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The currently favored approach for sequencing the human genome involves selecting representative large-insert

clones (10 0 –20 0 kb), randomly shearing this DNA to construct shotgun libraries, and then sequencing many

different isolates from the library. This method, entitled directed random shotgun sequencing, requires highly

redundant sequencing to obtain a complete and accurate finished consensus sequence. Recently it has been

suggested that a rapidly generated lower redundancy sequence might be of use to the scientific community.

Low-redundancy sequencing has been examined previously using simulated data sets. Here we utilize trace data

from a number of projects submitted to GenBank to perform reconstruction experiments that mimic

low-redundancy sequencing. These low-redundancy sequences have been examined for the completeness and

quality of the consensus product, information content, and usefulness for interspecies comparisons.

The data presented here suggest three different sequencing strategies, each with different utilities. (1) Nearly

complete sequence data can be obtained by sequencing a random shotgun library at sixfold redundancy. This

may therefore represent a good point to switch from a random to directed approach. (2) Sequencing can be

performed with as little as twofold redundancy to find most of the information about exons, EST hits, and

putative exon similarity matches. (3) To obtain contiguity of coding regions, sequencing at three- to fourfold

redundancy would be appropriate. From these results, we suggest that a useful intermediate product for genome

sequencing might be obtained by three- to fourfold redundancy. Such a product would allow a large amount of

biologically useful data to be extracted while postponing the majority of work involved in producing a high

quality consensus sequence.

Large-scale sequen cin g of th e h um an gen om e h as

begun , an d th e strategies h ave con verged sign ifi-

can t ly (Favello et al. 1995; Marsh all 1995). On e

com m on strategy, ran dom sh otgun sequen cin g, is

predicated upon ran dom ly sh earin g a large piece of

gen om ic DNA in to 1- to 2-kb fragm en ts. Th ese

sm aller fragm en ts are subclon ed in to a vector such

as M13 bacterioph age to create a library of clon es

with sm all in serts. A n um ber of isolates from th e

library are ch osen , an d each in sert is sequen ced at

on e or both en ds. Wh en a sufficien t n um ber of iso-

lates are subclon ed an d sequen ced, th e en tire se-

quen ce of th e larger gen om ic fragm en t can be de-

term in ed (Lan der an d Waterm an 1988; Edwards

an d Caskey 1990).

Un fortun ately th e gen om e con tain s segm en ts

of DNA th at are refractory to th is m eth od of se-

quen cin g, such as in verted repeats (Lee et al. 1992;

Ch issoe et al. 1997). Th ese region s are usually sm all

an d can often be sequen ced usin g altern ative strat-

egies. Th e curren t approach to gen om ic sequen cin g

in volves a two-step process: First a large n um ber of

ran dom ly selected fragm en ts are sequen ced , an d

th en th ere is a switch to a variety of directed strat-

egies such as th e use of dye term in ators or custom -

ized prim er reads to close gaps in th e sequen ce. Th e

decision of wh en to switch from a ran dom sequen c-

in g ph ase to a directed on e is crucial to cost-effective

sequen cin g. Equally im portan t is th e determ in ation

of wh en a project is fin ish ed. Curren tly, th e en d

poin t of sequen cin g is to obtain a sequen ce th at h as

10-fold fewer errors th an th e rate of polym orph ism s

in th e h um an population (th e polym orph ism rate

bein g ∼1 in 1000) (Olson an d Green 1998). To
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ach ieve th is h igh -quality sequen ce, ∼10-fold redun -

dan cy is required.

Recen tly it h as been proposed th at th e en tire

gen o m e b e seq u en ced b y a ran d o m sh o t gu n

m eth od (Weber an d Myers 1997; Ven ter et al. 1998).

Th e tech n ology an d m eth ods p rop osed p rom p t

con sideration of th e production of an in term ediate

sequen ce. Such a sequen ce m igh t provide biologists

with usefu l in form ation an d also produce a blue-

prin t for th e lon g-term goal of producin g a h igh -

quality sequen ce of th e h um an gen om e. Im por-

tan tly, th e production of an in term ediate sequen ce

would provide in sigh t in to possible m ech an ism s to

sequen ce oth er organ ism s. For in stan ce, given a

h igh -q u ality seq u en ce of on e organ ism , th e se-

quen ce of a secon d related organ ism m igh t be de-

term in ed th rough th e use of low-redun dan cy se-

quen cin g. Com parison of a low-quality sequen ce to

th e kn own sequen ce from a h igh ly related organ ism

m igh t reveal m uch of th e gen etic in form ation . Such

an approach seem s particu larly well su ited for com -

parative an alysis of th e m ouse, wh ich is in th e in i-

t ial stages of sequen cin g an d con tain s sign ifican t

sim ilarity to th e h um an (Hardison et al. 1997).

To determ in e th e usefu ln ess of low-redun dan cy

sequen cin g, we h ave perform ed a sim ulation of th e

ran dom sh otgun m eth od usin g data from several

projects sequen ced at th e Baylor College of Medi-

cin e Hum an Gen om e Sequen cin g Cen ter (BCM–

HGSC). An alysis of poten tial in term ediate products

h as been perform ed, focusin g on th e quality of th e

sequen ce gen erated, its usefu ln ess for iden tification

of tran scribed region s, an d its u tility for in terspecies

com parison s.

RESULTS

To test th e usefu ln ess of a lower-quality in term edi-

ate in th e Hum an Gen om e Project (HGP), we ch ose

to perform a retrospective an alysis on six projects

th at h ave been sequen ced at th e BCM–HGSC. Two

projects, J19 an d P7, are gen e rich an d syn ten ic be-

t w een h u m an an d m o u se.

Th ese projects su rroun d th e

region of th e CD4 gen e an d

h ave been ch aracterized ex-

t en sively (An sari-Lari et al.

