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A new approach to comparative nucleic acid sequence analysis is described that uses the ligation of DNA targets

to high-density arrays containing complete sets of covalently attached oligonucleotides of length eight and nine.

The combination of enzymatic or chemical ligation with a directed comparative analysis avoids many of the

intrinsic difficulties associated with hybridization-based de novo sequence reconstruction methods described

previously. Double-stranded DNA targets were fragmented and labeled to produce quasirandom populations of

58 termini suitable for ligation and detection on the arrays. Kilobase-size DNA targets were used to demonstrate

that complete n-mer arrays can correctly verify known sequences and can determine the presence of sequence

differences relative to a reference. By use of 9-mer arrays, sequences of 1.2-kb targets were verified with >99.9%

accuracy. Mutations in target sequences were detected by directly comparing the intensity pattern obtained for

an unknown with that obtained for a known reference sequence. For targets of moderate length (1.2 kb), 10 0 %

of the mutations in the queried sequences were detected with 9-mer arrays. For higher complexity targets (2.5

and 16.6 kb), a relatively high percentage of mutations (90 % and 66% , respectively) were correctly identified

with a low false-positive rate of <0 .0 3 percent. The methods described provide a general approach to analyzing

nucleic acid samples on the basis of the interpretation of sequence-specific patterns of hybridization and ligation

on complete n-mer oligonucleotide arrays.

Th e goal of gen om e sequen cin g projects is to obtain

th e com plete sequen ce of a referen ce gen om e. Th e

n ext, an d perh aps m ore difficu lt , step is to an alyze

sequen ce variat ion an d relate th is in form ation to

im portan t ph en otypes. High -den sity oligon ucleo-

tide arrays (Fodor et al. 1993; Pease et al. 1994) offer

a h igh ly parallel an d scalable approach to large-scale

n ucleic acid sequen ce an alysis (Lipsh utz 1993). Th e

utility of DNA arrays for gen etic an alysis h as been

dem on strated previously in n um erous application s

in cludin g m utation detection , gen otypin g, ph ysical

m appin g, an d gen e-expression m on itorin g (Ch ee et

al. 1996; Cron in et al. 1996; Kozal et al. 1996; Lock-

h art et al. 1996; Wodicka et al. 1997).

Most of th e oligon ucleotide arrays used success-

fu lly to date h ave em ployed sets of oligon ucleotide

probes specifically ch osen on th e basis of predefin ed

referen ce sequen ces. A m ore gen eral approach to ar-

ray-based sequen ce an alysis is to use com plete sets

of oligon ucleotides of a given len gth so th at , in

prin cip le, an y target sequen ce can be queried. Vari-

ous th eoretical proposals h ave been put forth de-

scribin g DNA sequen ce recon struction on th e basis

of h ybridization to com plete sets of n-m er probes

(Bain s an d Sm it h 1988 ; Lyso v Iu et a l. 1988 ;

Drm an ac et al. 1989). However, n on e of th ese de

n ovo sequen cin g approach es h ave been successfu lly

im plem en ted in large part because of th e followin g

factors: (1) un realist ic assum ption s about th e th er-

m odyn am ics of h ybridization to sh ort oligon ucleo-

tides; (2) recon struction am biguit ies resu lt in g from

sequen ce repeats an d a lack of n-m er un iquen ess in

a com plex DNA sam ple; (3) a gen eral lack of experi-

m en tal data on wh ich to base practical m eth ods of

sequen ce recon struction ; an d (4) a sh ortage of com -

putation al an d an alysis m eth ods th at can h an dle

in evitably im perfect h ybridization data.

To avoid som e of th e in h eren t difficu lt ies of se-

quen cin g by h ybridization m eth ods wh ile retain in g

th e advan tages of com plete n-m er arrays, we h ave

focused on m utation an d polym orph ism (sequen ce

differen ce) detection rath er th an de n ovo sequen ce

recon st ru ct ion . Fu rth erm ore, to in crease p robe-

target affin ity, sign al in ten sity, an d m ism atch dis-

crim in ation , we h ave used a step in wh ich target

DNA m olecules are ligated to arrayed duplex probes
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rath er th an relyin g on h ybridization alon e (Broude

et al. 1994). Followin g ligation of fluorescen tly la-

beled DNA fragm en ts to th e arrays, th e com plex

pattern s are n ot an alyzed de n ovo, but rath er in th e

con text of an appropriate referen ce sequen ce. Th e

use of a referen ce sequen ce provides a fram ework

for ch oosin g th e appropriate probes for queryin g an

u n kn own sam ple for m in or sequ en ce variat ion s

(e.g., substitu tion s, in sert ion s, an d deletion s). Th e

ligation pattern s are th en an alyzed in th e con text of

a series of query probe sets an alytically extracted

from th e com plete n-m er set . Th ese sets are referred

to as virtual t ilin gs, an d are con ceptually sim ilar to

th e ph ysical t ilin gs presen t on sequen ce-specific ar-

rays (Ch ee et al. 1996). Sen sit ive an d accurate se-

quen ce differen ce detection was accom plish ed by a

direct com parison of th e virtual t ilin gs gen erated

from th e ligation pattern s of an un kn own an d a

referen ce sam ple applied to separate arrays.

RESULTS

Design of a Duplex-Probe n-mer

DNA Array

Th e len gth an d com plexity of a DNA

fragm en t th at can be successfu lly in ter-

rogated on an array of n-m er probes is

exp ect ed t o sca le lin ea r ly wit h t h e

len gth of th e probes (Belyi an d Pevzn er

1997), wh ereas th e n um ber of p robes

com p risin g a com p lete n -m er set in -

creases expon en tially with probe len gth

(4n). For practical reason s, th e total n um -

ber of probes th at can fit on an array is

lim ited , n ecessitat in g th e u se of rela-

t ively sh ort p robes. At presen t , arrays

con tain in g all 49 9-m er probes can be

routin ely syn th esized on a glass surface

in an area of 1.28 2 1.28 cm .

Th e h ybrid izat ion lim itat ion s im -

posed by sh ort probes were overcom e by

design in g duplex probes with 58-n-m er

overh an gs capable of ligatin g to target

DNA m olecules (Fig. 1A). Th e orien ta-

t ion of th e duplex probes is such th at

on ly th e 58-ph osph oryl term in i of th e

DNA m olecu les will ligate to th e re-

cessed 3 8-h yd ro x y l m o ie t ies o f t h e

probes (38 ph osph oryl in ch em ical liga-

t ion ). With th is approach , on ly th e n

bases at th e extrem e 58 term in us of each

DNA fragm en t are in terrogated by th e

array.

