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Against a Whole-Genome Shotgun
Philip Green1

Department of Molecular Biotechnology, University of Washington, Seattle, Washington 98195

Th e h um an gen om e project is en terin g its decisive

fin al ph ase, in wh ich th e gen om e sequen ce will be

determ in ed in large-scale efforts in m ultip le labora-

tories worldwide. A n um ber of sequen cin g groups

are in th e process of scalin g up th eir th rough put;

over th e n ext few years th ey will n eed to attain a

collective capacity approach in g h alf a gigabase per

year to com plete th e 3-Gb gen om e sequen ce by th e

target date of 2005. At p resen t , all con tribu t in g

grou p s are u sin g a clon e-by-clon e ap p roach , in

wh ich m apped bacterial clon es (typically 40–400 kb

in size) from kn own ch rom osom al location s are se-

quen ced to com pletion . Am on g oth er advan tages,

th is p erm its a variety of altern at ive seq u en cin g

st rategies an d m eth ods to be exp lored in depen -

den tly with out redun dan cy of effort . Alth ough it is

n ot too late to con sider im plem en tin g a differen t

approach , an y such approach m ust h ave as h igh a

probability of success as th e curren t on e an d offer

sign ifican t advan tages (such as decreased cost). I ar-

gue h ere th at th e wh ole-gen om e sh otgun proposed

by Weber an d Myers satisfies n eith er con dit ion .

Clone-by-Clone Sequencing

For purposes of com parison it is h elpfu l to first ou t-

lin e a specific im plem en tation of clon e-by-clon e se-

quen cin g. Alth ough by n o m ean s th e on ly on e pos-

sible, th is im plem en tation is bein g used by several

of th e larger groups an d seem s likely to be th e

m eth od of ch oice for th e m ajor part of th e gen om e.

On e starts with a set of m apped sequen ce-tagged

sites (STSs) (Olson et al. 1989) from a part icu lar

ch rom osom al region . Th ese are screen ed again st a

bacterial art ificial ch rom osom e (BAC) (or o th er

large bacterial clon e) library (Kim et al. 1996) to ob-

tain overlappin g clusters of clon es from th at region .

Sin ce wh ole-gen om e m appin g efforts are n earin g

th e target den sity of 1 STS per 100 kb [Hudson et al.

1995; D.R. Cox an d R.M. Myers et al. 1997, World

Wide Web (WWW) site for th e Stan ford Hum an Ge-

n om e Cen ter, h ttp :/ / sh gc.stan ford.edu; E. Lan der et

al. 1997, WWW site for th e Wh iteh ead In stitu te/

MIT Cen ter fo r Gen om e Research , h t tp :/ / www-

gen o m e.w i.m it .ed u ], w it h severa l in t en sive ly

m apped ch rom osom es already exceedin g it (Naga-

raja et al. 1997, Bouffard et al. 1997), an d BACs av-

erage 130 kb or m ore in size in curren t libraries (Kim

et al. 1996), th is STS den sity sh ould be adequate to

obtain con tiguous clon e coverage of m uch of th e

gen om e; m ost gaps th at rem ain sh ould be closable

by developin g n ew STSs directly from th e sequen ce

adjacen t to th e gap an d rescreen in g th e library.

Restrict ion digests are perform ed on th e clon es

obtain ed from th e screen s to determ in e th eir sizes

an d exten t of overlap , an d to elim in ate an om alous

clon es, wh ich gen erally h ave fin gerprin ts in con sis-

ten t with oth er clon es in th e group. Selected clon es

are th en sequen ced usin g a two-stage strategy, con -

sist in g of a sh otgun ph ase in wh ich a n um ber of

reads are gen erated from ran dom M13 or plasm id

subclon es, followed by a directed , or ‘‘fin ish in g’’

ph ase. In th e latter, th e sh otgun reads are assem bled

in to con tigs, th e assem bly is in spected an d tested

for correctn ess, addit ion al data are collected to close

gaps an d resolve low-quality region s (e.g., com pres-

sion s), an d edit in g is perform ed to correct errors in

assem bly an d to resolve discrepan cies between reads

an d oth er data an om alies.

Th e am ou n t of fin ish in g effort requ ired de-

pen ds in part on th e desired accuracy an d com plete-

n ess of th e fin al sequen ce. In th e case of th e h um an

gen om e, th e goal th at h as been agreed upon by th e

U.S. fun din g agen cies an d essen tially all of th e m a-

jor sequen cin g groups is a com plete an d h igh ly ac-

curate sequen ce with less th an on e error per 10 kb.

