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ABSTRACT

DNA sequencing is one of the most important platforms for the study of
biological systemstoday. The high-throughput - next generation sequenc-
ing (HT-NGS) technologies are currently the hottest topic in the field of
human and animals genomics researches, which can produce over 100
times more data compared to the most sophisticated capillary sequencers
based on the Sanger method. New generation of sequencing technolo-
gies, fromIllumina/Solexa, ABI/SOLID, 454/Roche, and Helicos, haspro-
vided unprecedented opportunities for high-throughput functional ge-
nomic research. The next-generation sequencing technol ogies offer novel
and rapid waysfor genome-wide characterisation and profiling of mRNAS,
small RNAS, transcription factor regions, structure of chromatin and DNA
methylation patterns, microbiology and metagenomics. However, unlike
traditional Sanger dideoxy sequencing, these methods have lower accu-
racy and shorter read lengths than the dideoxy gold standard. An as-
tounding potential existsfor these technol ogiesto bring enormous change
in genetic and biological research and to enhance our fundamental bio-
logical knowledge. © 2012 Trade Sciencelnc. - INDIA
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INTRODUCTION

DNA sequencingisoneof themost important plat-
formsfor the study of biological systemstoday. Se-
guence determination ismost commonly performed
using di-deoxy chainterminationtechnology™™. Thechain
termination sequencing method, aso known as Sanger
sequencing, was devel oped by Frederick Sanger and
colleagued?, hasbeen the most widely used sequenc-
ing method sinceitsadventin 1977 and still isin use
after morethan 29 years. Despiteall the advantages,
therearelimitationsin this method, which could be

complemented with other techniques®. Many research
groupsaround theworld have made effort to devel op
dternative principlesof DNA sequencing. Threemeth-
odsthat hold great promise are sequencing by hybrid-
ization“" paralldl signature sequencing based onliga
tion and cleavag€e® and pyrosequencing®*.

SANGER SEQUENCING
Themethod isbased onthe DNA polymerase-de-

pendent synthesisof acomplementary DNA strandin
the presenceof natural 2' -deoxynucleotides (ANTPs)
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and 2, 3 - dideoxynucleotides (ddNTPs) that serveas
nonreversible synthesisterminators?. Sanger dideoxy
sequencing? and itsmodificationg**3 dominated the
DNA sequencing field for nearly 30 yearsand inthe
past 10 yearsthelength of Sanger sequencereadshas
increased from 450 basesto morethan 1 kb.

LIMITATIONSOF SANGER SEQUENCING

The Sanger sequencing method? hasbeen thework-
horsetechnology for DNA sequencingsinceit’s invent.
Though Sanger method isstill considered by there-
search community asthe gold standard for sequencing,
it hassevera limitationssuch as- (1) A great limitation
of the Sanger sequencing method for larger sequence
output istheneed for gelsor polymersused assieving
separation mediafor thefluorescently labeled DNA frag-
ments. (2) Relatively low number of samplescould be
andyzedinpardld. (3) Tota automation of thesample
preparation methodsisdifficult. (4) DNA fragments
need to be cloned into bacteriafor larger sequences.
(5) High cost of sequencing. (6) Sequencing errors &
Levd of sengtivity (generally estimated at 10-20%) in-
sufficient for detection of clinically relevant low-level
mutant alelesor organisms. (7) cisor transorientation
of heterozygous positions may bedifficult to resolve
during dataanaysis. (8) Not readily scalableto achieve
athroughput capabl e of efficiently analyzing complex
diploid genomesat low cost. (9) denovo genomeas-
sembly isdifficul i+,

ALTERNATIVEMETHODS
OF SEQUENCING

Theterm NGSisused to collectively describetech-
nologies other than Sanger sequencing that havethe
potentia to sequencethehuman genomein comingyears
for US$1000¢, Commercially available NGStech-
nol ogi es such as Roche/454 (http://www.454.con),
Solexd lllumina(http:/Amww.illumina.cony),AB SOLID
(http://www3.appliedbiosystems.com/ AB_Home/
applicationstechnol ogies/ SOLiDSystemSequencing/
index.html) and Helicos Biosciences (Amplificaion-in-
dependent (singlemolecul€) sequencing methodsSingle
molecule sequencing (SMS)) (http://
www.helicoshio.com/) havea ready demondtrated the
potentid to circumvent thelimiting factorsof Sanger
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sequencing!t”-18,