1998). Th e project J19 span s

223 kb of gen om ic sequen ce,

in cludin g 18 an n otated gen es

en coded on 156 exon s (Tables

1 an d 2). Th e expression pat-

tern for each gen e an d occur-

ren ce of altern atively spliced

tran scrip ts h ave been determ in ed experim en tally

(An sari-Lari et al. 1997). Th e project P7 con sists of

227 kb th at is syn ten ic to th e J19 project . Of th e 18

gen es an n otated for J19, 17 were also iden tified on

P7, occurrin g in th e sam e order an d orien tation (An -

sari-Lari et al. 1998). Th e rem ain in g four projects are

recen tly com pleted sequen ces th at represen t typical

p rojects sequen ced at th e BCM–HGSC. Th e fou r

projects con tain a total of th ree kn own gen es. Th e

accession n um bers, ch rom osom al location , an d th e

n um ber of gen es presen t in each project are listed in

Table 1.

Generation of Low-Redundancy Sequencing

Redun dan cy of coverage can be defin ed as th e n um -

ber of reads th at con tribu te to each con sen sus base;

for in stan ce, fourfold redun dan cy would in dicate

th at an average of four sequen cin g reads span n ed

each base. Th erefore, on e could calcu late th e redun -

dan cy of coverage by fin din g th e len gth s of all of

th e sequen cin g reads th at con tribu te to th e con sen -

sus sequen ce an d dividin g th is by th e n um ber of

bases in th e con sen sus sequen ce. A crit ical issue for

calcu latin g redun dan cy th rough th is m eth od is de-

term in in g th e len gth s of th e sequen cin g reads th at

are used in th e assem bly, wh ich we h ave term ed th e

usefu l read len gth . To determ in e th e usefu l read

len gth , we an alyzed each trace with th e base-callin g

program Ph red an d coun ted all of th e bases th at

were assign ed a Ph red quality value >20. Th e value

of 20 represen ts an error rate of 1 in 100 an d h as

proven usefu l as a cutoff for h igh -quality bases (Ew-

in g an d Green 1998). We call th is m eth od Ph red20.

Because Ph red20 ign ores low-quality bases, som e of

wh ich m igh t co n t rib u t e t o t h e assem b ly, t h is

m eth od is likely to un derestim ate th e true redun -

dan cy sligh tly. It sh ould be n oted th at in th is study

th e Ph red20 m eth od is used solely for th e determ i-

n ation of redun dan cy an d th at th e assem blies u ti-

lized bases of lower quality in addit ion to th e on es

of h igh quality.

Table 1. Projects Used for Low Coverage Simulat ion

Project Species Location Size (kb) Acc. no. Genes

J19 human 12p13 223 U47924 18
P7 mouse 6 227 AC002397 17
VC human 12q24 140 AC004104 0
WJ human 12p13 108 AC004804 0
WR human Xp22 150 AC004616 1
WX human Xp22 195 AC004554 2
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As a test of th e ran dom n ess of th e sim ulation ,

th e project WX was subjected to repeated sam plin g,

an d assem blies were con structed for each iteration .

To assay th e sim ulation s, we calcu lated th e n um ber

of con tigs th at were assem bled, sim ilar to th e graph

in Figure 1. Fifty separate sam plin gs resu lted in sim i-

lar n um bers of con tigs at each level of redun dan cy.

Th e average n um ber of con tigs th at were iden tified

at twofold redun dan cy was 34, with a stan dard error

of 1.0, in dicatin g th at th e process u tilized to gen er-

ate coverages h as few biases (data n ot sh own ). To

fu rth er en su re a n on biased rep resen tat ion , each

coverage was gen erated in d ep en d en t ly. For ex-

am ple, 52 coverage does n ot n ecessarily in clude

th e sam e traces th at were used in th e 42 coverage.

After gen eratin g th e differen t coverages, th e traces

were subjected to th e base-callin g program Ph red

an d th e assem bly program Ph rap (Ewin g an d Green

1998; Ewin g et al. 1998).

Analysis of Sequence Q uality

Th e quality of th e sequen ce assem bly was assessed

by a variety of m eth ods. To determ in e th e n um ber

of h oles, or gaps, in th e con sen sus, we calcu lated th e

n um ber of con tigs th at were larger th an 2000 bases

(kb) in len gth (Fig. 1). Con tigs sm aller th an 2 kb are

p ron e to m isalign m en t an d are th erefore d isre-

garded in th is an alysis. At very low coverage, th e

n um ber of con tigs is sm all because few reads over-

lap . As th e coverage in creases up to th reefold redun -

dan cy, so does th e n u m ber

of con t igs larger th an 2 kb.

Th is in crease resu lt s fro m

sin gle traces or sm all con tigs

align in g with each oth er to

form con t igs th at are larger

th an th e 2-kb th resh o ld . A

sh arp declin e in th e n um ber

o f co n t igs is o b served fo r

m ost of th e projects between

t h ree- an d fivefo ld red u n -

dan cy, represen tin g th e join -

in g of con tigs. After sixfold re-

d u n d an cy , t h e n u m b er o f

con tigs is reduced m uch m ore

slowly. Alth ough th e projects

exam in ed h ere all h ave differ-

en t len gt h s, t h e in flect io n

poin ts occur at th e sam e lev-

els of redun dan cy.

In t e r e s t in g ly , t h e J1 9

project appears an om alous on

th is graph . Th is m igh t be as-

cribed to tech n ical problem s in th e ran dom selec-

t ion of traces, such as th e presen ce of a sm all n um -

ber of th e directed reads in th e in it ial pool (Meth -

ods). However, th e presen ce of directed reads would

be expected to join con tigs an d decrease th e n um -

ber of large con tigs. More likely, th e J19 project m ay

represen t a problem atic sequen ce. Th is region con -

tain s a large n um ber of repetit ive elem en ts an d was

difficu lt to sequen ce (An sari-Lari et al. 1996). Th ese

data dem on strate th e differen ces between projects

an d th e n eed for in creased redun dan cy of sequen c-

in g for a few difficu lt sequen ces.

