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Washington, Seattle, Washington 98195, USA; 3Howard Hughes Medical Institute

TILLING (Targeting Induced Local Lesions in Genomes) is a general reverse-genetic strategy that provides an
allelic series of induced point mutations in genes of interest. High-throughput TILLING allows the rapid and
low-cost discovery of induced point mutations in populations of chemically mutagenized individuals. As
chemical mutagenesis is widely applicable and mutation detection for TILLING is dependent only on sufficient
yield of PCR products, TILLING can be applied to most organisms. We have developed TILLING as a service to
the Arabidopsis community known as the Arabidopsis TILLING Project (ATP). Our goal is to rapidly deliver allelic
series of ethylmethanesulfonate-induced mutations in target I-kb loci requested by the international research
community. In the first year of public operation, ATP has discovered, sequenced, and delivered >1000
mutations in >100 genes ordered by Arabidopsis researchers. The tools and methodologies described here can be

adapted to create similar facilities for other organisms.

In the genomics era, the availability of gene sequences is the
first step to understanding gene function on a whole-genome
scale. One prerequisite for this understanding is the develop-
ment of tools capable of determining gene function in the
context of a whole organism and on a large scale. For many
model organisms this goal has already been approached
through development of a variety of gene knockout strategies
(e.g., see Zambrowicz et al. 1998; Liu et al. 1999; Ross-
Macdonald et al. 1999; Winzeler et al. 1999; Fraser et al. 2000;
Piano et al. 2000; Giaever et al. 2002). In other organisms, the
increasing availability of genomic and cDNA sequence infor-
mation encourages the development of reverse-genetic tools.

For Arabidopsis, the goal of profoundly understanding
genomic sequence information has been promulgated by the
National Science Foundation with a program to determine
the function of all ~25,000 Arabidopsis genes by the year 2010
(http://www.nsf.gov/pubs/2001/nsf0113/nsf0113.htm). In
Arabidopsis, T-DNA insertional mutagenesis is the main tech-
nique for high-throughput whole-genome analysis, and a
large number of sequenced T-DNA insertions are now avail-
able for in silico analysis (http://www.Arabidopsis.org/links/
insertion.html). However, as projects approach completion,
returns diminish, and thus targeted methods will be needed
to approach the goal of knocking out all of the genes in an
organism. This is especially the case for small genes, which
present small targets for T-DNA insertion. Furthermore, many
genes are essential, and insertions in these genes will pre-
dominantly cause lethality, necessitating the generation of
less severe mutations to understand gene function. Indeed, an
allelic series that provides a range of phenotypic severity is
often desirable, because it can allow a relatively sophisticated
understanding of gene function.

TILLING (Targeting Induced Local Lesions in Genomes)
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is a general reverse-genetic method combining random
chemical mutagenesis with PCR-based screening to identify
point mutations in regions of interest (McCallum et al.
2000a). We have described the use of the mismatch cleavage
endonuclease CEL I and gel electrophoresis in TILLING to
provide a low cost, high-throughput platform for mutation
discovery (Colbert et al. 2001). In high-throughput TILLING,
regions of interest are amplified by PCR. Heteroduplexes be-
tween wild-type fragments and fragments harboring an in-
duced mutation are formed by denaturing and reannealing
PCR products. These heteroduplexes are cleaved by CEL I.
Cleaved products are then resolved using denaturing poly-
acrylamide gel electrophoresis. To increase throughput,
samples are pooled eightfold. Following discovery in a pool,
individual DNAs from the pool are rescreened, thus identify-
ing the mutant plant and the approximate position of the
mutation along the sequence. Sequencing to complete the
analysis is greatly aided by the mapping information gained
from determining the electrophoretic mobilities of the cleav-
age products. As TILLING produces an allelic series of induced
point mutations, including missense and truncation lesions,
it is useful both in organisms, such as Arabidopsis, with so-
phisticated gene knockout methods, and in organisms lacking
practical reverse-genetics tools, where a knockout would be
highly desirable.