Apart fromthecommercidly avalabletSM S(true
SMS) launched by Helicos Biosciences (http://
www.helicoshio.conv), SM S(Singlemol ecule sequenc-
ing) development isunderway at severd academiclabo-
ratories and companies such as Biotage (http://
www.biotage.com/), Li-COR Biosciences (http://
www.licor.com/), Nanogen (http://
www.nanagen.com/), Network Biosystems (http://
www.networkbiosystems.com/) and Vis-Gen Biotech-
nologiesinc. (http://visgenbio.con). Pacific Biosciences
(http://www.pacifichiosciences.com/) hasrecently re-
ported real-timesequencing®. It isnoteworthy that all
NGStechnologiesare constantly improving, withthe
goad toreduceerror rates and toincreasethe sequence
read length and read numbert!,

Roche (454) GSFL X pyrosequencer

Thefira NGSsysemto becomecommercidly avail-
ablewasthe Genome Sequencer from 454 Life Sci-
ences (Branford, CT, USA) (later acquired by Roche)
in 200517, This sequencer works on the principle of
‘pyrosequencing’®, which uses the pyrophosphate
mol ecul erel eased on nucleotideincorporation by DNA
polymeraseto fuel adownstream set of reactionsthat
ultimately produceslight fromthedeavageof oxyluciferin
by luciferase? 23,

Roche (454) GSFLX pyroseguencer circumvents
the cloning requirement of Sanger sequencing by taking
advantageof ahighly efficientinvitro DNA amplifica
tion method known as emulsion PCR?4. In emulsion
PCR, individual DNA fragment-carrying streptavidin
beads, obtai ned through shearing the DNA and attach-
ing thefragmentsto the beads using adapters, are cap-
tured into separate emulsion dropl ets. Thedropletsact
asindividual amplification reactors, producing ~107
clonal copiesof aunique DNA template per bead®.
Each template-containing bead i s subsequently trans-
ferredintoawell of apicotiter plateand theclonally
related templ ates are analyzed using apyrosequencing
reaction. Theuseof the picotiter platedlowshundreds
of thousands of pyroseguencing reactionsto becarried
out in parallel, massively increasing the sequencing
throughput!.,

Thismethod hassignificant advantagesover Sanger
sequencing becauseit requiresno el ectrophoresisstep
to separate extension products and base incorporation
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can bedetectedinred time®!. Theprecision of Roche/
454 sequencing technol ogy in handling homopolymers
(short stretches of the same contiguous nucl eotides)
suffersin comparisonwith other NGStechnol ogies.

Thecurrent 454 instrument, the GS-FL X, produces
an average read length of ~250 bp per sample (per
bead), with acombined throughput of ~100 Mb of se-
quencedataper 7 h run. By contrast, asingleABI 3730
programmed to sequence 24 X 96-well plates per day
produces ~440 kb of sequence datain 7 h, with an
averageread length of 650 bp per sampl€?®l. The next
upgrade 454 FL X Titaniumwill quintuplethe dataout-
put from 100 Mb to about 500 M b, and thenew picotiter
plateinthedeviceuses smaller beadsabout 1 mmdi-
ameter,

[llumina/ Solexagenomeanalyzer

Introduced in 2006, the llluminaGenomeAndyzer
isbased on the concept of ‘sequencing by synthesis’
(SBS) to produce sequence reads of ~32—40 bp from
tensof millionsof surfaceamplified DNA fragmentss-
multaneously!®. The Illumina/Solexa approach(?”
achievescloning-free DNA amplification by attaching
sngle-dranded DNA fragmentsto asolid surffaceknown
asasingle-moleculearray, or flowcell, and conducting
solid-phasebridgeamplification of sngle-molecule DNA
templates (I11lumina, Inc.). Inthis process, one end of
single DNA moleculeisattached to asolid surface us-
ing an adapter; the mol ecul es subsequently bend over
and hybridizeto complementary adapters(creatingthe
“bridge”), thereby forming the template for the synthe-
sisof their complementary strands?. After theamplifi-
cation step, aflow cell with morethan 40 million clus-
tersisproduced, wherein each cluster is composed of
gpproximately 1000 clonal copiesof asingletemplate
molecul€?’], The templates are sequenced in amas-
svdy pardld fashionusngaDNA sequencing-by-syn-
thesi sgpproach tha employsreversbleterminatorswith
removablefluorescent moietiesand specia DNA poly-
merases that can incorporate these terminators into
growing oligonucleotidechains. Theterminatorsarela
beled with fluors of four different colorsto distinguish
among thedifferent bases at the given sequence posi-
tion and the templ ate sequence of each cluster isde-
duced by reading off the col or at each successive nucle-
otide addition step. A base-calling a gorithm assigns
sequences and associ ated quality valuesto each read

