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Mapping Expressed Sequence Tag Sites on
Yeast Artificial Chromosome Clones of
Arabidopsis thaliana DNA

Francis D. Agyare,'>° Deval A. Lashkari,** Apostolos Lagos,’
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Bertrand Lemieux

1,2,6

"Department of Biology, York University, Ontario M3] 1P3 Canada; 2Stanford DNA Sequence and
Technology Center, Department of Biochemistry, Stanford University School of Medicine,
Stanford, California 94305

We describe a method for efficient parallel mapping of expressed sequence tag (EST) sites onto yeast artificial
chromosome (YAC) clones. The strategy involves an initial YAC clone pooling scheme that minimizes the
number of required PCR amplifications. This is followed by parallel analysis of PCR amplicons of EST sequences.
Using this method, we have screened 600 EST sites in combinatorial pools of 3449 YAC clones that contain
Arabidopsis thaliana DNA inserts. The presence of these genes on YACs was detected by amplifying EST sequences
with PCR and analyzing the reaction products by agarose gel electrophoresis. Of the 600 ESTs, 271 were found
to map to individual YAGs. Software tools are presented that allow for the automated analysis of this
electrophoresis data. Suggestions for the scale-up of this method to map large genomes are discussed.

Arabidopsis thaliana is one of the most amenable ge-
netic model organisms available for the study of
plant biology (Somerville and Meyerowitz 1994).
The genome of Arabidopsis is estimated to contain
100-120 million base pairs (Mbp) separated into
five chromosomes. Large insert genomic libraries
have been developed using yeast artificial chromo-
some (YAC) vectors (Ecker 1990; Ward and Jen
1990; Grill and Somerville 1991; Creusot et al. 1995)
and P1 phage (Liu et al. 1995). Several large-scale
efforts are under way to generate a physical map of
the Arabidopsis genome. The efforts have culmi-
nated in the recent reports of complete contig maps
of chromosomes 4 and 2 of the Arabidopsis genome
by Schmidt et al. (1995) and Zachgo et al. (1996),
respectively. Systematic cDNA sequencing programs
have been initiated to generate expressed sequence
tags (ESTs) (Hofte et al. 1993; Newman et al. 1994).
This EST database was assembled to facilitate the
identification of gene coding sequences in the ge-
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nomic DNA sequence contigs that will be assembled
by the systematic genome sequencing efforts under
way in several laboratories worldwide. However,
EST sequences can also serve as landmarks in the
physical mapping of the genome.

We have initiated a project aimed at the system-
atic mapping of ESTs to YAC clones of Arabidopsis
genomic DNA. As the integration of the genetic and
physical map of the genome of Arabidopsis becomes
more accurate, the mapping of ESTs will take on
greater importance as it will aid in the selection of
candidate genes in map-based cloning efforts. The
mapping of very large numbers of ESTs, however, is
not a trivial technical task, and traditionally most
high throughput EST content mapping strategies
have made use of a combination of colony hybrid-
ization and PCR screening (Green and Olson 1990).
However, without extensive use of laboratory auto-
mation, the process of scaling-up YAC colony hy-
bridization experiments can often lead to a loss of
quality in data acquisition. Moreover, simple pool-
ing strategies (e.g., pooling a 96-well plate by col-
umn and by row) are not robust enough for large-
scale PCR-based screens because of the numerous
false positives and false negatives encountered with
this method. To overcome these difficulties, various
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Figure 1 j-detector pooling key. This key can be used to pool DNA samples
isolated from groups of clones, DNA samples isolated from individual clones, or
cells of individual clones. DNA samples or clones are arrayed in a microtiter plate
in a 3-row X 12-column matrix. The black circles in the grids indicate the clones
(or DNA samples) that are sampled for each j-detector. There are 10 j-detector
pools in all, and each clone (or DNA sample) shares no more than three pools
with other clones. For example, clone 1 (shown as a black dot in a white circle)
is in pools A-D and F, whereas clone 12 (shown as a solid circle) is in clones A, C,
F, G, and /. These clones share pools A, C, and F such that observing an EST PCR
product in the latter as well as in any of pools B, D, G, or [ would be sufficient to

laboratory workstation soft-
ware scripts for the automated
assembly of these pools.

