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Summary

A new reverse genetics method has been developed to identify and isolate deletion mutants for targeted

plant genes. Deletion mutant libraries are generated using fast neutron bombardment. DNA samples

extracted from the deletion libraries are used to screen for deletion mutants by polymerase chain

reaction (PCR) using speci®c primers ¯anking the targeted genes. By adjusting PCR conditions to

preferentially amplify the deletion alleles, deletion mutants were identi®ed in pools of DNA samples,

each pool containing DNA from 2592 mutant lines. Deletion mutants were obtained for 84% of targeted

loci from an Arabidopsis population of 51 840 lines. Using a similar approach, a deletion mutant for a

rice gene was identi®ed. Thus we demonstrate that it is possible to apply this method to plant species

other than Arabidopsis. As fast neutron mutagenesis is highly ef®cient, it is practical to develop deletion

mutant populations with more complete coverage of the genome than obtained with methods based on

insertional mutagenesis. Because fast neutron mutagenesis is applicable to all plant genetic systems,

this method has the potential to enable reverse genetics for a wide range of plant species.
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Introduction

With the completion of the Arabidopsis genome

sequencing effort (Arabidopsis Genome Initiative,

2000), the sequence of every Arabidopsis gene is now

known. An international consortium is currently focus-

ing on rice, and in the near future the sequence of the

complete rice genome will also be available (Sasaki and

Burr, 2000). DNA and protein sequence analyses have

failed to identify the functions of the majority of

Arabidopsis genes. The challenge for the post-sequen-

cing era is to identify the biological functions of the

sequenced genes in Arabidopsis, rice and other plant

species. Reverse genetics will play an essential role in

the process of assigning functions to a large number of

unknown genes.

Gene silencing by antisense or sense suppression is a

widely used method for probing the functions of plant

genes (Baulcombe, 1996). Recently RNAi and intron-

spliced hairpin have been shown to be quite effective in

silencing endogenous genes (Chuang and Meyerowitz,

2000; Smith et al., 2000). A problem associated with

gene-silencing strategies is that the targeted gene is

often only partially inactivated. As it is not possible to

predict the extent of target gene disruption, data interpret-

ation is dif®cult (HoÈ fgen et al., 1994; van der Krol et al.,
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1990). In addition, as transgenic plants need to be

generated for gene silencing, large-scale characterization

of genes with unknown functions requires creating a

signi®cant number of transgenic plants, which is

impractical for crop species.

Insertion of T-DNA and transposable elements into

coding or regulatory sequences of a gene can often disrupt

gene function (Feldmann, 1991; Martienssen, 1998).

Insertions within a targeted gene can be easily identi®ed

by polymerase chain reaction (PCR) using a combination

of a gene-speci®c primer and a primer complementary

to the T-DNA or transposon border sequences. A

large number of insertion lines have been generated

in Arabidopsis (Azpiroz-Leehan and Feldmann, 1997;

Bouchez and HoÈ fte, 1998; Koncz et al., 1992; Parinov et al.,

1999; Speulman et al., 1999; Tissier et al., 1999; Wisman

et al., 1998a; Wisman et al., 1998b), and reverse genetics

screening was successfully applied to identify insertions in

targeted genes (Krysan et al., 1996; McKinney et al., 1995).

While screening insertion mutants is relatively straightfor-

ward, the number of insertion lines required to saturate the

whole genome is very large (Krysan et al., 1999). It is not a

trivial task to obtain hundreds of thousands of T-DNA lines

by transformation or independent transposon lines by

positive/negative selection for transposition (Sundaresan

et al., 1995; Tissier et al., 1999). As a result, there are still a

signi®cant number of Arabidopsis genes for which an

insertion cannot be found in the publicly available inser-

tion mutant libraries (Meissner et al., 1999). It is even more

dif®cult to obtain insertions for genes with smaller sizes

(Krysan et al., 1996).

More recently, the TILLING (targeting induced local

lesions in genomes) method was developed to

identify ethyl methanesulfonate (EMS)-induced mutants

(McCallum et al., 2000a; McCallum et al., 2000b). One

advantage of TILLING is that it identi®es a range of mis-

sense alleles in addition to knockouts. Single base-pair

substitutions can be useful in studying gene function.