and aquality checking pipeline evaluatesthelllumina
datafrom each run, removing poor-guality sequences®!.

Althoughthellluminagpproachismoreeffectiveat
sequencing homopolymeric stretches than
pyrosequencing, it producesshorter sequencereadsand
hence cannot resolve short sequence repeats®®. Inad-
dition, dueto the use of modified DNA polymerases
and reversibleterminators, substitution errorshave been
noted in Illuminasequencing datd®. Typicaly, the1G
genomeanayzer from lllumina, Inc., iscapableof gen-
erating 35-bp reads and producing at least 1 Gb of
sequence per runin 2-3 days.

In 2008 I1luminaintroduced an upgrade, the Ge-
nomeAnalyzer | that triples output compared to the
previous GenomeAnalyzer instrument. A paired-end
modulefor the sequencer wasintroduced, and with new
opticsand cameracomponentsthat allow the system
toimage DNA clustersmore efficiently over larger ar-
eas, the new instrument tri plesthe output per paired-
end run from 1 to 3 Gb™., The system generates at
least 1.5 Gb of single-read dataper run, at least 3 Gb
of datain apaired-end run, recording datafrom more
than 50 million readsper flow cell. Theruntimefor a
36- cyclerunwas decreased to two daysfor asingle-
read run, and four daysfor apaired-end run=t,

Applied biosystems SOL iD sequencer

Applied Biosystems SOLiID sequencer, which
achieved commercial releasein October 2007, usesa
unique sequencing processcatalyzed by DNA ligasd?.

DNA fragmentsareligated to adaptersthen bound
to beads™. SOLID instrument beginswithanemulsion
PCR single-moleculeamplification step smilar to that
used inthe 454 technique. Theamplification products
aretransferred onto aglass surfacewhere sequencing
occurs by sequential roundsof hybridizationandliga
tion with 16 dinucleotide combinations|abeled by four
different fluorescent dyes (each dye used to |abel four
dinucleotides). Using thefour dye encoding scheme,
each positioniseffectively probed twice, and theiden-
tity of thenucl eotideisdetermined by andyzing the color
that resultsfrom two successiveligation reactions. Sig-
nificantly, thetwo base encoding schemeenablesthe
di stinction between asequencing error and asequence
polymorphism: an error would be detectedin only one
particular ligation reaction, whereas apolymorphism
would be detected in bothi*.,
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Theachieved sequencereading lengthisat present
about 35 bases. Because each baseis determined with
adifferent fluorescent label, error rateisreduced. Se-
guences can bedeterminedin parallel for morethan 50
millionbead clusters, resulting in avery high throughput
of theorder of Gigabasesper run. Applied Biosystems
produced an updated versionin 2008, the SOLiD 2.0
platform, which may increasethe output of theinstru-
ment from 3to 10 Gb per run. Thischangewill reduce
theoveral runtime of afragment library on the new
systemto 4.5 daysfrom 8.5 days on the existing ma-
ching4,

The Helicos single-molecule sequencing device,
HeliScope

Oneof thefirst techniquesfor sequencing froma
single DNA molecul ewas described by theteam of S.
Quake®, and licensed by Helicos Biosciences. Helicos
introduced thefirst commercial single-molecule DNA
sequencing systemin 2007. Thenucleicacid fragments
are hybridized to primers coval ently anchored in ran-
dompositionson aglasscover dipinaflow cell. The
primer, polymeraseenzymeand labdled nuclectidesare
added to the glass support. The next base incorpo-
ratedinto the synthesi sed strand isdetermined by analy-
ssof theemitted light signd, inthe sequencing-by-syn-
thesi stechnique. Thissystem a so analysesmany mil-
lionsof single DNA fragmentss multaneoudy, resulting
in sequencethroughput in the Gigabaserange™®.