Th e n um ber of con tigs form ed by an assem bly

is on e m easu re of th e coverage; h owever, low-

quality region s with in a con tig m ay exist . To furth er

ch aracterize con tig quality, two separate variables

were exam in ed: th e depth of coverage at each base

an d th e estim ated error at each con sen sus base. A

region is con sidered to h ave an acceptable depth of

coverage if it is span n ed by at least th ree reads or if

th ere is on e read on each stran d. Th e n um ber of

region s th at con tain a sh allow depth of coverage are

sh own in Figure 2. Between two- an d th reefold re-

dun dan cy, th e n um ber of areas of sh allow depth

reach es a peak, in dicatin g th at m an y con tigs are

sh allow in depth . A rapid declin e is observed be-

tween th ree- an d sixfold redun dan cy an d th e n um -

ber of areas of sh allow depth decreases m ore gradu-

ally th ereafter. Th e posit ion of th e peaks in th ese

data are sim ilar to th ose sh own in Figure 1.

Th e secon d m easure of quality with in a con tig

Table 2. Genes Found in Projects J19 (Human) and P7 (Mouse)

Gene Size (human) Size (mouse) No. of exons

CD4 3051 3095 10
A2 2517 2530 5
B 2129 2778 14
GNB3 1922 1467 11
C8 1247 1155 6
ISOT 3115 (3184) 3176 19 (20)
TPI 1843 1594 7
C9 877 1179 2 (3)
B7 461 (286) (1208) 1470 1 (2) (7) (8)
ENO-2 2274 2320 12
DRPLA 4341 4271 10
U7 268 267 1
C10 519 568 3
PTP1CG 2158 (2142) 2024 (2148) 15 (16) (13)
BAP 1240 (1442) 1354 9 (10)
C2f 886 978 6
C3f 1416 (1856) 1741 10 (12)
C6f 643 2
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was to exam in e th e estim ated error at each base.

Th is in form ation was extracted from th e Ph rap as-

sem bly by coun tin g th e n um ber of in tern al bases

th at con tain ed a Ph rap value above 40 (Meth ods).

Th is value represen ts an error rate of 1 in 10,000,

wh ich is th e m axim um error rate curren tly recom -

m en ded for th e HGP. Figure 3 displays th e resu lts

from an alyzin g th e Ph rap values. At th e lowest cov-

erage, m an y bases h ave a low con fiden ce level an d

m ay be id en t ified in co rrect ly. Fo r m ost o f th e

projects, 90% of th e bases attain a h igh Ph rap value

at sixfold redun dan cy. Th e rate of in crease of Ph rap

values dim in ish es gradually after seven fold redun -

dan cy.

Th e m easures of th e n um ber of con t igs, th e

depth of coverage, an d th e average quality provide

in sigh t in to h ow well each clon e is bein g sequen ced

but do n ot provide in form ation on th e com plete-

n ess of coverage. To address h ow m uch of th e actual

sequen ce is covered, we align ed th e con sen sus con -

tigs of a project to th e kn own sequen ce. Figure 4

sh ows a percen t iden tity plot for a region of J19 at

differen t levels of redun dan cy. As expected, at low

redun dan cies several region s sh ow poor m atch es to

t h e kn o wn seq u en ce. At t h e

h igh er red u n d an cies, m ost o f

th e region sh ows n early 100%

id en t i t y t o t h e fin ish ed se -

quen ce, alth ough several gaps

exist . Th e apparen t gap between

72 an d 74 kb at sixfold redun -

dan cy was sequen ced bu t was

assem bled in th e wron g orien ta-

t ion an d h en ce did n ot align .

Th ese data h igh ligh t th e m erits

of directed sequen cin g to close

m an y sm all gaps, correct m isas-

sem blies, an d properly align re-

gion s in a project despite h igh ly

redun dan t sequen cin g (see Dis-

cussion ). Togeth er, th e data in -

dicate th at for ran dom sh otgun

sequen cin g, th ere are dim in ish -

in g return s for sequen cin g at re-

dun dan cies greater th an sixfold .

Information Content of

Low-Redundancy Sequences

Alth ough h igh -quality sequen ce

req u ires h igh ly red u n d an t se-

quen cin g, th e gen es en coded in

a project m ay be iden tified well

before every base is kn own . To

determ in e th e m in im al am oun t of sequen cin g th at

is n eeded to iden tify gen es, we perform ed th ree sets

of experim en ts usin g th e gen e-rich projects J19 an d

P7. Th ese two projects are syn ten ic between h um an

an d m ouse, an d th e gen es en coded in each region

are sh own in Table 2. In som e in stan ces, altern ative

tran scrip ts h ave been ch aracterized; th e size an d

n um ber of exon s in th ese altern ative tran scrip ts are

in dicated in paren th eses (An sari-Lari et al. 1998).

Th e first an alysis perform ed was a com parison be-

tween th e con sen sus sequen ces an d th e EST data-

base (Meth ods). A total of 1209 ESTs scored stron g

h its on th e fin ish ed sequen ce of project J19. Th e

n um ber of ESTs th at h it at each level of redun dan cy

is in dicated in Table 3. Th e n um ber of gen es th at

could be iden tified by th e resu lt in g h its was also

tabulated. Th e U7 gen e, wh ich en coded a sn RNA

th at is iden tified by RepeatMasker, was excluded

from th is an alysis. Most of th e gen es were iden tified

at very low redun dan cies, an d alm ost all of th e

gen es were iden tified (by at least on e EST h it each )

at twofold redun dan cy.

