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ABSTRACT We have developed a PCR-based method for
rapid and effective screening of arrayed cDNA libraries. This
strategy directly addresses the limitations of conventional
hybridization-based schemes and provides a more rapid,
cost-effective, and sensitive method compatible with large-
scale and routine cDNA clone recovery. To prepare arrayed
libraries, 1-2 x 106 cDNA clones were propagated as individ-
ual plaques on solid medium in 24-well culture dishes at -250
plaque-forming units per well. Phage suspensions were pre-
pared from each well and transferred to a 96-well format. To
screen the library, pools were generated that correspond to
each individual 96-well plate and to each row and column
within "blocks" of six plates each. Library screening for
specific cDNA clones was conducted in a systematic and
hierarchical fashion beginning with the plate pools. Next, the
row/column pools corresponding to each positive plate pool
were screened. Finally, isolated clones from within each
positive well were identified by hybridization. We have applied
this approach to the screening of an arrayed human brain
cDNA library resulting in the recovery of cDNAs correspond-
ing to >25 genes and expressed sequence tags.

The efficient identification and recovery of expressed se-
quences from large segments of complex genomes are central
to the development and integration of long-range physical and
transcription maps. Construction of such maps facilitates the
ongoing efforts of the genome initiative and heightens under-
standing of genome structure and organization as well as the
molecular basis of development and disease.
Three basic strategies have emerged that are amenable to

large-scale identification of expressed sequences. (i) Exon
amplification (1-4) employs in vivo splicing systems to identify
and select for functional splice sites in genomic DNAs, result-
ing in the generation of cloned exon libraries. (ii) Hybrid
selection (5, 6) relies on hybridization of cDNA fragments to
immobilized genomic DNAs to enrich for cDNAs encoded by
specific genomic clones. (iii) Automated partial DNA sequenc-
ing of random cDNA clones produces catalogs of expressed
sequence tags (ESTs) (7-10). All three strategies result in the
identification of short (100-400 bp) cDNA fragments that,
when localized relative to markers of known map position,
pinpoint the location of an expressed gene (8, 9, 11-17).
Subsequent closure of regionalized transcription maps, and/or
in-depth analysis of genes identified as exons and/or ESTs,
requires the recovery of a more full-length clone or cDNA.

Standard methods for the isolation and recovery of cDNA
clones have changed little since they were first introduced over
a decade ago (18, 19). These methods, plaque/colony hybrid-
ization, are limited by several inherent drawbacks that are
contrary to larger-scale screening efforts. (i) Filter hybridiza-
tion screening is labor intensive and time consuming, typically
requiring three or four rounds of plating to purify clones.

Practical limits to the number of filters that can be screened
can lead to insufficient library complexity, resulting in the
omission of less abundant clones, and may preclude the parallel
screening of multiple probes. (ii) Filter hybridization often
requires optimization of "signal-to-noise" ratios on a probe-
to-probe basis. Variations in probe length, (G+C) content,
and the presence of repetitive elements or homologous se-
quence motifs can contribute to background hybridization and
lead to the pursuit of undesired cDNAs. (iii) Filter replicas of
cDNA libraries have finite life-spans and must be periodically
regenerated, resulting in the rapid consumption of unique and
valuable resources.

Here, we report an effective and high through-put system for
arraying and screening cDNA libraries. This system directly
addresses the limitations of phage/colony hybridization
schemes and provides a more efficient and sensitive screening
method compatible with large-scale and routine cDNA clone
recovery.l

