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ABSTRACT

Digestion-ligation—amplification (DLA), a novel adaptor-mediated PCR-based method that uses a
single-stranded oligo as the adaptor, was developed to overcome difficulties of amplifying unknown
sequences flanking known DNA sequences in large genomes. DLA specifically overcomes the problems
associated with existing methods for amplifying genomic sequences flanking Mu transposons, including
high levels of nonspecific amplification. Two DLA-based strategies, MuClone and DILA-454, were
developed to isolate Mu-tagged alleles. MuClone allows for the amplification of subsets of the numerous
Mu transposons in the genome, using unique three-nucleotide tags at the 3’ ends of primers, simplifying
the identification of flanking sequences that cosegregate with mutant phenotypes caused by Mu
insertions. DLLA-454, which combines DLA with 454 pyrosequencing, permits the efficient cloning of
genes for which multiple independent insertion alleles are available without the need to develop
segregating populations. The utility of each approach was validated by independently cloning the gi4
(glossy4) gene. Mutants of gl4 lack the normal accumulation of epicuticular waxes. The gl4 gene is a
homolog of the Arabidopsis CUT1 gene, which encodes a condensing enzyme involved in the synthesis of

very-long-chain fatty acids, which are precursors of epicuticular waxes.

NSERTIONAL mutagenesis is widely used in func-
tional genomics. For example, insertion mutants
obtained via T-DNA in Arabidopsis (ALONSO et al. 2003)
and rice (SALLAUD et al. 2004) and via transposons in
maize (BRUTNELL 2002; BRUTNELL and CoNRrRAD 2003;
MAay et al. 2003; McCartyY et al. 2005; SETTLES el al.
2007), rice (KOLESNIK et al. 2004; Mivao et al. 2003;
KuMAR et al. 2005), and Arabidopsis (SPEULMAN et al.
1999) have been used for both forward and reverse
genetics. In both situations it is necessary to identify
sequences flanking the insertional mutagen. For exam-
ple, the availability of sequence-indexed collections of T-
DNA insertion mutants (ALONSO et al. 2003) has greatly
facilitated the functional analysis of Arabidopsis. Such
reverse genetic resources are generated by creating large
numbers of independent insertion events and then
identifying and sequencing the DNA flanking the
insertional mutagen. To be cost effective such flanking
sequences are typically amplified using one of several
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available “genome-walking” strategies (SHyAMALA and
AMES 1989; ALONSO ef al. 2003; O’MALLEY et al. 2007;
VANDENBUSSCHE et al. 2008; UREN et al. 2009).

Similarly, once mutant phenotypes have been identi-
fied following forward genetic screens, the challenge in
cloning the affected gene is to identify the specific genic
sequences that flank causative insertions. Insertional
mutagensis is typically more productive if multiple copies
of the insertional mutagens are present. The Mutator
(Mu) transposon of maize has been widely used for
forward genetics because of its high copy number and
transposition activity (BEN1TO and WarLsoTt 1997). This
high copy number can, however, complicate the identi-
fication of the specific insertion responsible for a mutant
phenotype. Traditionally, identifying a gene sequence
that had been tagged by an insertion involved genomic
DNA blotting using multiple wild-type and mutant
siblings to identify a DNA fragment that contained the
insertion and that cosegregated with the mutant pheno-
type (JAMES et al. 1995). However, both DNA blotting and
subsequent postblotting gene isolation steps were labo-
rious, time-consuming, and often unpredictable.

Here, we report two strategies, MuClone and DLA-
454, for cloning mutant alleles derived from insertional
mutagenesis. Both strategies are based on an adaptation
of a novel highly specific and efficient genome-walking
method, digestion-ligation—amplification (DLA) that
uses a single-stranded oligo as the adaptor instead of
the partially double-stranded adaptors used in other
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methods. MuClone, a cost-efficient strategy, adds unique
three-nucleotide tags to the 3’ ends of the common
adaptor primer so subsets of high-copy Mu transposons
can be separately amplified in a manner analogous to
AFLP technology (YUNIS et al. 1991). It is then possible
to identify which copy of the transposon cosegregates
with the mutant allele in the cosegregating population.
DLA-454 combines DLA with 454 pyrosequencing to
amplify and sequence multiple independent alleles of a
gene to be cloned. Analysis of the resulting Mu flanking
sequences (MFSs) identifies the target gene. To illus-
trate the applicability of the MuClone and DLA-454
strategies, each was used to independently clone the
glossy4 (gl4) gene. The maize gl4 is a homolog of the
Arabidopsis CUTI gene involved in epicuticular wax
accumulation.

MATERIALS AND METHODS

Genetic stocks: A total of 16 Mw-induced alleles of gl4a (gl4,
to distinguish from its paralog, g/4b) were available for analysis.
One (gl4a-92-1178-64) was previously isolated and the remain-
ing 15 alleles were generated via direct tagging experiments as
illustrated in supporting information, Figure S1. The sul gene
was used as a visual marker to select for gl4a-Mu or -refalleles.
However, because the sul gene is ~25 cM from the gl4a locus
(our unpublished data), one-quarter of the plants selected
after cross 3 (Figure S1) would be expected to not carry a gl4a-
Mueallele but to instead carry gl4a-ref. This is consistent with the
fact that Mu insertions could be identified only for 13/15 of
the gl4a alleles isolated via direct tagging. Five mutant seed-
lings from each selfed family of gl4a/gl4a mutants and five
nonmutant seedlings from each selfed family that did not
segregate for gl4amutants (cross 4, Figure S1) were pooled sep-
arately for DNA isolation and used for cosegregation analysis.

The DLA method (Figure 1): Approximately 1 wg of
genomic DNA was digested with 10 units Nspl [New England
Biolabs (Beverly, MA), no. RO602L] at 37° for 1.5 hr. The
single-stranded oligo, Nspl-5, was added as the adaptor (5 M)
for ligation with T4 DNA ligase (New England Biolabs, no.
MO0202L). Ligation was performed at 16° for 3 hr in a 50-ul
volume. The digestion-ligation product was then purified
using the Qiaquick PCR purification kit [QIAGEN (Valencia,
CA), no. 28106]. Unblocked and blocked (next section)
ligation products were used as templates for the primary
PCR reaction with the target-specific primer (TSP1, e.g., Mu-
TIR, see Table SI) and the adaptor primer (Nspl-5), using
AmpliTaq Gold DNA Polymerase [Applied Biosystems (Foster
City, CA), no. N808-0241]. The blocking step is described in
the following section. This PCR program consisted of 94° for
10 min; 15 cycles of 94° for 30 sec, 60° for 45 sec, 72° for
2.5 min; and a final extension at 72° for 10 min in a 20-ul vol-
ume. The primary PCR product was diluted 10 times and 2 p.l
of diluted product was used for secondary PCR with nested
primers TSP2 (e.g., aMu25, see Table S1) and Nspl-P, using
AmpliTaq Gold DNA Polymerase. This PCR program consisted
of 94° for 10 min; suitable numbers of cycles (35 and 20 cycles
were employed for MuClone and DLA-454, respectively) of
94° for 30 sec, 60° for 45 sec, and 72° for 2.5 min; and a final
extension at 72° for 10 min.