Preparation and Ligation of dsDNA Targets

to n-mer Arrays

Target DNA was fragm en ted with DNase I to create

a quasiran dom population of 58 ph osph oryl term i-

n al subsequen ces represen tative of th e en tire target

sequen ce. Th e 38-h ydroxyl term in i of th ese frag-

m en ts were en d labeled with term in al d ideoxy-

n ucleotidyl tran sferase (TdT) an d ddATP-N6-biotin .

Fragm en ted an d labeled targets were ligated to 8- or

9-m er arrays with en zym atic (T4 DNA ligase, Esch-

erichia coli DNA ligase, or Taq DNA ligase) or ch em i-

cal ligation . In all cases, th e presen ce of DNA ligase

or ch em ical ligation reagen ts was foun d to be essen -

tial for gen eratin g sufficien t levels of fluorescen t sig-

n al on th e array. An exam ple of probe in ten sity pat-

tern s after ch em ical ligation on an 8-m er array is

depicted in Figure 1B. Th e ligation step also obvi-

ated th e n eed to carefu lly m on itor wash con dit ion s

becau se t h e ligat ed d u p lex st ru ct u res were ex-

Figure 1 Design and synthesis of complete n-mer arrays. (A) N-mer
arrays containing duplex probes suitable for ligation to target DNA
molecules were created as follows: The array-based probes contained
a 20-base constant anchor sequence and an n-base combinatorial
sequence. A 20-mer complementary oligonucleotide was hybridized
to the constant anchor sequence of the probes generating duplex
probes with 58 n-mer overhangs. The duplex probe acts as a template
to direct the ligation of 58-phosphoryl DNA molecules. (B) One quad-
rant of an 8-mer array showing the probe intensity pattern generated
by chemical ligation of a 1.2-kb HIV DNA target. An expanded view is
also shown to better illustrate the individual probe features.
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t rem ely stable even un der strin gen t wash con di-

t ion s.

Method for Sequence Verification by Virtual

Tiling Analysis

A set of probes com plem en tary to a given referen ce

sequen ce alon g with sets of related query probes can

be used to in terrogate a DNA target for sequen ce

differen ces. Th is prin cip le h as been used to design

sequen ce-specific m utation detection or resequen c-

in g arrays in wh ich sets of four probes (referred to as

a base-call set ) are u sed to q u ery each posit ion

with in th e sam ple target (Ch ee et al. 1996). Th e four

p robes are iden t ical excep t at a sin gle posit ion ,

term ed th e substitu tion posit ion , wh ere each probe

h as a differen t base, A, C, G, or T. For targets con -

tain in g on ly sin gle-base substitu tion s, on e of th e

four probes will be a perfect m atch to th e target

sequen ce, wh ereas th e oth er th ree will h ave a sin gle-

base m ism atch . Th e base-call set can also be ex-

pan ded to in clude in sert ion an d deletion probes. By

th is approach , th e en tire target can be resequen ced

by steppin g th rough an d queryin g th e target bases

with a series of overlappin g base-call sets (called a

tilin g) derived from th e referen ce sequen ce.

Th is t ilin g prin cip le can be used to detect m u-

tation s in a target of alm ost an y sequen ce com posi-

t ion by use of an appropriate referen ce sequen ce to

electron ically extract an d an alyze tilin g probe sub-

sets of th e com plete n-m er set . Th is is illustrated in

Figure 2A, in wh ich a sin gle posit ion (77) with in a

535-bp PCR product from th e cystic fibrosis tran s-

m em bran e con ductan ce regulator (cftr) gen e (Gun -

derson an d Kopito 1995) is in terrogated by a set of

eigh t overlappin g base-call sets, each em ployin g a

differen t substitu tion posit ion (1–8).

Base-Calling Accuracy

Th e called base at an y posit ion is determ in ed from

an an alysis of th e sign al in ten sit ies of th e probes

with in a base-call set . Th e existen ce of n differ-

en t b ase-ca ll set s fo r each p o sit io n a llo ws n -

in depen den t base calls to be m ade for each target

site. Th is redun dan cy can be reduced to a sin gle

con sen sus base call eith er by a m ajority vote or by

com putin g a com posite base-call set by sum m in g

th e in ten sit ies across th e n base-call sets such th at

th e A substitu tion probes are sum m ed, as are th ose

for th e C, G, an d T probes. Selectin g th e h igh est

sum m ed in ten sity from am on g th e A, C, G, an d T

com posite in ten sit ies creates a fin al base call. In

practice, th e in ten sit ies are n orm alized prior to sum -

m ation (see Meth ods) to preven t a given base-call

set from overly biasin g th e com posite sum . For po-

Figure 2 Construction of base-call sets from 8-mer
array data by use of a reference sequence. (A) A portion
of a 535-bp cftr reference sequence (forward strand) is
shown along with the sequences of overlapping probe
sets interrogating position 77 within this sequence. A
set of four probes differing by a single-base substitu-
tion (indicated by red letter N) constitute a base-call
set (an example is bracketed). (B) The intensit ies of the
probes within each base-call set are extracted from the
array data and plotted. The probes are enumerated
such that an A probe actually contains the complemen-
tary T base substitution for forward strand interroga-
tions and an A base for reverse strand interrogations.
(C) Summation of the interrogation probes (A, C, G, T)
across all eight base-call sets yields a summed base-call
set for both the forward and reverse strands. A final
composite base-call set is derived from these summed
sets, from which a final base call is made. (D) A se-
quence trace is constructed by plotting the normalized
intensity values for each composite base-call set as a
function of sequence posit ion. Posit ions 67–86 are
plotted for the 535-bp cftr target. The Called bases
were generated by our base-calling algorithm using
array data, whereas the Reference bases are from the
actual sequence of the reference sample.
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sit ion 77 of th e cftr sequen ce, th e h igh est in ten sity

va lu es w it h in each b ase-ca ll se t a re fro m A-

in terrogation probes an d gen erate an A base call for

th at posit ion (Fig. 2B,C). Furth erm ore, sum m ation

of th ese eigh t base-call sets for each stran d gen erates

a com posite base-call set also yieldin g a fin al A base

call (Fig. 2C). A secon d degree of redun dan cy is

ach ieved by an alyzin g both th e forward an d reverse

stran ds of double-stran ded DNA targets an d com -

bin in g th e resu lts in to a fin al base-call determ in a-

tion (Fig. 2C).