We have developed high-throughput TILLING as a ser-
vice to the Arabidopsis community known as the Arabidopsis
TILLING Project (ATP, http://tilling.thcrc.org:9366/) and re-
port here the results of our first year of public operation.

RESULTS AND DISCUSSION

Overview

TILLING through ATP is a four-step process (Fig. 1). In the first
step, users choose primers that amplify an ~1000-bp region in
a gene of interest and place their order with ATP. Orders to
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Figure 1 Outline of steps involved in the Arabidopsis TILLING Project. A user of the service builds a model for the target gene including conserved
coding regions (red and green boxes) and chooses primers for a 1-kb region where she would like to find mutations. As part of our automated
ordering system, we have developed tools for gene model and protein homology model assembly (CODDLE Input, http://www.proweb.org/
input/), and for scoring genes to determine the regions with the highest probability of discovering deleterious changes (CODDLE, http://
www.proweb.org/coddle/). Primers are ordered and paid for by the user and shipped directly from the oligonucleotide supplier (MWG Biotech)
to the TILLING facility. Upon receipt of primers, 3072 M, plant DNAs are screened in eightfold pools for induced mutations. The individuals
harboring identified mutations are tracked down, and these samples enter a sequencing queue. For each mutation, the nucleotide change, its
position, and its zygosity are determined by standard dye-terminator sequencing. Mutations are stored in a public database, and the researcher
who placed the order is sent an E-mail message summarizing the mutations discovered. To aid the researcher in deciding which mutations to
characterize, mutations are automatically analyzed by the PARSESNP program (http://www.proweb.org/parsesnp/), which provides information
on the location and severity of mutations and provides information on the creation or loss of restriction sites caused by the induced polymorphisms
(see Fig. 3). Hyperlinks are provided from each mutation to the Arabidopsis Information Resource (TAIR) for obtaining seed stocks from the

Arabidopsis Biological Resource Center.

initiate a screen are placed through an automated Web-based
“front end” system. Users begin with the CODDLE input util-
ity to obtain gene models and protein conservation models
(http://www.proweb.org/input/), continue with choosing the
best region for TILLING using CODDLE (http://www.proweb.
org/coddle/), choose optimal primers, and end with placing
an order. All components of this front-end system are inte-
grated such that placing an order from start to finish is per-
formed within the Web browser. Once an order has been
placed, an automated confirmation is sent to the researcher
along with a form to purchase primers directly from our
primer supplier. Primers ordered and paid for by an ATP user
are shipped directly to the high-throughput facility in Seattle.

Upon receipt of primers at ATP, mutations are identified
in DNA from ethylmethanesulfonate (EMS)-mutagenized Ara-

bidopsis using the TILLING method described below (see Fig.
2). Briefly, mutations are first discovered in eightfold pools,
followed by identification of the individual harboring the
mutation. Mutations are then sequenced. Mutation informa-
tion for an order is deposited in our database, and the user is
automatically sent a response with the sequences of identified
mutations (http://tilling.fthcrc.org/parsesnp/; Fig. 3). For each
mutation identified, a hyperlink to the corresponding seed
stock at the Arabidopsis Biological Resource Center facilitates
ordering.

Mutagenesis
One key element for establishing TILLING in any organism is
the frequency of mutations in the population to be screened,
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Figure 2 High-throughput TILLING of Arabidopsis. Seeds are muta-
genized with EMS, which causes G/C-to-A/T point mutations. To
avoid ambiguities caused by chimerism of mutant plants in the first
(M,) generation, they are self-fertilized, and M, progeny from single
seed descent are used for screening. Tissue is collected from each M,
plant, and DNA is extracted. Plants are self-fertilized, and the M, seed
is collected and shipped to the Arabidopsis Biological Resource Center
for distribution. For screening, DNAs are pooled eightfold to maxi-
mize the efficiency of mutation detection. PCR is performed using
5'-end-labeled gene-specific primers to target the desired locus, and
heteroduplexes are formed by heating and cooling the PCR products.
CEL I nuclease is used to cleave at base mismatches, and products
representing induced mutations are visualized with denaturing poly-
acrylamide gel electrophoresis. See Colbert et al. (2001) and Till et al.
(2003) for details.

and this depends on the trade-off between the effect of the
mutagen on the germinal tissue and the toxicity and/or ste-
rility that is a side effect of the treatment. We have found it
beneficial to try a range of mutagen concentrations and cali-
bration techniques for comparison with actual mutation fre-
quency as determined by TILLING before preparing a single
large population.