To minimize the number
of PCR reactions, we have
used ‘‘super j-detector”” pools
assembled with pooled DNA
samples from large numbers
of YACs to assign ESTs to pri-
mary pools of 36 YAC clones.
In a secondary step, j-detector
pools of these primary pools
are screened for EST content.
This strategy combines two
essential qualities for PCR-
based screens: (1) It requires
very few PCR reactions to
map most ESTs to at least one
YAC; and (2) it has a built-in
tolerance for one false-
negative result. We have also
developed a simple data han-
dling algorithm to convert ex-
perimental data obtained
with this pooling scheme into

assign the product to either clone 1 or 12.

combinatorial pooling strategies have been devised
(Barillot et al. 1991; Balding and Torney 1994).

To simplify EST mapping, we have developed a
content mapping strategy relying entirely on the
PCR detection of sequences in combinatorial pools.
This strategy is based on the use of combinatorial
pools, the structures of which are based on t-design
theory (Beth et al. 1986). For example, the j-detector
pooling scheme of Balding (1994) has the dimen-
sions n =36, v=10, t =3, and k = 5, where v is the
number of pools, t is the number of pools shared by
any two clones, and k is the number of pools with a
given clone. The sampling key used to assemble
these 10 pools, presented in Figure 1, was originally
proposed by Balding and Torney (1994) to map se-
quence-tagged sites (STSs) on YAC clones of human
DNA. As outlined by Balding (1994), the advantage
of this pooling scheme is that clones share no more
than three pools in common (Fig. 1) such that de-
tection of a sequence in four pools is theoretically
sufficient to identify which clone among the 36
contains the sequence. Unlike the N-dimensional
pooling strategy proposed by Barillot et al. (1991), a
single pooling design is used for the entire screening
process. This greatly simplifies the development of
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sequence content mapping

information. Although we did

not systematically screen the

entire set of available YAC
banks with each EST probe, our results show that
this PCR-based sequence content mapping is fea-
sible.

RESULTS

The first step in any PCR-based mapping effort is to
design and produce oligonucleotides with which to
prime DNA synthesis. The technical and economic
feasibility of this approach is, to a large extent, pos-
sible because of recent advances in automated mul-
tiplex oligonucleotide synthesis (AMOS) technology
(Lashkari et al. 1995) and the development of a DNA
sequence information database derived by the
cDNA sequencing efforts at the Michigan State Uni-
versity/Department of Energy (MSU/DOE) Plant Re-
search Laboratory (Newman et al. 1994) and the
French Arabidopsis research network (Hofte et al.
1993). These data were used to design a total of 4000
oligonucleotides that could amplify 2000 Arabidop-
sis gene coding sequences. Primers were synthesized
on a 20-nmole scale using a high throughput DNA
synthesizer capable of producing 96 primers simul-
taneously in a convenient 96-well format (Lashkari
et al. 1995). The primers, which have an average
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length of 21 bases, are positioned within DNA se-
quences such that PCR products produced with
cDNA templates would range between 100 and 450
bp. As introns in Arabidopsis genes are of modest
size, 60% of the 1920 primer pairs tested on plant
DNA gave PCR products. Figure 2 shows an example
of the electrophoretic patterns obtained with PCR
products generated with plant template DNA. Of
the EST primers that gave PCR products, 40% were
found to generate multiple bands. We opted to
screen YAC banks with ESTs that gave single PCR
products with plant DNA template.

The second step of this mapping effort was to
isolate DNA from a set of 3449 YAC clones that were
sampled from four different ordered YAC libraries.
Of the first 1145 clones we screened, 934 were from
the CEPH/INRA/CNRS collaborative group (CIC)
(Creusot et al. 1995), 114 were from the EG bank
(Grill and Somerville 1991), 97 were from the EW
bank (Ward and Jen 1990), and the remaining 2304
clones were from the yUP library (Ecker 1990). The
clones from the EG and EW libraries that we se-
lected did not contain repetitive sequences or or-
ganelle DNA (Schmidt et al. 1994). Some of the EG

Figure 2 Example of positive-control PCR reaction
products obtained with oligonucleotides generated by
AMOS. Plant DNA (100 ng) is used as template to am-
plify EST coding sequences by PCR. The products were
separated with a 1% agarose gel stained with ethidium
bromide before photography.