Oligo sequences are as follows: Nspl-5 20 mer, 5-GAACGT
CACAGCATGTCATG-3"; NspI-P 19 mer, 5'-AACGTCACAG
CATGTCATG-3'.

ddNTP single-base extension (blocked DLA) and valida-
tion: To prevent the single-stranded ends of ligation products
from being filled during primary PCR and thus serving as
undesired priming sites in the secondary PCR reaction, single-
base extension with a ddNTP was performed prior to primary
PCR to block further strand synthesis (Figure 1). Blocked and
nonblocked DLA is defined as DLA with and without the
ddNTP extension, respectively. In a 50-ul volume, 50-200 ng
purified ligated DNAs were used for single-base ddNTP
extension with 80 uM ddNTP and 4 units Polymerase I Large
Fragment (Klenow) [Promega (Madison, WI), no. 9PIM220].
The blocking step was performed at 30° for 30 min, followed
by 75° for 10 min to inactivate the enzyme. Prior to PCR, the
Qiaquick PCR purification kit was used to remove extra
ddNTP. To validate the application of DLA to amplifying MFSs
and compare the specificity of blocked and nonblocked DLA,
a pool of DNA from 12 sibling seedlings obtained via the self-
pollinating of a single Mu-active plant was amplified via both
blocked and nonblocked DLA. The primary and secondary
PCR steps employed primer pairs Mu-TIR/Nspl-5 and
aMu25/Nspl-P  (Table S1), respectively. The nested PCR
products from blocked and nonblocked DLA were TOPO
cloned per the protocol of the TOPO TA Cloning kit
(Invitrogen, Carlsbad, CA) and plasmids from >90 clones
from each set were isolated and sequenced with the M13f
primer (5-GTAAAACGACGGCCAG-3").

Direct comparison between blocked DLA and splinkerette
PCR: Sau3Al digestion and adaptor ligation procedures of
splinkerette PCR were performed according to UREN el al.
(2009). The adaptor sequences and PCR primers (Splink 1
and 2) of UREN et al. (2009) were used. Nspl digestion and
ligation of blocked DLA were performed independently, using
the same B73 genomic DNA as used for splinkerette PCR. Both
ligated DNAs were subjected to cleanup, using the Qiaquick
PCR purification kit prior to PCR amplification. The same
sets of target-specific primers in combination with method-
appropriate adaptor primers (Splink 1 and 2 for splinkerette
PCR and Nspl-5 and NspI-P for blocked DLA) and the same
PCR program (94° for 10 min; 35 cycles of 94° for 30 sec, 60°
for 45 sec, and 72° for 2.5 min; and 72° for 10 min) were used
for both methods. The same volumes of the resulting PCR
products were loaded during agarose gel electrophoresis.

MuClone: DLA was adapted to facilitate cosegregation
analysis that enables the cloning Mu tagged mutants. Instead
of employing NspI-P primer (with CATG 3’ ends) used in DLA
as the adaptor primer for the PCR, a set of nested primers with
the addition of unique three-nucleotide tags at the 3’ ends was
used in separate reactions to selectively amplify sequences
flanking distinct subsets of Mu insertions. Because the 3'-end
sequence generated by Nspl must be (A/G) with a CATG
overhang, a total of 32 tagged primers are sufficient to anneal
to all Nspl sites during DLA (see Table S2). The presence of
these tags provides additional specificity and eliminates the
need to use blocked DLA in the MuClone method. Resulting
PCR reactions were analyzed via agarose gel (2%) electropho-
resis. Mutant-specific bands were cut from the gel and purified
with the QIAGEN gel extraction kit (QIAGEN no. 28704) and
direct sequencing.

Adapting DLA primers for 454 sequencing: To enable
subsequent 454 sequencing the nested Muspecific and
adaptor primers were concatenated with the 454 sequencing
primer to generate various composite primers (Table S1). A
given bar-coded Mu composite primer contains sequences
from 454 primer A (GCCTCCCTCGCGCCATCAG), the bar-
code, and the Mu TIR nested primer. The resulting com-
posite adaptor primer (Bnspl-P) contains 454 primer B
(GCCTTGCCAGCCCGCTCAG) and adaptor sequence. The
primary PCR product of DLA was diluted 10 times and 2 pl of
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diluted product was used for secondary PCR, using one of several
bar-coded Mu composite primers (AeMu, AfMu, AgMu, and
AhMu, Table SI) and Bnspl-P primer (5'-GCCTTGCCAGCCC
GCTCAGAACGTCACAGCATGTCATG-3").

Processing DLA-454 reads: 1. Categorizing DLA-454 reads on
the basis of their barcodes and sequencing trimming: Raw 454 reads
were categorized by their barcode sequences. SeqClean
(http://compbio.dfci.harvard.edu/tgi/software/) was used
to trim barcodes, primers, and partial Mu TIR sequences. A
two-step trimming strategy was used. First, the Mu primer and
the adaptor primer (default overlapping requirement, =80%
identity with primers) were removed. Trimmed sequences with
lengths =60 bp were subjected to a second round of trimming
to remove Mu TIRs (=30 bp overlapping, =80% identity with
34 bp known TIRs and a set of novel TIRs collected from 454
reads, our unpublished data).

2. Mapping DLA-454 MFS reads to the B73 reference genome:
Trimmed MFSs were aligned to the maize B73 reference
genome (http:/www.maizesequence.org/, released on 3/20/
09), using BLASTN. Only MFSs that had five or fewer best
BLAST alignments (lowest F-value hits) of MFS queries with
=95% identity and =90% coverage were retained for further
analysis.

3. Removing redundant Mu insertion sites: To allow for
trimming errors, MFSs with the same orientation that had
apparent insertion sites within 3 bp of each other were
regarded as having been derived from the same Mu insertion
site. This is conservative because Mu insertions are known to
cluster (DIETRICH et al. 2002). Because the MFSs on both sides
of a Mu insertion can be amplified and sequenced, two
sequences having opposite alignment orientations but with
apparent insertion sites exactly 8 bp apart (due to the 9-bp
target site duplication) were counted as a single Mu insertion.

RNA isolation and quantitative RT-PCR: RNA from 8-day-
old leaves was isolated using the RNeasy plant mini kit
(QIAGEN). RNase-free DNase (QIAGEN) was used during
RNA isolation to remove genomic DNA from RNA. The RNA
samples were confirmed to be gDNA free when only cDNA
corresponding amplicons but no gDNA amplicons were
detected after PCR, using actin (GenBank accession no.
AY273142) primers that can amplify the gDNA and cDNA
templates simultaneously, yielding amplicons of different
sizes. QRT-PCR was conducted using an Mx4000 multiplex
quantitative PCR system (Stratagene, La Jolla, CA). Quanti-
tative (q)RT-PCR data were initially analyzed by using
Mx4000 analysis software. Ct values were calculated using
baseline-corrected, ROX-normalized parameters. Two tech-
nical replicates were included in each plate, and the average
Ct value of these two replicates was used for further data
analysis. The housekeeping gene, cytosolic GAPDH (GapC,
GenBank accession no. X07156) was used as the internal
control. The relative expression (RE) of gl4 genes, including
gl4a and its paralog (gl4b), was calculated using the formula
RE =100 X 2##¢ 2% The primers used are as follows: actin-
408f 20mer, 5'-CCAGGCTGTTCTTTCGTTGT-3'; actin-520r
20mer, 5'-GCAGTCTCCAGCTCCTGTTC-3'; gap1106f 20mer,
5'-GCTTCTCATGGATGGTTGCT-3"; gapl224r 20mer, 5'-CAG
GAAGGGAAGCAAAAGTG-3'; pgl4-17L 18mer, 5'-GACCGGGT
GAAGCCCTAG-3'; gld4paral7a  18mer, 5-AACCGGATCA
GGCCCTACG-3'; and pgl4-16R 20mer, 5" TAGGCGAGCTCGTAC
CAGAG-3'.