For Arabidopsis, we have used the degree of embryo le-
thality assayed in the siliques of M, plants as an indicator of
mutation frequency. To determine this rate, mutagenized
seeds were sown and M, plants were grown. For each muta-
genesis treatment, 10 mature siliques were removed from
each of 10 individual plants. Siliques were grouped into one
of three classes based on the visual determination of the num-
ber of defective embryos, which have collapsed seed coats.
Class A siliques have normal and defective embryos in a ratio
of 3:1; Class B, 4:1-20:1; and Class C, greater than 20:1 (near
normal). Only treatments producing M, plants with <40% C
class siliques were used for screening. The C class scores for M,
plants whose progeny became screening stocks are listed in
Table 1. There appears to be a trend of higher mutation rates
giving lower embryo lethal C class scores.

Screening for Mutations

ATP started accepting orders from the Arabidopsis community
on 8/31/2001 following a 4-mo beta test period in which six
selected outside laboratories and three members of the
TILLING team were asked to place orders for genes of interest
to them. Fach screen begins with PCR amplification of the
requested target using gene-specific primers chosen by the
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user. Screening is performed on DNAs that have been arrayed
in 96-well microtiter plates and pooled eightfold to maximize
screening efficiency (Fig. 2). Target fragments are amplified
using 5'-end-labeled primers on DNA extracted from EMS-
mutagenized M, plants, and products are heated and cooled
to form heteroduplexes between wild-type and mutant frag-
ments. Heteroduplexes are cleaved at the mismatched base
with the nuclease CEL I, and cleaved products are identified
on denaturing polyacrylamide slab gels as previously de-
scribed (Colbert et al. 2001; Till et al. 2003). We have applied
this method to organisms with larger genomes by increasing
the amount of input genomic DNA for PCR (data not shown).

For each order placed, ~3000 pooled plants are screened.
About 10,000 plants, or three genes per day, can be screened
every 8 h in our facility by performing two runs each on six
Li-cor gel analyzers with robotic loading of 96-tooth mem-
brane combs. For each mutation detected in a pool, the indi-
vidual harboring the mutation is identified from among the
eight in the pool using essentially the same procedure. For
identification of individuals, an equal amount of wild-type
reference DNA is added prior to amplification to allow the
formation of mismatched heteroduplexes for both homozy-
gotes and heterozygotes. Mismatch cleavage and electropho-
retic gel sizing localize mutations to within =15 bp, which
greatly facilitates their identification when templates are se-
quenced, especially for heterozygotes.

More than 90% of primers ordered by users through our
Web-based primer design and ordering system have proved to
be suitable for TILLING. For those cases in which a primer pair
fails to amplify, the user is sent an automated response re-
questing submission of a nonoverlapping primer set, and the
screen is repeated.

Mutation Frequency

Table 1 summarizes mutations identified in eightfold pool
screens during the first year of public operation. More than
100 genes, scattered throughout all five chromosomes, were
screened for induced mutations. Every screening plate repre-
sents ~750 unique M, plants, and the target screening frag-
ment size is 1000 bp. In the first year of operation, we
screened >300 Mb of Arabidopsis sequence for mutations.
With a target fragment size of 1 kb, we discovered an average
of 3.6 mutations per ~750 plants. Based on the number of
mutations detected per nucleotides screened, we estimate an
average of ~700 different induced mutations per M, plant in
our present screening populations. This number may be
slightly inflated because of increased GC content in the cod-
ing region and occasional errors.