MAPPING ESTs ON ARABIDOPSIS YACs

and EW clones have been assigned to mapped con-
tigs based on hybridizations of RFLP probes to YACs
(Hwang et al. 1991). This combined YAC library was
sectored into 96 “‘primary”’ pools of 36 clones each.
DNA was isolated from these primary pools as well
as from 960 j-detector pools assembled by sampling
the 96 primary pools according to the key presented
in Figure 1.

To reduce the number of PCR reactions needed
to map an EST to a YAC, 36 DNA samples, each of
which is extracted from a primary pool of 36 clones,
were used to generate a set of 10 super j-detector
pools. As one positive and one negative PCR con-
trols are tested with each primer pair, the super j-
detector step of the screening process allows us to
screen 1296 YAC clones with 12 PCR reactions. The
detection of four, five, or six PCR products in the
super j-detector pools allows us to assign an EST to
an individual primary pool (i.e., 36 possible clones).
An EST that maps to a given primary pool is re-
screened with a set of 10 j-detector pools assembled
from the clones comprising the primary pool. The
detection of four, five, or six PCR products in the
j-detector pools allows the mapping of the EST to an
individual clone in the pool. Each j-detector pool
occupies one of the first 10 wells of a microtiter
plate row. Wells 11 and 12 contain yeast and Ara-
bidopsis DNA templates as negative and positive
controls, respectively. Therefore, the two-step PCR-
based screen outlined above can identify an indi-
vidual YAC that contains a given EST from a set of
1296 YACs in 24 PCR reactions.

Figure 3 presents an example of the raw data
obtained from a j-detector PCR screen. The PCR
products from a complete set of j-detector amplifi-
cations, along with the accompanying positive and
negative controls, occupy a single row of wells in
the agarose gels used to analyze the reaction prod-
ucts. The synthesis of a PCR product and its size are
compared to the products generated with the plant
template DNA-positive control and the yeast DNA-
negative control; this enables us to distinguish be-
tween a plant EST PCR product and a nonspecific
PCR product. Although we performed our PCR am-
plifications with a single EST primer pair at a time, it
should be possible to include multiple primer pairs
in each reaction if the respective PCR amplicons
have significantly different sizes. Some of the EST
primers give PCR products in more than five j-
detector pools (Fig. 3D). This result indicates that
there is a possibility that more than one YAC con-
tains this particular EST. Overall, we found that 6%
of ESTs gave such a result with super j-detector
pools.

GENOME RESEARCH @ 7
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GENBANK POOL J1l J2 J3 J4 J5 J6 J7 J8 J9 J10 Y P OUTHUT
A | T22998 |25 1 1|1 1 1| 33
B | T22998 |26 1 1{1 111 1( 33
C | T22998 |32 1 1|1 1|1 1| 33
D| 238091 [25]|1(1 1 1|1 1|1 1

Figure 3 Gel electrophoresis separation of EST PCR amplification prod-
ucts obtained with j-detector pools. (A-D) Products obtained with j-
detector template DNA are separated in lanes 7-10; the negative and posi-
tive controls, consisting of yeast DNA (Y) and plant DNA (P), are in lanes 71
and 72. In this particular example, EST T22998 was detected in three YACs
(i.e., clone 33 from pool 25, clone 33 from pool 26, and clone 33 from pool
32) shown in A-C. The primers for EST Z38091 gave seven products in pool
25 and could not be mapped to a single clone (D). (E) An example of the
spreadsheet compilation of electrophoresis data presented in (A-D). The
first column lists EST clone GenBank numbers; column 2, the YAC primary
pool being screened with the j-detector scheme; columns 3-12, the results
of PCR ampilification with j-detector pool DNA template; columns 13 and
14, the negative and positive PCR controls consisting of yeast (Y) and plant
DNA (P) template; and column 15, the output cell for the clone-identifying
algorithm. The numeral 1 in columns 3-12 signifies that a PCR product with
the same size as the positive control has been detected in that particular
column. The numeral 1 in the control columns indicates that clearly de-
tectable PCR products were generated.

the size of the plant-positive con-
trol). Blank entries are treated as O
values by the algorithm and indi-
cate either no reaction products or
products of the incorrect size when
compared to the positive control.