RESULTS

DLA, a highly specific method for amplifying
unknown flanking sequences: We developed DLA to
overcome technical limitations associated with existing

genome-walking technologies. To test the utility of DLA
for isolating unknown sequences adjacent to known se-
quences (i.e., genome walking), it was used as shown in
Figure 1 to amplify sequences from the maize al (GenBank
accession no. X05068) and rf2a genes (GenBank acces-
sion no. AF215823). First, genomic DNA was digested
with Nspl, which generates 3’ 4-bp overhangs. A single-
stranded oligo was then used as the adaptor for ligation
to the digested fragments. Note that each end of di-
gested genomic DNA can ligate to only a single adaptor.
To prevent the single-stranded ends of ligation products
from being filled during primary PCR (5'-overhang fill-
in), which would later serve as undesired primer an-
nealing sites that are not target specific, single-base
extension with a ddNTP can be performed prior to
primary PCR to block further strand synthesis. Blocked
and nonblocked DLA are defined as DLA with and
without this single ddNTP extension step, respectively.
Primary PCR was performed using TSP1 (target-specific
primer 1, Table S1) and the first adaptor primer. Finally,
secondary PCR was performed to amplify the flanking
genomic sequences with TSP2 (target-specific primer 2,
Table SI) and the second adaptor primer.

Two primers designed for each al gene and 7/2a gene
(Table S1, Figure S2) were used to perform DLA in
combination with the adaptor primers, NspI-5 and Nspl-
P, respectively. Blocked and nonblocked DLAs were
performed separately. The nonblocked DLAs yielded
more nonspecific product (Figure S2) as shown after
electrophoresis. The amplified fragments of expected
sizes were excised from the gel and subjected to Sanger
sequencing. Although both blocked and nonblocked
DNAvyielded the expected sequences, blocked DLLA was,
as expected, more specific. The results of these tests
demonstrate that DLA can be applied to amplify un-
known flanking sequences (i.e., genome walking).

To test the ability of DLA to amplify MFSs, PCR
products from both blocked and nonblocked DLA were
cloned and sequenced (MATERIALS AND METHODS). The
desired amplicons (termed Mu-Nsp amplicons) are
expected to be flanked by the Mu-specific primer and
the adaptor primer. Undesirable nonspecific amplicons
having the adaptor primer at both ends were termed
Nsp-Nsp amplicons. The sequencing data showed that
41/93 (44%) of the sequences from nonblocked DLA
reactions were found to be the desired Mu-Nsp ampli-
cons, with the remainder being undesired Nsp-Nsp
amplicons. This suggests that about half of the non-
blocked molecules resulted from the 5’-overhang fill-in
(Figure 1). In contrast, all (94/94, 100%) sequences
from the blocked DLA were from the desired Mu-Nsp
amplicons. Therefore, blocking with ddNTP during DLA
dramatically increases the specificity of amplification.

Comparison of DLA to splinkerette PCR: Most
ligation-based approaches for genome walking employ
adaptors and most adaptors are partially double-
stranded DNAs that have been subjected to specific
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Ficure 1.—Digestion-ligation—amplification
(DLA): a tool for genome walking. Genomic
DNA is digested with the restriction enzyme,
Nspl, generating a 3’ overhang (orange open
box). The single-stranded oligo, Nspl-5 is used
as an adaptor for ligation using T4 DNA ligase
(shaded ellipses) followed by purification to re-
move unligated adaptors. Single-base extension
with ddNTP (star) is performed to block further
strand synthesis. Blocked and nonblocked DLA
are defined as the procedure with and without
this ddNTP extension, respectively. After purifi-
cation to remove unincorporated ddNTP, nested
PCR (shaded rectangle) is performed with tar-
get-specific primers (TSP1 and TSP2) in combi-
nation with the adaptor primers, Nspl-5 and
Nspl-P, respectively. In the absence of ddNTP
blocking, the 5" overhang could be repaired, re-
sulting in DNA fragments flanked by the adaptor
sequence on both sides, which would serve as a
template for nonspecific amplification with only
adaptor primers (as illustrated on the right).
Blocked DLA essentially prevents the PCR reac-
tion shown on the right.

modifications. In the absence of such modifications,
partially double-stranded adaptors can participate in
interadaptor ligation, reducing their effective concen-
tration. In addition, unmodified adaptors can generate
DNA molecules with adaptors at both ends (adaptor—
adaptor molecules) that can serve as templates for
nonspecific amplification. DLA was designed to solve
these problems by using the single-stranded oligo
instead of partially double-stranded DNAs used in most
adaptor-mediated PCR methods as the adaptor. This
slight modification makes DLA simple and efficient.
Direct experimental comparisons were performed be-
tween blocked DLA and splinkerette PCR, a widely used
method of genome walking that employs a partially
double-stranded DNA as an adaptor (UREN et al. 2009).
These comparisons were performed on three known
genic targets (rf2a, al, and rad51a). Results obtained
using r1f2a are shown in Figure S3. Both blocked DLA
and splinkerette PCR exhibited high specificity. But the
bands obtained via blocked DLA were much stronger,
demonstrating that when using these templates and
conditions, blocked DLA is more sensitive than splin-
kerette PCR. Similar results were obtained for al and
rad51a (data not shown). Itis, however, difficult to make
general conclusions about sensitivity given that the

performance of genome-walking methods is dependent
upon choices of substrates, restriction enzymes, adaptor
primers, and PCR conditions.

Cloning a Mu-tagged allele of gl4 via MuClone: DLA
was adapted to clone a gene using a Mu-tagged allele. In
MuClone a set of nested adaptor primers with unique
three-nucleotide tags at their 3’ ends are used in
separate reactions (N = 32) of the final PCR step to
selectively amplify sequences flanking distinct subsets of
Mu insertions as is done in AFLP reactions. Since these
selective adaptor primers dramatically decrease the
nonspecific amplifications even under the presence of
Nsp-Nsp templates, the ddNTP blocking step can be
skipped during the MuClone procedure. MuClone
reactions are performed on DNA samples isolated from
a family that is segregating for a Mu-insertion mutant.
PCR bands that cosegregate with the Mu-tagged mutant
allele in this family (the candidate gene) are excised,
purified, and sequenced.