Read lengthsaveraged about 23 bases. Therewere
gtill somelimitationsin thesingle-mol eculetechnol ogy,
onthebasisof thefirst generation of the chemistry. In
the homopol ar regions, multiple fluorophoreincorpo-
rations could decreaseemissions, sometimeshbel ow the
level of detection; when errorsdid occur, most were
deletions. Helicosannounced that it hasrecently devel -
oped anew generation of ‘one-base-at-a-time’ nucle-
otides which alow more accurate homopolymer se-
quencing, and lower overall error rates®.

Other futuretechniques

Deveopmentsof novel DNA sequencing techniques
aretaking placein many groupsworldwide.

Thelaboratory of Church®! has devel oped ase-
guencing technology s milar to sequencing-by synthes's
principlecombining with multiple polony technol ogy. It
hasthe advantage of the capacity to analyzeincreased
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magnitude of samplessimultaneoudy and reducereac-
tion volume, reduced reagent requirement and lower
cost®!,

Vis Gen Biotechnol ogies(http://visigenbio.conv) has
devel oped another promising approach using red-time
snglemolecule DNA sequencing principle. Thismethod
usesaspecial DNA polymerase with adonor fluores-
cent dyeand four types of modified nucleotideswith
different acceptor dye. When correct nudeotideisfound,
donor dye of polymerase comesinto close proximity
with acceptor dye on the nucleotidesand energy trans-
fer between them produces fluorescent resonant en-
ergy transfer (FRET) light signdl. Throughthistechnol-
ogy, an entire human genome can be sequencedinless
than aday for under $1000. It isexpected to generate
around 4Gb of dataper day. Thisprinciple obviatesthe
requirement of cloning and amplification andthusoffer
lower cost. Read length is expected to be around
1K bt

Pacific Biosciences (http:/Awww.pacifi chi osciences.
com/index.php), aUS company has devel oped anext-
generation DNA sequencing instrument that will even-
tually beableto produce 100 Gb of sequence data per
hour, i.e. adiploid human genomeat onefold coverage
inabout 4 min. Thismethod usessingle moleculeredl-
time (SMRT) technol ogy whichisbased on zero mode
waveguides (ZMWSs). Expected read length i s about
1500 bases with a rate of 10 bases/s, and able to
analyseupto 3000 ZMWsin paral lel*7,

A new single-molecule DNA sequencing approach
using RNA polymerase (RNAP) has been described
by Greenleaf and Block!®!. In the planned method,
RNAPisattached to one polystyrene bead, whilst the
distal end of aDNA fragment is attached to another
bead. Each bead is placed in an optical trap and the
pair of optical traps levitates the beads. The RNAP
interactswiththe DNA fragment and thetranscriptiona
motion of RNA P dong thetemplate changesthelength
of the DNA between thetwo beads. Thisleadstodis-
placement of thetwo beadsthat can beregistered with
precisonintheAngstromrange, resultinginsingle-base
resolution onasingle DNA molecule. By digning four
displacement records, eachwith alower concentration
of oneof thefour nucleotides, inaroleanalogoustothe
primersused in Sanger sequencing, and using for cali-
bration theknown sequencesflanking theunknown frag-
ment to be sequenced, it is possibleto deducethe se-



244

Next generation sequencing technologies - Principles and prospects

RRBS, 6(9) 2012

Review

guenceinformation. Thirty out of 32 baseswere cor-
rectly identifiedin about 2 min. Thetechnique demon-
strates that the movement of anucleic acid enzyme,
and thevery sensitive optical trap method, may alow
extraction of sequenceinformation directly fromasingle
DNA molecule.

Other future techniquesinvolved nano-DNA se-
guencing, Sequenom (http://www.sequenom.com),
BioNanomatrix and Complete Genomics (http://
bionanomatrix.com/) etc.4.

ADVANTAGESOFNEXT GENERATION
SEQUENCING

Next generation sequencing technol ogies offer sev-
eral advantages over traditional Sanger sequencing
methods, such as-

1. Considerably higher throughpui.

2. Lower cost per sequenced basg*”.

3. Ability todiscover novel genetic variationsisvery
high.

4. Gregter sengtivity.

5. Determination of thesequencedatafromamplified

sngleDNA Fragments.

Avoiding theneedfor cloning of DNA fragments.