Alth ough th e exon s of a gen e m ay be iden tified

very early in th e sequen cin g of a project , th e precise

Figure 1 Contig formation at lower redundancy of sequencing. The number
of contigs that were larger than 2 kb was calculated for each low redundancy
simulation. The fold redundancy of each clone was calculated based on the
number of bases that had a Phred value >20. The projects that were examined
are listed at right .
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relat ion sh ip between exon s m ay n ot be kn own . For

in stan ce, if two exon s from th e sam e gen e were en -

coded on differen t con tigs, th en th e order an d ori-

en tat ion of th e exon s wou ld be u n kn own . Th e

an alysis is com plicated furth er by th e presen ce of

m ultip le exon s an d m ultip le gen es. To address th ese

issues, we calcu lated th e n um ber of con tigs th at en -

coded each gen e (Figs. 5 an d 6). Figure 5 sh ows th e

gen es from th e h um an project J19, an d Figure 6

sh ows th e gen es from th e m ouse project P7. Th e

gen es were divided in to two groups: th ose th at con -

tain ed fewer th an 10 exon s (bottom pan els), an d

th ose th at con tain ed 10 or m ore exon s (top pan els).

Th e resu lts sh ow th at th e n um ber of con tigs th at are

span n ed by a gen e decreases dram atically un til ap-

p ro x im at ely t h ree- o r fo u rfo ld red u n d an cy is

reach ed; th ereafter, lit t le im provem en t is observed.

We n ote th at th e CD4 gen e from project J19 re-

m ain s en coded in a large n um ber of differen t con -

tigs at h igh er am oun ts of coverage. Th e gen om ic

location of th is gen e con tain s m an y repetit ive ele-

m en t s an d was d ifficu lt to seq u en ce, req u irin g

m an y directed reads (An sari-Lari et al. 1998). Th us,

th e h um an CD4 gen e m ay represen t a difficu lt ex-

am ple for tryin g to fu lly ch aracterize gen e structure

solely from ran dom sh otgun sequen cin g.

Interspecies Comparisons Using

Low-Redundancy Sequence

Th e n ucleotide assem blies an d

h om ology search es above re-

lied solely on data from th e

reads con tain ed in th e sim ula-

t ion . However, in certain in -

stan ces su ch in form at ion is

kn own an d m ay be taken in to

accoun t. On e source of such

i n f o r m a t i o n m i g h t b e a

kn own seq u en ce from a re-

lated organ ism .

A ser ies o f lo w -red u n -

d an cy seq u en ces fro m t h e

m ouse project P7 were com -

pared to th e kn own h um an

seq u en ce from th e syn ten ic

regio n in h u m an s (p ro ject

J19). Figure 7A sh ows sam ple

data for a region surroun din g

th e ISOT gen e. At lower re-

dun dan cy of coverage, large

regio n s a re n o t id en t ified

above th e 50% level, for in -

stan ce, exon s 4–6 of th e gen e

C8 . However, at twofold re-

dun dan cy m ost of th e h om ologous region s h ave

been sequen ced sufficien tly to allow for align m en t.

To quan t itate th e sequen ce con servat ion , we fo-

cused on th e region s of at least 100 bp th at align

with n o gaps at 70% iden tity or better. Th ere are 154

of th ese region s, of wh ich 129 (84%) coin cide with

exon s. Figure 7B tabulates, for each level of cover-

age, th e percen tage of th ese region s th at could be

iden tified as m eetin g th e sim ilarity criterion (col-

um n 3) an d th e percen tage th at was sequen ced (col-

um n 2). Here, a region was con sidered sequen ced if

it overlapped on e of th e con tigs by at least 100 bp.

Th e resu lts sh ow th at n early 95% of th ese region s

are sequen ced at 2.4-fold redun dan cy. In con trast , a

h om ology search usin g th is criterion iden tifies on ly

∼80% of th e region s, due to sequen cin g errors th at

rem ain in th e assem bled con tigs. Th ese resu lts sug-

gest th at alth ough a region of sim ilarity m ay be se-

quen ced early in th e process, th e com putat ion al

problem of iden tifyin g th is region m ay rem ain .

Effort Required to Close Gaps

On e of th e drawbacks to sequen cin g a region solely

by ran dom sh otgun is th e in ability to close all gaps.

Th is h as been illustrated above in two in stan ces.

Figure 2 Areas containing shallow depth at lower-redundancy sequencing.
The lower redundancy-simulated sequences were tested for the occurrence of
areas of shallow depth of coverage (see text). The projects examined are listed at
right .
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First , desp ite h igh ly redun dan t sequen cin g, m ul-

t ip le con tigs rem ain for all projects (Fig. 2). Two of

th e projects exam in ed h ere were sequen ced to m ore

th an n in efold redun dan cy an d con tin ued to be rep-

resen ted by th ree or m ore con tigs. Secon d, several of

th e gen es th at con tain 10 or m ore exon s rem ain on

m ultip le con tigs (Figs. 5 an d 6). Two of th e eigh t

h igh -com plexity gen es on m ouse ch rom osom e 6 re-

m ain ed en coded in two separate con t igs desp ite

h igh ly redun dan t coverage. Wh en th ese projects

were sequen ced to com pletion , th e gaps were closed

th rough directed sequen cin g reads.