Although EMS is a very effective mutagen, and saturating

the genome with deleterious mutations can be achieved

with a relatively small number of plants, only a few plants

can be screened in each PCR reaction, which lengthens the

screening procedure. A similar approach was used in

Caenorhabditis elegans to identify chemical-induced dele-

tion mutants (Jansen et al., 1997; Liu et al., 1999). Although

in each PCR reaction over a thousand genomes can be

screened to identify deletion mutants in Caenorhabditis

elegans, more than one million genomes often need to be

screened to obtain a deletion in a speci®c targeted gene, as

the frequency of deletion mutation induced by chemicals

is very low.

In plants, fast neutrons have been shown to be a very

effective mutagen (Koornneef et al., 1982). As about

2500 lines treated with fast neutron at a dose of 60 Gy

are required to inactivate a gene once on average

(Koornneef et al., 1982) and the Arabidopsis genome

contains about 25 000 genes (Arabidopsis Genome

Initiative, 2000), it is estimated that about 10 genes

are randomly deleted in each line. Molecular character-

ization of Arabidopsis ga1-3 (Sun et al., 1992) and

tomato prf-3 (Salmeron et al., 1996) further demon-

strated that fast neutron bombardment induces deletion

mutations. Here we describe a new reverse genetics

system based on fast neutron mutagenesis. As fast

neutron-treated lines are easy to generate, we were able

rapidly to assemble an Arabidopsis deletion library that

allowed us to ®nd deletion mutants for targeted genes

at a frequency of about 80%. We also demonstrated

that the same approach can be used in rice. The

mechanism for Arabidopsis researchers to gain access

to deletions from the described population will be

posted on the Arabidopsis newsgroup (bionet.genome.

arabidopsis, also accessible at http://www.bio.net/

hypermail/arab-gen/).

Results

Strategy for high-throughput PCR screening of fast

neutron library

To obtain deletion mutants for targeted genes, random

deletion libraries were produced by fast neutron muta-

genesis and then screened for speci®c deletion mutants by

PCR. While it is relatively easy to generate a large number

of fast neutron lines, PCR screening of these lines is not as

straightforward as screening insertion libraries. To screen

an insertion library by PCR, one gene-speci®c primer is

used in combination with a primer speci®c to the insertion

element in order to discriminate ampli®cation of the

insertion from wild-type DNA in pools of over a thousand

lines. Screening for a deletion mutant by PCR requires that

both primers are speci®c to the targeted locus. Such

primers can amplify both the wild-type gene and the

mutant gene. In order to detect a mutant in a mixture of a

large number of wild-type lines, the PCR extension time is

shortened so that ampli®cation of the wild-type fragment

is suppressed.

To test whether we could detect a mutant in a

mixture of more than a thousand wild-type plants, we

performed a reconstruction experiment using a known

deletion mutant ga1-3 (Sun et al., 1992). In this experi-

ment, we mixed ga1-3 DNA with different ratios of wild-

type plant DNA, and used PCR to amplify the ga1 locus.

Figure 1 shows that even with 1000-fold excess of wild-

type DNA, we can still readily see the deletion mutant

band. The 6.4 kb wild-type fragment is not ampli®ed

under these PCR conditions, and does not interfere with

the detection of ga1-3.
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Deletion library construction and organization

To construct a deletion library (Figure 2a), wild-type

Arabidopsis seeds were treated with fast neutrons. The

treated M1 seeds were planted, and M2 seeds from individ-

ual plants were collected. About ten M2 seeds were then

taken from each line and the seeds from 18 lines were

pooled together. These pooled seeds were plated on MS

plates, and whole seedlings were collected after 8±9 days.

Genomic DNA was isolated from the seedling tissue.

DNA samples representing all the mutant lines were

aliquoted and organized into pools of increasing com-

plexity (Figure 2b). Each mega pool contains DNA repre-

senting 2592 lines; each super pool contains DNA from 288

lines; and each pool contains DNA from 36 lines. The

smaller pools allow rapid deconvolution once deletion

mutants are found in any particular mega pool.

Finding a deletion mutant for AtMyb19

To identify a deletion mutant, a pair of primers speci®c to

the sequence ¯anking the targeted gene and a pair of

nested primers are selected using genomic DNA sequence

information. The two pairs of primers are used in PCR to

amplify the wild-type DNA fragment using a long exten-

sion time to check primer quality, and a short extension

time to determine conditions that suppress the ampli®ca-

tion of the wild-type fragment. The short extension time is

then used to screen the mega pools. After the ®rst round of

PCR, nested PCR is performed on the 1 : 50 diluted

products of the ®rst-round PCR to increase the sensitivity

and speci®city. The product of the second-round PCR is

checked using agarose gel electrophoresis to detect the

presence of ampli®ed DNA fragments derived from dele-

tion alleles. If a deletion band is found in a mega pool, PCR

analysis is subsequently carried out on the constituent

super pools and pools (Figure 2b). Once a deletion is

identi®ed in a pool of 18 lines, seeds from those 18 lines

are then planted individually, and DNA samples from the

plants are analyzed by PCR to look for the single line that

carries the deletion.