Th ere are several reason s for th is target: Th e gen om e

sequen ce sh ould serve as a referen ce again st wh ich

h u m an variat ion can be cataloged , an d con se-

quen tly it sh ould h ave an error rate substan tially

lower th an th e estim ated polym orph ism rate of on e

per kilobase; it sh ould be accurate en ough to perm it

gen es to be iden tified an d dist in guish ed from pseu-

dogen es, so on ly a m in ority of gen es sh ould h ave

an y errors in th eir codin g region s (wh ich average >1

kb in len gth ); an d it sh ould be accurate en ough to

perm it an y region of th e gen om e to be reliably ob-

tain ed by PCR (in particu lar, gaps sh ould be sm all,

in frequen t an d of kn own size). Curren t experien ce1E-MAIL phg@u.washington.edu; FAX (206) 685-7344.
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in dicates th at th is level of accuracy is at tain able

with out un duly in flat in g th e cost .

Not surprisin gly (in view of th e profoun d im -

pact clon in g h as h ad upon m olecular biology), a

clon e-based ap p roach h as im p ort an t st ren gth s.

Clon es provide m odularity, wh ich is a crucial con -

sideration wh en an alyzin g som eth in g as large an d

com plex as th e h um an gen om e. In particu lar, th ey

m ake it possible to target specific region s; to part i-

t ion th e project am on g m ultip le in vestigators with -

out forcin g th em to in teract with each oth er; to iso-

late problem atic region s (e.g., repeats); an d to adapt

th e sequen cin g strategy as n eeded in region s with

un usual features (e.g., GC-rich n ess, h igh repeat den -

sity). Im portan tly, clon e-by-clon e sequen cin g forces

on e to con fron t early on th e issue of fin ish in g an d

en sures th at feedback regardin g data quality is ob-

tain ed quickly.

In addit ion , clon es provide an im portan t tech -

n ical resource for sequen cin g. Th ey perm it efficien t

resequen cin g an d gap-fillin g at th e fin ish in g stage,

an d m ake it possible to test th e correctn ess of th e

assem bly by m ean s of restrict ion digests. Fin ally, be-

cau se each clon e rep resen ts a sin gle h ap lo typ e,

problem s caused by th e presen ce of polym orph ism s

are elim in ated.

Whole-Genome Shotgun Sequencing

Weber an d Myers propose wh ole-gen om e sh otgun

sequen cin g of th e h um an gen om e as an altern ative

t o clo n e-b y-clo n e seq u en cin g. Th eir ap p ro ach

would con sist of a sin gle wh ole-gen om e library con -

struction an d ch aracterization ph ase (for th e en tire

project), followed by a sin gle sh otgun ph ase, fol-

lowed by a sin gle fin ish in g ph ase. In part icu lar, fin -

ish in g issues would n ot be addressed un til fairly late

in th e project .

Th is is in h eren tly a m on olith ic approach in -

com pat ible with clon e-by-clon e sequen cin g, an d

con sequen tly it requires carefu l scru tin y. I will d is-

cuss a n um ber of objection s to it , bu t th e m ost se-

rious on e is th at for a variety of reason s (detailed

below) th e fin ish in g stage h as a h igh probability of

failu re; m oreover, failu re would n ot becom e eviden t

un til very late in th e project wh en it would be too

late to do an yth in g about it . Even if th e fin ish in g

could be m ade to succeed, it would alm ost certain ly

be m uch m ore expen sive th an in clon e-by-clon e se-

quen cin g, resu lt in g in a sign ifican tly h igh er overall

cost . As a resu lt , oth er claim ed advan tages for th e

wh ole-gen om e sh otgun (e.g., th at it would yield a

large supply of polym orph ism s) becom e irrelevan t,

as th at in form ation could be obtain ed m ore ch eaply

by oth er approach es.

Th e prospect of obtain in g an early, broad sam -

plin g of th e gen om e with sh otgun reads is at first

sigh t appealin g, an d on e m igh t h ope th at even if

th e sequen ce could n ot be fin ish ed th e read data

itself would still be usefu l. However, it is clear upon

reflection th at un m apped gen om ic reads are an ex-

trem ely in efficien t way to obtain biological in for-

m ation an d are virtually useless for m ost purposes.

Essen tially th e on ly biologically in terestin g features

recogn izable from such reads would be exon s with

h om ology to previously kn own gen es. However,

on ly ∼ 3% of th e gen om e sequen ce is th ough t to

code for protein ; of th is, a large fraction (at least

h alf) h as already been detected in th e form of ex-

pressed sequen ce tags (ESTs) (Hillier et al. 1996)

