Relative fluorescence intensity
plates > light
/o
00
o ©
Flow-sorted o | \ Flow-sorted
chromosomes A ° % chromosomes
Left ) Right
collector ﬂ collector | =T = = = = =
T Py GRS el TTTTT




Creating chromosome-specific BAC libraries

3B

Chromosome sorting

5 x 106 flow-sorted 1
chromosomes

(~6 weeks of sorting)

l Partial digestion

L1 2 35S

Size selection
by PFGE

Major challenges: A
e Quantity of DNA (1 - 5 pg DNA)
e Quality of DNA (HMW)

e Cloning efficacy

-82 U

\ ° Insertsize /

Colonies

Transformation of
Escherichia coli

Ligation into a
dephosphorylated
BAC vector

Ordering into
384-well plates
Safar et al., Plant Journal 39: 986, 2004



Subgenomic BAC libraries

e Main advantages:
- Chromosome specificity

- Small number of clones
(in wheat ~5 x 104 vs. >1 x 109)

e Subgenomic BAC libraries facilitate:

- Targeted development of DNA markers
(BAC end sequencing)

- Positional gene cloning

- Assembly of ready-to-sequence physical
maps (BAC fingerprinting, WGP)

Safar et al., Cytogent. Genome Research 129: 211, 2010



Laserova mikrodisekce

Vyhody: vysoka &istota iy i

Nevyhody: maly pocet

chromozomt, pracnost TTAEE




Genome: 30.000 genes

Transcriptome: 40-100.000 mRNASs

Proteome: 100-400.000 proteins
>1.000.000 mteractions

Protein Interaction

106

Human Proteome

5
Transcripts 10
Human Genome




Sekvenovani genomu

GenBank vznikla v roce 1982 z Los Alamos Sequence Database

14 15000

13500
12 -

12000

-
=
1

10500

9000

7500

6000

Sequences (millions)

Walter Goad

4500

Base Pairs of DNA {millions)

3000

B Ezsc Pairs
2 1 — S ECUENCES

1500

0 N N T T G E
1982 1885 1988 1881 1894 1997 2000

0



Pro¢ sekvenovat dal?

« Komparativnhi genomika
* Biomedicinsky vyzkum
» Osobni genom



2010 Idealni lidsky genom sekvenovan



2010 Idealni lidsky genom sekvenovan




Laserova mikrodisekce

Vyhody: vysoka &istota iy i

Nevyhody: maly pocet

chromozomt, pracnost TTAEE




Nova GMO revoluce - Molekularni nuzky CRISPR

Targeted
strictio

CRISPR IN ACTION

g

SEEK ANDDESTROY

-« 5 _ ’ 4 TR TR ORI E are erdmudicae:
LATIGMARY CEUE HOOIFICKTIGH B CHISHR T e




Co je to CRISPR/Cas system?

» Clustered Regularly Interspaced Short Palindromic Repeats

« Prokaryoticky imunitni system, ktery brani bunku proti cizi DNA

Promotor T Cas9 >} | Promotor 2| guideRNAY

_ ) Navadeci RNA
g' e Nukleaza

- Cilova DN
Streptococcus pyogenes
Cas9 donor

Mutace



Pro¢ CRISPR?

» Rychlost, presnost,

cena
Aktivétor: /\
, p , dCas9 |
« Vicenasobné mutace Pan N ]
LAl A B D Subgenomy Ak;i:/Ngce genu
% Gen XH Klasicka ‘
mutageneze Represorg
CRISPR/C @ _‘fc_‘f‘?? ,\
pSenice - °© as9 e — —
_ " Umlceni genu
GFP
dCasﬁQl { 7 \
 Modifikace systému na s =l

,molekularniho poslicka“ V- _
Vizualizace proteinu

© Wikipedia, modifikovano



GMO versus evoluce

Cabernet 1
l Insertion

Chardonnay

—- -

LTR retroelement

Bilé vino vzniklo pred 7 tis. lety inzerci
transpozonu do genu pro antocyan u puvodniho
cerveneho vina



V CR klesa plocha osetd GMO
plodinami

8 380 ha v roce 2008
6 480 ha v roce 2009

4500 ha v roce 2013



Kolik se vlasthe GMO plodin péstuje?