Th e above exam ple illustrates a target site con -

cordan t in all its redun dan t base calls, h owever, th is

is n ot always th e case. As seen in th e an alysis of a

1.2-kb PCR fragm en t of th e HIV-1 pol gen e (Kozal et

al. 1996), th e first two base-call sets in terrogatin g

p osit ion 435 gen erate calls d iscordan t with th e

oth er six (referen ce pan el in Fig. 4B, below). Non e-

th eless, th e correct base call is deduced by a sim ple

m ajority vote or from th e com posite base-call set

(Fig 4C, below). Th is in tegration of redun dan t probe

in form ation con tribu tes greatly to th e overall base-

callin g accu racy th rou gh it s averagin g effect . It

sh ould be n oted th at th e reason th e first two base-

call sets (sh own in th e referen ce pan el of Fig. 4B,

below) m iscall th e in terrogated target base is th at

th e C-query probes (m ism atch ) are perfect m atch

probes to th e target at an oth er location . In gen eral,

as target com plexity in creases, th e probability th at a

given probe in teracts with m ultip le target sites in -

creases, leadin g to a decrease in base-callin g accu-

racy.

As a con ven ien t way to display base-callin g in -

form ation , we form ed a sequen ce trace by plott in g

th e com posite base-call set in ten sit ies as a fun ction

of seq u en ce p osit ion (Fig. 2D). Th is fo rm at re-

sem bles th e fam iliar sequen ce trace gen erated by

con ven tion al gel-based dye-term in ator sequen cin g.

In addit ion to providin g base-callin g in form ation ,

th e quality of a base call can be readily appreciated

by exam in in g such a trace. An exam ple of a target

region exh ibit in g low quality base calls (in adequate

sep arat ion between in ten sity valu es) is d em on -

strated by th e sequen ce trace for an AT-rich region

with in th e HIV target sequen ce (Fig. 3A).

A quan titat ive m easure of base-callin g quality

can be ach ieved by calcu latin g a con fiden ce score

defin ed as th e ratio of th e largest in ten sity probe to

th e n ext largest in ten sity probe with in a com posite

base-call set . By use of th is m easure, m ost in correct

calls were ch aracterized by low con fiden ce scores

(Fig. 3B). Th is observation allowed a cutoff th resh -

old to be defin ed such th at base calls with con fi-

den ce scores below th is th resh old were labeled as n o

calls (N) (see Fig. 3A). We determ in ed em pirically

th at calls m ade with a con fiden ce score above 1.15

were typically 100% correct for targets up to 1.2 kb

in len gth (Fig. 3B; Table 1). Th erefore, all subse-

q u en t b ase-ca ll an a lyses u sed t h is co n fid en ce

th resh old .

Th e ability of n-m er arrays to accurately rese-

q u en ce target s was assessed by an alyzin g DNA

sam ples with th eir kn own sequen ce as th e refer-

en ce. It is expected th at as th e len gth of th e DNA

target in creases, th e correspon din g base-callin g ac-

curacy sh ould decrease, an d as th e probe len gth in -

creases, th e accuracy sh ould in crease as well. To in -

vestigate th ese issues, we exam in ed DNA sequen ces

of differen t len gth s applied to both 8- an d 9-m er

probe arrays usin g en zym atic an d ch em ical ligation .

A variety of sequen ces were an alyzed, in cludin g a

535-bp PCR product from th e h um an cftr gen e; a

1.2-kb PCR product from HIV-1 pol gen e; a 2.5-kb

PCR fragm en t span n in g th e m itoch on drial cyto-

ch rom e b gen e an d con t ro l region (Ch ee et al.

1996); an d th e 5.4-kb gen om e of th e bacterioph age

fX174.

As expected, target len gth an d probe len gth sig-

n ifican tly affected th e base-callin g accuracy. However,

th e m ode of ligation h ad on ly a m odest effect, with

en zym atic ligation producin g a sligh tly h igh er base-

Figure 3 Base-call quality and confidence thresh-
olds. (A) A sequence trace from an AT-rich region of a
1.2-kb HIV target is shown. An n base represents a no
call (1.15 threshold). The data were generated by stan-
dard T4 DNA ligation conditions on an 8-mer array. (B)
The base calls for a 1041-bp stretch of the HIV target
were ranked and sorted by their confidence score. In-
correct base calls are indicated by a diamond symbol
arbitrarily assigned a value of one for pictorial pur-
poses. The red line indicates the confidence threshold
of 1.15. The incorrect calls cluster at the lowest confi-
dence scores.
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callin g accuracy th an ch em ical ligation (Table 1). Our

resu lts sh ow th at as target len gth in creased, base-

callin g accuracy decreased from 100% (with 9-m ers)

at 535 bp to 89% at 5.4 kb (Table 1). By use of a

con fiden ce th resh old , th e n um ber of in correct base

calls was kept to a m in im um . In th e case of th e

5.4-kb target called at 89% accuracy, th e rem ain in g

11% of th e base calls con sisted of 10.6% n o calls an d

on ly 0.4% in correct calls (false-posit ives). Moreover,

for th e 89.4% (89.0% + 0.4%) of th e bases actually

called , th e correct call rate is 99.4% (100% 2 89.0/

89.4). Th us, th e classification of base calls in to call/

n o call categories greatly in creased th e usefu ln ess of

th is base-call in form ation . In

gen eral, th e decrease in base-

callin g accuracy with in creas-

in g target len gth is prim arily

due to n o calls resu lt in g from

a lack of p robe u n iqu en ess.

In creasin g th e p robe len gth

drast ically reduces th e n um -

ber of n o calls an d leads to a

m uch h igh er base-callin g ac-

cu racy (Tab le 1 , cf. 8 - vs.

9-m er data).

Comparison Analysis

for Mutation Detection

A m ore robu st ap p roach to

m utation detection on n-m er

arrays is to perform a direct

c o m p a r i so n o f se q u e n c e

t races d erived from a refer-

en ce target ligated to on e ar-

ray an d an un kn own sam ple

target ligated to a secon d

array. Th is co m p ariso n

process subtracts out po-

t en t ia lly co n fu sin g sig-

n als resu lt in g from sys-

tem atic an d reproducible

cro ss-h yb rid izat io n an d

m ult ip le probe-target in -

teraction s. To test th is ap-

proach , we com pared th e

sequen ce traces gen erated

from two differen t 1.2-kb

HIV targets (a referen ce

an d an un kn own ) ligated

to separate 8-m er arrays.

Th e com parison was ac-

com p lish ed by com p u t -

in g th e arith m etic differ-

en ce between com posite base-call sets for each ref-

eren ce base (see Fig. 4). An an alysis exam ple is

sh own for th e eigh t base-call sets in terrogatin g po-

sit ion 435 with in th e referen ce sequen ce. Th e in ten -

sit ies of th e G-query probes in creased an d th e A-

query probes decreased (un kn own relative to refer-

en ce) in dicatin g an A → G base substitu tion (Fig.

4B,C). Moreover, th e su ccess o f th is d ifferen ce

an alysis is seen by th e rem oval of system atic base-

callin g error gen erated by th e first two base-call sets.