We have found that 31% of the
ESTs can be mapped by screening
the first 1296 YAC clones. Those
that could not be mapped to a YAC
in the first 36 primary pools are
used to screen the next set of 36
primary pools. This second round
of screening allowed us to map an
additional 139% of the ESTs. Screen-
ing of the final set of 24 primary
pools allowed us to map another
5% of the ESTs. In this feasibility
study, we did not screen the entire
set of available YACs with all of the
ESTs.

Figure 4 presents a logical dia-
gram of the decision-making pro-
cess undertaken by an algorithm
we have designed to automatically
identify primary pools from tabu-
lated electrophoresis data. The
logic behind the software script
takes into consideration the built-
in redundancy of the pooling
scheme and the occurrence of in-
evitable false negatives and false
positives associated with PCR
screening protocols. Four or five
positive PCR products will give a
unique result, whereas six plant
PCR products can be the result of a
false positive in cases where an EST
maps to a single clone in the pool

Results of the PCR amplifications are recorded
on a Lotus 1-2-3 spreadsheet where each j-detector
occupies a column and each EST a row. Figure 3E
gives an example of the spreadsheet in which elec-
trophoresis data are compiled and analyzed. It has
one column that contains the clone number of the
EST primers followed by 10 columns for entering
the existence of plant DNA PCR reaction products.
In addition, there are negative and positive control
columns; these are followed by a series of columns
indicating the positive pool or clone numbers iden-
tified using an algorithm that automatically identi-
fies the YAC primary pool (or YAC clone) contain-
ing the EST. Columns that contain 1s indicate a
positive PCR reaction product (i.e., a product with

4 & GENOME RESEARCH

or a false negative in cases where two or more YAC
clones contain the EST. When six products are de-
tected, a macro can be used to automatically remove
data from one j-detector (i.e., a column) and recal-
culate a limited number of possible outputs. These
additional outputs are exported to cells to the right
of the first output cell. Although not all of these
possible outputs are confirmed as positives in the
second stage of the screen, we have found that this
solution is effective at resolving cases where more
than one clone contains an EST. If there are more
than six products, the program does not generate an
output.

An example of the software script for the seven-
teenth primary pool or clone is expanded in Figure
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Figure 4 Logic diagram of the j-detector key algo-
rithm.

5. The entire algorithm is a repetition of this code in
which each j-detector cell is treated as a binary num-
ber (i.e., either 1 for a plant PCR product or 0 for no
PCR product or a nonspecific product). Initially, the
code determines whether there are at least four
plant PCR products. If there are less than four prod-
ucts, then the program does not generate an output.
If there are at least four, then the algorithm ad-
vances to the second step and determines whether
there are six or fewer plant PCR products. In the case
of four or five products, to confirm that these prod-
ucts correspond to a particular clone, the script veri-
fies that none of the products appear in any of the
five columns that should be empty in the case of a
given clone and thus exclude the EST from mapping
to that particular clone. If any one product fails to
meet this criteria, the algorithm will conclude that
the product cannot correspond to its clone number
output and move on to the next clone number.
Therefore, by using both the presence and absence
of products to match the j-detector key, it is possible
to identify a clone number with only four plant PCR
products instead of five. In cases where there are six
products, if the distribution of five products
matches the key for a particular clone, the output is
appended with a + to warn the operator that an ad-
ditional YAC primary pool may contain the EST.
The results from super j-detector and j-detector
pool screening are entered in separate files using the
same spreadsheet matrix. The results of these

MAPPING ESTs ON ARABIDOPSIS YACs

screens are merged by a PASCAL program that uses
the spreadsheet files as input and generates a text
file table where each EST and the YAC to which it
mapped are listed on a common line. A sampling of
our EST mapping data is presented in Table 1, along
with YAC DNA sizing information and the map po-
sitions of YACs that have been assigned to mapped
contigs with RFLP probes, are indicated.