USA . sOja 94%

* bavina 90%

* fepka 90%

» cukrova repa 95%
» kukufice 88%



GMOs: The Big Six

Ny Y

syngenta







Vkladani cizorodych genu
Kukurice odolna vuci zavijeéi
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Symbidza mezi psenici
a bakterii

/X 1) odstranit geny rezistence
AN I 1o N vuci bakterii z genomu
N N \ N, psenice

2) do genomu vlozit geny
zodpovedné za symbiotické
interakce

Legume symbiosis




Craig Venter

Synthetic genomics




Synthia — umely zivot (2016)

» Craig Venter: ,prvni druh.... jehoz rodicem je
pocitac... a je to take prvni druh, ktery ma ve
své DNA zapsan odkaz na své webove
stranky”

473 genu 0 .

— Richard Feynman: "What | cannot build, | cannot
understand”




Genome Sequencer 20 System
454 pyrosequencing (2005)

 http://www.454.com




DNA library preparation

One sample preparation per genome

Mo Cloning

No Colony Picking




Fragmentace DNA




Ligace adaptoru




Vychytani DNA molekul




denaturace

WLl NRE mﬁmﬁ"i’rﬁf
T




~

Single-stranded

template DNA
sstDNA




emPCR




Vznik emulze (olej)










Vychytani kulicek




Vychytani kulicek




denaturace
NaOH .o Va0

VEICF
NaUH

NalH V)R

awr NIGH NAOH

NawH
NaGH NawH NaGH NalH




Sekvenachi primer




Disperze na sklicko




rwv

Disperze na sklicko




Parametry mikroreaktoru




Parametry mikroreaktoru




sekvenace




sekvenace




sekvenace
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sekvenace

[o[s]e] [alo]al

Massive parallelization of sequencing reactions

100 bases read length
X

200000

-

20 Million Bases




SO LI D (Sequencing by Oligonucleotide Ligation and Detection)
2-base encoding sequencing (2007)

- Applied SOLID™ System
A Biosystems  Sequencing by Oligonucleotide Ligation and Detection




Properties of the Probes
Spatial separation among dye, ligation & cleavage sites

Cleavage site,

3’ Ligation site > - ] Fluorescent dye

1,024 Octamer Probes (4°)
4 Dyes, 4 dinucleotides, 256 probes per dye
N= degenerate bases Z= Universal bases



SOLID Chemistry System 4-color ligation
Ligation reaction

universal seq primer
SFITTITTITTITITTITTpS
> nnnGGz'z:-f
I'I‘I'I‘Il'l‘/

nnn nnn

universal seq primer
EEEEEEEEEEEE R

Apm

bead 51 31
P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation
Ligation reaction

universal seq primer
J s
FTTT1 nnn Gzzz

Tl

O o gy prrRELIIIILIRR lIIIIlIlIIIIIIlIIIIIIIIIIIIIIIIIIIIII

hlad51 3!
P1 Adapter Template Sequence

3 5
rmrrri

3 . 5'
rrrri nnnATzzz

nnn ZZ2Z

universal se




SOLID Chemistry System 4-color ligation
De-Phosphorylation

universal seq primer

MTTTTTTTTTTTPY
Wme Lt
bead51 3!
P1 Primer Template Sequence

universal seq primer J
TTTIT1 1 "
L1111 1

IS E NN NN NN NN
tﬂadSl 3]
P1 Adapter Template Sequence




SOLiD Chemistry System 4-color ligation
Visualization

universal seq primer

MITITITITITTI I

Tpm
3 4,5

P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation

Cleavage

universal seq primer

MTITITTITITITITII T~

bead 1
S P1 Adapter

1

4,5

Template Sequence

3?



SOLiID Chemistry System 4-color ligation

Ligation (2"d cycle)
|-|-|-|-| rr/ nnnGG%
|!|-rrr!|-nn-/ nnnATzzz |

universal seq primer n_f
1um ks

bead 5: 3’

P1 Adapter 4,5 Template Sequence




SOLID Chemistry System 4-color ligation
Visualization (29 cycle)

universal seq primer

P1 Adapter Template Seqguence



SOLID Chemistry System 4-color ligation
Cleavage (2"d cycle)

universal seq primer .