MATERIALS AND METHODS

Arraying and Pooling the Library. Approximately 250
phage were plated in 0.1 ml of NZYM low-melt top agar
overlays in each well of 192 24-well culture dishes containing
1.0 ml ofNZYM bottom agar. Following incubation at 4°C for
30 min and 37°C for 18-24 hr (until near-confluent lysis) phage
suspensions were prepared from each individual well by the
addition of 1 ml ofSM buffer followed by incubation at 4°C for
1 hr. Each phage suspension was transferred to a unique well
within a deep-well, polypropylene 96-well microtiter dish (see
Fig. 1A). One hundred to 200 ,ul of CHCl3 was added to each
well to lyse host bacteria. Pools were manually collected
corresponding to each 96-well dish (plate pool) and to each
row or column (row and column pools) within every "block"
of six dishes as diagramed in Fig. 1B. Media, host bacteria, and
buffers for phage propagation and recovery were prepared as
directed (20).
PCR Screening ofLibrary Pools. Phage pools were prepared

for PCR analysis by diluting 1:5 in 0.1% Nonidet P-40/0.25X
TE (2.5 mM Tris, pH 8.0/0.25 mM EDTA). Screening was
initiated with the complete collection of individual plate pools.
The 20 row and column pools relevant to each positive plate
pool were then screened to reveal the unique address of the
positive well within each plate (see Fig. 2). PCRs were carried
out in a total reaction volume of 25 ,lI consisting of 1 ,tM of
each primer and 1.25 unit of Thermus aquaticus DNA poly-
merase in 50 mM KCl/10 mM Tris, pH 8.0/1.5 mM MgCl2/
0.01% gelatin/300 ,uM dATP, dCTP, dGTP, and dTTP with
the following cycling parameters: 94°C for 3 min followed by
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35-40 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 1 min
followed by 72°C for 10 min.
PCR Primers. Oligonucleotide primer sequences are as

follows:

30a-1 5'-CTGTAGTCCCAGCCTGCTTA-3'

30a-2 5'-TGACTTAGAATGCCTGACCA-3'.

Hybridization Screening of Library Pools. Competent host
bacteria were plated in NZYM low-melt top agar overlays on
NZYM plates. Following incubation at 37°C for 1-2 hr, 2 gl of
each phage pool to be screened was spotted onto the plate.
Plates were incubated at 4°C for 3-4 hr and then at 37°C for
18-24 hr. Duplicate lifts were made for each set of "plaques."
cDNA Libraries. The human adult frontal cortex cDNA

library was cloned into AZAP and purchased from Stratagene.
The human fetal kidney cDNA library was cloned into AgtlO

and purchased from Clontech. The human fetal brain cDNA
library was cloned into Agtll and purchased from Clontech.

Cell Lines. Human/hamster somatic cell hybrid J1-2 retains
'12 Mbp of human chromosome llpl5 as its sole human

component (ref. 21; D.J.M., unpublished data).

RESULTS
The cDNA library pooling strategy was designed with regard
to the following considerations. (i) The library structure
should support sufficient complexity to maintain representa-
tion of low-abundance clones (>1 x 106 primary plaques). (ii)
Primary clones should be propagated as individual plaques on
solid medium to reduce representation bias due to differences
in the growth characteristics of individual phage. (iii) The
pooling of individual clones would clearly be impractical.
Rather, a series of low-complexity clone pools should serve as
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FIG. 1. Schematic representation ofcDNA library configuration and pooling. (A) Primary clones were propagated as individual plaques on solid
medium in 24-well culture dishes. Following near-confluent lysis, phage suspentions were prepared from each well by elution with SM buffer and
transferred to 96-well microtiter dishes. (B) The 96-well microtiter dishes were arrayed into eight blocks of six plates each. Row, column, and plate
pools were collected as described in the text.
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FIG. 2. PCR screening of arrayed brain cDNA library for cDNA clones containing exon 30a. (A) Library plate pools were screened by PCR
with primers specific for exon 30a (see text). Positive signals (*) are found in plate pools 1, 5, 7, 11, 16, 25, 27, 41, and 46. (B) Row and column
pools specific for plate 11 screened by PCR for exon 30a. Positive signals (*) are found in rows D and H and columns 3 and 10. (C) Individual
wells from plate 11 screened by PCR for exon 30a. Positive signals (*) are found in wells D10 and H3. DNA size markers (M), 123-bp ladder.

the endpoint of PCR-based screening. These simple clone
pools should maintain a complexity low enough to ensure
subsequent single-step plaque purification (<500 plaques).
(iv) Each of the simple pools should be uniquely addressed by
the minimum number of complex pools that supports efficient
PCR detection of single clones. Reports from the literature
(22-24), as well as unpublished results from our laboratory,
indicate that pool complexities in excess of 150 Mbp are
consistent with reliable PCR detection of single loci.