Mutation Analysis

Users of the Arabidopsis TILLING Project receive results via an
automated response system that includes the PARSESNP pro-
gram output for the analysis of mutations discovered (Fig. 3).
In addition to a graphical summary of the location and types
of changes identified, PARSESNP provides a list of restriction
endonuclease sites either gained or lost as a result of the in-
duced polymorphism; a useful tool for downstream genotyp-
ing of populations. Mutations can be broadly grouped into
three classes. Induced mutations that either change a codon
to a stop codon or disrupt the canonical splice site donor/
acceptor GU:AG site are considered truncation changes that
generally eliminate protein function. Changes that fall out-
side the coding region, within an intron, or changes that do


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

Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

TILLING as a Service for Reverse Genetics

e | e o i — 4 @ inthe screening were rearrayed and
e | 1 11 s o

:_: — sequenced. Even then, ATP was
"_l rI:l o) screening fewer than half of the
4 4 A4 . - 8 available mutagenized population
. of 6912 plants to meet the demand.
? RE Polymorphisms I The additional 3840 plants were re-

# [Nucleotide | pp . | z — FSSM | peiption | Emtered d f ing h
Change Gainelin |  Lost from Difference | ption As served for screening whenever an
Variast Reference i insufficient allelic series resulted
1 [osea [vest 196Vl 63 |ABRC CSB6722 |neterozygous | (1O the first screening, for ex-
o ey Rmﬁ ~~~~~~~~~ S - fAB 5 ' ample, when a gene was small or
|__l . i  |Hayise] e (ABRC CSBO799 TOMOZYEOUS | 1, relatively large introns. Gener-
3 |C260T Ho4Y Bael, Real ;Mﬂl 18.0 |ABRC 0891358 |heterazygnus ally, the same primers could be
4 [crs0T H94Y  Bael Real M, OHI 18.0 |ABRC CSD1739 |heterozygous |  Used for the second round of
Pl Feree |ABRC CS85710 | reterozysnus screening. Wlth the available
- s : e———— e screening population, an average of
6 C335T PLISS  |BspHCL StyLTI |EsoRIL SorFL Secl {ABRC CS88347 |heteuzysaus | 36 mutations is expected per 1-kb
7 [o312Aa Is13IN {Raal Twl Tspacl  |10.9 JABRC CS87253 heterozyppus | region. We estimate the probability
{‘”. G490A iIntmn lhpol ToEl ABRC CSET009 omozvecns of fthng’ at lgast one tlTuncatlon
W RO NI 2 b mutation in this population to be
9 |c7seT tnimn ABRC CS87830 heterozygous | 819, Considering that about half of
10 |C7986T Inton ABRC C891820 |heterozygous missense mutations are expected to
T T be damaging to a typical protein
11 |{C80%A gmon ABRC CS86874 'heterozygpus (Markiewicz et al. 1994), we esti-
mate that about 8 of the 16 ex-

Figure 3 PARSESNP output for a typical ATP order. Users are provided a link to PARSESNP, which
automatically analyzes mutations discovered. The graphical and tabular output from PARSESNP is
shown. Near the top is a graphical view of the gene model; (boxes) exons, (lines) introns. Above the
gene model is a Blocks protein conservation model. Below the gene model, triangles represent the
location and type of induced change. These data are also summarized in tabular form below and on
the nucleic acid sequence itself (data not shown). The effect of each nucleotide change is listed in the
table. Missense changes are provided with a PSSM difference score by PARSESNP, in which mutations
predicted to be damaging to the protein have positive scores, based on a scoring matrix generated
from the protein conservation model (see http://www.proweb.org/glossary.html for a description of
scoring missense changes). The restriction sites either gained or lost because of the induced polymor-
phism are listed. These sites serve as a tool for downstream genotyping applications.

not alter the amino acid coding are presumed to be function-
ally silent. Induced mutations that alter an amino acid are
scored as missense. These missense changes can be further
categorized as either tolerated or deleterious and can be
scored with protein conservation information that is obtained
via CODDLE.