(wh ich m oreover h ave th e advan tage of bein g de-

rived from clon es with in tact codin g sequen ces);

an d a furth er large fraction is likely to lack detect-

able sim ilarity to kn own gen es (Green et al. 1993)

an d th us n ot even be reliably iden tifiable as a cod-

in g seq u en ce. Mo reo ver, wh en a h o m o lo gy is

foun d, errors an d in com pleten ess of th e read se-

quen ce will m ake it im possible to tell with out sub-

stan tial addit ion al work wh eth er it represen ts a real

gen e or a pseudogen e; an d because it is un m apped,

an d th e clon e from wh ich th e sequen ce is derived

wou ld be u n available (barrin g a m assive clon e-

trackin g effort), it would be useless for posit ion al

clon in g effort s. For m ost m olecu lar stu d ies, se-

quen ce is usefu l on ly if it is reason ably accurate,

m apped, an d con tiguous (an d wh en th is is n ot re-

quired, on e gets m ost of wh at is n eeded from th e

EST databases). Sequen ce m eetin g th ese criteria will

em erge m uch m ore slowly (if ever) from a wh ole-

gen om e sh otgun approach th an from th e clon e-by-

clon e approach , wh ich is already providin g it .

W eber’s an d Myers’ argu m en t th at th e ap -

proach is feasible relies prim arily on a greatly over-

sim plified com puter sim ulation of th e process of se-

quen ce recon struction , wh ich depen ds on in correct

assum ption s about th e n ature of th e gen om e (e.g.,

th at repeats are un iform ly distribu ted) an d of se-

quen ce data an d ign ores a n um ber of serious tech -

n ical obstacles. It n eeds to be em ph asized th at wh at

th ey h ave don e was n ot an actual assem bly of a

sim ulated gen om e sequen ce; in deed, th ey could n ot

do such an assem bly, as software adequate to h an dle

data on th e required scale does n ot exist , n or do we

h ave adequate kn owledge of th e sequen ce ch arac-

terist ics of th e gen om e to perm it a realist ic sim ula-

t ion . In stead, th ey h ave idealized th e process of as-

sem bly by sim ulatin g th e locations of clon es with in
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th e gen om e (assum in g th ey are ran dom ly distrib-

u ted), of reads with in th ose clon es, an d of repeats,

an d th en sim ply assum in g th at reads wh ose loca-

t ion s overlap would be correctly assem bled togeth er

with out difficu lty un less th e overlap occurs with in a

(sim ulated) repeat location , in wh ich case forward–

reverse read pair in form ation could be used to de-

term in e th e correct assem bly. Th is procedure ig-

n ores th e m an y com plication s th at occur with real

data an d assum es th at th ey will n ot cause dispro-

portion ate difficu lt ies on th e en visaged scale, wh ich

is h igh ly question able.

W e sim p ly do n ot kn ow en ou gh abou t th e

structure of th e gen om e at th e sequen ce level, or of

th e biases in h eren t in clon e libraries, to sim ulate th e

sequen cin g process adequately. For th e sam e rea-

son s, it does n ot even seem possible to do a con -

vin cin g pilot study to test th e approach . Variation

with in th e gen om e im plies th at library represen ta-

t ion for an y selected region can n ot n ecessarily be

extrapolated to th e gen om e as a wh ole. Moreover,

m ost fin ish in g problem s scale poorly with th e size

of th e region bein g sequen ced (see below), im plyin g

th at n o m atter h ow large a region is tested it will n ot

give an adequate picture of problem s at th e wh ole-

gen om e level.

Nor does success of a wh ole-gen om e sh otgun

approach with bacterial gen om es (Fleisch m an n et

al. 1995; Bult et al. 1996) provide an y con fiden ce

wh atsoever th at th e sam e approach would work

with th e h um an gen om e. Th e fun dam en tal diffi-

cu lty in assem bly is dealin g with repeats, an d bac-

terial gen om es h ave very few of th ese. In addit ion ,

th eir size is such th at an en tire project can be com -

pleted with in a year by a sin gle laboratory, so logis-

t ical an d data-quality m on itorin g issues are m in i-

m ized. In con trast , th e h um an gen om e is th ree or-

d ers o f m agn it u d e la rger . Po t en t ia l a ssem b ly

problem s caused by polym orph ism s (see below) are

n ot an issue with bacterial gen om es. It is also worth

n otin g th at clon e trackin g, wh ich appears in feasible

for th e wh ole h um an gen om e sh otgun , was per-

form ed in th e wh ole bacterial gen om e projects an d

played an im portan t role in gap closure.

Th e argum en ts for th e feasibility of th e wh ole-

gen om e approach are th us n ot persuasive. In con -

trast , th ere are a n um ber of sign ifican t argum en ts

again st it , wh ich are detailed below.

Finishing Issues

Fin ish in g is th e m ost difficu lt aspect of sequen cin g,

because of th e wide variety of problem s en coun -

tered an d th e level of tech n ical expertise required to

deal with th em . Carefu l con sideration of fin ish in g

issues suggests th at fin ish in g would be m uch m ore

difficu lt an d expen sive with a wh ole-gen om e sh ot-

gun th an in clon e-by-clon e sequen cin g.