To determ in e th e effort required to close th e

gaps an d produce a com plete sequen ce, we exam -

in ed sequen cin g perform ed at BCM–HGSC over a

3-m on th period. In th e first 3 m on th s of th e 1998

fiscal year, 26 projects were subm itted to Gen Ban k

an d con sisted of a total of 3.1 Mb of un ique se-

quen ce. In cludin g overlappin g fragm en ts an d vec-

tor sequen ces, a total of 3.9 Mb of sequen ce was

com pleted in th is t im e fram e. Because som e of th ese

projects were in ten ded to close gaps between oth er

projects or exten d exist in g sequen ce, sequen cin g of

overlaps could n ot be avoided.

In clu d in g b o t h ran d o m

an d directed sequen cin g reads,

th e 26 projects were sequen ced

to an average of 8.6-fold redun -

dan cy. Th e directed reads th at

are required to close gaps an d

in crease th e quality of a project

to an acceptable level represen t

1.5-fold redun dan cy. Th e addi-

t ion al reads represen t ∼15% of

a ll t h e seq u en ce read s p er-

form ed on a project .

DISCUSSION

W e h ave p erfo rm ed a ret ro -

sp ect ive an alysis o f th e ran -

d o m sh o t g u n se q u e n c i n g

m eth od to determ in e th e use-

fu ln ess o f a n in t e rm ed ia t e

p ro d u ct . A ser ies o f lo w er-

redun dan cy sequen cin g sim u-

lat ion s were exam in ed to de-

term in e th e com p leten ess of

th e seq u en ce, th e q u ality of

each con sen sus base, an d th e

o ccu rren ce o f gap s an d lo w

coverage region s. Th e data sets

con sisten tly dem on strated in -

creasin g ben efit s to ap p roxi-

m ately sixfold redun dan cy an d dim in ish in g return s

th ereafter. Th e usefu ln ess of th e low-redun dan cy se-

quen ces was determ in ed th rough a variety of m eth -

ods. High BLAST scores an d th e iden tification of ex-

on s occurred at low levels of coverage (ø22), an d

th e con tigu ity of a gen e appeared at h igh er cover-

ages (3–42). Th e sim ulation data were also used to

determ in e th e utility of in terspecies com parison s at

lower coverages. Com parison s were m ade between

th e kn own sequen ce from h um an to an in com plete

sequen ce from a syn ten ic region from th e m ouse.

Th e data sh owed th at m ost of th e in form ation was

obtain able at a low level of coverage (ø22). Fin ally,

th e relative effort of fin ish in g a ran dom sh otgun

sequen cin g project was n oted. Th is cost was based

on th e m ost recen t 3 m on th s of sequen cin g at BC-

M–HGSC. Th e an alysis dem on strates th at ∼15% of

th e sequen cin g reads required to fin ish a project

n eed to be directed an d are n ot easily obtain ed from

ran dom sh otgun sequen cin g.

Our data dem on strate dim in ish in g return s for

ran dom sh otgun sequen cin g beyon d sixfold redun -

dan cy. Oth ers h ave arrived at sim ilar con clusion s.

Sm ith an d Bern stein (1995) h ave perform ed sim ilar

Figure 3 Assessment of consensus base quality at lower redundancies of se-
quencing. The Phrap value generated for each consensus base was examined,
and the total number of bases that had a value above 40 were counted. The
number of bases containing values >40 is represented as a percentage of the
total number of bases in the project. Low values at the termini of contigs were
excluded from the totals. A bar (dashes) at the 90% level is shown for reference
purposes.
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experim en ts usin g a sim ulated data set . Th ey foun d

th at at approxim ately seven fold redun dan cy 100%

of th e sequen ce would be iden tified at least on on e

stran d. Sequen cin g errors were n ot accoun ted for,

because th e data were sim ulated.

Th e n um ber of gaps presen t in a project h as also

been stu d ied p reviou sly. Lan der an d W aterm an

(1988) describe a form ula to estim ate th e n um ber of

gaps in a project . Usin g th is

form ula with our data we fin d

th at at seven fold redun dan cy

th ere are predicted to be five

c o n t i g s . Ex c l u d i n g t h e

an om alou s J19 p ro ject , t h e

average n um ber of con tigs at

seven fold redun dan cy is 4.9

(Fig. 1 ), wh ich is in go o d

agreem en t with th e n um ber

predicted. Claverie (1994) em -

ployed th e Lan der–Waterm an

th eorem to illu strate th e ef-

fect of redun dan t sequen cin g

on th e n um ber of con tigs. He

sh owed th at by fivefo ld re-

d u n d an cy, t h e co m p lex it y

h ad been reduced to several

con tigs, an d by eigh tfold re-

du n dan cy, very few con t igs

rem ain .

Th e d et ect io n o f exo n s

an d st ron g BLAST scores at

twofold redun dan cy suggests

t h a t l o w -r e d u n d a n c y se -

q u en cin g m igh t be an effi-

cien t m eth od fo r d et ect in g

co d in g regio n s in gen o m ic

DNA. Claverie (1994) cam e to

th e sam e con clu sion an d su ccessfu lly sim u lated

exon iden tification on th e X-lin ked Kallm an syn -

drom e gen e region . Kam b et al. (1995) h ave ex-

ten ded th e con cept of fin din g gen es at low cover-

ages, by dem on stratin g th e feasibility of iden tifyin g

codin g region s from low coverage sequen cin g. Us-

in g sim ulated data, th ese in vestigators were able to

iden tify ∼85% of th e codin g region s at very low re-

dun dan cies of coverage.