Th e presen ce of a m utation in a target is easily

visualized as a broad (10- to 14-base) footprin t en -

com passin g th e m utation site (Fig. 5, cf. A an d B

Figure 4 Mutation detection by comparing base-call sets. Two 1.2-kb HIV
amplicons differing by eleven single-base substitutions were used as targets.
Standard T4 DNA ligation conditions and 8-mer arrays were used for the assay.
(A) A small portion of the array images for the reference target (left) and unknown
(right) target are shown. The circled probes (interrogating position 435) on each
array differ by a single-base substitution at posit ion 3. These probes are indicated
by asterisks in B. (B) The normalized intensit ies of the eight base-call sets inter-
rogating position 435 are shown for both the reference and the unknown target.
The intensity differences between these base-call sets are also shown. Note the
discordance of the first two base-call sets with the other six sets for the reference
target. (C) The composite base-call sets (both strands combined) for the refer-
ence and unknown targets and their arithmetic difference (Iunknown–Ireference) is
shown. An A → G substitution at posit ion 435 can be inferred from these data.

Table 1. Base-Call Accuracy as a Funct ion of Target Complexity,
Probe Length, and Ligat ion Method

Gene or fragment

8-mer
535-bp

cftr

1.2-kb
HIV pol

2.5-kb
cytochrome b

5.4-kb
fX1749-mer

Enzymatic 99.0 (0.2) 98.2 (0.1) 88.9 (1.3) 73.9 (4.1)
99.8 (0.0) 99.9 (0.0) 94.5 (0.3) 85.2 (0.5)

Chemical 99.0 (0.4) 96.1 (0.5) 87.8 (1.5) 69.0 (2.8)
100.0 (0.0) *99.5 (0.0) 93.4 (0.2) 89.0 (0.4)

Percentage of correct calls followed by the percentage of incorrect calls in parentheses.

Enzymatic ligation employed standard T4 DNA ligase conditions. A confidence threshold of 1.15

was used for the base-calling. The analysis procedures are described in Methods. No calls +

incorrect calls + correct calls = 100%. (*) S.D. = 0.1% (n = 4 experiments).
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with C). Th is footprin t resu lts from a sin gle base

ch an ge affectin g overlappin g probes upstream an d

d o wn st ream o f t h e m u t at io n sit e (wh en b o t h

stran ds are used). A furth er visual sim plification can

be realized by plott in g just th e posit ive an d n egative

en velopes of th e differen ce trace an d n otin g th e cor-

respon din g bases with th e m axim um posit ive score

an d m axim um n egative score (Fig. 5D). Th is type of

plot is referred to as a substitu tion m utation scan . In

th e HIV exam ple sh own (Fig. 5D), 11/11 m utation s

were correctly iden tified by th e m utation scan with

n o false-posit ives. A poten tial false-posit ive m uta-

t ion was observed as a n arrow footprin t at posit ion

770 (den oted by an asterisk), h owever th is footprin t

fell below th e preselected th resh old , an d m ore im -

portan tly, th e footprin t did n ot exh ibit th e broad

profile ch aracterist ic of an actual m utation .

Next , we exam in ed wh eth er sequen ce differ-

en ces between a m ore diverse set of targets could be

detected. A m utation scan of a secon d 1.2-kb HIV

varian t sam ple con tain in g 27 sin gle base substitu -

t ion s was perform ed. On an 8-m er array, 96.3% (26/

27, 1 false-posit ive) of th e m utation s were detected,

an d on a 9-m er array, 100% (27/27, 1 false-posit ive)

of th e m utation s were detected. It sh ould be n oted

th at as th e in terrogated target sequen ce diverges

from th e referen ce sequen ce, th e probability of a

false-posit ive in creases because of th e greater n um -

ber of probes affected by th e base ch an ges. Th ese

resu lts in dicate th at kilobase-sized targets differin g

by as m an y as 1 in 40 bases can be accurately rese-

quen ced with th is approach .

Next, we exam in ed th e sen sit ivity of m utation

detection for lon ger DNA targets. We screen ed eigh t

differen t 2.5-kb h um an m itoch on drial cytoch rom e

b am plicon s for 176 kn own sequen ce differen ces. By

use of 8-m er arrays, >90% (160/176) of th e sequen ce

d ifferen ces were correct ly iden t ified , with a low

false-posit ive rate of <1 per 3900 bases (<0.02%).

W it h o u t t h e co m p arat ive ap p ro ach , t h e fa lse-

posit ive rate was con siderably h igh er (∼1%–2%). As

expected , false-n egat ives (u n detected m u tat ion s)

usually occurred in target region s gen eratin g low

probe sign al in ten sit ies (e.g., AT-rich region s) or in

region s con tain in g repeat sequen ces. Th e m axim um

target len gth th at can be effectively screen ed with

th is approach depen ds on a tradeoff between th e

n u m ber o f to lerat ed false-p osit ives (in co rrect ly

iden tified as a m utation ) an d false-n egatives (un de-

tected m utation s). For purposes of m utation discov-

ery, an 8-m er array can be used to scan targets 2.5 kb

in len gth with h igh sen sit ivity (typically >90%) an d

a m in im al n um ber of false-posit ives (fewer th an on e

per 3900 bases).

Th e possibility of screen in g even lon ger pieces

of DNA was explored by use of th e en tire 16.6-kb

h um an m itoch on drial gen om e. Two 16.6-kb targets

con sist in g of th ree overlappin g PCR am plicon s from

two differen t in dividuals were used. To im prove se-

quen ce resolu tion , th e prepared targets were ligated

to 9-m er arrays. Th e m utation al screen iden tified

>66% (16/24) of th e kn own sequen ce differen ces

with a low false-posit ive rate of 4 per 16,600 bases

(0.024%). Th ese resu lts suggest th at com parative re-

Figure 5 Mutation scanning. A sequence trace (po-
sit ions 425–444) is displayed for both the (A) reference
and the (B) unknown HIV targets described in Fig. 4.
The positions highlighted in yellow indicate a base call
that is different from the reference sequence (an N
base denotes a no call). (C) The arithmetic difference
between the traces displayed in A and B. The A435G
single-base substitution in the unknown target is iden-
tified by the footprint in the difference trace. (D) The
positive and negative envelope curves of the difference
trace are plotted for 1041 bases of the HIV sequence.
Eleven single-base substitutions were correctly identi-
fied by their footprint (G14A, A128G, C206T, A435G,
T614C, A679G, G693A, A832T, A865G, A927G,
T955C). The asterisk denotes a potential mutation, but
it is ignored because its footprint is less than the call
threshold (broken green line) and its footprint width is
narrow.
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sequen cin g on com plete n-m er DNA arrays can be

used to rapidly screen very com plex DNA sam ples

for m utation s.