Gap- Filling and Other Finishing Data Collection

Th e accu racy req u irem en t s fo r th e gen om e se-

quen ce en tail th at th ere be read coverage on both

stran ds essen tially everywh ere an d th at region s of

low data quality be resolved by th e collection of

addit ion al data (e.g., dye-term in ator reads to resolve

com pression s). In clon e-by-clon e sequen cin g, th ese

criteria are m et by retrievin g relevan t clon es durin g

th e fin ish in g ph ase to use as tem plates for addi-

t ion al data collection (e.g., prim er walkin g), wh ich

in turn requires trackin g all subclon es durin g th e

sh otgun ph ase because it is n ot kn own in advan ce

wh ich on es will be required. Th is is n ot part icu larly

on erous or expen sive, as th ey can be discarded as

soon as th e clon e sequen ce is fin ish ed.

In co n t rast , clo n e t rackin g fo r t h e wh o le-

gen om e sh otgun would in volve ∼ 50 m illion clon es

(at m ultip le laboratories), because fin ish in g is n ot

don e un til th e en d of th e project . Th is is im practi-

cal, an d con sequen tly Weber an d Myers propose

th at all addit ion al data collection at th e fin ish in g

stage be don e in stead by th e sequen cin g of PCR

products. Th at approach h as already been tried in

clon e sequen cin g an d h as been foun d to be sign ifi-

can tly m ore expen sive an d less reliable th an goin g

back to th e subclon es. Sequen cin g of PCR products

h as h igh er reagen t costs, is tech n ically m ore de-

m an din g, yields lower data quality, an d h as a m uch

h igh er failu re rate th an subclon e-based sequen cin g.

In a wh ole-gen om e approach th e situation would be

substan tially worse, because of th e fact th at on e

would be am plifyin g by PCR from th e en tire ge-

n om e rath er th an from a cosm id or BAC clon e.

Man y gaps would be fairly large, an d th us n ot ca-

p ab le o f easy am p lificat ion , p art icu larly as th e

ch oice of prim in g sites is con strain ed by th e require-

m en t th at th ey lie in sin gle-copy sequen ce. Because

gen om ic PCR from a repeated region will am plify all

cop ies of th e repeats sim u ltan eou sly, gap -fillin g

with in large, even m oderately sim ilar repeated re-

gion s would be extrem ely difficu lt , if n ot im pos-

sible. Even in n on repeated region s gen om ic PCR is

h igh ly variable. Th ese facts would in flate th e cost of

fin ish in g en orm ously, relat ive to th e clon e-by-clon e

approach , an d m ost likely th ere would be m an y fail-

u res, resu lt in g in a fin al product of seriously de-

graded accuracy.

Th e am oun t of add it ion al fin ish in g data re-
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quired will be substan tial. In a 102 sh otgun , th e

average coverage of each stran d is on ly 52, wh ich

resu lts in an average gap frequen cy on each stran d

of about on e per 15 kb (assum in g 500-base reads), or

every 7.5 kb for th e two stran ds com bin ed. Th is

would require (in th e wh ole-gen om e approach ) on

th e order of 450,000 PCR sequen cin g reaction s (as-

sum in g a perfect success rate!), n ot in cludin g se-

quen cin g to resolve com pression s an d oth er low-

q u ality region s, wh ich cou ld easily dou ble th at

n um ber. Moreover, th e distribu tion of clon e loca-

t ion s in real libraries is n ever ran dom ; th ere are h ot

spots an d cold spots. GC con ten t an d th e n ature

an d distribu tion of repetit ive DNA (am on g oth er,

un kn own factors) appear to play a sign ifican t role in

th is, an d th e h um an gen om e with its wide varia-

t ion s in GC con ten t an d repeat den sity (for review,

see Bern ardi 1995) is likely to be represen ted un -

even ly in an y given clon e library. Th is is poten tially

qu ite serious, as it m ean s th at som e region s are

likely to h ave a low depth of coverage an d th us h ave

m an y m ore an d larger gaps th an predicted. Appar-

en t ly un clon able region s h ave been foun d with

m ost libraries, with sign ifican t region s failin g to

clon e altogeth er. Com plete absen ce from on e clon -

in g system as h as been seen in th e Caenorhabditis

elegans project (Waterston an d Sulston 1995), for

exam ple, creates severe problem s for fin ish in g.

Th e ability to go back to subclon es is th us a

sign ifican t ad van tage of th e clon e-by-clon e ap -

proach , an d th e in ability to do so with th e wh ole-

gen om e sh otgun approach is a m ajor disadvan tage.

Su bclon es often d ivide an oth erwise in t ractable

problem , allowin g walkin g or oth er approach es th at

would be im possible if on e were workin g on th e

wh ole clon e, let alon e th e gen om e.