Fig. 1 outlines the arrayed cDNA library pooling scheme.
Competent host bacteria and bacteriophage stock were mixed
and incubated at 37°C to allow adsorption of phage to host
cells. The resulting phage/host conjugates were then sus-
pended in molten top agarose and aliquoted [-250 plaque-
forming units (pfu) per well] into each well of 192 24-well
culture dishes containing hardened bottom agar (1-2 x 106 pfu
total). Plates were incubated at 37°C until near-confluent lysis
had been achieved. Phage stocks were prepared from each well
by diffusion into SM buffer and transferred to a total of 48
96-well microtiter plates (Fig. 1A). Pooling was accomplished
by arraying the 48 96-well microtiter plates into eight "blocks"
of six plates each (Fig. 1B). Row and column pools were
collected from each block, resulting in 24 row and 24 column
pools per block (Fig. 1B). Each row or column pool contains
phage from -6 x 103 primary plaques (24 wells x -250 phage
per well). Similar pools are collected from the 96 wells
corresponding to each of the 48 96-well microtiter plates (-2.4
x 104 primary plaques; 96 wells x -250 phage per well) (Fig.
1B). Library screening for specific cDNA clones was con-
ducted in a systematic and hierarchical fashion beginning with
the 48 plate pools. Next, the 20 row/column pools (8 row and
12 column) relevant to each positive plate pool were screened

in a similar fashion. The exact well location of cDNA clone(s)
positive for each PCR assay was determined by the intersection
of positive row and column pools within the array (Fig. 1B).
Finally, isolated clones from within each positive well were
identified by plating at low density and screening by the
method of Benton and Davis (19) using the radiolabeled PCR
product as probe.
A human brain (adult frontal cortex) cDNA library has been

arrayed and assayed by PCR as an initial test of the strategy
outlined in Fig. 1. As a result, we have recovered cDNA clones
corresponding to >25 known genes and anonymous ESTs.
Experiments leading to the isolation of a cDNA clone that
includes one such EST are shown in Fig. 2. This particular EST,
exon 30a, was developed from a library of human chromosome
llpl5 specific amplified exons (D.J.M., E.B., R.L., A.B., and
D.E.H., unpublished data). A 154-bp PCR product represent-
ing exon 30a is clearly visible in 9 of the 48 plate pools (Fig.
2A). Subsequent screening of the row and column pools
specific for one of these plate pools (plate 11) detects positive
clones in rows D and H and columns 3 and 10 (Fig. 2B). These
results indicate that a minimum of two wells on plate 11
contain cDNAs corresponding to exon 30a. Screening of
individual wells D3, D10, H3, and H10 on plate 11 demon-
strates that wells D10 and H3 were responsible for the positive
row, column, and plate pool signals (Fig. 2 C). Approximately
1 x 103 clones from well D10 were plated on a single 150-mm
plate and screened by the Benton and Davis plaque lift method
(19). Several isolated cDNA clones were identified based upon
their hybridization to radiolabeled exon 30a PCR product. One
such clone was sequenced with the same pair of 30a specific
oligonucleotide primers that were used in the PCR screen of
the library. A perfect match of the 30a exon sequence, located

TGCAATGTTA CAGGAGAGGG GTCCTGATCC AGACCCCAAG AGAGGGTTCT TGGATTTGGA TCCTGTGCAA GAAAGAATTC
ACGTTACAAT GTCCTCTCCC CAGGACTAGG TCTGGGGTTC TCTCCCAAGA ACCTAAACCT AGGACACGTT CTTTCTTAAG