A representative subset of 25 genes TILLed by ATP is sum-
marized in Table 2. For each gene ordered, at least 3072 plants
were screened for induced mutations. Among the 1063 se-
quenced mutations, truncations account for 4.5% and mis-
sense for ~50% of mutations, as would be expected from ran-
dom mutagenesis of these gene fragments. More than 98% of
mutations are GC/AT transitions. This is as predicted for EMS
mutagenesis, which alkylates G residues at the O° position,
thus forcing mispairing with T (Ashburner 1989). A more de-
tailed analysis of induced mutations and their distribution
will be reported elsewhere (E.A. Greene, C.A. Codomo, N.E.
Taylor, J.G. Henikoff, B.J. Till, S.H. Reynolds, L.C. Enns, C.
Burtner, J.E. Johnson, A.R. Odden, L. Comai, and S. Henikoff,
in prep.).

A backlog of orders developed within a few months after
the public project was announced, and hence the decision
was made to deliver only a minimum allelic series to reduce
turnaround time. Therefore, only 8-12 mutations per gene
discovered in the screening step were initially rearrayed for
individual analysis and sequencing. By February 2002, be-
cause efficiency had improved and turnaround time was re-
duced to ~2 mo, most of the remaining mutations discovered

pected missense mutations in the
average 1-kb region will be useful
for phenotypic analysis.

Availability

The Arabidopsis TILLING Project
has a policy of immediate public re-
lease of data. Mutations in 1-kb re-
gions already screened can be iden-
tified via BLAST search at http://
tilling.fhcrc.org:9366/search.html.
ATP data are provided to The Arabi-
dopsis Information Resource (TAIR, http://www.arabidop-
sis.org) for general release as part of their polymorphism and
mutation resource for display on Arabidopsis genetic and se-
quence maps.

A Kkey feature of TILLING is that it is a general tool that
can be applied to almost any organism. To facilitate the es-
tablishment of TILLING in other organisms, ATP hosts regular
training sessions in which qualified individuals can get an
in-depth view of the high-throughput TILLING operation at
no charge. Visitors attending the workshops receive detailed
protocols for high-throughput TILLING and CEL I extraction
and programs for handling data. CODDLE, SIFT, and
PARSESNP are freely available on the Web.

Concluding Remarks

We have established a reverse-genetic service for the model
organism Arabidopsis thaliana using high-throughput
TILLING. As the TILLING methodology identifies polymor-
phisms regardless of phenotypic consequence, the mutations
described here represent the most comprehensive data set on
EMS mutagenesis in Arabidopsis to date. It is clear from this
initial analysis that TILLING using EMS-mutagenized popula-
tions allows for the discovery of induced polymorphisms in
all targets attempted regardless of gene size or chromosomal
location. Thus TILLING provides a complementary tool along
with available insertional methods for the ultimate goal of
determining the function of every gene in Arabidopsis.
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The goal of the Arabidopsis community to understand
gene function will be shared by many other groups as their
favorite organisms transition from the genomic to the post-
genomic category as a result of the many sequencing projects
presently in progress. High-throughput TILLING is a general
reverse-genetic method allowing the direct examination of
gene function. Using ATP as a model, we aim to facilitate the
transfer of TILLING to other organisms as a public service to
the broader community of biologists.

METHODS

EMS Mutagenesis, Tissue Collection, DNA Extraction,
Quantification, and Pooling

A single Arabidopsis thaliana plant (“Big Mama”) provided
seeds for mutagenesis. Big Mama was from the third backcross
(BC3F;) generation to the Columbia ecotype of the original
er105 fast-neutron-induced mutant (Torii et al. 1996). The
erecta mutation causes a compact growth habit that facilitates
greenhouse cultivation of the plants and minimizes cross-
contamination of seed. erectal05 is a strong allele similar in
phenotype to that found in Landsberg er. Seeds were muta-
genized for 17 h in small batches of 50 mg of seeds using
concentrations of EMS that ranged from 20 mM to 45 mM
(McCallum et al. 2000a).