Repeats

Weber’s an d Myers’ sim ulation s assum e th at all re-

peats are m em bers of kn own fam ilies (an d th us rela-

t ively sm all in size) an d are ran dom ly distribu ted in

th e gen om e. However, repeat den sity varies widely,

with som e repeats (especially Alu repeats) often oc-

currin g in (apparen tly n on ran dom ) clusters. Th ese

can be quite difficu lt to sort ou t an d could sign ifi-

can t ly affect Weber’s an d Myers’ con clusion s re-

gardin g assem bly because th ey are often n ot span -

n able by a sin gle read or by a forward–reverse pair

from a plasm id. More seriously, th ere are n um erous

exam ples of ‘‘local’’ duplicated region s, wh ich are

n ot m em bers of kn own fam ilies an d vary widely in

size (som e exten din g over ten s or h un dreds of kilo-

bases or m ore), evolu tion ary age (som e very recen t

on es bein g >99.9% iden tical), an d ph ysical separa-

t ion of th e copies (from bein g im m ediately adjacen t

to bein g on differen t ch rom osom es). Som e of th ese

can cause problem s for an y approach , but th e diffi-

cu lt ies would be m uch worse with a wh ole-gen om e

sh otgun ; with a clon e-based approach on e can often

separate copies of th e repeat in to dist in ct clon es,

wh ich th en elim in ates th em as problem s.

It sh ould be em ph asized th at assem bly in th e

presen ce of repeats is n ot a solved problem even at

th e sin gle-cosm id scale an d m ay require specialized

data collect ion strategies as well as a sign ifican t

am oun t of skilled edit in g; an d th at th e larger th e

scale of th e region bein g sh otgun n ed, th e worse th e

problem is—because th e m ore likely on e is to en -

coun ter large, n ear-perfect copies with in th e region .

Th e com plication s caused by repeats go up rough ly

quadratically in th e n um ber of repeats in th e region

bein g assem bled . Th u s, th ey are already sign ifi-

can tly worse for BACs th an for cosm ids, an d would

very likely be in superable for th e en tire gen om e.

Moreover, on e would lack th e m ost im portan t re-

sources (n am ely access to subclon es of kn own loca-

t ion ) n ecessary to solve th em .

Polymorphisms

Havin g to deal with polym orph ism s in th e assem bly

presen ts sign ifican t problem s for a wh ole-gen om e

approach . Th e fun dam en tal issue in assem bly an d

edit in g is sort in g out wh eth er read discrepan cies are

th e resu lt of base-callin g errors, of th e presen ce of

differen t repeats, or of clon in g an om alies or oth er

data art ifacts. On e gen erally can elim in ate base-

callin g errors an d clon e an om alies relat ively easily

(an d autom atically), as th ey ten d n ot to be con -

firm ed by oth er reads, so th e m ain problem is in

detectin g an d resolvin g repeats. Th is is already dif-

ficu lt en ough ; addin g in th e com plication of poly-

m orph ic differen ces (wh ich m ay in clude th e pres-

en ce or absen ce of repeats or oth er DNA segm en ts,

in addit ion to sim ple sin gle-base or m icrosatellite

differen ces) m akes th e problem th at m uch worse.

With a clon e-based approach on e kn ows th at sim i-

lar but discrepan t reads from a given clon e are n ot

allelic, because a sin gle h aplotype is represen ted in

an y on e clon e. In con trast , with th e wh ole-gen om e

sh otgun m eth od on e will always h ave to con sider

two possibilit ies: th at th e reads are from differen t

h aplotypes, or th at th ey are from differen t copies of

a repeated sequen ce. Moreover, th e ru le of th um b,

th at an un con firm ed sequen ce feature is probably a

data or clon e error an d can th us be ign ored will n o

lon ger be valid , because with a 102 sh otgun pre-
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pared from m ultip le in dividuals (as Weber an d My-

ers propose) it will often be th e case th at a given

h aplotype is represen ted on ly on ce at a part icu lar

site. Even wh en th ese issues can be sorted out (an d

it is n ot at all clear th at th ey can ), it will require an

en orm ous in crease in fin ish in g effort to do so.

Data Anomalies

Th ere are a n um ber of an om alies of various types in

real data sets th at can cause problem s in assem bly.