To test the MuClone protocol we made use of Mu-
tagged alleles of gi4. Seedlings homozygous for gl4
mutant alleles express a “glossy” phenotype (Figure
2A; EMERSON 1935) associated with alterations in the
composition and/or amount of epicuticular waxes,
which are derived from very-long-chain fatty acids.
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glda/glda

F1cure 2.—Cloning of gl4a via
MuClone. (A) gl4a mutants ex-
press a glossy phenotype due to
altered accumulation of epicutic-
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seedlings to distinguish mutant
(top left) from wild type (bottom
left). Following scanning elec-
tron microscopy (10,000X), a
mutant leaf shows fewer wax crys-
tals (top right) than a wild-type
leaf (bottom right). (B) Agarose
gel electrophoresis results of
modified DLA (MuClone) using
the adaptor primer (Nsp-15ctc).
The bands indicated by the hori-
zontal arrow were produced from
all five pools of five glda/glda
(glta-mu-94B560) plants but not
in the five pools of five Gi4a/
Gl4a plants. (C) Structure of the
gl4a gene and lesions associated
with the mutants. a, gl4a-mu-
94B366; b, glda-mu-93B170; cl,
glda-mu-94B548; 2, glda-mu-
94B327, d, glda-mu-93B321; el,
glda-mu-94B545; €2,  glda-mu-
94B324; e3, gl4a-92-1178-64; fl,

T Nspl site

glda-mu-93B103; 12, glda-mu-94B560; g, glda-mu-93B105; h, glda-mu-93-4700-2; i, glda-mu-93B102; j, glda-mu-93B107, the open
triangle designates the allele used for MuClone; solid triangles designate Mu insertions amplified after cloning the gl4a locus.
Nos. 1-5 are single-nucleotide missense mutants (star) or nonsense mutants (pentagon). Nos. 1-4 are EMS alleles. 1, gl4a-
EMS-Ac1182-368, GInl37 to stop codon; 2, gl4a-EMS-94-1001-2705, Gly214Asp; 3, gl4a-EMS-94-1001-170, Gly314Asp; 4, gl4a-

EMS-94-1001-1850, Gly412Ser; b, gl4a-ref, Trp454 to stop codon.

Mu-tagged alleles of gl4 were isolated as described
(MATERIALS AND METHODS). A set of sibling plants, each
of which had the genotype glda-mu-94B560/ glta-mu-
94B560 or G4/ Gl4, were self-pollinated. From each of
five families derived from the self-pollination of gi4a-
mu/ glta-mu plants, DNA was extracted from pooled
tissues of five glossy seedlings, resulting in five pooled
DNA samples. The same process was applied to five
nonglossy plants from each of five families derived from
the self-pollination of Gi4/Gl4 plants. These 10 pooled
DNA samples (5 mutants and 5 wild types) were used for
cosegregation analysis. MuClone analyses of these 10
samples were performed using a set of primers contain-
ing the unique three-nucleotide tags (Table S2). Among
the 32 three-nucleotide tags tested, only one (Nsplbctc)
could amplify a specific PCR band from all 5 mutant
pools and not from any of the wild-type pools (Figure
2B). This band was purified and sequenced. The
sequence of this PCR product aligned to a region of a
maize BAC that contains a gene (the gl4 candidate) that
has, on the basis of FGENESH prediction and EST
alignments, a single exon. A collection of primers was
designed on the basis of the sequence of the gl4
candidate gene. These primers, in combination with
the Mu-TIR primer, were able to amplify Mu-flanking
sequences from 13 of the 15 additional independently
isolated Mu insertion alleles of gi4 (Table 1). All of the
resulting amplified sequences aligned to the gl4 candi-

date gene (Table 1 and Figure 2C). The candidate gene
was PCR amplified from a stock homozygous for the
spontaneous reference allele of gl4 (gl4a-ref). This
amplification product was shown to contain a G/C-to-
A/T nonsense mutation at base position 1361 (codon
454, Table 1) of the coding region of the candidate gl4
gene (Figure 2C). In addition, four previously identified
EMS-induced alleles of gl4 were shown to contain
lesions of G/C-to-A/T transition (Table 1) that are
typical EMS-induced point mutations (GREENE et al.
2003). Among these four mutants, three are nonsynon-
ymous missense point mutations and one generated a
premature stop codon (Table 1). In combination, these
data establish that the DNA sequence amplified from
the glda-mu allele via MuClone is a portion of the gl4
gene and thereby establish the utility of MuClone for
cloning insertion alleles.

Combining DLA with 454 sequencing technology:
DLA was adapted for sequencing MFSs using 454
technology as illustrated in Figure 3. DNA barcodes
(Qru et al. 2003) were inserted between the 454 primer A
and the Muspecific primer to allow different input
samples that were pooled in the same 454 run to be
distinguished after sequencing. The resulting library
amplified with primer 1 and primer 2 (Figure 3A) was
subjected to 454 sequencing, using 454 primer A.
Consequently, reads start from the barcode followed
by portions of the Mu TIR and the MFS (Figure 3, B and
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TABLE 1

gl4a mutant alleles

Nucleotide change or TSD’ Represented Mutagen
Code* Allele Lesion (position®) in DLA-454¢ (source’)
1 gl4a-EMS-Ac1182-368 GInl137 to stop codon G/C to A/T (409) NA EMS
2 gl4a-EMS-94-1001-2705 Gly214Asp G/Cto A/T (641) NA EMS
3 gl4a-EMS-94-1001-170 Gly314Asp G/Cto A/T (941) NA EMS
4 gl4a-EMS-94-1001-1850  Gly412Ser G/Cto A/T (1234) NA EMS
5 glda-ref Trp454 to stop codon NA (1361) NA NA (EMERSON
et al. 1935)
a glda-mu-94B366 Mu insertion at 5'-UTR CGCCAGACC (—b4—(—46)) Yes Mu
b glda-mu-93B170 Mu insertion at 5'UTR CCTTGTCCA (—8-1) Yes Mu
cl glda-mu-94B548 Mu insertion at CDS CTGTACCAG (87-45) No Mu
c2 glda-mu-94B327 Mu insertion at CDS CTGTACCAG (37-45) No Mu
d glda-mu-93B321 Mu insertion at CDS CTGTACCTG (208-216) Yes Mu
el glda-mu-94B545 Mu insertion at CDS GGCTGGGGG (377-385) Yes Mu
e2 glda-mu-94B324 Mu insertion at CDS GGCTGGGGG (877-385) Yes Mu
e3 gl4a-92-1178-64 Mu insertion at CDS GGCTGGGGG (377-385) Yes Mu
f1 gl4a-mu-93B103 Mu insertion at CDS TGCTGCAGG (683-691) Yes Mu
2 glda-mu-94B560 Mu insertion at CDS GCTGCAGGT (684-692) Yes Mu
g glda-mu-93B105 Mu insertion at CDS GGCCCCTGG (1010-1018) Yes Mu
h gl4a-mu-93-4700-2 Mu insertion at CDS TCGCGCGCA (1061-1069) Yes Mu
i glda-mu-93B102 Mu insertion at CDS GCCAAGGGC (1282-1290) Yes Mu
j gl4a-mu-93B107 Mu insertion at CDS CGTCTGGAT (1311-1319) Yes Mu

“See Figure 2.
"TSD, 9-bp target site duplication.

“Position relative to the translation start site (ATG). ATG is located at positions 1-3; the position just before the ATG is des-

ignated —1.

“Indicates whether the Mu insertion allele is present among DLA-454 reads (see Table 2 and Figure 4).

This study if not otherwise specified.

