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DNA Sequence Determination by Hybridization:
A Strategy for Efficient Large-Scale Sequencing

R. Drmanac, S. Drmanac, Z. Strezoska,* T. Paunesku,* |. Labat,*
M. Zeremski,* J. Snoddy,t W. K. Funkhouser, B. Koop,#
L. Hood,§ R. Crkvenjakov]

The concept of sequencing by hybridization (SBH) makes use of an array of all possible
n-nucleotide oligomers (n-mers) to identify n-mers present in an unknown DNA sequence.
Computational approaches can then be used to assemble the complete sequence. As a
validation of this concept, the sequences of three DNA fragments, 343 base pairs in length,
were determined with octamer oligonucleotides. Possible applications of SBH include
physical mapping (ordering) of overlapping DNA clones, sequence checking, DNA fin-
gerprinting comparisons of normal and disease-causing genes, and the identification of
DNA fragments with particular sequence motifs in complementary DNA and genomic
libraries. The SBH techniques may accelerate the mapping and sequencing phases of the
human genome project.

The success of the human genome project
will depend on whether DNA sequencing
approaches can greatly increase through-
put [at least 100-fold more than the cur-

re

nt value of ~10* base pairs (bp) per day

per machine] and decrease cost. Strategies
that may help to accomplish this task
include a greatly improved method of

s€

quencing based on the conventional au-

tomated fluorescent DNA sequencers and
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the advent of new sequencing technolo-
gies (1-3).

Any linear sequence is an assembly of

overlapping, shorter subsequences. Se-
quencing by hybridization (SBH) (4-10)
is based on the use of oligonucleotide
hybridization to determine the set of con-
stituent subsequences, (such as 8-mers)
present in a DNA fragment. Unknown
DNA samples can be attached to a support
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and sequentially hybridized with labeled
oligonucleotides (format 1); alternatively,
the DNA can be labeled and sequentially
hybridized to an array of support-bound
oligonucleotides (format 2). Highly dis-
criminative hybridization is required to
distinguish between perfect DNA frag-
ment and oligonucleotide complementar-
ity and all hybridizations exhibiting one or
more nucleotide mismatches. Reliable
conditions for this discrimination have
recently been determined for format 1 (5).

The sets of n-mer oligomers used as
hybridization probes can vary in number
from several hundred to all possible combi-
nations (65,536 for octamers), depending
on the type of sequence information re-
quired. The completeness of the probe set
and its design, which can vary according to
such parameters as length of probe and
internal (7) or flanking positioning (4) of
unspecified bases, determines the kind of
sequence information that can be extracted
from individual DNA fragments (7) or li-
braries of fragments (4). Mapping informa-
tion that determines clone overlap (11) can
be obtained with 100 to 200 probes. The
positioning and identification of genome
structural elements (partial sequencing)
(12-14) requires 500 to 3000 probes, and
complete sequencing (4) requires data from
3000 or more septamer probes on three to
five related genomes (14).

In this report, we present the results of
a blind test of the SBH method on homol-
ogous DNA fragments cloned into an 8-kb
M13 vector. The test consisted of se-
quencing by traditional methods (15), in
one of our laboratories, three 2-kb inserts
containing related variable gene segments
(92 to 94% similarity) from several pri-
mate T cell receptor B loci and then
resequencing by SBH, in the other labo-
ratory, homologous 116-bp regions of
these clones. The experiment was de-
signed to determine the ability of SBH not
only to produce accurate sequence infor-
mation, but also to circumvent for practi-
cal reasons the SBH requirement for thou-
sands of probes and clones in an initial
test. Instead of 65,635 octamers, a re-
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duced probe set based on gel-determined
sequences was synthesized with about
twice as many nonmatching as matching
probes in relation to each of the 116-bp
targets. The simultaneous probing of three
similar sequences containing many single
base mismatches within the target-probe
combinations provides a stringent test of
the accuracy of SBH, which justifies use of
the reduced probe set.