Figure 1. Reconstruction experiment using Arabidopsis ga1-3 mutant
DNA.
PCR was performed using a pair of primers ¯anking the ga1-3 deletion.
The distance between the two primers in the wild-type DNA is about
6.4 kb, and the extension time for the PCR reactions is 30 sec. Each
reaction contains 0.5 units Takara Ex Taq polymerase, 100 ng wild-type
DNA, and a different amount of ga1-3 DNA as templates. The PCR
products were analyzed by agarose gel electrophoresis followed by
ethidium bromide staining. Lane 1, 1 kb plus ladder (Gibco-BRL); lanes 2±
5, ga1-3 DNA in the following amounts: lane 2, 10 ng; lane 3, 1 ng; lane
4, 0.1 ng; lane 5, 0.01 ng.

Figure 2. Deletion library construction and screening strategy.
(a) Flow chart for constructing a fast neutron deletion library.
(b) Flow chart of the PCR screening process showing the steps from
initial analysis of the mega pools to ®nding single deletion mutant
plants.
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The data presented in Figure 3 illustrate the isolation of a

deletion mutant for AtMyb19 (Romero et al., 1998). Myb19

is a transcription factor; a previous attempt to isolate

mutants using insertional mutation failed (Meissner et al.,

1999). Ten mega pools, a population containing 25 920

lines, were screened as described above, and a deletion

band was detected in mega pool number 8 (Figure 3a).

DNA sequence analysis of the deletion PCR product

revealed the deletion of a 1.7 kb fragment (corresponding

to nucleotide 39377±41079 of BAC F17P19, accession

number AB025603), including most of the Myb19 coding

sequences (Figure 3e).

PCR was performed on the nine constituent super

pools of mega pool number 8. As shown in Figure 3(b),

super pool number 7 was found to contain the deletion

mutant. PCR analysis of the eight pools composing

super pool 7 identi®ed a pool of 36 lines containing the

mutant (Figure 3c). Subsequently, a single line carrying

the deletion was identi®ed. In Figure 3(d), PCR was

carried out on 8 M2 plants from the single line that

contains the deletion mutation. Both wild-type and

mutant bands were ampli®ed from plants 4 and 8.

Only the deletion band was ampli®ed from plants 3, 6

and 7; and only the wild-type band was ampli®ed from

plants 1, 2 and 5. These data indicate that plants 4 and

8 are heterozygous for the deletion allele; plants 3, 6

and 7 are homozygous for the deletion allele; and

plants 1, 2 and 5 are homozygous for the wild-type

allele.

Deletion of two tandem transcription factors

Arabidopsis bZIP transcription factor AHBP-1b and OBF5

were previously shown to interact with NPR1 (Depres et al.,

2000; Zhang et al., 1999; Zhou et al., 2000), a key regulator

of systemic acquired resistance. In the yeast two-hybrid

assay, AHBP-1b binds to NPR1 with greater af®nity than

does OBF5. AHBP-1b and OBF5 are directly linked on

chromosome 5 (Figure 4). The distance between the

coding regions of these two genes is less than 2 kb. To

identify a plant with both genes deleted, we designed

primers ¯anking the region containing these two genes.

The distance between the primers is about 17 kb. Twenty

mega pools representing 51 840 fast neutron lines were

screened, and a deletion encompassing both genes was

identi®ed in a single mega pool. Individual plants contain-

Figure 3. Identi®cation of a deletion mutant
for AtMyb19.
(a) PCR on DNA from the ten mega pools of
2592 lines is shown (1±10).
(b) PCR was performed on DNA from the
nine super pools (1±9) of 288 lines that
make up mega pool number 8.
(c) PCR was performed on DNA from the
eight pools (1±8) of 36 lines that make up
super pool number 7.
(d) Eight single plants (1±8) from the line
containing the deletion mutant were
analyzed by PCR. All PCR was performed
using Qiagen HotStarTaqä polymerase.
Two rounds of PCR were performed on the
DNA pools, and the nested PCR products
were analyzed by agarose gel
electrophoresis and stained with ethidium
bromide. W, wild type; m, mutant. Arrows
represent the location of the PCR primers.