C). The numbers of reads that carry the different
barcodes were consistent with the relative amounts of
DNA in each sample prior to pooling (data not shown).
A total of 99.7% of reads carry the Mu-specific primer
and 94% carry TIR sequences, demonstrating that
“DLA-454” specifically and efficiently amplifies MFSs.
Isolating Mu-tagged alleles of gl4 via DLA-454: The
16 independent Mu-tagged gl4 alleles used in the
MuClone experiment were subjected to DLA-454 to test
the utility of this strategy for isolating multiple alleles

A Mu flanking sequence amplification

5’ Primer 1
Q— 3
5.:

B 454 read direction
—_—

Primer 2 5
3 |='/

3

5

(or mutants) derived from insertional mutagenesis
screens (Table 2). Two approaches were used to prepare
pooled DNAs for 454 sequencing. In the first approach
16 DNA samples each of which carried a single different
gl4-Mu allele were separately subjected to the modified
DLA protocol illustrated in Figure 3 prior to pooling
amplification products across alleles. In the second
approach DNA samples from plants carrying the 16
alleles were pooled prior to conducting the modi-
fied DLA. Subsequently, DLA products from both

FIGURE 3.—DLA-454 strategy to obtain
sequences flanking Mu elements (A)
DLA was used to amplify sequences flank-
ing Mu elements. DLA primers were mod-
ified to facilitate 454 sequencing. 454
primer A and 454 primer B were appended
to the Mu-specific primer and the Nsp-P
primer, respectively. Additionally, barcodes

C Structure of a typical 454 read

5 e 1F y 3

D Structure of typical trimmed sequences

5 Lo 3

3454 primer A(left)/B(Right) [ barcode B Mu-specific primer B MuTIR EAdaptor —/ /— Mu flanking Seq

1 3 were inserted between 454 primer A and
the Muspecific primer to allow different
input samples to be analyzed in the same
454 run. (B) Typical structure of amplicons
subjected to 454 sequencing. Only 454
primer A was used for pyrosequencing.
(C) Structure of a typical 454 read. (D)
Mu flanking sequences after removal of
barcode, TIR primer, amplified TIR, and
adaptor sequences.
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TABLE 2
Summary of DLA-454 data

No. 5-kb nonoverlapping windows with the

No. 454 tljl(r)nriz}i No. Mu alleles indicated number of independent Mu insertions*
Strategy raw reads reads” identified” =7 =8 =9
Amplify—pool? 152,483 100,390 11/14 1/7 1/5 1/2
Pool-amplify” 124,468 75,582 12/14 1/3 1/2 1/1
Union of two 276,951 175,972 12/14 1/8 1/5 1/2

strategies

“Trimming as per MATERIALS AND METHODS.

"No. of alleles identified via DLLA-454/no. of Mu insertion alleles (Table 1).

“Windows on chromosome 4/windows across the entire genome.

“Conduct DLA amplification on independent alleles prior to pooling for sequencing.
“Pool genomic DNAs from independent alleles prior to DLA amplification and sequencing.

approaches were sequenced using 454 technology. After
trimming the barcodes, the Mu-specific primer, the
amplified portion of the Mu-TIR, and the Nsp-P adaptor
primer, remaining MFSs were mapped to the maize
genome (MATERIALS AND METHODS). Only reads that
mapped to fewer than five genomic locations were
retained for further analysis. The number of Mu in-
sertion sites in each 5-kb window across the genome
(using 2.5-kb steps) was determined (Table 2). Previous
genetic mapping data indicated that gi4 is located on
chromosome 4 (SCHNABLE et al. 1994). Only a single
annotated gene on chromosome 4 that contains multi-
ple independent Mu insertions was identified (Figure 4,
Table 2) and this gene is the same one identified via
MuClone. Similar results were obtained from both

A —
| dlei23 iz gih
z
B oo
70% PO 4 VAL ¥ a '»“,”"“’,‘",'-w‘,‘l.'u",‘ '
50% | ho

T il mu-93-4700-2;

pooling strategies. The 5" end of each alignment, which
indicates the position of the Mu insertion site, is located
within the gl4 transcriptional unit for each allele. The
numbers of reads obtained from the different Mu
insertions vary dramatically possibly due to GC content
and the sizes of the allele-specific DLA products (Figure
4). Even so, of the 14 alleles that can be amplified using
gene-specific primers, 11 were recovered from pooling
strategy 1 and 12 from pooling strategy 2 (Table 2).

gl4 is a homolog of CUTI that encodes a very-long-
chain fatty acid condensing enzyme required for
epicuticular wax biosynthesis: The amino acid se-
quence of GL4 shares 61% identity with the CUTI1
(CERG6) protein of Arabidopsis. CUT1/CERG is a very-
long-chain fatty acid (VLCFA) condensing enzyme

100 bp

FIGURE 4.—DILA-454 reads from the gl4 candi-
date gene. (A) Alignments of DLA-454 reads
(generated via the first pooling approach by
DLA amplification of different alleles separately
prior to pooling for 454 sequencing) that were
mapped to the gl4 candidate locus. Green and
red lines indicate reads with plus and minus ori-
entations relative to the reference sequence, re-
spectively. Inferred Mu insertion sites based on
alignments of reads were projected onto the
gl4 candidate locus (dashed line). Triangles rep-
resent the putative Mu insertions. Nspl recogni-
tion sites are indicated by vertical arrows. The
Mu insertion alleles (a, gl4a-mu-94B366; d, glta-
mu-93B321; el, glda-mu-94B545; €2, glta-mu-
94B324; €3, gl4a-92-1178-64; {1, glda-mu-93B103;
12, glta-mu-94B560; g, glda-mu-93B105; h, glda-
i, glta-mu-93B102; j, glda-mu-
.| 93B107) are designated in DLA-454 reads. (B)
i GC profile of the gl4 candidate locus (window
| size, 50 bp; step size, 1 bp).
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required for epicuticular wax biosynthesis (MILLAR et al.
1999; Fiesic et al. 2000). Using BLASTN, the gl4
genomic sequence aligns to two loci in the maize
genome (=90% identity; =90% coverage). The copy
(gl4a) cloned from the Mu-tagged allele is located on
chromosome 4 and is predicted to encode a 485-amino-
acid protein. The other copy identified by sequence
homology (gl4b) is located on chromosome 5 and is
predicted to encode a 480-amino-acid protein. The
coding region of gl4b that has full-length cDNA
(GenBank accession no. BT063439) support exhibits
96% identity with gl4a. Therefore, the maize genome
contains two presumably functional copies of CUTI. In
contrast, the Arabidopsis and rice genomes each con-
tain only a single copy of CUTI. Consistent with the
known subcellular localization of the VLCFA elongase
(BESSOULE et al. 1989; MILLAR et al. 1999; XU et al. 2002),
the Arabidopsis CUT1 and maize GL4A proteins are
predicted to be integral membrane proteins containing
two N-terminal transmembrane helices (CSERzO el al.
1997) (http://www.sbe.su.se/~miklos/DAS/). Subcel-
lular localization predictions indicate the GL4A protein
is targeted to the plasma membrane or the endoplasmic
reticulum (HORTON et al. 2007) (http:/wolfpsort.org/).
These predictions are consistent with the fact that the
membrane-bound elongase is localized in the micro-
somal fraction that includes the plasma membrane
or the endoplasmic reticulum (BESSOULE et al. 1989;
MILLAR et al. 1999; XU et al. 2002).