To demonstrate the reliability of these data, we
have probed Southern blots of individual clones
with PCR products generated with plant DNA tem-
plate. The results of five hybridizations to YAC DNA
compared to a negative control of yeast DNA are
shown in Figure 6. The EST probes hybridize to YAC
clones but not to the yeast DNA-negative control
and thus serve to validate our PCR-based sequence
content mapping protocol.

DISCUSSION

We have demonstrated that a screen for sequence
content in a genomic library can be based entirely
on PCR with minimal use of instrumentation. On
the basis of YAC clone insert sizing information
(Ecker 1990; Creusot et al. 1995), we calculate that
the average insert size of the screened YACs is 300
kbp and that, assuming a genome size of 120 Mbp,
each super j-detector contains 3.2 genome equiva-
lents. Considering that 3.2 genome equivalents

1} @IF(@SUM(J1..J10)>3,
2} @IF(@SUM(J1..J10)<7,

3} @IF(@SUM(J1..J10)<6,

4} @IF(J1<>1,

5} @IF(J2<>1,

6} @IF(J6<>1,

7} @IF(J7<>1,

8} @IF(J10<>1,"17",""),""),""),"")," ")
9} @IF(J3=1,

10} @IF(J4=1,

11} @IF(J7=1,

12} @IF(J8=1,

13} @IF(J9=1,"17+",""),""),""),""),"")
14} ),

15} ")

16 ")

{** END* *}

Figure 5 Breakdown of the software script for the
portion of the j-detector key algorithm that identifies
clone 17.

GENOME RESEARCH @ »


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cship.org on June 13, 2026 . Published by Cold Spring Harbor Laboratory Press

AGYARE ET AL.

Table 1. EST Content Mapping Data

GenBank YAC YAC size Chromosome
accession no. anchored (kb) no. and contig
T04705 CIC3A6 510 3-FUS6

T04492 CIC3A3 1500 5-gl7337
T04389 CICAF1 480 1-g6838

T04335 CIC4D5 460 2-nga32

T04651 CICS5H3 460 5-ngal51
T04657 yUP11C10 240 5-ttd-g5962
T04285 yUP13al 250 1-m310

T04150 yUP13C10 300 1-m532

T04681 yUP15D11 260 2-GAl-g6844
T04280 yUP8H3 275 1-g4552-gl6595
T04473 yUP3B5 350 3-g4125-AP3
T04814 CIC8B7 550 1-m219

T04814 yUP11B1 280 1-g8986

T04814 yUP13A6 270 1-m219

T43565 yUP4G9Y 110 1-g5972-ngab3
T42542 yUP10H2 250 1-g5972-nga63
T41886 yUP12D7 290 1-ACC2-ngab9
T43324 yUP14H2 120 4-pCITE3-pCITA23
T13795 yUP10B12 230 1-m402-m254
T20562 CIC4D4 470 5-ngal39
T21228 CIC3B1 670 5-m555

T21115 CIC6H1 530 l1-ngalll
T22998 CIC10C9 480 1-g15894
T22943 CIC4DS 460 2-nga32

T22529 CIC3Bl 670 5-m555

T21894 yUP2B4 300 chimeric
T22365 yUP3B5 350 3-g4125-AP3
T21295 yUP12D11 240 1-m335

T22185 yUP12D7 290 1-ACC2

T22792 yUP15B4 220 1-m241-m333
T21062 yUP11E5 190 1-m241-m333
T21562 YyUP11E5 190 1-m241-m333
T21225 CIC5D1 765 1-g4026

T22676 CIC10B3 320 2-gpal

T20705 yUP22H6 330 5-g6856

T21512 yUP24F12 180 2-ml04

T20560 CIC10C9 480 1-g5972-nga63
734259 CIC10B3 320 2-GPAl

738091 CIC10CS 480 1-gl5894
737622 CIC10E10 450 1-g4121

730817 yUP11E2 310 3-MR1-g6220
7233694 yUP15F4 120 3-gapc-m302
733730 yUP11E4 320 4-CYCAt