To produce each M, line, seeds were collected from a
single silique of an M; plant and sown in a single pot, then
thinned to a single individual. Each M, plant was used for
only a single M, line, so that each genome screened must
ultimately have descended from a different mutagenized pa-
rental genome. A 200-mg sample of tissue was collected and
stored at —80°C until seed set. Plants producing >2500 M,
seeds were selected for DNA isolation. DNA was extracted us-
ing the Q-Biogene FastDNA kit as previously described (Col-
bert et al. 2001), and quantified on a 1.5% agarose gel using \
DNA as a concentration reference (GIBCO). DNA from all
samples was normalized to a final concentration of 3 ng/uL.
Only plants providing >600-700 ng of DNA were included in

Table 1. Mutations Identified in Pool Screens

screens. Following extraction, DNA samples were arrayed and
pooled eightfold in a 96-well format as previously described
(Colbert et al. 2001). Pooled DNAs were diluted to 0.015 ng/
pL for screening. A population of 6912 arrayed DNAs from
mutagenized individuals is presently available for screening.
Each individual in our production population has produced
M, seed and enough DNA for >10,000 screens.

Primer Design and Public Orders

Orders for screens from ATP described here were placed
through our automated ordering system. The CODDLE input
utility (http://www.proweb.org/input/) takes sequence infor-
mation in a variety of formats and generates a gene model
(intron/exon position) and a protein conservation model by
searching the Blocks Database (Henikoff et al. 2000) for simi-
larity to a Blocks family. Additional Blocks may be generated
using SIFT (Ng and Henikoff 2001), which is incorporated
into our automated ordering system.

Once a gene model and a protein conservation model are
assembled, CODDLE (http://www.proweb.org/coddle/)
presents candidate regions that are most likely to cause del-
eterious mutations given the mutational spectrum of EMS
(McCallum et al. 2000b). After an ~1000-bp region is chosen
for screening, the order proceeds to primer design, in which
candidate primers are chosen using the Primer3 program (Ro-
zen and Skaletsky 2000) with the following parameters: prod-
uct size, minimum = 725 bp, maximum = 1100 bp; primer
size, minimum = 20; T,,,, minimum = 67°C, optimum = 70°C,
maximum = 73°C. The user chooses a primer pair, provides
contact information, and places the order. Prior to approving
the order, the chosen 1-kb fragment is searched against a
nonredundant version of the Arabidopsis genomic sequence
(ecotype Columbia; Tompa et al. 2002) using BLASTN
(Altschul et al. 1990), and the order is accepted if it matches
the first hit at >99% of aligned residues and does not overlap
a preexisting order by >500 bp. The user is automatically sent
an E-mail message confirming or rejecting the order along
with a form for purchasing primers from our oligonucleotide
supplier (MWG Biotech). Primers are ordered at the following
scale: unlabeled primers, 0.01 uM; left primer 5’-labeled with

Screening No. of No. of Mutations Total screened Total bases Predicted mutations Mean embryo

plate fragments mutations per fragment fragment length screened (Mb) per M, plant lethal C class score
91 31 102 3.29 25,656 19.2 663 NA