E30a-2
A -C.,... ...............,.......................................................................I ..... ...... A' ........................ ........................ .; .... .0.AGGTGAC~~~A $AATGCCTGA CCATtTGGGAATGCA~~~~CCCA....................... T.......TCCAC~~~~~~~2GAM CT'~~~~~~~~ACGGACTG~~~~~~~~~~ACACCCYTACG~~~~~~~~~~~~CGGGTCATCCTGAG~~~~~~~~~~~~~~~ CAGAG1 I...................G...C..GG.............G..........

c~~AC'tC$CTCTGGTTCACAC-~~~~~~~~~~~CCTCAGACA CAI~~~~~~~~CCTC'1'GC ~~~~~~TCCCGCCTC AGCC~~~~~~~~rCCTAA GCGGC¶AGGAC?...A........AGT...C..........G.. ..AA ~rOTGAGCOGGGCGA.CGGAT G CGAC .......ACG-0 ..................E3,a-1

TACCTGATTT TCTCGACCTC TTTTATGAAA TATCCCCGCC AGACTCCCTC GACCGTGCCA CCCCCAGGTT CCCGTGCATA
ATGGACTAAA AGAGCTGGAG AAAATACTTT ATAGGGGCGG TCTGAGGGAG CTGGCACGGT GGGGGTCCAA GGGCACGTAT .

FIG. 3. Sequence analysis of cDNA 30a. cDNA 30a was sequenced by the dideoxynucleotide chain-termination method (25) using
oligonucleotides E30a-1 and E30a-2 (arrows). The sequence of exon 30a is indicated by shading.
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within the 30a cDNA clone, verifies that a bona fide 30a cDNA
has been isolated (Fig. 3). Furthermore, consistent with the
previously determined map position of the 30a exon, we have
been able to localize the 30a cDNA to a specific Not I fragment
on human chromosome lip15.5 (26).
We have found that the arrayed cDNA library pools are also

amenable to screening by hybridization. This was accom-
plished by spotting aliquots of each pool onto lawns of
competent host cells immobilized in top agarose. Following
incubations at 4°C, to allow efficient formation of phage/host
conjugates, and 37°C, to allow lysis and phage propagation, the
resulting pool-plaques were transferred to nylon membranes
and hybridized with radiolabeled probe. Fig. 4 illustrates
screening of the arrayed brain cDNA library plate pools by
hybridization with one of our human ilpiS amplified exons.
Exon 49c (134 bp) is clearly detected in plate pools 34 and 39
(Fig. 4). Subsequent screening led to the identification and
isolation of a cDNA clone that included the exact nucleotide
sequence of exon 49c (D.J.M., R.L., and D.E.H., unpublished
results). Southern hybridization ofcDNA 49c to blotted DNAs
from a somatic cell hybrid that retains llpiS as its sole human
component clearly demonstrates that cDNA 49c maps to
human chromosome lipiS (Fig. 5). In other experiments we
have further mapped this cDNA to a specific Not I restriction
fragment within lip15.5 (26).
These experiments demonstrate the effectiveness with

which cDNA clones can be recovered from arrayed cDNA
libraries. Typically, the time from initial PCRs to plaque-
purified clone is 4 days. Furthermore, we have found that the
manipulations required for library screening by PCR can easily
be carried out for multiple ESTs in parallel and, with com-
patible PCR systems, in multiplex (D.J.M., E.B., R.L., D.P.,
and D.E.H., unpublished data).