7. Reduced of sequencing errorg®

o

COMPARISON OF NEXT GENERATION
SEQUENCING METHODS

A comprehensivecomparison of different next gen-
eration sequencing methods has been presented in
TABLE 1.

CHALLENGES

Next generation sequencing technologiesaretill in
their premature stage facing many challengeswhich
should beresolvedin futureto makethese methodsas
gpplicableas Sanger sequencing. Thechalengesareas
follows
1. Themgjor limitation of anext generation sequenc-

ing gpproachisthat thelength of the sequencereads

produced wasuntil recently only 25-200 bases, as
opposed to over akilobase generated by conven-
tiond capillary based sequencing methods. Although
short sequence reads do not limit the amount of

sequence data coll ected, this can hamper the as-
sembly of the short sequence reads into large
contigg*.

2. Thereisagreat need for quantitative studiesand
analysistoolsthat help investigatorsoptimally de-
sign NG sequencing experimentsto address spe-
cificgoag*1.

3. NGSdataandyss. Inamgority of the sequencing
projectsthe quantum of sequencing datahas out-
paced computationa capabilities makingNGSdata
andys sand management the biggest bottleneck and
afiedinitself for researchwhichisstill evolving.
Although thecogt of actua sequencingisreducing
drastically, the associated bioinformatics cost for
NGS datastorage and analysis has grown expo-
nentialy. Unlikemicroarray whichhasmultiplero-
bust analysissolutions, NGSdataanaysislargely
rely on non-standard open sourcetool sand requires
highly trained Bioinformaticians. Althoughfew com-
mercia solutionsareavailablethey areextremely
expensiveand not very reliable.

4. Computinginfrastructure: NGS datademands so-
phisticated and high-end computing infrastructure.
For example, to perform de novo assembly and
annotation of mammalian genome, asystemwith
atleast eight quad coreprocessor and 512 GB RAM
along with 10 terabytes (TB) of disk spaceisre-
quired. Additionally, highly skilled IT and
bioinformatics staff isrequired to set up, maintain
and run NGSdataanadysistools.

5. Commercialy unviable: Thecurrent NGSinstru-
mentsavailableare not capable of sequencing com-
plete human genomesonalargescaeat alow price.
Researchers cannot afford these high costs.

FUTURE PROSPECTS

NGSisindeed arevol utionary sequencing technol-
ogy. It offers an unprecedented opportunity to
informatics scientists, biologistsand cliniciansto col-
laborate and overcome the current bottlenecks and
exploregenomicinformationin-depth®. Theavailabil-
ity of ultra-deep sequencing of genomic DNA will trans-
formthebiologica and medica fieldsinthenear future,
inanalysis of the causes of disease, development of
new drugsand diagnostics. It may becomeapromising
tool intheanaysisof menta and devel opmenta disor-
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TABLE 1: Comparison of second and third HT NGSplatfor mg®

Companies Roche GSFLX Ilumina-Sollexa 454 Life Technologies HeélicosBiosciences  Pacific Biosciences
Company http://www.454.com/ http:// solexa.com/ http://wvyw3. http://www.helicosbio. http':/'/wva.'
homepage appliedbi osystems.com/ com/ pacifi chiosciences.com
Plaforms  GSFLX Tiatnium :r:;eﬁzggoo, Genome  Ag| SOLiD, SOLID4  Heliscope SMRT