. PS5
FTTTTITTITITITTINIT. TTTGe
i GG
& 5’ 45 9,10 3’
P1 Adapter Template Sequence



SOLIiD Chemistry System 4-color ligation
interrogates every 5 base

universal seq primer

P1 Adapter Template Sequence



SOLID Chemistry System 4-color ligation
Reset

P1 Adapter Template Seguence



SOLID Chemistry System 4-color ligation
(15t cycle after reset)

universal seq primer n- 1

r|-|-|-| nnnGGzlz-lz-f
nInInI”I” nnnATzzz
universal seq DIQ f
1pm .

bead 5! 3’

P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation
(15t cycle after reset)

universal seq primer n-1

P1 Adapter Template Sequence




SOLID Chemistry System 4-color ligation
(2"d Round)

universal seq primer n-1

34 839 12,14 18,19

P1 Adapter

23,24



Sequential rounds of sequencing

Multiple cycles per round
1pm RN NN NN NN E NN RN RN NN NN ENEENENEEEEN
458 3

P1 Adapter Template Sequence

universal seq primer

SFTTTTTTTITTITTITI 45 910 1415 19,20 24,25
reset / universal seq primer n-1
SFTTTITITITITITITNI 34 89 13,14 18,29 23,24
reset ( : "
universal seq primer n-2 >4 T 12.13 17.18 22.23

reset ( . e
universal seq primer n-3 1.2 6.7 1213 16.17 21.22

reset ( : e s
universal seq primer n-4

T 01 368 1112 1510 20219



Paired End two sequences generated

Sequential rounds of sequencing
Multiple cycles per round

P1 Adapter

Internal Adapter

P2 Adapter

25 base
Tag #1
universal seq primer
IMTTTIrrrIIr oIl 45 840 14,15 1820 24,25
reset { universal seg primer n-1

34 B9 13,14 15,29 23,24

ITTTTITTITTTITITITL
reset { universal seq primer n-2 23 78
IMTTITTITTITTIIITI v A

reset ( universal seq primer n-3

a
( universal seq primer n-4
ATTTTTIrrrIrrrIr

1213 1718 2223

1.2 6T 12,13 16,17 21,22

01 56 11,12 1516 20,21

25 base
Tag #2

unhsersal saq primer

IFTTTTTITITTICITL 45 8910 1415 19,20 2425
reset (
universal seq primer n-1
T T T T 24 89 13,14 18,29 23,24
t {
Pane universal seq pnmer mn-2 23 7.8 12,13 17,18 22,23
ITTTITTITRIIIIT :
reset ( ez, ’
universal seq primer n-3 12 67 12,13 16,17 21,22
ITTTITITTEITTIOTINT
reset { . .
inversal se r =g
el oo i theldea g 01 56 11,12 1516 20,21

ITTTTITTITITTITIN



Dual Flow

Reagent Cell

handling

10-box Linux Cluster
15 Th data storage



Solexa (2007)

1. PREPARE GENOMIC DNA SAMPLE

-

i i i

/

: ¥

Adapters

{

2. ATTACH DNA TO SURFACE

Adapter

DNA
fragment

/ Dense lawn
of primers

i 4

Randomly fragment genomic DNA
and ligate adapters to both ends of the
fragments.

4 3

Bind single-stranded fragments randomly to
the inside surface of the flow cell channels.

3. BRIDGE AMPLIFICATION

-

J

Add unlabeled nucleotides and enzyme to
initiate solid-phase bridge amplification.



4. FRAGMENTS BECOME DOUBLE
STRANDED

Attached
terminus

Attached Free

The enzyme incorporates nucleotides to
build double-stranded bridges on the solid-
phase substrate.

5. DENATURE THE DOUBLE-STRANDED
MOLECULES

Denaturation leaves single-stranded
templates anchored to the substrate.

6. COMPLETE AMPLIFICATION

a

. 099 |

o F ket kg Ay

B e R e ]
N

Clusters

4

Several million dense clusters of double-
stranded DNA are generated in each channel
of the flow cell.



7. DETERMINE FIRST BASE

~

Laser

A S/

First chemistry cycle: to initiate the first
sequencing cycle, add all four labeled reversible
terminators, primers and DNA polymerase
enzyme to the flow cell.

8. IMAGE FIRST BASE

9. DETERMINE SECOND BASE

-

o

Laser
\_ v,

After laser excitation, capture the image of
emitted fluorescence from each cluster on the
flow cell. Record the identity of the first base

for each cluster.