Figure 4. Structure of the deletion that knocks out two tandem bZIP
transcription factors.
The junction of the deletion was determined by sequencing. A fragment
of about 9.7 kb between nucleotides 26762 and 36436 (P1 clone MOJ9,
AB010697) was deleted. The gene structures are drawn based on the
annotation of clone MOJ9.
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ing the tandem gene deletion were identi®ed using the

process described above. DNA sequence analysis showed

that a fragment of about 9.7 kb, including both AHBP-1b

and OBF5, was deleted in the mutant. In addition to the

two transcription factors, the complete coding region of a

putative receptor kinase and the C-terminal 20 amino acids

of a hypothetical protein were also deleted. The location of

the deletion is shown in Figure 4. Homozygous plants for

this deletion were recovered and inoculated with

Pseudomonas syringae pv. tomato DC3000 to test for

enhanced susceptibility. No difference was observed

between the mutant and the wild-type plants (data not

shown). There are two closely related bZIP transcription

factors, TGA3 and TGA6, that can also bind to NPR1

(Depres et al., 2000; Zhang et al., 1999; Zhou et al., 2000).

The AHBP-1b and OBF5 deletion mutant may have to be

combined with TGA3 and TGA6 mutants in order to

observe altered resistance responses to pathogens.

Characterization of the Arabidopsis deletion library

To test the general applicability of the method, we

screened the Arabidopsis population for deletions in 23

additional loci. One of these loci is a three-gene tandem

array, and the rest are single gene targets. The sizes of the

single genes (from start to stop codon) range from about 1

to 6 kb. Among the 23 single genes, eight are between 1

and 2 kb in length, nine are between 2 and 3 kb in length,

and six are between 3 and 6 kb in length.

We identi®ed deletion mutants for 21 of the 25 loci,

including the three-gene tandem array. For each of these

21 loci we found at least one mutation that deletes part or

all of the coding sequences. The deletions range in size

from 0.8 to 12 kb, as detailed in Table 1. We identi®ed two

deletion alleles for nine of the loci, three deletion alleles for

three other loci, and one deletion allele for the remaining

nine loci.

Construction of a rice deletion library and identi®cation

of a deletion mutant for a rice gene

To test the applicability of the deletion-based reverse

genetics system in rice, a preliminary population consist-

ing of 24 660 fast neutron lines was generated. DNA

samples were isolated from the M2 plants, and organized

into pools similar to those described for the Arabidopsis

population. We screened for deletions in ®ve targeted

genes using the methodology described above, and

identi®ed a deletion mutant for one of the targets (RG1,

accession number BAA89552) which has no known func-

tion. As shown in Figure 5(a), the deletion for RG1 was ®rst

identi®ed in mega pool number 10. Mega pools 1±9

contain DNA from 2592 lines, while mega pool 10 contains

DNA from the other 1332 lines. Screening the super pools

composing mega pool 10 identi®ed a single super pool of

Table 1. Size distribution of 36 Arabidopsis deletion alleles

Deletion size (kb) Number of deletions

0±2
2±4
4±6
6±8
8±10

10±12

7
14
6
4
4
1

Figure 5. Identi®cation of a rice deletion mutant.
(a) PCR on DNA of rice mega pools (1±10) is shown. Each mega pool
contains 2592 rice fast neutron lines, except that mega pool 10 has only
1332 lines.
(b) PCR was performed on DNA of ®ve super pools (1±5) that make up
mega pool number 10.
(c) PCR was performed on DNA of 16 pools of 18 lines (1±16) that make
up super pool number 3. Two rounds of PCR were performed on the
DNA of mega pools and super pools. The nested PCR products were
loaded on agarose gels and stained with ethidium bromide after
electrophoresis. Only one round of PCR was performed on DNA of pools
of 18 plants. All PCR was performed using Qiagen HotStarTaqä
polymerase and 1 min 30 sec extension time. W, wild type; m, mutant.
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288 lines carrying the deletion (Figure 5b). PCR analysis on

the 16 constituent sub-pools identi®ed a pool of 18 lines

containing the deletion mutant (Figure 5c). Sequence

analysis of the mutant DNA band showed that a fragment

of about 2.5 kb was deleted in the gene.