qRT-PCR experiments indicate gl4a transcripts accu-
mulate to only low levels in gl4a-mu-94B545 homozygous
seedlings, but to higher levels in gl4a-ref homozygous
seedlings and the highest levels in wild type (B73)
seedlings (Figure 5). These results are consistent with
the fact that the gl4a-mu-94B545 mutant contains exonic
Mu insertion, while the gl4a-ref mutant results from a
nonsense mutant at the 3" end of the gi4a gene (Figure
2C). These transcript accumulation levels are also con-
sistent with the phenotypes of these mutants; glida-
mu-94B545 mutant seedlings exhibit a strong glossy
phenotype, whereas glfa-ref mutant seedlings exhibit a
weaker glossy phenotype (data not shown). Interestingly,
the gl4a paralog, gl4b is upregulated in glda-mu-94B545
mutant seedlings, indicating the expression of gli4bis reg-
ulated at some level by the accumulation of gifa tran-
scripts. However, no significant change in the expression
of gl4b was detected in the gli4a-ref mutants. We hypothe-
size this is due to the fact that gl4a-refis a leaky mutant.

DISCUSSION

Comparisons to other methods: Several ligation-
based genome-walking strategies have been developed
(Table S3). Some (Table S3, E) rely on self-annealing,
which can result in low efficiency in large genomes. In
comparison, adaptor ligation-mediated PCR exhibits
improved genome-walking efficiency in large genomes.

wildtype control

@ 1 for gl4a-mu-94B545 B73
1]
2]
@ glda-ref (B73
c
8 <1 background)
E glda-mu
© ~1 -94B545
2
wr
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c
2
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2
=3
>
o _ |
o
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8 o I g/4a
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FiGure 5.—Relative accumulation of gl4a and gl4b tran-
scripts in gl/4a mutant and wild-type seedlings. DNase-treated
RNAs from gl4a mutants and wild types were used for real-
time RT-PCR. The relative expressions of gl4a and its paralog,
gl4b, were adjusted using the expression level of the house-
keeping gene, cytosolic GAPDH (GapC, GenBank accession
no. X07156). RT-PCR was conducted on five to eight biolog-
ical replications per genotype. Two technical replicates were
included in each RT-PCR plate, and average Ct values were
used for further analyses.

Multiple versions of adaptor ligation-mediated PCR have
been developed (e.g, RILEY et al. 1990; JoNES and
WINISTORFER 1992; DEVON ef al. 1995; HENGEN 1995;
FrREY e al 1998; KiLsTRUP and KRISTIANSEN 2000;
EDWARDS ¢t al. 2002; O’MALLEY et al. 2007; UREN et al.
2009). Typically, partially double-stranded DNA is used as
the adaptor to ligate with digested genomic DNA. Two
ligationrelated problems are recognized. First, the
double-stranded adapters can ligate to each other
(interadaptor ligation), reducing the frequency of de-
sired products (Table S3, Cand D). Second, adaptors can
ligate to both strands of both ends of genomic DNA
fragments (adaptor—adaptor molecules). Such adaptor—
adaptor molecules can serve as templates for nonspecific
amplification (Table S3, B and D). Several modifications
(RILEY et al. 1990; JoNESs and WINISTORFER 1992; DEVON
et al. 1995; HENGEN 1995; FREY et al. 1998; O’MALLEY ¢t al.
2007; UREN et al. 2009) have been developed to over-
come these problems, but none solves both problems.
In the DLA ligation system, an oligo is used as the
adaptor. The adaptor oligo anneals to the 3'-digested
overhang. Nicks between the adaptor oligo and the
digested 5’ end can be repaired by T4 DNA ligase. The
new overhang, containing a portion of the adaptor
sequence, is formed after ligation. Unfortunately,


BT063439
http://www.sbc.su.se/~miklos/DAS/
http://www.sbc.su.se/~miklos/DAS/
http://www.sbc.su.se/~miklos/DAS/
http://wolfpsort.org/
http://wolfpsort.org/
http://www.genetics.org/cgi/data/genetics.109.108936/DC1/7
http://www.genetics.org/cgi/data/genetics.109.108936/DC1/7
http://www.genetics.org/cgi/data/genetics.109.108936/DC1/7
http://www.genetics.org/cgi/data/genetics.109.108936/DC1/7
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subsequent PCR steps could fill this 5" overhang to form
adaptor priming sites at both ends of a DNA molecule
(Figure 1). If so, such a DNA molecule could be
amplified by the adaptor primer even in the absence
of targetspecific primers, resulting in nonspecific
amplification. To avoid 5’-overhang fill-in that introdu-
ces such adaptor—adaptor DNAs, ddNTPs were used to
block the 3" ends. The ddNTP blocking was shown to
improve amplification specificity, which can be a prob-
lem with several other adaptor-mediated PCR methods
(Table S3, B and D). The single-stranded oligo used in
DLA is not expected to participate in interadaptor
ligation. This results in higher concentrations of oligos,
which is expected to increase ligation efficiency as
compared to methods listed in Table S3, C and D. In
addition, during DLA amplification, an adaptor primer
works only on the newly synthesized strand primed by
the target-specific primer, further increasing specificity.
Taken together, these features make DLA efficient and
highly specific.

DLA is a general method for amplifying DNA
flanking known sequences: It should be possible to
apply the DLA method generally for obtaining unknown
sequences flanking known target sequences, such as
transposons, T-DNA, and transgenes. For unsequenced
genomes, this method will be useful for determining
sequences upstream and/or downstream of a known
target locus (e.g., the isolation of promoter sequences
associated with a full-length cDNA). It should be pos-
sible to broaden the application of DLA by utilizing
different restriction enzymes for genomic digestion. At
least three criteria should be considered when doing so:
(1) restriction enzymes that produce 3’ overhangs are
preferred (this is because the oligo adaptor can be li-
gated to the resulting restriction fragments without
phosphorylation), (2) the average size of the restriction
fragments should be suitable for PCR amplification, and
(3) no recognition sites for the selected restriction en-
zyme should exist in the portion of the known sequence
to be amplified.

MuClone is a simple and efficient approach for
cloning Mu-tagged genes: Mu transposons are widely
used for forward genetics in maize. Active Mu trans-
poson lines contain ~50-200 copies of Mu and even
commercial inbred lines have several dozen Muw-related
sequences (WALBOT and WARREN 1988; SETTLES el al.
2004). These high copy numbers greatly complicate the
visualization of individual Mu transposons following
PCR amplification. The DLA method addresses this
problem using an approach similar to that used during
AFLP to amplify subsets of Mu transposons in separate
reactions. Selective amplification of Mu flanking se-
quences is achieved by appending a series of unique
three-nucleotide tags to the adaptor primer during the
nested PCR (Nspl-P). This achieves sufficient complex-
ity reduction to permit Mu-derived amplification prod-
ucts to be individually visualized via agarose gel

electrophoresis. Taking advantage of this feature, DLA
can be used to identify sequences that flank a Mu
transposon and that cosegregate with mutant pheno-
types. The amplification of Nsp-Nsp templates requires
that the selective adaptor primer matches both ends of
Nsp-Nsp DNAs, thus dramatically decreasing the non-
specific amplifications even under the presence of Nsp-
Nsp templates. Therefore, the blocked step need not be
performed during the MuClone procedure.