Fig. 1. Representative hybridiza-
tion images obtained from one filter
with different oligomer probes. The
filter is made from one microtiter
plate. Duplicate dots are present in
the diagonally adjacent well, below
and to the right. The remainder of
the wells contain M13 clones with
inserts of known sequence. The
computer-drawn grid is included to
facilitate comparison. The order of

The lists of 8-mers with more than
three G + C bases and 9-mers with one to
two G + C bases (16) occurring in the
human and two rhesus monkey 116-bp
DNA segments were scrambled and sent to
the Argonne group along with number-
coded samples of the three clones (clones
1, 7, and 8). The Argonne group was
informed that within the list was a sublist
that allowed unambiguous reconstruction

test clones (numbering from top to

bottom and from left to right) is as
follows: Clone 1, line 3 position 3,

line 5 position 23, line 9 position 9, =T

and line 13 position 11; clone 7,

line 3 position 7, line 7 position 23,

line 9 position 13, and line 13 po-

sition 13; and clone 8, line 3 posi-

tion 11, line 9 position 23, line 9

position 17, and line 13 position 15.

Images (from top to bottom) are as

follows: Probe GCCAGCTTTC
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(with target in M13 vector included

to calibrate the DNA amounts in

the dots), probe GGGCCCAA,

probe CTTAATATA, probe CGTGGCCT, probe GCTGGCCT, probe TGAGTGTC, probe TGAAG-
CTT, and probe ATAAAGAGT. For clarity, we selected probes with no positive controls to highlight
the hybridization of clones of unknown sequence [except for probe TGAAGCTT, where six positive
control clones (indicated by arrows) are visible: three in the upper left corner, and three on the right].
Other weaker signals visible in the images are at least tenfold lower than the full-match ones from
the same image. The lowermost image shows the additional central positions of test clones hidden

in the other images.

Fig. 2. (A) Sequence re- A
construction. A part of

- Clone 1
the clone 1 sequence is

depicted, showing the
probes giving positive

NNTGTTCCAAATGGATGAAGGTTGCTAATCAGCTGGCCTTAATATGGGGAGCGTGTCCTGGATTT

and false-positive hy-

bridization scores (solid
lines without and with G,

respectively) and some
of the negative scores
(dashed lines). The de- B

termination of T at posi- Clone 1
tion 10 from right is es-
pecially instructive be-
cause it has four probes
determining it as T, three
as non-G, and two as G,
giving odds of seven to
two against G being at
this position. (B) Se-
quences of three seg-
ments from T cell recep-
tor genes determined by
SBH. Clone 1, human
1a; clone 7, rhesus 2; clone 8, rhesus 1 gene.

GTCAGAGTGATGCAGA
Clone 7

AGTGATGCAGA
Clone 8

CTCAGAGTGATGCAGA
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nnTGTTCCAAATGGATGAAGGTTGCTAATCAGCTGGCCTTAATATGGGGAGCGTGTCCTGGATTT
TCCAGATGGGCCCAATGTAATCACAAGGGTCCTAAAATGTGGAAGAGGGAGGATGAAGAGTGAGT

nnTGTTCCAAATGGATGAAGCTTGCTAATCAGCTGGCCT TAATATAGGGAGCCTGGATTTTCCAG
GTGGGCCCAATGTAATCCACAAGGGTCCTAAAATGTGGAAGAGGGAGAATGAAGAGTGAGCCTCAG

nnTGTTCCAAATGGACAAAGCTTGCTAATCATCTGGCCT TAATATAGGGAGCGTGGCCTGGATTT
TCCAGGTGGGCCCAATGTAATCACAAGGGTCCTAAAATGTAGAAGAGGGAGAATAAAGTGAGC



of a 100- to 140-bp DNA segment in at
least one of the clones and that the other
two sequences sent were similar. Because
the list constructed from these sequences
would have allowed a complete recon-
struction without any of the probes being
excluded, the probe information derived
from a fourth similar sequence (obtained
from gorilla DNA whose sample was not
sent) 'was included in the final 272-oligo-
mer probe list. This information made the
test more challenging by increasing the
number of complete sequences that could
be obtained from the list.

A filter containing 96 DNA samples
spotted in duplicate was prepared directly
from M13 phage cultures grown in stan-
dard microtiter plates (17, 18). Four inde-
pendent phage cultures from each of the
three unknown clones were used. The
remaining samples consisted of recombi-
nant M13 clones for which the complete
sequence was known (19). These latter
DNAs served as positive and negative
controls against which the hybridization
signal for each probe could be calibrated.
The total complexity of these control
DNAs (~45 kb) was such that they pro-
vided fully matched targets for less than
50% of the supplied probes. Groups of
sixteen 10- and 11-mer oligonucleotides
sharing given octamers or nonamers as the
informatic cores (4) were used as probes
because shorter probes gave an insufficient

Fig. 3. (A) Southern blot analysis A
of PCR-amplified inserts of un- 1 23

signal with the available amounts of M13
DNA in the dots.