Discussion

We have demonstrated that deletion mutants can be

identi®ed for targeted plant genes by screening fast neu-

tron-mutagenized populations via an ef®cient PCR screen-

ing procedure. A key advantage of the deletion-based

reverse genetics system over insertional mutagenesis-

based methods is that fast neutron mutagenesis can be

performed on a large number of dry seeds, and that no

plant transformation is required. During the past few years,

different groups have generated large numbers of T-DNA

and transposon insertion lines (Azpiroz-Leehan and

Feldmann, 1997; Bouchez and HoÈ fte, 1998; Koncz et al.,

1992; Parinov et al., 1999; Speulman et al., 1999; Tissier

et al., 1999; Wisman et al., 1998a; Wisman et al., 1998b). If all

these lines are screened, knockout plants can probably be

found for most Arabidopsis genes. However, saturation of

the Arabidopsis genome with insertion elements is far from

complete, and screening all the available lines represents a

logistical challenge. To have 99% probability of ®nding an

insertion in a 1 kb gene, about 550 000 insertion lines

would need to be screened (Krysan et al., 1999).

In a population of 51 840 fast neutron lines, we found

deletion mutants for more than 80% of the 25 loci tested.

Based on these data, we estimate that a population size of

84 825 will enable a success rate of 95% in isolating

deletions in target genes, and a population of 130 397 will

yield a 99% probability of success in isolating a deletion in

any target locus (based on the formula N = ln[1±P]/ln[1±F],

where N is the population size, P is the probability of

isolating a deletion, and F is the frequency of deletions that

can be isolated using the deletion-based reverse genetics

system; F was calculated using the data presented in this

manuscript, N = 51 840, and P = 0.84).

A critical factor in ®nding a knockout plant in a large

mutant population is the ef®ciency of the screening

process. Higher throughput often means an increased

number of lines can be screened with a ®xed cost. The

ef®ciency of the PCR screening process for deletions is

comparable to that of the screening process for insertion

lines. As fewer fast neutron lines need to be screened in

order to ®nd a mutant for a targeted gene, it may actually

take less time to screen for a deletion than to screen for an

insertion. The identi®cation of mutants using TILLING

(McCallum et al., 2000a; McCallum et al., 2000b) requires

smaller population sizes than are required for the method

described here. However, as TILLING can screen only a

small number of lines in each PCR reaction, the overall

ef®ciency of the deletion method is higher.

To reach the de®ned goal of obtaining mutants for every

Arabidopsis gene and understanding their functions by

2010 (Somerville and Dangl, 2000), different and comple-

mentary approaches are necessary. Characterization of the

insertion sites of transposons (Parinov et al., 1999; Tissier

et al., 1999) and T-DNAs by DNA sequence analysis can be

carried out in higher throughput than screening mutant

populations by any kind of pooling strategy. It is antici-

pated that plants harboring mutations in many genes will

be identi®ed by searching a DNA sequence database with

a collection of a large number of insertion site sequences

once such a database is established. However, insertion

lines for a signi®cant percentage of genes may not be

available using this approach.

The probability of ®nding transposon or T-DNA insertion

mutants is directly proportional to the size of the target

gene (Krysan et al., 1999). Thus it will be a challenge to ®nd

insertions in genes smaller than 1 kb. As deletion muta-

tions that can be detected by PCR screening often affect

larger regions than insertion mutations, it will be easier to

hit a small gene with a deletion than with an insertion. In

our screen for 25 target loci, we were able to ®nd deletions

for genes of different sizes. None of the four genes we

failed to obtain deletion mutants for was smaller than 2 kb.

This indicates that small gene size is not the reason for our

failure to detect deletions for those four genes. We believe

that fast neutron mutagenesis will be very useful for

isolating lines harboring mutations in small genes.

Another challenge for reverse genetics is genes in

tandem arrays. The Arabidopsis genome has 1528 tandem

arrays containing 4140 individual genes (Arabidopsis

Genome Initiative, 2000). Potential functional redundancy

encoded by related genes in these arrays can be a problem

for functional characterization of Arabidopsis genes by

reverse genetics. We have demonstrated that it is possible

to ®nd deletions mutating two or three tandem homo-

logous genes.

One potential limitation for using deletion mutants

obtained with fast neutron mutagenesis is that some

deletions can affect more than one gene. For example, the

9.7 kb deletion mutant that knocks out AHBP-1b and OBF5

also removes a putative receptor kinase gene. When a

phenotype is observed in a mutant that deletes more than

one gene, complementation tests will need to be per-

formed to determine mutations in which gene is respon-

sible for the phenotype. In some cases this can also be

resolved by analyzing another independent mutant allele.