DILA-454, a specific and practicable strategy for high-
throughput sequencing of Mu flanking sequences: The
DILA-454 strategy combines DLA with 454 pyrosequencing
to analyze MFSs. Approximately 94% of DL.A-454 sequenc-
ing reads contain the expected MwTIR sequences, dem-
onstrating the specificity of DLA. We were among the first
to use barcodes to deconvolute pooled cDNA libraries
after sequencing ESTs (Qru et al. 2003). We have now
applied this technology to pool samples prior to DLA-454
sequencing. To avoid the potential of confusion among
samples due to sequencing errors an edit distance of at
least two is required between distinct barcodes. Consider-
ing the number of input DNA samples, for this project 6-
base barcodes were sufficient, but because 454 reads are
long relative to the lengths of barcodes, large numbers of
samples could potentially be pooled in a single 454 run.

Because we were able to clone the gi4 gene using both
DLA-454 and MuClone, we conclude that DLLA-454 is an
efficient method for cloning genes for which multiple
Mu-tagged alleles are available. A significant advantage
of DLA-454 over MuClone is that it is not necessary to
develop a segregating population that can save calendar
time. On the other hand, if multiple independent
alleles are not available for a given gene, DLA-454 could
still be used by comparing Mu insertion sites in a pool of
mutants vs. a pool of nonmutant siblings from a seg-
regating population. The use of DNA barcodes allows
multiple mutants to be analyzed in a single 454 run,
reducing the per gene cost of cloning via DLA-454.
Given its efficiency, it would be possible to use DLLA-454
in combination with barcodes to create a sequence-
indexed collection of Mu-insertion alleles of maize for
reverse genetics (FERNANDES et al. 2004; SETTLES et al.
2007; VANDENBUSSCHE et al. 2008). With minor mod-
ifications DLA-454 could also be used to construct a
sequence-indexed collection of other maize insertions
or insertion alleles in other species.

gl4a is a maize homolog of CUT1I: Epicuticular waxes
cover all aerial surfaces of land plants, where they
prevent nonstomatal water loss and protect plants from
frostinduced injury, UV radiation, and pathogens
(POST-BEITTENMILLER 1996). In addition, they play
important roles in pollen—stigma and plant-insect
interactions (POST-BEITTENMILLER 1996). Several maize
genes related to the accumulation of epicuticular waxes
have been cloned, including g/I (HANSEN et al. 1997;
STURARO et al. 2005), gl2 (TACKE et al. 1995), gl§ (Xu
etal. 1997),and gl15 (Moosk and Sisco 1996). Similarly,
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epicuticular wax genes have been cloned from Arabi-
dopsis, including CERI (Aarts et al. 1995), CER2
(NEGRUK et al. 1996; X1A et al. 1996), CER3 (HANNOUFA
et al. 1996), CER4 (ROWLAND e¢f al. 2006), CER5 (PIGHIN
et al. 2004), CER6/CUTI (MILLAR et al. 1999; FIEBIG et al.
2000), CER7 (HOOKER et al. 2007), CER10 (ZHENG et al.
2005), and PAS2 (BAcH et al. 2008).

Epicuticular waxes are composed of derivatives of
VLCFAs that are synthesized via four enzymatic reac-
tions: condensation, reduction, dehydration, and a sec-
ond reduction. In maize, the reduction step is encoded
by gl8 (XU et al. 1997) and in Arabidopsis, the de-
hydration step is encoded by PAS2 (BacH et al. 2008).
The CUTI1 protein functions in the condensation
reaction, which is thought to be rate limiting (MILLAR
and KuNsT 1997; MILLAR el al. 1999). The phenotype of
gl4 mutants demonstrates that this gene is required for
epicuticular wax accumulation in maize. Our finding
that the gl4a gene encodes a CUTI homolog is consis-
tent with the function of this protein in the biosynthesis
of epicuticular waxes in Arabidopsis, where defects in
CUT1resultin waxless stems (FIEBIG et al. 2000; HOOKER
et al. 2002). Like several Arabidopsis mutants that in-
terrupt the accumulation of epicuticular waxes, CUTI
mutants confer conditional male sterility (FIEBIG et al.
2000; HOOKER et al. 2002). This is thought to be a con-
sequence of an interruption in the tapetal cells of the
biosynthesis of lipids destined for inclusion in the exine
(Arnzumt et al. 2004). In contrast, only two of the maize
glossy mutants (not including gi4) affect male fertility
(C.R.D1eTrRICH and P. S. SCHNABLE, unpublished data).
This could be a consequence of differing roles of epi-
cuticular wax genes in tapetal cells and pollen de-
velopment between Arabidopsis and maize or due to
genetic redundancy in maize. Although the observed
expression interactions between gl4a and its paralog,
gl4b, are at least consistent with the latter argument, we
favor the former hypothesis because no gl4a or gl4b
transcripts were observed among 333,174 454-ESTs iso-
lated from tapetal cells of maize anthers (J. Cao and
P. S. ScHNABLE, unpublished data).

We thank Philip Stinard for technical assistance with the g/4 tagging
experiment; Li Fan for generating families segregating for the gi4
mutants; Jun Cao for sharing unpublished data; Michael Miller, An-
Ping Hsia, and Yan Fu for useful discussions; Lisa Coffey, Hailing Jin,
and undergraduate students Tintfen Low and Jia-Ling Pik for
technical assistance; and the maize genome sequencing project
(DBI-0527192) for sharing the sequences of BACs prior to publication.
This research was supported in part by grants from the National
Science Foundation (award no. DBI-6344852) to P. S. Schnable and B.
J. Nikolau and from the National Research Initiative of the U.S.

Department of Agriculture Cooperative State Research, Education
and Extension Service, grant no. 2005-35301-15715 to P. S. Schnable.

LITERATURE CITED

AarTs, M. G., C. J. Keyjzer, W. J. STIEKEMA and A. PEREIRA,
1995 Molecular characterization of the CERI gene of Arabi-
dopsis involved in epicuticular wax biosynthesis and pollen fertil-
ity. Plant Cell 7: 2115-2127.

ALONSO, J. M., A. N. STEPANOVA, T. J. LEISSE, C. J. Kim, H. CHEN et al.,
2003 Genome-wide insertional mutagenesis of Arabidopsis
thaliana. Science 301: 653-657.

Artizuowmi, T., K. HaATAkREYAMA, K. HinaTA, R. INATSUGH, 1. NISHIDA
et al., 2004 Disruption of the novel plant protein NEF1 affects
lipid accumulation in the plastids of the tapetum and exine for-
mation of pollen, resulting in male sterility in Arabidopsis thali-
ana. Plant J. 39: 170-181.

BacH, L., L. V. MicHAELSON, R. Hast.AM, Y. BELLEC, L. GISsoT ¢t al.,
2008 The very-long-chain hydroxy fatty acyl-CoA dehydratase
PASTICCINO?Z is essential and limiting for plant development.
Proc. Natl. Acad. Sci. USA 105: 14727-14731.

BeNITO, M. 1., and V. WALBOT, 1997 Characterization of the maize
Mutator transposable element MURA transposase as a DNA-
binding protein. Mol. Cell. Biol. 17: 5165-5175.