Each filter was first hybridized with a
probe specific for the M13 vector so that
the relative amount of DNA and hence
the potential hybridization strength per
dot could be measured. The filters were
then successively hybridized with different
probes. The discrimination values of pos-
itive signals for a given probe (average
ratio of signals from matched and mis-
matched targets normalized in relation to
variation of DNA molarity among dots)
ranged from 2 to 92 for different probes,
with the average value above 10 (18). In
Fig. 1 are shown images representing the
discrimination patterns of hybridization
found with clones 1, 7, and 8. The suc-
cessive hybridizations were stopped when
156 probes (20) out of the 272 supplied for
the test sequence were used because suffi-
cient data were obtained for a correct
determination at each base position (Fig.
2A). On average, each base was covered
by positive hybridization with more than
five probes. For each clone, a continuous
sequence was reconstructed (Fig. 2B), and
all three test sequences were unambigu-
ously determined.

During the hybridization of 156 probes
to the three different DNA samples, 22 of
468 probe hybridization scores gave false
positive results that were incompatible
with the final reconstructed sequences.

45678

known clones 1, 7, and 8. Probe
NTGGCCTGGN hybridized to the
same filter in the absence (left) or

presence (right) of the competing -

unlabeled oligomers NGGAGCG-
TGN and NCTGGATTTN specific -

for the fully matched or a mis- - e
matched variant of the target with- -
in sequenced segments of clones -
8 and 1, respectively. Lanes 1, 2,

45678 i 23

and 3, digests of a 2-kb insert of Clone 1
clone 1 with restriction enzymes
Pst |, Alu |, and Rsa |, respective-
ly; lanes 4, 5, 6, 7, and 8, digests

of an insert of clone 8 with Eco R,

Probe
Target in Clone 1

Probe
Targetin Clone 8 CACCGGACCT... ... .......

Clone 1 Clone 8

arnenns seessvsneenannen NTGGCCTGGN®
CCCTCGCACAGGACCTAAAA
NGGAGCGTGNNCTGGATTTN

Clone 8

NTGgCCTGGN".
CACaGGACCT... ...,

NTGGCCTGGN" .. .....ccoviiee + cvvccnresssiiens 00 NTGGCCTGGN"
<. ... CCCTCGCACCGGACCTAAAA
NGGAGCGTGNNCTGGATTTN

Taq |, Alu |, Hind Ill, and Hpa Il, . B

T8 muj

respectively. The unmarked lane

between lanes 1 and 2 is an Hae TR

Il digest of insert 1; no hybridiza- .

tion is expected because of the

restriction site being within the amam

target. The unmarked lanes be-

mEN D

tween lanes 3 and 4 are various
digests of insert 7; no hybridiza-

tion is expected from dot blot results. The sizes of visible fragments range from 159 to 1780 bp. (B)
Overcoming of the context-dependent depression of hybridization. (Left) Ninety-six—dot array
probed with decamer NATGGATGAN; the positions of clones 1 and 7 that are expected to be
positive are underlined. No higher hybridization signals in relation to expected negative control
clones (all other positions) are evident. (Right) The same filter allows efficient discrimination when
hybridized with 12-mer probe CAAATGGATGAA complementary to the same target but extended

by two bases on the 5’ end.
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Half of the inconsistencies could be traced
to full matches outside the targeted 116-bp
sequences. Of the 11 remaining false pos-
itive results (20), 7 could be accounted for
by signal summation from two or more
single mismatch hybrids located in differ-
ent regions of the clones. In only one of
these seven cases, one of the mismatched
hybrids was located within the 116-bp test
sequence, as shown through mapping by
competitive oligomer hybridization in
Southern (DNA) analysis (Fig. 3A). The
remaining four false positives resulted from
a single mismatched target. The major
cause of false positive results thus appeared
to be the additive effects of two or more
singly mismatched hybridizations.