As gene density in Arabidopsis (about one gene every

4.8 kb) is quite high (Bevan et al., 1998), deletions larger

than 3 kb have a high probability of knocking out more

than one gene. The problem associated with deletions

affecting multiple genes is less critical in rice, as both the
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gene sizes and the intergenic regions in rice are generally

larger than in Arabidopsis. Another potential problem

associated with large deletions is poor transmission

through male gametes. The size limit of transmittable

deletions is unclear. For the 36 deletions (<13 kb) we

obtained, this does not appear to be a problem.

In principle, the deletion-based reverse genetics system

can be applied to most plant species. Unlike insertional

mutagenesis or gene silencing, the deletion-based method

requires genomic sequence information for a relatively

large region around the gene of interest. The lack of

genomic sequences around a target gene can be a time-

limiting factor in crop plants. An international consortium

is currently determining the DNA sequence of the rice

genome. This will enable large-scale reverse genetics in

rice. As rice has a genome size at least three times larger

than Arabidopsis, and transformation in rice is not nearly

as ef®cient as in Arabidopsis, it will be very dif®cult to

saturate the rice genome with T-DNA or transposable

elements. We have demonstrated the application of the

fast neutron-based reverse genetics system to rice. It is

anticipated that we can cover the whole rice genome with

easily detectable deletion mutations simply by expanding

the rice fast neutron population.

In crop plants, this method can also potentially be used

to inactivate unwanted genes in order to generate desir-

able phenotypes for agriculture. As genetic transformation

is not used in the process, the products will contain no

foreign DNA. Thus the resultant crop varieties will not face

the regulatory or public acceptance barriers associated

with transgenic crops.

Experimental procedures

Plant materials

Wild-type Columbia Arabidopsis seeds were treated by fast
neutron bombardment at a dose of 60 Gy by Andrea Kodym
(International Atomic Energy Agency Agriculture and
Biotechnology Laboratory, Vienna, Austria) and Joe Palfalvi
(Atomic Energy Research Institute, Budapest, Hungary). M1 plants
were grown on soil and allowed to self-pollinate. Seeds from
individual plants were collected. The plants were grown at 22°C
under 16 h light/8 h dark cycles. For M2 mutant seedlings, sterilized
seeds were plated on Murashige±Skoog (MS) medium (Murashige
and Skoog, 1962). After 8±9 days, whole seedlings were harvested
for DNA extraction. To mutagenize rice seeds, wild-type M202
seeds were treated by fast neutron bombardment at different
doses ranging from 18±30 Gy. The rice seedlings were planted in a
greenhouse and manually transplanted to the ®eld 5 weeks after
germination. Seeds from individual plants were harvested.

Genomic DNA puri®cation

Arabidopsis genomic DNA was extracted using a CTAB-based
protocol (Dellaporta et al., 1983), and rice genomic DNA was
extracted using a slightly modi®ed procedure (Chen and Ronald,
1999). Aliquots of DNA samples from 36 Arabidopsis lines or 18

rice lines were pooled and further puri®ed using a DNeasy plant
Mini Kit (Qiagen Inc., Valencia, CA, USA).

PCR and sequencing analysis

PCR was performed using either HotStarTaq DNA polymerase
(Qiagen) for short fragments (<6 kb) or Takara Ex Taq polymerase
(Panvera Corp., Madison, WI, USA) for large fragments (>6 kb).
The distances between primer pairs used in the screening range
from 3 to 17 kb, depending on the targeted loci. For routine
attempts to achieve deletion in a single gene, screenings are done
using primers either 3b or 9 kb apart. The extension time required
for ampli®cation of the wild-type DNA was ®rst checked empir-
ically for each pair of primers, then screening for deletion mutants
was performed using an extension time that suppressed the
ampli®cation of the wild-type fragments. For example, screening
with primers 3 kb apart was carried out using a 90 sec extension
time, and screening with primers 17 kb apart was carried out
using a 3 min extension time. PCR products were analyzed on 1%
agarose gels and deletion mutant DNA bands were puri®ed using
QIAquick Gel Extraction Kit (Qiagen). The products were
sequenced using an ABI 377 automated sequencer, and se-
quences were compared to wild-type sequences to ®nd the
deletion junctions.
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