Th ese in clude ch im eric reads, wh ich m ay arise ei-

th er from ch im eric or in tern ally deleted clon es or

from gel-m istrackin g errors; low-quality reads; an d

m istrackin g or m islabelin g of gel lan es, resu lt in g in

un couplin g of forward an d reverse read pairs. Th ere

are at least th ree reason s wh y th ese are likely to be

m ore problem atic in a wh ole-gen om e sh otgun th an

in a clon e-by-clon e approach . First , as n oted above,

th e clon e an om alies will be con foun ded with poly-

m orph ism s. Secon d, th e poten tial for false join s will

be far greater, because th e n um ber of opportun it ies

(poten tial overlaps th at m ust be con sidered) is far

greater. Th ird , an d m ost seriously, th ese errors are

n ot easily detected prior to th e assem bly ph ase. In a

clo n e-b y-clo n e ap p ro ach t h is assem b ly o ccu rs

quickly, wh en on e still h as access to th e origin al

subclon es, an d can determ in e relatively easily th e

source of th e error, an d can take steps to reduce th e

error rate with fu ture clon es. In th e wh ole-gen om e

sh otgun approach , it would n ot occur un til late in

th e project . Errors of all types are th us likely to in -

vade th e process durin g th e sh otgun ph ase, because

th ey would n ot be detected for several years. A m as-

sive lan e-m islabelin g problem could easily escape

detection un til it was too late to do an yth in g about

it , an d it would h ave drastic im plication s, as faith fu l

wh ole-gen om e assem bly in th e presen ce of repeats

is clearly im possible with out reliable read–pair in -

form ation .

Even on a sm all scale som e of th e above issues

occasion ally cause sign ifican t problem s; on a large

scale th ey are likely to be m uch worse, raisin g seri-

ous doubts wh eth er th e wh ole-gen om e approach is

feasible. Wh at is worse, on e would n ot actually dis-

cover th e exten t of th ese problem s un til late in th e

project , wh en assem bly an d fin ish in g com m en ce.

At th is poin t , it would be too late to ch an ge strategy,

an d th e en tire project would h ave to be jun ked. A

great advan tage of th e clon e-by-clon e approach is

th at th e problem s are con fin ed to in dividual clon es,

an d are detected early. Th e process of fin ish in g gives

on e th e best in dication of poten tial problem s with

data quality, un usual sequen ce features, or library

quality (e.g., ch im era frequen cies, clon in g bias) an d

of wh eth er th e strategy requires m odification . In a

wh ole-gen om e approach on e would n ot get th is

feedback un til it was too late to do an yth in g about

it .

Cost

Th e claim th at a wh ole-gen om e sh otgun approach

wou ld be less expen sive th an clon e-by-clon e se-

quen cin g apparen tly is based on an assum ption th at

clon e m app in g, m akin g an d trackin g subclon es,

an d in efficien cies caused by clon e overlaps repre-

sen t a m ajor com pon en t of th e cost of sequen cin g.

Th is is false. Con sideration of wh ere th e real costs of

sequen cin g lie an d of h ow th ese are likely to differ

in th e two approach es suggests th at th e wh ole-

gen om e sh otgun approach would be m ore expen -

sive th an clon e-by-clon e sequen cin g, quite possibly

by a factor of two or m ore.

In th e m ost efficien t curren t clon e-by-clon e op-

eration s, th e costs break down rough ly as follows:

<10% fo r clon e m ap p in g an d su bclon e lib rary

preparation (th ese are in expen sive com pared to th e

sequen cin g itself, because th ey n eed be carried out

on ly on ce every 100 kb or so); 60%–70% for th e

sh otgun ph ase; an d 30%–40% for fin ish in g. Reads

from clon e overlap region s an d th e clon in g vector

in flate th e sh otgun cost by perh aps 15% (such re-

gion s are n ot fin ish ed so th ey do n ot con tribu te to

th e fin ish in g costs), an d th us in crease th e total se-

quen cin g cost by ∼ 70% 2 15%, or on ly 10%. Th is

can be reduced even furth er by carefu lly ch oosin g

clon es from a well-m apped h igh -dep th coverage

m ap.

Th e co st o f m ap p in g an d su bclo n e lib rary

preparation (wh ich is m in im al in an y case) would

be p art ly elim in at ed in th e wh o le-gen om e ap -

proach , but n ot en tirely: Th ere would n eed to be

very exten sive up-fron t test in g of th e wh ole gen om e

l an d plasm id libraries with regard to ch im era rates,

rearran gem en ts, in sert sizes, an d un iform ity of ge-

n om e coverage. Th is is crit ical, as th e en tire project

depen ds on th e in tegrity of th ese libraries, an d it

would be n on trivial. Such exten sive testin g of th e

subclon e libraries in th e clon e-by-clon e approach is

un n ecessary because feedback con cern in g th em is

obtain ed rapidly from th e sequen ce assem bly itself.