Detection of Insertions/Deletions

and Heterozygous Mutations

Com plete n-m er arrays, in prin cipal, can be used to

detect alm ost an y type of m utation because a per-

fect m atch probe is presen t for every con ceivable

sequen ce variat ion . To exp lore th is idea, we ex-

pan ded th e set of queried m utation s by form in g

base-call sets of in sert ion an d deletion tilin g probes.

Th e differen ce an alysis was perform ed for in sert ion s

an d delet ion s sim ilar to th e an alysis of subst itu -

t ion s. We screen ed an un kn own h om ozygous p53

(11 exon s) sam ple (applied to on e array) by com par-

in g it with a wild-type p53 referen ce sam ple (ap-

plied to a secon d array). In addit ion to search in g for

n ovel m utation s, th is experim en t also dem on strates

th e feasibility of screen in g m ultip le am plicon s in a

sin gle array assay. Mutation scan s were perform ed

for substitu tion , deletion an d in sert ion probe sets.

Th ese scan s readily iden tified a G → C substitu tion

in exon 4 an d a C in sert ion in exon 5 (Fig. 6A,B).

Th e presen ce of footprin ts in both th e substitu tion

scan an d th e in sert ion scan of exon 5 led to diffi-

cu lty in decidin g wh ich type of m utation was pres-

en t. However, previous an alysis of HIV sam ples con -

t ain in g sin gle-base su bst it u t ion s in d icat ed th at

au th en tic substitu tion m utation s typically did n ot

d isp lay footprin ts in in sert ion or delet ion scan s.

Th us, th e observation of an in sert ion footprin t in

th e exon 5 scan stron gly supports th e in sert ion call,

wh ich was con firm ed by con ven tion al sequen cin g.

Next, we in vestigated th e ability of 8-m er arrays

to detect h om ozygous an d h eterozygous m utation s

in cftr am plicon s (∼1.1 kb) con tain in g a kn own

DF508 deletion (3 bp). A wild-type cftr sam ple was

u sed as th e referen ce. Th e DF508 d elet ion was

readily detected in th e h om ozygous sam ple by th e

presen ce of a footprin t in th e perfect m atch (PM)

referen ce probe scan (a scan of th e differen ce in per-

fect m atch referen ce probes), substitu tion scan an d

deletion scan (Fig. 7A). As expected, detection of th e

h eterozygous delet ion was m ore difficu lt . In th is

case, n o footprin t was seen in th e PM referen ce

p robe scan becau se DNA with th e referen ce se-

quen ce is presen t in both sam ples th at are bein g

com pared (Fig. 7B). However, th e deletion scan still

exh ibited a well resolved footprin t , because target

con tain in g deleted sequen ce is presen t in th e h et-

erozygous sam ple but com pletely absen t from th e

referen ce sam ple.

Sequence-Specific 58 End

Sampling

Fragm en tation of DNA targets

with a site-specific DNA n ucle-

ase, rath er th an DNase I, pro-

d u ces a p o p u lat io n o f frag-

m en t s rep resen t in g o n ly a

sm all subset of all possible 58-

t erm in a l su b seq u en ces. W e

exam in ed wh eth er th is lim ited

n um ber of n ewly created 58-

t erm in i su bseq u en ces co u ld

be detected on an 8-m er array.

To test th is approach , we di-

gested fX174 (∼5.4 kb) with

th e restrict ion en don ucleases,

PalI (G G ↓ C C ) a n d N la III

(C ATG ↓), a n d l iga t ed t h is

fragm en t p o p u la t io n t o an

8-m er array. Our resu lts in di-

cat ed t h at 32 o f 33 rest ric-

t ion sites were detected (data

n ot sh own ), in dicatin g th at n-

m er arrays can be used to iden -

t ify 58 term in i in a com plex

Figure 6 Detection of an insertion in the p53 gene. Eleven exons of the p53
gene were simultaneously scanned (∼1700 bases including primers) by Taq DNA
ligation to 8-mer arrays. Two individual samples (11 exons each) were applied to
separate arrays with one sample used as a wild-type reference and the other the
unknown. Mutation scans searched for substitutions, single-base insertions (A,
C, G, T) and multiple-base deletions (1, 2, 3, and 4 bp). (A) A substitution scan
(posit ive envelope) of exon 4 revealed a mutation footprint that correctly iden-
tified a G → C base change. The other scans have no appreciable footprints. (B)
Mutation scans of exon 5 exhibit footprints in both the substitution (posit ive
envelope) and insertion scans. The insertion scan identified the mutation as a C
insertion (increase in the complementary G insertion probes) in the unknown
target, whereas the substitution scan provided an ambiguous identification. This
insertion was confirmed by conventional sequencing. Normalization of the in-
sertion (A, C, G, T) and deletion probes (1, 2, 3, and 4 bp) was accomplished as
for the substitution probes by setting the sum of the four probe intensit ies to
unity.
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sam ple. Poten tial application s in clude th e an alysis

of DNA fragm en ts gen erated by ran dom or directed

gen om ic sam plin g strategies such as DNA fin ger-

prin tin g or differen tial d isp lay (Lian g an d Pardee

1992; South ern 1995).

DISCUSSION

Th e resu lts presen ted dem on strate th e feasibility of

scan n in g com plex DNA targets for m utation s by use

of ligation to com plete n-m er oligon ucleotide ar-

rays. We foun d th at ligation was n ecessary for both

th e gen eration an d stabilization of sign als on th e

array. Our approach to m utation detection used a

referen ce sequen ce as a basis to ch oose th e appro-

priate perfect m atch , substitu tion , in sert ion , an d de-

let ion probes for in terrogatin g an un kn own sam ple

(usually a m in or sequen ce varian t of th e referen ce

sequen ce). However, un like sequen ce-specific DNA

resequen cin g arrays described previously, in wh ich

in terrogation probes are prech osen prior to syn th e-

sis on th e array (Ch ee et al. 1996), m utation detec-

t ion with com plete n-m er arrays is accom plish ed by

electron ically assem blin g th e appropriate in terroga-

tion probes from th e com plete n-m er probe set . Th is

design creates m ultip le probe in terrogation s for ev-

ery target base, gen eratin g redun dan t base-call sets

th at can be in tegrated th rough

a sim ple n orm alized sum m a-

tion (averagin g) process. Th is

in form at ion is con ven ien t ly

displayed in a sequen ce trace

from wh ich a base call can be

m ad e an d ca ll q u a li t y a s-

sessed. If th e base-call quality

score is below a defin ed con -

fid en ce th resh o ld , th e base

call is assign ed a n o call status

(N). In th is way, on ly h igh ly

con fiden t base calls appear in

th e fin al called sequen ce. Th e

en d resu lt of th is averagin g

an d scorin g process was th at

co m p lex DNA t arget s were

verified with a h igh degree of

accuracy despite less th an per-

fect ligation discrim in ation .