237611 CIC3D3 555 5-Lfy-gl7337
238044 yUP19B5 140 4-pCITA71
746821 yUP23A5 280 4-m210

737281 yUP24F2 290 3-m4523

234616 yUP22A9 250 3-m4014

735751 yUP2B4 300 chimeric
T04345 CIC2E12 640 2-GPAl

T04143 yUP2G1 250 5-nga225
T04229 yUP5H7 240 5-pCITd94-mi97
GenBank accession numbers for the ESTs were obtained from the GenBank database. The yUP
YAC clone sizes were taken from the Arabidopsis thaliana Genome Center (ATGC) database, the
CIC YAC clone sizes were obtained from D. Bouchez (INRA, Versailles, France), and the EG and
EW YAC clone sizes were obtained from Hwang et al. (1991) and Putterill et al. (1993). All of
the EST and YAC clones are available from the Arabidopsis Biological Resource Center (ABRC).
The contig data were obtained from the ATGC datatbase.

6 @ GENOME RESEARCH

should provide a 96% prob-
ability of mapping any given
EST (Clark and Carbon 1976),
the low frequency of mapped
ESTs that we have observed
(31%) may be due to the fact
that we did not equalize the
number of yeast cells prior to
the extraction but, rather, re-
lied on a less accurate, visual
estimation of the density of
cell lawn in the microtube as-
semblies. Therefore, ESTs may
not have been mapped to
some of the slower growing
clones because the amount of
template DNA was too low.
This problem may be particu-
larly acute in the super j-
detector pools. The solution
to this problem would be to
equalize the amount of DNA
from each clone in all of the
pools.

It is difficult to estimate
the depth of the YAC library
with results derived from this
feasibility study because we
did not systematically screen
the entire set of 3449 avail-
able YACs with each EST
probe. It should be noted,
however, that the method de-
scribed in Results could be
used to screen larger numbers
of YACs to identify multiple
YAC:s for each EST. Although
it is difficult to estimate the
exact number of positive
clones that contain a given
EST when more than six of
the j-detector pools yield PCR
products, this situation did
not occur frequently (e.g.,
with only 6% of the 600 ESTs
in the case of the super j-
detector pools). We conclude
that a YAC primary pool size
of 36 is adequate for an EST
content mapping effort using
these YAC banks. Balding and
Torney (1994) are working on
the development of an I-
detector scheme with the di-
mensionsn=132, v=12, t=4,
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Figure 6 Southern blot hybridization results of YAC
clone DNA blot probed with EST PCR products from
positive control reaction. DNAs from YAC clones
EWSE6, CIC10C9, CIC10F7, CIC10F2, and yUP11F10
(lane 1, A-£, respectively) and the yeast negative con-
trols (lane 2) were digested with EcoRl and probed with
ESTs 737283, T42819, T42804, T43565, and 235749,
respectively. Hybridization signal was detected in the
YAC clone lanes but not in the yeast negative control
lanes.

and k=6. The algorithm we described in Results
could easily be adapted to this larger I-detector
scheme with few modifications. This modification
could allow for a single-step PCR-based screen of a
“minimum overlap” YAC bank of the Arabidopsis
genome, which would be a rapid and efficient
method for mapping cloned sequences onto YACs.

We suggest that a similar approach can be used
for the characterization of total DNA libraries of or-
ganisms with larger genomes by (1) modifying the
detector design to have larger dimensions, (2) using
genomic banks with larger insert sizes, and (3) iso-
lating DNA from individual clones and quantifying
this DNA before pooling. Ewens et al. (1991) have
presented some interesting calculations that, when
projected graphically (Matallana et al. 1992), indi-
cate the relationship between YAC insert size and
the number of probes used to map a given genome
through a random probe approach. For example, in
the case of corn (a 3 x 10°-bp haploid genome),
using 2000 probes to screen a YAC library with an
800-kbp average insert size would generate a contig
map composed of 2800 islands. Applying a two-step
STS screening strategy to this particular example
would require partitioning YACs into sets of 12 su-
per I-detector pools and their corresponding sets of
I-detector pools. Each of the super I-detector pools
would contain 2.3 genome equivalents. Consider-
ing that the super j-detector pools that have been
used successfully to screen Arabidopsis YACs for se-
quence content have 3.2 genome equivalents, the
aforementioned super /-detector pools should be
able to map ~25% of the STS to one YAC with as
little as 28 reactions.