We h ave dem on strated th at at lower levels of

coverage, th e sequen ce con tain s m an y gaps an d

low-quality region s. Th ese gaps cause differen t ex-

on s from th e sam e gen e to be en coded on separate

con t igs, an d th is separat ion great ly com plicates

an alysis. At BCM–HGSC we routin ely utilize th e se-

q u en ce m apgap st rategy, wh ereby ran dom ly se-

lected reverse reads h elp align disparate con tigs (Ed-

wards an d Caskey 1990). We are curren tly experi-

m en tin g with oth er m eth ods of align in g con tigs

such as use of large in sert clon es (Roach et al. 1995;

Ch issoe et al. 1997). However, with th e m eth ods

th at were used for th e projects exam in ed h ere, it

would be difficu lt to order exon s at low redun dan cy

of sequen cin g. Th e in sert size th at was used in th is

study was ∼2 kb; it is expected th at sim ultan eous use

Table 3. Genes Ident ified by EST Hits

Coverage EST hits Genes identified

0.7 273 9
1.2 564 15
1.8 848 15
2.4 939 17
3.0 961 17
4.2 1066 17
4.9 1083 17
5.5 1135 17
6.2 1139 17

Total 1209 17

Figure 4 Alignment of contigs generated from low-redundancy sequencing to
the known sequence. The lower-redundancy consensus sequences were com-
pared to the completed sequence that was submitted to GenBank. The distance
from the start of the project is indicated at the bottom, and the percent identity
is indicated at left . Exons (numbered solid boxes) and repeats [SINEs other than
mammalian interspersed repeats (M IRs) are light gray triangles pointing toward
the A-rich 38 end; LINE1s are open triangles; M IR and LINE2 elements are solid
triangles] are indicated at the top.
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of both larger an d sm aller in sert sizes would im -

prove con tigu ity. Such m eth ods would be worth -

wh ile in vestigatin g, assum in g th at th e data could be

usefu lly in corporated in to an in term e-

diate project .

As h as been su ggested by oth ers

(Kam b et al. 1995), th e redun dan cy of

sequen cin g required depen ds on th e in -

form ation on e wish es to obtain . Previ-

ou sly, h igh ly accu rate seq u en ce h as

been th e goal of th e HGP. Recen tly, it

h as been suggested th at an in term edi-

ate product m igh t be usefu l. Our data

dem on strate th at if such an in term edi-

ate product were in ten ded to iden tify

gen es, twofold redun dan cy would be

su fficien t . However, if con t igu ity of

cod in g region s is th e goal, th ree- to

fourfold redun dan cy would be appro-

priate. Th is level of redun dan cy sh ould

be usefu l to research ers, bu t th e pros-

pect of retu rn in g to an in term ediate

product to fin ish it raises several issues.

For in stan ce, if a region were sequen ced

to th reefold redun dan cy, th e cost of

storin g th e subclon e library for a lon g

period of tim e m igh t m ake it at tractive

eith er to rem ake th e library or to pro-

ceed to a directed ph ase of sequen cin g.

Such issues will require carefu l p lan in g

an d cost con sideration .

Cu rren t ly, h igh -q u ality com plete

seq u en ce is a ch iev ed t h ro u gh re -

du n dan t seq u en cin g fo llowed by d i-

rect ed ap p ro ach es. An a lysis o f t h e

am o u n t o f d irect ed seq u en cin g a t

BCM–HGSC reveals th at ∼15% of th e

reads in a project are directed . Th ese

d irect ed read s req u ire sign ifican t ly

m ore effort to produce th an ran dom ly

se lect ed rea d s. Recen t ly Ven t er e t

al. (1998) h ave proposed sequen cin g

th e en t ire h um an gen om e by a ran -

dom m eth od . Th e aim of th is effort

is t o at t ain 10-fo ld coverage o f th e

en tire h um an gen om e usin g a variety

o f d iffe ren t in se r t sizes, a l t h o u gh

som e skepticism to th is approach re-

m ain s (Green 1997; Goodm an 1998).

Th e ap p roach is an t icip ated to p ro -

duce several th ousan d gaps. Alth ough

th e d ifferen t in sert sizes sh ou ld h elp

align con t igs to each o th er, t h e se-

q u en ce between con t igs will rem ain

u n kn own . Ou r data su ggest th at su ch a p roject

wo u ld gen era t e m u ch in fo rm at io n ab o u t h u -

m an gen es but would provide <90% of th e sequen c-

Figure 5 Contiguity of genes on project J19 at different levels of
redundancy. The number of contigs at each coverage that described a
gene was counted. (Top) The genes that contain 10 or more exons and
are therefore termed complex; (bottom) the contiguity of genes that
contain <10 exons are therefore termed simple. The names of the
genes are indicated at right ; the number of exons in each gene follows
the name.
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in g reads requ ired to determ in e an accu rate se-

quen ce of th e en tire h um an gen om e.

As large fragm en ts of th e h um an gen om e are

sequen ced, in form ation is provided n ot on ly about

h um an bein gs bu t also abou t related organ ism s.

Clark an d W h it tam (1992) h ave ex-

plored th e effect of sequen cin g errors

by p h ylogen et ic an alysis. Th ey con -

clu d e th at fo r com p arison s between

sim ilar groups, h igh ly accurate data are

req u ired , an d su ggest t h a t a larger

am oun t of errors can be tolerated for

co m p ariso n s b et ween m o re d ist an t

groups. We h ave exten ded th is observa-

t ion to a situation of very h igh error

rates foun d in in com plete gen om ic se-

quen ce an d dem on strated th e utility of

in terspecies com parison s for th e pur-

pose of fin din g gen es in a syn ten ic re-

gion . On e can en vision an approach to

sequen cin g related organ ism s by wh ich

lo w-red u n d an cy seq u en cin g is p er-

form ed an d th e data are com pared to

th e kn own sequen ce from a related or-

gan ism . Our data suggest th at th is is

feasible for th e m ou se. Fu rth erm ore,

our data dem on strate th at m uch lower

redun dan cy of sequen cin g is required

an d approxim ately twofold coverage is

sufficien t to iden tify th e m ajority of h o-

m ologous region s. Th is resu lt suggests

an approach to surveyin g th e gen om es

of related organ ism s th rough th e use of

low coverage ran dom sh otgun sequen c-

in g.