DISCUSSION
In this report we describe an effective strategy for PCR
screening of arrayed cDNA libraries that is amenable to high

* 4W,+NA +~~~~~~~~~~~~~~~AR N)

FIG. 5. Mapping of cDNA 49c by Southern analysis of somatic cell
hybrids. Radiolabeled cDNA 49c was hybridized to a Southern blot
containing genomic hamster, human, and somatic cell hybrid Jl-2
DNAs that had been digested with HindlIl. Fragments of 12 kbp and
5.3 kbp are detected in the human and hybrid J1-2 lanes.

through-put. We have applied this approach to the screening
of a human brain (adult frontal cortex) cDNA library that has
been configured and pooled as outlined in Fig. 1. In initial tests
we have been able to recover cDNA clones corresponding to
>25 known genes and ESTs. The experiments leading to the
recovery of these cDNAs clearly demonstrate that this system
offers significant advantages over plaque/colony hybridization
methods in terms of (i) sensitivity, (ii) specificity, and (iii)
efficiency.

(i) Sensitivity. PCR-based approaches to library screening
are considerably more sensitive than those that rely solely on
hybridization (22). As a direct consequence it is practical to
routinely screen libraries of sufficient complexity to ensure
representation of lower-abundance clones (>106 clones). This
enhanced sensitivity has enabled us on two separate occasions
to identify and recover cDNA clones from the arrayed form of
the brain library (Fig. 1) that were not detected when the same
library was screened by plaque hybridization. The most notable
of these cDNAs proved to be the neurofibromatosis type 2
(NF2) tumor suppressor gene (15) while the other represented
an anonymous ilpiS amplified exon (D.J.M., R.L., E.B., and
D.E.H., unpublished data).

(ii) Specificity. A second advantage over purely hybridiza-
tion-driven approaches is the inherent specificity of PCR.
Distinguishing between the desired cDNA and homologous
clones that share related sequence motifs or membership in
gene "families" can be difficult with conventional hybridiza-
tion-based methods. However, as demonstrated in Fig. 2,
screening by PCR provides confirmation of putative positive
clone identity at every stage of screening via the characteristic
size of each amplification product. This proved to be especially
advantageous as we screened the brain library for "full-length"
variants of the human MLH DNA mismatch repair gene with
a set of oligonucleotide primers developed from sequence
information available in the literature (27). Preliminary ex-
periments established that while the MLH cDNA was well
represented, the vast majority of clones contained out of frame
deletions of up to 140 bp in length. Systematic PCR analysis of
each successive pool of clones allowed us to identify wells
containing the desired clone. As a result, a full-length cDNA
was quickly recovered (D.J.M., D.E.H., and J. Pelletier, un-
published data).

(iii) Efficiency. PCR-based screening of arrayed libraries is
considerably more efficient than plaque/colony hybridization
with respect to time and effort. Conventional screening of
cDNA libraries by plaque/colony hybridization typically re-
quires three or more rounds of screening to obtain isolated
clones. In contrast, PCR screening of arrayed libraries can be
completed in 4 days or less. Furthermore, the manipulations
required for PCR screening are such that several clones can
readily be isolated in parallel and, with compatible PCR
systems, in multiplex (D.J.M., E.B., R.L., D.P., and D.E.H.,
unpublished data). Another factor contributing significantly to
the overall efficiency of this system is the library configuration
in microtiter dishes. Although somewhat costly, in terms of
initial preparation, arrayed libraries possess innate advantages

2212 Genetics: Munroe et al.
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over libraries that exist solely as pools of clones. With more
conventional hybridization-based schemes, the filter replicas
of cDNA libraries and the "master plates" from which the
filters were derived have limited life-spans. These resources
must periodically be regenerated, the net result being lost time,
effort, and library stock. On the other hand, arrayed library
pools and individual well stocks can be stored indefinitely at
-80°C in 10% dimethyl sulfoxide (20) and represent enough
material for >100,000 individual screens. In essence, once
arrayed and pooled, these libraries represent an essentially
permanent and maintenance-free resource. Another advan-
tage, in terms of large-scale screening efforts, is that arrayed
libraries are amenable to the development and application of
automated screening at all stages with the possible exception
of the final clone purification step. Finally, an added, although
somewhat indirect, advantage of this system is that the same set
of oligonucleotide primers developed for PCR-based clone
identification/isolation can be used in sequence analysis to
rapidly and unequivocally confirm that the desired clone has
been isolated (Fig. 3).
The same principles that we have utilized here to screen a