A d irect co m p ariso n o f

se q u e n c e t r a c e s b e t w e e n

sam ples provided a m ore sen -

sit ive an d accurate m eth od of

m u t a t io n d e t e c t io n . Th is

co m p arat ive ap p ro ach su b-

stan t ially redu ced th e false-

posit ive rate (n um ber of in correct calls), in creased

th e sen sit ivity of h eterozygous m utation detection ,

an d allowed com plex DNA targets to be screen ed.

Un an ticipated in sert ion s an d deletion s were readily

detected, an d an approach for iden tifyin g h eterozy-

gous m utation s by th eir base-callin g trace was pre-

sen ted.

W e h ave fou n d th at m u tat ion scan n in g on

com plete n-m er arrays offers th e followin g advan -

tages: (1) com plex DNA targets (up to 2.5 kb on

8-m ers) can be screen ed with h igh accuracy (>90%

m utation detection ), (2) m utation s can be located

an d iden tified , (3) m ultip le target am plicon s can be

sim ultan eously screen ed (e.g., m ultip le exon s of a

gen e), an d (4) th e tech n ique is rapid an d robust .

With respect to ‘‘gold stan dard’’ San ger sequen cin g,

resequen cin g on 9-m er arrays offers lon ger read

len gth s (1.2 kb) with h igh accuracy (99.5%–99.9%)

an d allows th e possibility of an alyzin g m ultip lexed

reaction s. Moreover, by com parin g th e h ybridiza-

t ion pattern s between two arrays, even lon ger tar-

gets can be an alyzed for m utation s. With specifi-

cally design ed DNA arrays with lon ger probes, as

m uch as 50 kb of sequen ce can be scan n ed on a

sin gle array (Ch ee et al. 1996; J.-B. Fan , un publ.);

th e drawback, h owever, is th e requirem en t for a spe-

cialized ph otolith ograph ic m ask for each set of se-

Figure 7 Detection of the DF508 deletion in the cftr gene. Wild-type and
mutant samples of a 1029-bp region (encompassing F508) of the cftr gene were
applied to 8-mer arrays by standard T4 DNA ligation conditions. (A) Mutation
scans of a 170-bp region comparing a wild-type cftr target to a target containing
a 3-bp DF508 (TTT) homozygous deletion. Mutation scans are shown for perfect
match (PM) reference, substitution (posit ive envelope only), insertion, and de-
letion probes. The PM reference probes (a subset of the substitution probe set)
consist of a tiling probe set complementary to the reference sequence. A 3-bp
deletion (identified as TTT by the analysis software) was readily detected by the
deletion scan. Note that the substitution scan also exhibited a footprint. (B)
Mutation scans comparing a wild-type cftr target to a 3-bp DF508 artificial het-
erozygous deletion mutant (mixture of 50% wild-type and 50% homozygous
mutant). No footprint was detectable in the PM reference probe scan because
DNA with the wild-type reference sequence was present in both samples. How-
ever, the deletion scan correctly identified a 3-bp TTT deletion in the heterozy-
gous sample.
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quen ces an alyzed. N-m er arrays are lim ited to m uch

sh orter target len gth s but offer th e flexibility of us-

in g a sin gle ch ip design for alm ost all sequen ces. In

addit ion to sequen ce ch eckin g an d m utation detec-

t ion , a n um ber of oth er application s can be en vi-

sion ed in wh ich n ucleic acid targets are queried by

use of ligation to n-m er arrays. Th e fact th at arrays

of duplex probes with recessed 38 term in i selectively

in terrogate on ly 58-ph osph oryl-con tain in g term in al

subsequen ces m ay allow in terrogative approach es

to be devised on th e basis of th e ability of th e n-m er

array to separate or iden tify fragm en ts by th eir 58-

term in al subsequen ce. Such an approach m ay be ap-

plied to an alyzin g th e products gen erated by DNA

fin gerprin tin g, n ucleic acid scan n in g (AFLP, RAPD,

AP-PCR, DAF, etc.), en zym atic an d ch em ical m is-

m atch cleavage, an d differen tial gen e expression as-

says (e.g., d ifferen tial d isp lay, SAGE, etc.) (South ern

1995; Caetan o-An olles 1996).

Future im provem en ts in probe syn th esis tech -

n ology an d target preparation sh ould in crease th e

perform an ce of n-m er arrays. Several obvious areas

of im provem en t in clude syn th esizin g arrays with

lon ger probes (e.g., 10-m ers an d lon ger), in creasin g

m ism atch d iscrim in at ion , an d in creasin g weak

probe in ten sit ies. Factors th at con tribu te to low

probe in ten sit ies in clude n on un iform target frag-

m en t at io n , p ro b e–p ro b e in t eract io n s, an d lo w

probe-target h ybrid stability. Non u n iform target

fragm en tation by DNase I h as been observed with a

10- to 20-fold d ifferen ce in sequen ce-depen den t

cleavage rates (Herrera an d Ch aires 1994). Th is sug-

gests th at certain 58 subsequen ces will be un der-

represen ted in th e target fragm en t population , an d

th at usin g a cocktail of differen t n ucleases m igh t

im p ro ve resu lt s. In t eract io n s b et ween su rface-

boun d probes are suggested by th e fact th at self-

com plem en tary an d G-rich probes exh ibit un usu-

ally low in ten sit ies (Sen an d Gilbert 1992; Ch ee et

al. 1996; Lockh art et al. 1996). Decreasin g surface

probe den sity or in corporation of n ovel base an a-

logs cou ld h elp reduce th ese effects. Fin ally, th e

m ost im portan t factor con tribu tin g to low probe in -

ten sit ies is th e sequen ce-depen den t in stability of

certain probe-target duplexes, part icu larly eviden t

in AT-rich target region s. In corporation of base an a-

logs in to both th e target an d th e probes m ay also

h elp am eliorate th is problem .

We h ave sh own th at com plete n-m er arrays pro-

vide a rapid , sen sit ive, an d robust m eth od of detect-

in g sequen ce differen ces, an d as such sh ould h elp

con tribu te to th e growin g field of gen om e variation

studies. Addit ion ally, th e tech n ique of ligatin g DNA

sam ples to n-m er arrays provides a gen eral fram e-

work for th e developm en t of altern ative m eth ods to

t h e t rad it io n a l gel-b ased an a lysis o f co m p lex

n ucleic acid sam ples.