Clonal bridge
Template Clonal-ePCR on enzymatic Clonal-ePCR on Single molecule Single molecule
Preparation bead surface amplification on bead surface detection detection
glass surface
Samole 1 ng for shotgun <l gfor singleor <2 g for shotgun
] uﬁ'ements library, 5 pg pairedend library, 5-20 pug <2 pg, single end only Not available (NA)
& for paired end libraries for paired end
I;ggrt]ggltted from Fluorescent emisson  Fluorescent emisson  Real time detection of Real time detection of
Detection reacti onsyi nitiated b from incorporated from ligated fluorescent dye in fluorescent dye in
method release of v dye-labelled dye-labelled polymerase active Site  polymerase active Site
nucl eotides oligonucl eotides during incorporation  during incorporation
pyrophosphate
Length of
library prep/
feature 34 2 2-4.5 1 NA
generation
(days) . |
Method of Bead- Isoth_er_mal_ bfldge Bead-based/emulsion  Single molecule S' ngle mal ec_ul ered
feature based/emulsion PCR amplification” on PCR uendin time sequencing by
generation flow cell surface g 9 synthesis
Paired ends
Iseparation 3 kb (2x110 p) 200 bp (2x36 bp) 3 kb (2x25 bp) 25-55bp NA
. . . . Phospho-linked
. . Reversible Dye Oligonuclectide Probe  Reversible Dye
Chemistry Pyrosequencing Terminators Ligation Terminators Fl UOresce It
Nucleotides
Bases/template ~400 ~75 (35-100) 35-50 35 800-1000
Templatesrun 1,000,000 40,000,000 85,000,000 NA NA
Data
production/day 400 MB/run/7.5hr 3,000 MB/run/6.5 days 4,000 MB/run/6 days 8 days 0.02 days
g”a;xp'ﬂ”;’m 16regiongplate 8 channels/flow cell  16chambers2 lides  NA NA
Raw accuracy 99.5% >98.5% 99.94% >99% NA
Sequencing . Reversible dye Sequencing by ok Sequencing by
method Pyrosequencing terminators ligation One base-at-artime synthesis
Read lengths 400 bases 36 bases 35 bases Longer than 1000 Longer than 1000
Sequencing 4, 2.5 days 6 days 1 <1
run time
Total
Throughput %S(*Oﬁo Gb,0.035 5 g 10-20Gb 28 GB 100 Gb per hour
bases/run (Gb)
Throughput . -
Iday (Ghb) 1 15 1.7-2 25 1
Estimated Lower than second Lower than second
system cost $500,000 ~$400,000 $525,000 NGS NGS
Consumable
cost per
singleend run $5000 $3000 $4000 Lower than second - Lower than second
(paired-end
run)
Cost per run Lower than second Lower than second
(total direct) 0439 $8950 $17,447 NGS NGS
Costper Mb  $84.39 $5.97 $5.81 Lower than second Lower than second

NGS

NGS

derssuch as schizophreniaand autismi“>#4,

sequence knowledge gleaned usng NGSwill consid-
Itisnow widedy being accepted that theexhaustive  erably impact thefield of medicine. By studying how
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genes, differ amongst speciesand a so amongst indi-
vidua swithinthe same species, scientistsarenowina
positionto better understand theroleand functionsgenes
play in affecting health and disease progresson*”. This
improved understanding of genomeswill bethe new
driver of medical advancementsand will further facili-
tate the devel opment of novel diagnostic assays, tar-
geted therapi es and better assessment of hypersensi-
tivities/drug resistancea ong withimproved ability to
predict theonset, severity and progression of diseases.
NGSisindeed amgor legp forwardinthedirection of
understanding personalized genomicsand medicing,

Genomeresequencing will likely be used to char-
acterizedtransor isolatesre ativeto high-quality refer-
ence genomes such as C. elegans, Drosophila, and
human9, Epigenomic variation, asan extension of ge-
nome resequencing applications, asowill beinvesti-
gated using next-generati on sequencing gpproachesthat
enabl ethe ascertainment of genome-wide patterns of
methylation and how these patterns changethrough the
courseof anorganism’s development, in the context of
disease, and under various other influences !,

Thenove sequencing technologieswill bea so useful
inmicrobid genomics, for exampleinthemetagenomics
measuring the genetic diversity encoded by microbial
lifein organismsinhabiting acommon environment(*l,
Genomics, proteomicsand medica research all benefit
from recent advances and novel techniquesfor high-
throughput andlysis(e.g. DNA and protein microarrays,
guantitative PCR, mass spectrometry, novel DNA se-
guencing techniquesand others)™.

CONCLUSION

The sequence-based characterization of genomesis
ardatively young pursuit inthebiological sciencesthat
hasto date primarily enhanced model organismand hu-
man genetics, providing asubstrate to discover genes
andto understand genetics. Thisfundamenta knowledge
isnow being enhanced by the ability to gather genome-
wide sequenceinformation morerapidly that caninform
ahigher-leve gppreciation of thefunctiona genome, us-
ing front-end techni quescombined with massvely pard-
Il throughput sequencing dataproduction. Severd early
gudieshave shownthe power of thisnew paradigm, and
only timeand ingenuity will determineitsboundariesand
itsconsequent ability totransform genetics.
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