Th e im portan t issue is th erefore th e sh otgun

an d fin ish in g costs for th e two approach es. Th ere is

a tradeoff in sh otgun vs. fin ish in g effort : Th e h igh er

th e depth of th e sh otgun , th e fewer th e n um ber of

gaps th at n eed fillin g. Th is tradeoff is n ot en tirely

sim ple, as coverage is n ot tru ly ran dom , with som e

GREEN

4 1 4 GENOME RESEARCH

 on April 17, 2007 www.genome.orgDownloaded from 

http://www.genome.org


gaps rem ain in g despite a h igh depth of coverage;

but it im plies th at th e appropriate sh otgun depth

depen ds on th e cost of gap fillin g relative to sh ot-

gun reads, wh ich in turn depen ds on th e gap-fillin g

strategies th at are available. Th e cost of closin g a gap

is substan tially h igh er th an th e cost of a sh otgun

read, because it requires in dividual atten tion usin g a

variety of specialized m eth ods th at in volve m ore ex-

pen sive reagen ts (e.g., altern ative ch em istries, cus-

tom prim ers) an d h ave a h igh er failu re rate. Sh ot-

gun depth in th e clon e-by-clon e approach varies

substan tially between groups (depen din g on th eir

preferred strategies), bu t typically is in th e ran ge

62–82. In th e case of th e wh ole-gen om e sh otgun ,

wh ere th e gap-fillin g cost will be h igh er because of

th e com plete relian ce on PCR-based m eth ods, We-

ber an d Myers propose a h igh er sh otgun depth of

102. Th is ap p ears u n avo id able becau se with a

lower coverage th e difficu lty of am plifyin g by PCR

across gaps would becom e proh ibit ive.

Th e cost of th e sh otgun is essen tially directly

proportion al to th e n um ber of reads th at n eed to be

obtain ed. It would be sign ifican tly h igh er in th e

wh ole-gen om e sh otgun approach , because of two

factors th at in crease th e required n um ber of reads.

First , a h igh er depth of coverage (102, vs. ∼ 72); as

70% 2 (102/72) = 100%, th is factor alon e en sures

th at th e cost of th e wh ole-gen om e sh otgun raw data

gen erat ion (with ou t an y fin ish in g) will at least

eq u al th e en t ire cost o f th e clon e-by-clon e ap -

proach ! Secon d, th e wh ole-gen om e approach relies

on double-stran ded sequen cin g from l an d plasm id

subclon es, wh ich alth ough it certain ly can yield rea-

son able data, on average (in m ost laboratories), h as

a h igh er failu re rate, lower data quality, an d sh orter

read len gth th an sequen cin g of sin gle-stran ded M13

tem plates. As a resu lt , th e n um ber of reads required

for a given depth of coverage is h igh er th an for a

clon e-by-clon e approach based on M13 sh otgun s.

Apart from th e above con sideration s, two oth er

factors would furth er in flate th e raw data collection

costs for th e wh ole-gen om e sh otgun relative to th e

clon e-by-clon e approach .

First , it appears th at accurate sizin g of th e l in -

serts m ay be required to posit ion con tigs relative to

each oth er, wh ich is a m in im al requirem en t wh en

th e fin ish in g is en tirely PCR-based. Th e issue is th e

followin g: Alth ough Weber’s an d Myers’ estim ated

con tig sizes are on th e order of 200 kb for a 102

sh otgun (assum in g ran dom coverage), th e con tig

size provided by th e in it ial assem bly will be m uch

sm aller, because an y repeat th at is n ot com pletely

span n ed by a read (or by a pair of overlappin g for-

ward–reverse reads from a plasm id) will produce an

am bigu ity th at effect ively t erm in at es a con t ig.

Given th e den sity of repeats in th e gen om e, m an y

con tigs will be 1 kb or less in size, con sist in g of th e

sin gle-copy sequen ce between two repeats. Th e for-

ward–reverse read pairs from th e l clon es will often

perm it orien tin g such con tigs with respect to each

oth er; h owever, wh en th ere are two or m ore adja-

cen t sm all con tigs (wh ich will often be th e case), th e

on ly apparen t way to order th em with respect to

each oth er would require fairly precise kn owledge of

th e distan ce between th e forward reverse read pairs

(e.g., to order two 1-kb con tigs with respect to each

oth er on e m ay n eed to determ in e th e l in sert size

with in 1 kb.) Such in form ation also seem s n ecessary

to assem ble across th e repeats reliably, as wh en on e

of th e two reads from a l clon e lies with in a repeat ,

th ere would be am biguity about exactly wh ich copy

of th e repeat it was.

Because in sert sizes in l clon es vary substan -

t ially it would be n ecessary to obtain fairly precise

in sert size in form ation by gel an alysis. Th is is cer-

tain ly doable, bu t because (absen t trackin g) it would

n eed to be don e for all of th e l clon es it would add

sign ifican tly to th e cost of th e project . Detectin g

1-kb differen ces in l m olecules of ∼ 50 kb is n on -

trivial; on e would presum ably h ave to do restrict ion

digests an d/or lon g-ran ge PCR, an d it is n ot clear

th at a sin gle lan e per l clon e would be adequate.