Second chemistry cycle: to initiate the
next sequencing cycle, add all four labeled
reversible terminators and enzyme to the
flow cell.



HELICOS (2008)
/

True Single Molecule Sequencing (tSMS)
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PACIFIC
BIOSCIENCES®

Single Molecule Real-Time (SMRT)

Pacific Biosciences

20 zeptolitru



lon Torrent

Palymemse

Hydrogen and pyrophosphate are released.



1 YNANOPORE

Oxford nanopore

A W e W A 'y
e e OO P




Dalsi technologie

» Mikroelektroforéeza
* Sekvenovani na bazi microarray



CHALLENGES IN GENOME SEQUENCING

De novo genome assemblies using only short read data of NGS
technologies are generally incomplete and highly fragmented due to

= Large duplications - chromosomal approach, BAC-by-BAC sequencing

= High proportion of repetitive DNA - challenge!

CTTGTTAGGACC
TTGACGGGGCTC
GTTATGCTCAAAT
TTGCCGCGGTCG
TCGCTGCATATC
ACCCTGAAGCGT
CGCGATGGCTTA
GGAACATATTAG

=20

J—
. ACGTTTAGACC Chromosome
TTGACGGGGCTC I

GTTCGGCCCAAA
TTTGCCGCGGTC
GTCGCTATATATC
CCCCGAAGCGTC| ||
GCGATATGCCAG
TATTAGCACAA...

mieiw)

= Large genome size (~17 Gb)

= Polyploidy (3 subgenomes)



BAC-BY-BAC SEQUENCING

= Physical map is composed of contigs
of overlapping BAC clones
= BAC contigs are landed on the
— = chromosome through markers
& e comprised in the contigs
2. — BACclones ™
© Construct EEE;:%::‘:%; iii?;::g‘;a Eiif—?iif—‘é?;? | _——E
El domn | o S e I:_J‘> L = _—
(C mappead TCGCSTATAGCCC| AnraTTAGATCS:) i;“_gii;';:m"g = = =
2 clones :‘;ﬁ:‘iﬂ‘fﬁﬁ TACCACATCGCST| ATCTTACARGTAR | =—= e =
v SCTTCTAT| ATASCCCSTASAT| corTacATOSATA e — =
E TACATCCATSRAT| CCTSTATCGATAT| GCACATOGOSTAT | = :—T_
= ooy I il =
oo Generate —Emae | -— — =
c several - = —_— | =
‘G | thousand " = = i —
c | sequence - - - = = ES
Q | reads per - = = ES
= clone -- = - ._._'_ = E :
g —_—
A X ¥
Assamble
{Eispsaengtatpeanstatatnet
BAC by BAC /////
f
approach TN B LA



http://www.google.cz/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0CAcQjRw&url=http://www.clipartbest.com/text-book&ei=ghNEVKq7GsL2O_nngfgK&bvm=bv.77648437,d.ZWU&psig=AFQjCNGLdiQGzOB-F6wkwD5CPYfbTsESdg&ust=1413833780527391

SOLUTIONS FOR THE REPEATS

= Long mate-pair reads > 10 kb
= Long read technologies - PacBio, Oxford Nanopore

= Optical mapping

= Single-molecule mapping of genomic DNA hundreds of kilobases
to several megabases in size

= (Creates sequence-motif maps, which provide long-range
template for ordering genomic sequences

= Visualisation of reality “Seeing is Believing”



OPTICAL MAPPING

Three enzymatic approaches

= picking enzymes: / \
fluorescent labelling L S
of the nicking site — L e
in solution (BioNano Incorporatio
Genomics - Irys) Strand

Nicking . n of
K displacement fluorescent /
des

L
Ul



BIONANO GENOME MAPPING ON NANOCHANEL ARRAYS

1| Sequence-specific labeling 3 |Fluorescence imaging
Nickase (Nt.BspQl)
!
5'-ATGCGCTCTTCCATGAATGCGAGC-3’
3 -TACGCGAGAAGGTACTTACGCTCG-5'

Nick
labeling
P

| L
5~ ATGCGCTCTTCCAUGARUGCGAGC -3 4 | Map construction
3’-TACGCGAGAAGGTACTTACGCTCG-5’

2 | DNA linearization I”_ “I l” m i“ H

UL AL L

5| Building consensus map

Lam et al, Nat. Biotechnol. 30(8) 2012 T RO R A0