103 34 113 3.32 28,395 21.3 663 NA

115 29 96 3.31 24,288 18.2 659 NA

127 11 35 3.18 9338 7.0 625 NA

139 95 346 3.64 78,906 59.2 731 14

151 86 293 3.40 70,782 53.1 690 38

163 88 329 3.73 72,741 54.6 754 38

175 86 341 3.96 71,450 53.6 795 22

187 24 119 4.95 20,481 15.4 968 10

Total 1774 301.6

Average 3.64 728

Each screening plate represents ~750 unique M, individuals pooled eightfold in a 96-well plate. For each pool plate, the number of ~1-kb gene
fragments screened is listed. For each gene order, at least four pool plates were screened. The number of total mutations identified and the
average number of mutations identified on a particular plate are listed (not every mutation identified in this table has been sequenced). The
total screened fragment length represents the sum of gene fragment lengths screened minus ~140 bp per target (compensating for the regions
near primers where mutation detection is less efficient). The total bases screened is calculated by the total screened fragment length times the
number of plants screened (750). This number represents the total number of bases interrogated per screening plate. The number of predicted
mutations per M, plant is calculated as the total genome size (125 Mb)/(total bases screened/total mutations). This calculation assumes an even
distribution of EMS mutagenesis in both genic and intergenic regions and does not compensate for differences in GC content throughout the
genome. The mean embryo lethal C class score is a measure of the percent “normal” siliques in the M, generation of each population. Embryo
lethal C class scores are not available (NA) for pool plates 91-127 as individuals represented on these plates derive from multiple different

mutagenesis trials.
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Table 2. Summary of First 1063 Mutations Discovered and
Sequenced by ATP
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For purposes of illustration, only the first 25 completed screens are
individually represented. The average, range, totals, and percent-
ages in the table are for all 110 loci screened during the first year
of public operation. For each gene fragment, the total number of
mutations sequenced is listed. Mutations are divided into three
categories; truncations represent changes causing a premature
stop codon or changes altering the canonical intron donor/
acceptor splice sites. Missense changes are any nucleotide
changes in coding regions that change the amino acid coded.
Silent changes represent mutations falling outside the coding re-
gion, within an intron, or changes in codons not altering the
encoded amino acid. Users have the option to request additional
screens should more mutations be desired.

IRD 700 (0.2 pM); right primer labeled with IRD 800 (0.2 uM).
Once a user fills in the appropriate billing information, the
order is placed and primers are delivered directly to the
TILLING facility.

Screening for Induced Mutations

PCR was performed in a 10-pL volume with 0.075 ng of ge-
nomic DNA either pooled eightfold (for pool screens) or
mixed 1:1 with Arabidopsis Columbia wild-type DNA (for
identification in individuals). PCR and CEL I reactions were
carried out as described (Colbert et al. 2001; Till et al. 2003).

The UNIX programs squint and pick were used for entry
of pool screen data (Till et al. 2003). These programs have
been modified to enter data for gels containing individual
samples (msquint) and for the generation of a template for a
96-well sequencing plate containing multiple gene targets
(mpick).

DNA Sequencing

For DNA sequencing, amplifications were performed with
0.005 ng of genomic DNA in a 20-pL final volume following
the manufacturer’s suggestions for Ex-Taq polymerase
(Takara). The following cycling program was used: 95°C for 2
min; Loop 1 for 8 cycles (94°C for 20 sec, 73°C for 30 sec,
reduce temperature 1°C per cycle, ramp to 72°C at 0.5°C/sec,
72°C for 1 min); Loop 2 for 45 cycles (94°C for 20 sec, 65°C for
30 sec, ramp to 72°C at 0.5°C/sec, 72°C for 1 min); 72°C for 5
min; hold at 8°C. Only unlabeled primers were used. Prior to
sequencing, free primers and dNTPs were removed/
inactivated using the SeqDirect 96 PCR Cleaning Kit (Q-
BlOgene). Cycle sequencing reactions were performed in a
10-pL volume with 5-40 ng of purified DNA template, 3
pmole primer, 0.8% dimethylsulfoxide, and 4 uL of ABI Big
Dye version 3 terminator mix (Applied Biosystems). The fol-
lowing cycle sequencing program was used: 95°C for 5 min;
Loop 1 for 25 cycles (ramp to 95°C at 1°C/sec, 95°C for 10 sec,
ramp to 50°C at 1°C/sec, 50°C for 5 sec, ramp to 60°C at
1°C/sec, 60°C for 4 min); ramp to 8°C at 1°C/sec; hold at 8°C.
Samples were run on ABI 3100 capillary sequencing machines
operated by the Fred Hutchinson Cancer Research Center’s
Biotech facility. Sequence trace analysis was performed using
Sequencher 4.1 software (Gene Codes). Both heterozygous
and homozygous mutations were confirmed using the map-
ping information gathered in the CEL I screens.
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