METHODS

Synthesis of Duplex-Probe n-mer DNA Arrays

Com plete n-m er DNA oligon ucleotides were syn th esized on

derivit ized glass substrates by ligh t-directed ph otoch em istry

as described previously (Pease et al. 1994); 8-m er arrays were

syn th esized with 50 2 50-µ m probe feature sizes, an d 9-m ers

with 25 2 25 µ m probe feature sizes. Prior to ph otoch em ical

syn th esis, a DMT-h exaeth ylen eglyco l-(2-cyan oeth yl-N ,N -

diisopropyl) ph osph oram idite lin ker (Ch em Gen es, 25 m M in

aceton itrile) an d 19 bases of a con stan t an ch or oligon ucleo-

t ide (38-ATACGTAGACACTGCTGGAC-58) were syn th esized

on th e array usin g con ven tion al DMT PAC ph osph oram idites

(25 m M in aceton itrile): T b-cyan oeth yl, IBU dC b-cyan oeth yl,

PAC dA b-cyan oeth yl, an d iPr-PAC dG b-cyan oeth yl ph os-

ph oram idites (Ph arm acia Biotech ). Th e last base of th e an ch or

oligon ucleotide an d th e subsequen t n (n = 8 or 9) com bin a-

torial bases were syn th esized by ligh t-directed ph otoch em is-

try (Pease et al. 1994). Followin g syn th esis of th ese n bases, 2

bases of in osin e (28-deoxyin osin e, Glen Research , Sterlin g,

VA) were added to th e 58 term in us by use of con ven tion al

DMT p h o sp h o ram id it e ch em ist ry. Th e ad d it io n o f t wo

in osin es was foun d to im prove overall array sign al in ten sit ies

with out greatly affectin g discrim in ation . Postsyn th esis, th e

DNA m olecules on th e arrays were deprotected in a 50% eth -

ylen ediam in e (EDA)/50% eth an ol bath for ∼10 h r.

A 2 0 -m e r a n c h o r o l igo n u c le o t id e (5 8-p so r a le n -

TATGCATCTGTGACGACCTG-38) com plem en tary to th e con -

stan t an ch or sequen ce of th e probe was syn th esized with a

stan dard oligon ucleotide syn th esizer. Two version s of th e oli-

gon ucleotide were syn th esized for th e differen t m odalit ies of

ligation : a 38 h ydroxyl version for en zym atic ligation an d a 38

ph osph oryl version for ch em ical ligation . Th e an ch or oligo-

n ucleotide also con tain ed a AT din ucleotide pair an d a pso-

ralen C6 (Glen Research ) m oiety at th e 58 en d for use in an

option al cross-lin kin g protocol. Th e oligon ucleotide was car-

tridge purified via th e h ydroph obic 58 psoralen m oiety. Sin ce

com pletion of th e studies in th is paper, an ch or oligon ucleo-

t ides with d ifferen t 38-term in al bases (th e correspon d in g

probe an ch or sequen ce was also m odified) were tested for

th eir ability to im prove sign al an d discrim in ation . In gen eral,

an ch or oligon ucleotides with A an d G (purin es) 38 bases gen -

erated h igh er sign al in ten sit ies th an oligon ucleotides with C

an d T (pyrim idin es) 38 bases. An ch or oligon ucleotides with

term in al G 38 bases were used for all experim en ts in th is pa-

per.

Th e actual array-based duplex probes were created by

h ybridizin g th e com plem en tary 20-m er an ch or oligon ucleo-

t ide (500 n M) to th e con stan t port ion of th e array-boun d

probes. Th e h ybrid izat ion con dit ion s were as follows: 62

SSPE buffer (pH 7.4) at 40°C for 1–2 h r followed by wash in g

on a Gen eCh ip flu idics stat ion (Affym etrix, In c.) with 62

SSPE at 22°C. Un der th e ligation con dit ion s used in th is paper

(30°C–40°C), p soralen cross-lin kin g was u n n ecessary fo r

m ain ten an ce of duplex stability. However, for oth er applica-

t ion s, cross-lin kin g can be accom plish ed by exposin g th e du-

plex-probe array (12 SSPE buffer presen t, array sit t in g on ice)

to lon g wavelen gth UV ligh t, wh erein th e in tercalated pso-
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ralen m oiety cross-lin ks th e two th ym idin e bases located on

opposin g DNA stran ds (Born et et al. 1995). Th e optim al UV

exposure was 6 J/cm 2 of 365 n m (lon g UV) applied to th e

outer glass surface of th e DNA array.

Preparation of Fragmented DNA Samples

Double-stran ded DNA targets (∼50–100 fm oles, ∼80–160 n g of

a 2.5-kb target) were ran dom ly fragm en ted with DNase I (0.5

un its per 20 µ l) in 12 On e-Ph or-All Buffer Plus (Ph arm acia,

102 buffer con tain s 100 m M Tris-acetate (pH 7.5), 100 m M

m agn esium acetate, 500 m M potassium acetate) for 15 m in at

37°C. DNase I was h eat in activated an d th e sam ple den atured

by in cubation at 95°C for 15 m in . Th e sam ple was cooled on

ice, an d 38-en d labeled with TdT (5 un its per 20 µ l) (GIBCO-

BRL, Gaith ersburg, MD) an d ddATP-N6-biotin (25 µ M) (NEN

Life Scien ces, Boston , MA) at 37°C for 60 m in . TdT was h eat

in activated an d th e DNA den atured by in cubatin g at 95°C for

10 m in . Th e den atured DNA was cooled on ice, added to th e

ligation m ix (total volum e of 200 µ l, fin al DNA target con -

cen tration of ∼500 pM), spun at 14,000g in a m icrocen trifuge

for 3 m in to pellet an y precip itate presen t, an d applied to th e

DNA array. Th e ligation solu tion was con tin uously m ixed

across th e surface of th e array by rotation (40–50 rpm ) on a

rotisserie located in an in cubator set to th e desired tem pera-

ture.

Preparation of Restriction-Digested DNA Samples

Th e PalI–NlaIII restrict ion digestion of fX174 was perform ed

on DNase I fragm en ted (h igh Mn 2+) fX174 to decrease th e

average fragm en t size (in creases h ybridization kin etics). We

used th e followin g protocol: 500 n g of fX174 was digested for

10 m in at 37°C by 0.010 un its of DNase I in 10 µ l of Mn

digestion buffer [20 m M Tris-Cl (pH 8.0), 2.5 m M Mn Cl2, 100

µ M CaCl2]. Th e DNase I was rem oved by addit ion of 1 µ l of

Advam ax protein rem oval beads (Advan ced Gen etics Tech -

n ologies Corp .). Th e sam ple was th en spun for 1 m in at

14,000g, an d th e supern atan t collected. Next, th e fragm en ted

DNA sam ple (in 10 µ l) was deph osph orylated by addit ion of 1

µ l of On e-For-All buffer an d treatm en t with 5 un its of sh rim p

alkalin e ph osph atase (U.S. Bioch em ical) for 30 m in at 30°C.