phage cDNA library can also be directly applied to the PCR
screening of plasmid cDNA libraries. Likewise, with slight
modification, a similar strategy can be adapted to the effective
screening of expression libraries (28-30) by ELISA or RIA.
Further development of this method should involve configu-
ration of additional libraries representing a broad spectrum of
tissues and developmental stages. Toward this end we have
recently arrayed two human cDNA libraries derived from fetal
tissue, one kidney and one brain (described in Materials and
Methods). Of course, to fully exploit the potential of this system
future targets will include normalized (31, 32) and primary
(unamplified) libraries.
We believe that this method will contribute significantly to

expanding the catalogue of cloned and sequenced cDNA
clones. We have found it to be especially powerful when used
in conjunction with techniques such as exon amplification (1,
2), which can be used to develop ESTs from defined physical
locations without regard to the expression level of individual
transcripts.

We thank Jerry Pelletier for helpful discussions during the
development of this project; Jerry Pelletier, Julie Parrish, Deanna
Church, and Frank Haluska for critical review of the manuscript;
Hirouki Aburatani, Amy Bany, Martha Bulyk, and Carl Ton for
contributing to the preparation of libraries; and Jerry Pelletier, Tom
Hudson, and James Trofatter for communicating unpublished ex-
perimental results. This work was supported in part by National
Institutes of Health Grant 5-RO1-HG00299-15 and National Cancer
Institute Grant 5-PO1-HL41484-06.

1. Duyk, G. M., Kim, S., Myers, R. M. & Cox, D. R. (1990) Proc.
Natl. Acad. Sci. USA 87, 8995-8999.

2. Buckler, A. J., Chang, D. D., Graw, S. L., Brook, J. D., Haber,
D. A., Sharp, P. A. & Housman, D. E. (1991) Proc. Natl. Acad.
Sci. USA 88, 4005-4009.

3. Church, D. M., Rogers, A. C., Graw, S. L., Housman, D. E.,
Gusella, J. F. & Buckler, A. J. (1993) Hum. Mol. Genet. 2,
1915-1920.

4. Church, D. M., Stotler, C. J., Rutter, J. L., Murrell, J. R., Tro-
fatter, J. A. & Buckler, A. J. (1994) Nat. Genet. 6, 98-105.

5. Lovett, M., Kere, J. & Hinton, L. M. (1991) Proc. Natl. Acad. Sci.
USA 88, 9628-9632.

6. Parimoo, S., Patanjali, S. R., Shukla, H., Chaplin, D. D. &
Weissman, S. M. (1991) Proc. Natl. Acad. Sci. USA 88, 9623-
9627.

7. Adams, M. D., Kelley, J. M., Gocayne, J. D., Dubnick, M., Poly-
meropoulos, M. H., Xiao, H., Merril, C. R., Wu, A., Olde, B.,
Moreno, R. F., Kerlavage, A. R., McCombie, W. R. & Venter,
J. C. (1991) Science 252, 1651-1656.

8. Wilcox, A. S., Khan, A. S., Hopkins, J. A. & Sikela, J. M. (1991)
Nucleic Acids Res. 19, 1837-1843.

9. Kahn, A. S., Wilcox, A. S., Polymeropoulos, M. H., Hopkins,
J. A., Stevens, T. J., Robinson, M., Orpana, A. K. & Sikela, J. M.
(1992) Nat. Genet. 2, 180-185.

10. Adams, M. D., Kerlavage, A. R., Fields, C. & Venter, J. C. (1993)
Nat. Genet. 4, 256-267.

11. Ambrose, C., James, M., Barnes, G., Lin, C., Bates, G., Altherr,
M., Duyao, M., Groot, N., Church, D., Wasmuth, J. J., Lehrach,
H., Housman, D., Buckler, A., Gusella, J. F. & MacDonald, M. E.
(1992) Hum. Mol. Genet. 1, 697-703.