METHODS

Generation of Simulated

Low-Redundancy Data

To sim ulate low-redun dan cy sequen cin g, ABI

sequen ce trace data from a fin ish ed project

were pooled an d an iterat ive procedure was

perform ed wh ereby a trace was ran dom ly se-

lected from th e pool, copied to a n ew location ,

an d th en rem oved from th e pool. Th e pool was

replen ish ed, an d th e procedure was repeated

for each coverage. Th e t races th at were se-

quen ced to close specific gaps or in crease qual-

ity at a part icu lar region an d were th us n ot ran -

dom ly selected for sequen cin g were rem oved

from th e pool of available traces. A fraction of

directed reads in th e J19 an d P7 projects could

n ot be iden tified because of earlier n om en cla-

ture an d were in cluded in th e ran dom pool.

We estim ate th at th ese directed reads represen t <5% of th e

total.

Th e n um ber of reads to select at a given coverage was

d e t e r m i n e d b y t h e s i m p l e f o r m u l a : N u m b e r o f

reads = (C 2 S)/R, wh ere C is th e desired coverage, S is th e size

of th e project , an d R is th e usefu l read len gth . For practical

Figure 6 Contiguity of genes on project P7 at different levels of
redundancy. The number of contigs at each coverage that described a
gene was counted. (Top) The genes that contain 10 or more exons;
(bottom) the genes that contain <10 exons. The names of the genes are
indicated at right ; the number of exons in each gene follows the name.
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con sideration s, th e usefu l read len gth was set at 550 bases,

wh ich is th e average am oun t of sequen ce data extracted from

recen t projects at BCM–HGSC. Th e reads th at were used in th e

fin al assem blies were subjected to Ph red an alysis, an d th e

bases h avin g a Ph red value > 20 were used to determ in e an

exact fold redun dan cy (see text).

Alignment of Sequencing Reads and Generation

of Consensus

Sequen ce traces th at con tain ed vector or Escherichia coli se-

quen ces were rem oved from th e pool before assem bly. Base

calls were perform ed with Ph red version 961028, an d th e

t races were assem bled in to con t igs u sin g Ph rap version

960731 (Ewin g an d Green 1998; Ewin g et al. 1998). Con sen -

sus sequen ces were gen erated from th e Ph rap assem bly out-

put.

Determination of Shallow Depth and

Low-Q uality Areas

Th e region s th at con tain ed low coverage were iden tified by

an alysis of th e Ph rap assem bly out-

put. A region was scored as con tain -

in g sh allow depth if (1) fewer th an

th ree sequen ces in a sin gle direction

were presen t, an d (2) fewer th an on e

sequen ce in each direction was pres-

en t. Th e n um ber of con tigs was also

calcu lat ed from th e Ph rap assem -

b lies. Lo w-q u alit y b ases were re-

m oved from th e en ds of a con tig be-

fore determ in in g th e size. Con t igs

sm aller th an 2 kb were om itted be-

cause of th eir low con fiden ce level.

Region s of low quality were also de-

term in ed by an alysis of th e Ph rap as-

sem bly outpu t . After trim m in g th e

en ds, a base was tallied as low quality

if t h e Ph rap va lu e w as b elo w a

th resh old of 40.

Sequence Comparison

Com parison with th e EST database

was perform ed by a program called

blEST (Florea et al. 1998), followin g

rem oval of repetit ive sequen ces us-

in g RepeatMasker (v. 09/19/97). For

in terspecies com parison s, we m odi-

fied th e program for gen eratin g per-

cen t iden tity plots (PIPs) used by An -

sari-Lari et al. (1998) so th at it au to-

m atically orien ts an d align s a set of

con tigs to a fin ish ed sequen ce. For

determ in in g th e n um ber of con tigs

span n ed by a gen e, n ucleotide com -

p a r i so n s w e r e p e r fo r m e d u sin g

BLASTN version 1.0 (Altsch ul et al.

1990).

ACKNOWLEDGMENTS

We th an k An drew Aren son an d Jam es Durbin for program -

m in g assistan ce. Appreciation is also exten ded to Drs. Olivier

Lich targe an d Kim Worley for th eir crit ical review an d h elpfu l

com m en ts on th is m an uscrip t . J.B., J.G., D.M., an d R.G. are

supported by gran t n um ber HG01459 from th e Nation al Hu-

m an Gen om e Research In stitu te. W.M. is supported by gran t

LM05110 from th e Nation al Library of Medicin e.

Th e publication costs of th is art icle were defrayed in part

by paym en t of page ch arges. Th is art icle m ust th erefore be

h ereby m arked ‘‘advertisem en t’’ in accordan ce with 18 USC

section 1734 solely to in dicate th is fact .

REFERENCES

Altsch ul, S.F., W. Gish , W. Miller, E.W. Myers, an d D.J.

Lipm an . 1990. Basic local align m en t search tool. J. Mol. Biol.

2 1 5 : 403–410.

An sari-Lari, M.A., D.M. Muzn y, J. Lu , F. Lu, C.E. Lilley, S.

Span os, T. Malley, an d R.A. Gibbs. 1996. A gen e-rich cluster

Figure 7 Interspecies comparisons at different levels of redundancy. The con-
sensussequencesgenerated from low-redundancy sequencing simulationswere
aligned to the completed sequence. (A) Percent identity between the simulated
consensus and the finished sequence is shown for a series of coverages. The fold
redundancy is indicated at left , the percent identity is indicated at right , and the
distance from the beginning of the project is indicated on the bottom. (Top) The
exons and repeats are indicated (see legend to Fig. 4 for description). (B) The
number of highly homologous regions that exists between the human and
mouse projects was counted. The percent of these regions that were sequenced
is indicated (Sequenced), as is the percent of these regions that were identified
by a homology search (Identified).