MAPPING ESTs ON ARABIDOPSIS YACs

METHODS
YAC Clone Manipulation

Yeast clones were grown individually in Beckman minitube
assemblies according to Agyare et al. (1997). We have devel-
oped a software script for the Biomek-1000 which assembles
the j-detector pools proposed by Balding (1994). This script is
stored at http://www.yorku.ca/ftp/york other/cgat/. The con-
figuration of our instrument is 250-ul tips, 13 X 100-mm
tubes in tray 1, 96-well flat-bottom plate in tray 2, and 1-ml
minitube box (Beckman) in tray 3 and a single-tip P200 tool.
All liquid handling is done with the single-channel P200 tool
using the generic pipetting function. Tray 3 is designated as
the source and tray 1 the destination and 150 ul of cells from
the source tubes is delivered into each of the five tubes in the
destination tray according to the j-detector pattern of Balding
(1994) such that each glass tube will contain 2.7 ml of resus-
pended cells. A volume of 50 pl of the cell suspension is mixed
three times between each transfer to ensure that a uniform
amount of cells are transferred. This mixing was done at the
bottom level of the 1-ml minitubes to obtain best results.
DNA was extracted from pools of individually grown clones to
limit bias because of differential growth of clones. The mini-
tube assemblies used to grow cells were visually examined and
recorded with a CCD camera to ensure significant growth of
all constituent clones before pooling for DNA extraction. The
DNA extraction protocol is a modification of the method of
Hoffman and Winston (1987) as outlined in Agyare et al.
(1997). Plant DNA was extracted according to Rogers and
Bendish (1988).

Oligonucleotide Design

Oligonucleotide sequences were selected from EST sequence
files using the PRIMER program developed at the Whitehead
Institute (Cambridge, MA). Primer design was controlled by a
set of predetermined criteria stored in a file that is accessed by
PRIMER. Our primers were selected for an optimal length of
20 bases + 2 based on their melting temperatures being be-
tween 60°C and 65°C. The length of the PCR products ex-
pected based on the sequence files can also be selected by
PRIMER such that we usually set several ranges to obtain al-
ternative primer pairs for each EST; for example, a range of
100-150 bases, one of 151-250, one of 251-300, one of 301-
350, and one of 351-400. The syntheses were performed as
described in Lashkari et al. (1995). The sequence of the prim-
ers are posted at York University (http://www.yorku.ca/ftp/
york other/cgat/).

PCR Ampilifications

All of the components needed for PCR amplification were
added to a master mix in the following proportions for 96-
well microamp tray assembly: 206 ul of 10X PCR reaction
buffer, 206 pl of 2 mm dNTPs, 186 pl of 15 mMm MgCl,, 720 ul
of sterile ddH,O and, 20 pl of Tag DNA polymerase (Perkin
Elmer); the enzyme is added just prior to dispensing 168 ul of
this master mix into eight tubes. As each row of the assembly
is used to screen one EST on the complete j-detector set, 20 ul
of the appropriate forward and reverse primer stock solutions
(10 pmole/pl) was added to each tube. A volume of 14 ul of
this mixture was dispensed into each well of the microamp
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assembly with a BioHit 8-channel pipette. A volume of 5 ul of
template DNA solutions (20 ng/nl) is added to the microamp
assembly with a 12-channel pipette. The assembly is centri-
fuged for 30 sec to ensure that all reagents are mixed. Ampli-
fications were performed in a Perkin Elmer system 9600 ther-
mal cycler with an initial denaturation at 95°C for 1 min
followed by 40 cycles of 94°C for 30 sec, 62°C for 30 sec, 72°C
for 30 sec, and a final extension at 72°C for 5 min. Products
were separated by electrophoresis at 120 V for 1 hr through
2% (wt/vol) agarose gels prestained with ethidium bromide
(Sambrook et al. 1989). The banding patterns of these gels
were recorded with an Alpha Innotech gel documentation
system.

Data Availability

The processed mapping data are listed on the Arabidopsis
thaliana Genome Center (ATGC) Database (http://
cbil.humgen.upenn.edu), as well as the Arabidopsis thaliana
Database (AtDB) (http://genome-www.stanford.edu/
arabidopsis/EST2YAC.html), which currently contain 271 EST
map entries.
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