Th e ph osph atase was rem oved by protein rem oval beads as

described. Th e DNA sam ple was n ext digested with 5 un its of

PalI an d 5 un its of NlaIII (in 10 µ l) by in cubation at 37°C for

30 m in . Th e sam ple was h eat den atured at 98°C for 10 m in ,

cooled on ice, an d labeled with TdT as described above.

Ligation Conditions

In gen eral, we foun d th at both en zym atic an d ch em ical liga-

t ion produced satisfactory resu lts wh en used accordin g to th e

specified protocols. Th e en zym atic ligat ion con dit ion s are

given for th e followin g en zym es: T4 DNA ligase, E. coli (NAD

depen den t) DNA ligase, an d Taq DNA ligase. Th e stan dard T4

DNA ligation buffer con sisted of th e followin g: 50 m M Tris-

HCl (pH 7.8), 10 m M MgCl2, 10 m M DTT, 1 m M ATP, 50 µ g/m l

BSA, 100 m M NaCl, 0.1% TX-100 an d 2.0 U/µ l T4 DNA ligase

(New En glan d Biolabs). E. coli DNA ligase buffer con sisted of

40 m M Tris-HCl (pH 8.0), 10 m M MgCl2, 5 m M DTT, 0.5 m M

NADH, 50 µ g/m l BSA, 0.1% TX-100, an d 0.025 U/µ l E. coli

DNA ligase (Am ersh am ). Taq DNA ligation buffer con sisted of

th e followin g: 20 m M Tris-HCl (pH 7.6), 25 m M potassium

acetate, 10 m M m agn esium acetate, 10 m M DTT, 1 m M NADH,

50 µ g/m l BSA, 0.1% Triton X-100, 10% PEG, 100 m M NaCl,

an d 1.0 U/µ l Taq DNA ligase (New En glan d Biolabs). For both

8-m er an d 9-m ers, T4 an d E. coli DNA ligase reaction s were

perform ed at 30°C, an d Taq DNA ligase reaction s were per-

form ed at 37°C–40°C (due to th e low activity of Taq at 30°C).

Th e ligation reaction s were typically in cubated overn igh t (14–

16 h r), bu t in cubation s as sh ort as 2 h r also gave satisfactory

resu lts.

Chemical Ligation

Ch em ical ligation allowed th e use of 3–4 M tetram eth ylam -

m on ium ch loride (TMACl) in th e ligation buffer to h elp n or-

m alize th e in ten sit ies of A/T-rich an d G/C-rich probes (Wood

et al. 1985). Th e ch em ical ligation reaction used fresh ly dis-

solved 1-eth yl-3-(3-d im eth ylam in opropyl)carbodiim ide h y-

droch loride (EDC, Pierce Bioch em icals) (2 M in H2O for 102

stock) to gen erate a p yrop h osp h ate bon d between a 58-

ph osph oryl m oiety of th e target an d a 38-ph osph oryl m oiety

on th e com plem en tary an ch or oligon ucleotide (Kuzn etsova

et al. 1994; Herm an son 1996; Sh abarova 1988). Th e ch em ical

l i g a t i o n c o n d i t i o n s w e r e a s fo l l o w s : 5 0 m M 2 -[N -

m orph olin o]eth an esu lfon ic acid (MES) (pH 6.0 with KOH), 10

m M MgCl2, 0.001% SDS, 200 m M EDC, 50 m M im idazole (pH

6.0 with HCl) an d 3.0–4.0 M TMACl (Sigm a) for 14 h r at 30°C.

Array Washing and Staining

Followin g ligation , arrays were wash ed 5–10 tim es with 12

SSPE (pH 7.4, 22°C) on a Gen eCh ip flu idics stat ion , stain ed

for 5 m in with strep tavidin -ph ycoeryth rin con jugate (Mo-

lecu lar Probes, 2 n g/µ l in 12 SSPE, 50 µ g/m l BSA) on a rotat-

in g rotisserie at 22°C an d wash ed an oth er 5–10 tim es with 12

SSPE.

Imaging and Data Analysis

Th e fluorescen t sign al from th e array was detected by spe-

cially design ed con focal scan n ers (Affym etrix; Ch ee et al.

1996) wh ich im aged th e 8-m er arrays at 6.8–7.5 µ m resolu-

t ion , an d im aged 9-m er arrays at 3.5 µ m resolu tion . Im ages

were processed with Gen eCh ip software (Affym etrix), an d th e

resu ltan t in ten sity data were tran sform ed in to text files con -

tain in g alph abetized lists of probe sequen ces an d correspon d-

in g in ten sit ies. Th ese data were th en an alyzed by custom re-

sequen cin g software writ ten in Visual Basic (v. 4.0, Microsoft).

Data Normalization

Th e fluorescen t in ten sit ies were backgroun d subtracted an d

th en n orm alized by dividin g th e in ten sity of each probe (all

4n probes) by th e sum of th e in ten sit ies of all related sin gle-

base m ism atch (MM) probes (24 MM probes for every probe

on an 8-m er array) an d th e in ten sity of th e probe itself. Th e

form ula is In orm = I/ (SIMM + I). Th is n orm alization algorith m

greatly im proved base-callin g accuracy by m oderatin g th e se-

quen ce depen den t in ten sity variat ion of th e probes. Norm al-

ization was also perform ed at th e level of th e base-call sets

such th at th e sum of th e four probes with in a base-call set was
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un ity. Th is preven ted an y on e base-call set from dom in atin g

th e com posite average.

Base Calling, Confidence Scores, and Composite

Differences

A base call was perform ed by com parin g th e in ten sit ies of th e

four probes (A, C, G, T) with in a base-call set , selectin g th e

m ost in ten se probe, an d calcu latin g th e quality score of th is

base call. Th e con fiden ce score (quality) of th e base call is

d efin ed as fo llows: Im o st -in t en se/ In ext -m o st -in t en se fo r p robes

with in a base-call set . If th is score was below a th resh old of

1.15, th e base was classified as a n o call.

Mutation s were typically iden tified by com parin g com -

posite base-call sets from two separate arrays by com putin g

th e in ten sity differen ce (Iun kn own ,n orm –Ireferen ce, n orm ). A m uta-

t ion scan was created by plott in g th e en velope curves of th e

differen ces in th e sequen cin g or base-call traces. A m utation

was iden tified by detectin g a well-defin ed footprin t in th is

scan . Th is footprin t h ad to pass two criteria: (1) Th e m agn i-

tude of th e footprin t h ad to be greater th an a defin ed th resh -

old typically calcu lated as five tim es th e m ean sign al-to-n oise

ratio of th e en tire m utation scan , an d (2) th e width of th e

footprin t h ad to be greater th an at least on e probe len gth (8 or

9 bases).
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