Th is in creases by 25% both th e n um ber of en zy-

m atic reaction s an d th e n um ber of gel lan es for th e

project . (Alth ough restrict ion fragm en t sizin g also

n eeds to be don e for BACs in th e clon e-by-clon e

approach , th e n um ber of l clon es is 2 orders of m ag-

n itude larger because th ere is on e l clon e per pair of

reads, versus 10 BACs per 100 kb.) Note also th at

th e presen ce of len gth polym orph ism s or in tern ally

deleted clon es would com plicate th e an alysis sig-

n ifican tly.

Secon d, th e wh ole-gen om e approach requires

th at essen tially all of th e raw data be collected in th e

first part of th e project . In con trast , with th e con -

ven tion al approach raw data collection will occur

over th e en tire course of th e project . As a resu lt , th e

advan ces in sequen cin g tech n ology th at are an tici-

pated to com e on lin e over th e n ext few years—

in cludin g m ach in es with m uch h igh er th rough put,

cap illary elect roph oresis (Kh eterpal et al. 1995),

ch em ist ry im p rovem en ts, au tom at ion advan ces,

m in iaturization tech n ology—would occur too late

to h ave m u ch im p act on th e cost o f a wh ole-

gen om e sh otgun but would poten tially lower th e

cost of th e con ven tion al approach substan tially. It

is t rue th at dram at ic im provem en ts in fin ish in g

tech n ology wou ld h ave th e con verse effect ; bu t
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(apart from im provem en ts in software th at h ave

largely already been im plem en ted) it is h ard to see

wh ere th ese would com e from , an d in an y case fin -

ish in g is a sm aller part of th e overall costs, so th e

im pact would be sm aller.

Th us, th e cost of th e sh otgun ph ase for th e

wh ole-gen om e approach wou ld likely be sign ifi-

can tly h igh er th an th e cost of th e sh otgun ph ases

for clon e-by-clon e sequen cin g; sim ilarly (even m ore

so!) with fin ish in g, for th e reason s in dicated previ-

ously. Because th ese con stitu te th e great bulk of se-

quen cin g costs, a wh ole-gen om e approach would

alm ost certain ly be substan tially m ore expen sive.

Other Issues

In add it ion to th e above object ion s, th e wh ole-

gen om e sh otgun approach poses daun tin g logist ic

ch allen ges. Each ph ase occurs separately an d in -

volves very differen t skills an d differen t n um bers of

peop le. Th e sh otgun ph ase for exam ple requ ires

relat ively un skilled tech n ical labor, wh ereas th e fin -

ish in g ph ase requ ires con siderable experien ce in

judgin g an d m an ipulatin g DNA sequen ce data. It is

n ot clear h ow on e would deal with h irin g, train in g,

an d layin g off th e relevan t people on th e m assive

scale req u ired . It also is q u ite u n clear h ow th e

project could be distribu ted am on g several labora-

tories: Problem s with data quality in on e laboratory

would affect all laboratories, because an y region of

th e gen om e would h ave sh otgun reads gen erated at

all labs.

Weber an d Myers claim th at th e wh ole-gen om e

sh otgun m eth od will avoid clon in g artifacts. Th is

advan tage is en tirely th eoretical. Th ere are n o data

to in dicate th at such artifacts are a sign ifican t prob-

lem with th e con ven tion al approach , provided on e

t akes t h e p recau t io n o f req u irin g t h at an y se-

quen ced clon e h ave a fin gerprin t th at is con sisten t

with oth er in depen den t clon es from th e sam e re-

gion . Moreover, th ere are n o data to in dicate th at

(in th e absen ce of fin gerprin tin g) art ifacts would

n ot cause problem s for th e wh ole-gen om e sh otgun

m eth od.

Alth ough th e wh ole-gen om e sh otgun approach

wou ld un doubted ly yield m an y polym orph ism s,

th is advan tage is n egated by th e likely h igh er cost of

th e sequen ce itself. Given our prediction th at th e

wh ole-gen om e ap p roach wou ld be sign ifican t ly

m ore expen sive th an clon e-by-clon e sequen cin g, it

would be ch eaper overall to obtain th e referen ce

sequen ce clon e by clon e, an d th en iden tify poly-

m orph ism s by doin g an ∼ 32 M13 sh otgun of th e

gen om e from a m ixture of oth er in dividuals an d

com parin g th ese reads to th e referen ce. Th is will

also avoid th e m an y problem s th at are caused wh en

th e assem bly of th e origin al sequen ce itself in cludes

polym orph ic reads. Even with out such an effort ,

m an y polym orph ism s will be autom atically iden ti-

fied in th e clon e-by-clon e approach by virtue of be-

in g presen t in clon e overlaps in volvin g clon es from

differen t h aplotypes.

In sum m ary, clon e-by-clon e sequen cin g works

an d is cost-effective, n eith er of wh ich appears likely

for th e wh ole-gen om e sh otgun m eth od of sequen c-

in g. Th ere is n o reason to switch .
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