LOW-REDUNDANCY SHOTGUN SEQUENCING

GENOME RESEARCH 1 0 8 3



between th e CD4 an d trioseph osph ate isom erase gen es at

h um an ch rom osom e 12p13. Genom e Res. 6 : 314–326.

An sari-Lari, M.A., Y. Sh en , D.M. Muzn y, W. Lee, an d R.A.

Gibbs. 1997. Large-scale sequen cin g in h um an ch rom osom e

12p13: Experim en tal an d com putation al gen e structure

determ in ation . Genom e Res. 7 : 268–280.

An sari-Lari, M.A., J.C. Oelt jen , S. Sch wartz, Z. Zh an g, D.M.

Muzn y, J. Lu , J.H. Gorrell, A.C. Ch in ault , J.W. Belm on t, W.

Miller, an d R.A. Gibbs. 1998. Com parative sequen ce

an alysis of a gen e-rich cluster at h um an ch rom osom e 12p13

an d its syn ten ic region in m ouse ch rom osom e 6. Genom e

Res. 8 : 29–40.

Ch issoe, S.L., M.A. Marra, L. Hillier, R. Brin km an , R.K.

Wilson , an d R.H. Waterston . 1997. Represen tation of clon ed

gen om ic sequen ces in two sequen cin g vectors: Correlation

of DNA sequen ce an d subclon e distribu tion . Nucleic Acids

Res. 2 5 : 2960–2966.

Clark, A.G. an d T.S. Wh ittam . 1992. Sequen cin g errors an d

m olecular evolu tion ary an alysis. Mol. Biol. Evol. 9 : 744–752.

Claverie, J.M. 1994. A stream lin ed ran dom sequen cin g

strategy for fin din g codin g exon s. Genom ics 2 3 : 575–581.

Edwards, A. an d C.T. Caskey. 1990. Closure strategies for

ran dom DNA sequen cin g. Methods: Com panion Methods

Enzym ol. 1 : 41–47.

Ewin g, B. an d P. Green . 1998. Base-callin g of autom ated

sequen cer traces usin g ph red. II. Error probabilit ies. Genom e

Res. 8 : 186–194.

Ewin g, B., L. Hillier, M.C. Wen dl, an d P. Green . 1998.

Base-callin g of au tom ated sequen cer traces usin g ph red. I.

Accuracy assessm en t. Genom e Res. 8 : 175–185.

Favello, A., L. Hillier, an d R.K. Wilson . 1995. Gen om ic DNA

sequen cin g m eth ods. Methods Cell Biol. 4 8 : 551–569.

Florea, L., G. Hartzell, Z. Zh an g, G.M. Rubin , an d W. Miller.

1998. A com puter program for align in g a cDNA sequen ce

with a gen om ic DNA sequen ce. Genom e Res. 8 : 967–974.

Goodm an , L. 1998. Ran dom sh otgun fire. Genom e Res.

8 : 567–568.

Green , P. 1997. Again st a wh ole-gen om e sh otgun . Genom e

Res. 7 : 410–417.

Hardison , R.C., J. Oelt jen , an d W. Miller. 1997. Lon g

h um an -m ouse sequen ce align m en ts reveal n ovel regulatory

elem en ts: A reason to sequen ce th e m ouse gen om e. Genom e

Res. 7 : 959–966.

Kam b, A., C. Wan g, A. Th om as, B.S. DeHoff, F.H. Norris, K.

Rich ardson , J. Rin e, M.H. Skoln ick, an d P.R.J. Rosteck. 1995.

Software trappin g: A strategy for fin din g gen es in large

gen om ic region s. Com p. Biom ed. Res. 2 8 : 140–153.

Lan der, E.S. an d M.S. Waterm an . 1988. Gen om ic m appin g

by fin gerprin tin g ran dom clon es: A m ath em atical an alysis.

Genom ics 2 : 231–239.

Lee, L.G., C.R. Con n ell, S.L. Woo, R.D. Ch en g, B.F.

McArdle, C.W. Fuller, N.D. Halloran , an d R.K. Wilson .

1992. DNA sequen cin g with dye-labeled term in ators an d T7

DNA polym erase: Effect of dyes an d dNTPs on

in corporation of dye-term in ators an d probability an alysis of

term in ation fragm en ts. Nucleic Acids Res. 2 0 : 2471–2483.

Marsh all, E. 1995. Hum an gen om e project . Em ph asis turn s

from m appin g to large-scale sequen cin g. Science

2 6 8 : 1270–1271.

Olson , M. an d P. Green . 1998. A ‘‘quality-first’’ credo for

th e Hum an Gen om e Project . Genom e Res. 8 : 414–415.

Roach , J.C., C. Boysen , K. Wan g, an d L. Hood. 1995.

Pairwise en d sequen cin g: A un ified approach to gen om ic

m appin g an d sequen cin g. Genom ics 2 6 : 345–353.

Sm ith , G.D. an d K.E. Bern stein . 1995. BULLET: A com puter

sim ulation of sh otgun DNA sequen cin g. Com p. Appl. Biosci.

1 1 : 155–157.

Ven ter, J.C., M.D. Adam s, G.G. Sutton , A.R. Kerlavage, H.O.

Sm ith , an d M. Hun kapiller. 1998. Sh otgun sequen cin g of

th e h um an gen om e. Science 2 8 0 : 1540–1542.

Weber, J.L. an d E.W. Myers. 1997. Hum an wh ole-gen om e

sh otgun sequen cin g. Genom e Res. 7 : 401–409.

Received August 7, 1998; accepted in revised form Septem ber 18,

1998.

BOUCK ET AL.

1 0 8 4 GENOME RESEARCH