In some regions, especially in a 15-bp
sequence near the 5" end of the three test
sequences, we also detected an unexpect-
ed drop in hybridization intensity (Fig.
3B, left). An examination of this phe-
nomenon (which we call “SBH compres-
sion”) with model oligomer targets sug-
gested that the discrimination of matched
and mismatched hybrids within this region
is retained, though at severalfold lower
intensities (21). This hybrid instability
may be caused by a secondary or tertiary
DNA conformation. When longer probes
specific for this target were used, a specific
signal was detected (Fig. 3B, right). In
some cases, nonstandard hybridization
conditions or longer probes may be re-
quired to obtain unambiguous sequence
data. The octamer AATATAGG fell into
the false negative probe category. It did
not reproducibly give the predicted hy-
bridization pattern under standard condi-
tions. However, when conditions were
modified to detect weaker hybridizations
(5-min wash at 0°C), a signal-to-noise
ratio greater than five was consistently
obtained.

The low percentage of false hybridiza-
tions [11/(156 X 3), or 2.3%] observed in
this study is similar to that seen previously
(6). Two considerations indicate that the
observed error rate may not be a serious
concern. First, software simulations suggest
that as much as 10% error does not appear
to affect the final sequence determination
(16). Second, recent improvements in re-
construction algorithms have reduced the
number of required heptamer probes for
complete sequencing from 16,384 to about
3,000, or a fifth of all possible 7-mers (14,
22, 23), when the sample DNA is attached..
to a support. This fivefold reduction in
probe repertoire allows for preselection of
optimal probes in relation to hybridization
errors. Thus, a well-characterized set of
reagents reliable under standard hybridiza-
tion conditions might be sufficient to cover
all possible sequences.

The sequences of the three unknown
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DNA segments of 116 or 111 bp from
human and rhesus monkey obtained by
SBH were compared with the sequences
obtained from gel-based traditional meth-
ods and were identical. Any systematic
errors in the sequence analysis of the three
DNA segments inherent to either sequenc-
ing method would have been detected.

Many of the central features of SBH
technology can also be used in conjunc-
tion with standard gel-based sequencing
methods. Subclones that are first ordered
and partially sequenced by SBH can then
be completely sequenced by traditional
methods. Knowing the order and orienta-
tion of the subclones before sequencing
can markedly reduce the overall redun-
dancy commonly required in strategies
based on random sequencing. This strate-
gy also makes it possible to eliminate the
added redundancy from the sequencing of
overlapping cosmid clones. In the error-
checking phase of the sequencing process,
two different sequencing methods provide
a much better estimate of real error and
thus provide greater confidence in the
final sequence.

By combining SBH and one-pass gel
sequencing methods, overall throughput
and accuracy can be improved by at least
an order of magnitude. SBH can be used to
fill in gaps and check errors. It is possible
that SBH could itself become a primary
method of genomic sequencing except for
segments consisting of multiple tandem
repeats. In addition, because of the com-
binatorial and parallel features of SBH,
several similar genomes could be readily
sequenced simultaneously (14). Further-
more, SBH is an ideal method for identi-
fying genes, repeats, and motifs in chro-
mosomes and cDNAs as well as for study of
the differences among related populations
and species (12, 14). The usefulness of
partial sequences produced by gel methods
for identifying expressed genes has already
been shown (24).

Filter hybridization offers the ability to
simultaneously analyze thousands of sam-
ples. We have shown that there is no
biochemical or instrumental limitation in
extending the number of DNA dots from
192 to 13,496 on a single 8- by 12-cm
filter (17), and hybridizations to 100 such
filters require only a little more effort than
for a single filter. In addition, an array
format allows miniaturization to a “se-
quencing chip” by spacing of the samples
(oligonucleotides or genomic fragments)
on a scale of micrometers (5, 9, 25). It is
expected that SBH will contribute to the
development of rapid and inexpensive
techniques for mapping clones, facilitate
DNA sequence analysis, and extend the
applicability of DNA fingerprinting for
diagnostics.
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probe labeling, and hybridization procedures
were done as described (6). Washing was for
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16°C, depending on the expected hybrid stability;
the largest group of probes required 3 hours of
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The list of 156 probes used to reconstruct se-

quences and their hybridization scores obtained

with the test clones is as follows [positive scores

(see text) with clones 1, 7, and 8 are indicated by

the respective numeral; the absence of a numeral

indicates a negative score]: AAATGTGG 1, 7;

AAAGAGTG 8; AAAGCTTG 8; AATATAGG 7, 8;
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