12. Taylor, S. A. M., Snell, R. G., Buckler, A., Ambrose, C., Duyao,
M., Church, D., Lin, C. S., Altherr, M., Bates, G. P., Groot, N.,
Barnes, G., Shaw, D. J., Lehrach, H., Wasmuth, J. J., Harper,
P. S., Housman, D. E., MacDonald, M. E. & Gusella, J. F. (1992)
Nat. Genet. 1, 697-703.

13. Duyao, M. P., Taylor, S. A. M., Buckler, A. J., Ambrose, C. M.,
Lin, C., Groot, N., Church, D., Barnes, G., Wasmuth, J. J.,
Housman, D. E., MacDonald, M. E. & Gusella, J. F. (1993) Hum.
Mol. Genet. 2, 673-676.

14. The Huntington's Disease Collaborative Research Group (1993)
Cell 72, 971-983.

15. Trofatter, J., MacCollin, M., Rutter, J., Murrell, J., Duyano, M.,
et al. (1993) Cell 72, 791-800.

16. Vidal, S. M., Malo, D., Vogan, K., Skamene, E. & Gros, P. (1993)
Cell 73, 469-485.

17. Vulpe, C., Levenson, B., Whitney, S., Packman, S. & Gitschier,
J. (1993) Nat. Genet. 3, 7-13.

18. Grunstein, M. & Hogness, D. S. (1975) Proc. Natl. Acad. Sci. USA
72, 3961-3965.

19. Benton, W. D. & Davis, R. W. (1977) Science 196, 180-182.
20. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Lab. Press,
Plainview, NY).

21. Glaser, T., Housman, D. E., Lewis, W. H., Gerhard, D. & Jones,
C. (1989) Somatic Cell Mol. Genet. 15, 477-501.

22. Green, E. D. & Olson, M. V. (1990) Proc. Natl. Acad. Sci. USA
87, 1213-1217.

23. Rossi, J. M., Burke, D. T., Leung, J. C. M., Koos, D. S., Chen, H.
& Tilghman, S. M. (1992) Proc. Natl. Acad. Sci. USA 89, 2456-
2460.

24. Shepherd, N. S., Pfrogner, B. D., Coulby, J. N., Ackerman, S. L.,
Vaidyanathan, G., Sauer, R. H., Balkenhol, T. C. & Sternberg, N.
(1994) Proc. Natl. Acad. Sci. USA 91, 2629-2633.

25. Sanger, F., Nicklen, A. R. & Coulson, A. R. (1977) Proc. Natl.
Acad. Sci. USA 74, 5463-5467.

26. Higgins, M. J., Smilinich, N. J., Sait, S., Koenig, A., Pongratz, J.,
et al. (1994) Genomics 23, 211-222.

27. Bronner, C. E., Baker, S. M., Morrison, P. T., Warren, G., Smith,
L. G., Lescoe, M. K., Kane, M., Earabino, C., Lipford, J., Lind-
blom, A., Tannergard, P., Bollag, R. J., Godwin, A. R., Ward,
D. C., Nordenskjold, M., Fishel, R., Klodner, R. & Liskay, R. M.
(1994) Nature (London) 368, 258-261.

28. Broome, S. & Gilbert, W. (1978) Proc. Natl. Acad. Sci. USA 75,
2746-2749.

29. Erlich, H. A., Choen, S. N. & McDevitt, H. 0. (1978) Cell 13,
681-689.

30. Young, R. A. & Davis, R. W. (1983) Proc. Natl. Acad. Sci. USA
80, 1194-1198.

31. Patanjali, S. R., Parimoo, S. & Weissman, S. M. (1991) Proc. Natl.
Acad. Sci. USA 88, 1943-1947.

32. Sasaki, Y. F., Ayusawa, D. & Oishi, M. (1994) Nucleic Acids Res.
22, 987-992.

Genetics: Munroe et al.