BESsOULE, J. J., R. LEssIRE and C. CASSAGNE, 1989  Partial purifica-
tion of the acyl-CoA elongase of Allium porrum leaves. Arch. Bio-
chem. Biophys. 268: 475-484.

BrurnELL, T. P,, 2002 Transposon tagging in maize. Funct. Integr.
Genomics 2: 4-12.

BruTNELL, T. P, and L. J. ConraD, 2003 Transposon tagging using
Activator (Ac) in maize. Methods Mol. Biol. 236: 157-176.
CsErzo, M., E. WALLIN, I. SimoN, G. voN HEINE and A. ELOFSSON,
1997 Prediction of transmembrane alpha-helices in prokaryotic
membrane proteins: the dense alignment surface method. Pro-

tein Eng. 10: 673-676.

DEevon, R.S.,D.J. PorTEOUS and A. J. BROOKES, 1995  Splinkerettes—
improved vectorettes for greater efficiency in PCR walking. Nu-
cleic Acids Res. 23: 1644-1645.

DietricH, C. R, F. Cui, M. L. PAckiLa, J. L1, D. A. ASHLOCK et al.,
2002 Maize Mu transposons are targeted to the 5" untranslated
region of the gI8 gene and sequences flanking Mu target-site du-
plications exhibit nonrandom nucleotide composition through-
out the genome. Genetics 160: 697-716.

Epwarps, D., J. CoGHiLL, J. BATLEY, M. HoLbsworTH and K. J.
Epwarps, 2002 Amplification and detection of transposon in-
sertion flanking sequences using fluorescent muAFLP. Biotech-
niques 32: 1090-1092, 1094, 1096-1097.

EmERSON, R. A., G. W. BEADLE and A. C. FRASER, 1935 A summary of
linkage studies in maize. Cornell University Agric. Exp. Stn.
Memoir 180: 1-83.

FERNANDES, J., Q. DONG, B. SCHNEIDER, D. ]J. MorrOWw, G. L. NaAN
et al., 2004 Genome-wide mutagenesis of Zea mays L. using Res-
cueMu transposons. Genome Biol. 5: R82.

F1eB1G, A., J. A. MAYFIELD, N. L. MILEY, S. CHAU, R. L. FISCHER et al.,
2000  Alterations in CER6, a gene identical to CUT], differen-
tially affect long-chain lipid content on the surface of pollen and
stems. Plant Cell 12: 2001-2008.

Frey, M., C. STETTNER and A. GIERL, 1998 A general method for
gene isolation in tagging approaches: amplification of insertion
mutagenised sites (AIMS). Plant J. 13: 717-721.

GREENE, E. A., C. A. Copomo, N. E. TAYLOR, J. G. HENIKOFF, B. J. T1LL
et al., 2003  Spectrum of chemically induced mutations from a
large-scale reverse-genetic screen in Arabidopsis. Genetics 164:
731-740.

HANNOUFA, A., V. NEGRUK, G. E1sNER and B. LEMIrux, 1996 The
CER3 gene of Arabidopsis thaliana is expressed in leaves, stems,
roots, flowers and apical meristems. Plant J. 10: 459-467.

HaNskN, J. D., J. Pyeg, Y. Xia, T. J. WEN, D. S. ROBERTSON et al.,
1997 The glossyl locus of maize and an epidermis-specific
cDNA from Kleinia odora define a class of receptor-like proteins
required for the normal accumulation of cuticular waxes. Plant
Physiol. 113: 1091-1100.

HENGEN, P. N, 1995 Vectorette, splinkerette and boomerang DNA
amplification. Trends Biochem. Sci. 20: 372-373.

Hooker, T. S., A. A. MiLLAR and L. KunsT, 2002 Significance of the
expression of the CER6 condensing enzyme for cuticular wax
production in Arabidopsis. Plant Physiol. 129: 1568-1580.

HoOOKER, T. S., P. Lam, H. ZHENG and L. KunsT, 2007 A core subunit
of the RNA-processing/degrading exosome specifically influen-
ces cuticular wax biosynthesis in Arabidopsis. Plant Cell 19:
904-913.

HortoN, P, K. J. PArk, T. OBavasHi, N. Fujrta, H. HARADA et al.,
2007 WoLF PSORT: protein localization predictor. Nucleic
Acids Res. 35: W585-W587.



Cloning Insertion Alleles 1225

James, M. G., D. S. RoBerTsoN and A. M. MyEers, 1995 Char-
acterization of the maize gene sugaryl, a determinant of starch
composition in kernels. Plant Cell 7: 417-429.

Jongs, D. H., and S. C. WINISTORFER, 1992  Sequence specific gen-
eration of a DNA panhandle permits PCR amplification of un-
known flanking DNA. Nucleic Acids Res. 20: 595-600.

KiLstruP, M., and K. N. KRISTIANSEN, 2000  Rapid genome walking:
a simplified oligo-cassette mediated polymerase chain reaction
using a single genome-specific primer. Nucleic Acids Res. 28:
E55.

KoLesNik, T., I. SZEVERENYI, D. BACHMANN, C. S. KUMAR, S. JIANG
et al., 2004 Establishing an efficient Ac/Ds tagging system in
rice: large-scale analysis of Ds flanking sequences. Plant J. 37:
301-314.

KumMmarg, C. S., R. A. WING and V. SUNDARESAN, 2005 Efficient inser-
tional mutagenesis in rice using the maize En/Spm elements.
Plant J. 44: 879-892.

May, B. P, H. Liu, E. VOLLBRECHT, L. SENIOR, P. D. RABINOWICZ et al.,
2003 Maize-targeted mutagenesis: a knockout resource for
maize. Proc. Natl. Acad. Sci. USA 100: 11541-11546.

McCarty, D. R., A. M. SETTLES, M. SUZUKI, B. C. TAN, S. LATSHAW
et al., 2005 Steady-state transposon mutagenesis in inbred
maize. Plant J. 44: 52-61.

MILLAR, A. A., and L. KUNsT, 1997 Very-long-chain fatty acid biosyn-
thesis is controlled through the expression and specificity of the
condensing enzyme. Plant J. 12: 121-131.

MILLAR, A. A., S. CLEMENS, S. ZAcHGO, E. M. GiBLIN, D. C. TAYLOR
et al., 1999 CUTI, an Arabidopsis gene required for cuticular
wax biosynthesis and pollen fertility, encodes a very-long-chain
fatty acid condensing enzyme. Plant Cell 11: 825-838.

Mrvao, A., K. TaNAkA, K. MuraTA, H. Sawaki, S. TAKEDA et al.,
2003 Target site specificity of the Tos17 retrotransposon shows
a preference for insertion within genes and against insertion in
retrotransposon-rich regions of the genome. Plant Cell 15: 1771—
1780.

Moosk, S. P, and P. H. Sisco, 1996 Glossyl5, an APETALAZ2-like
gene from maize that regulates leaf epidermal cell identity.
Genes Dev. 10: 3018-3027.

NEGRUK, V., P. YANG, M. SuBramANIAN, J. P. McNEvVIN and B.
Lemieux, 1996 Molecular cloning and characterization of the
CER2 gene of Arabidopsis thaliana. Plant J. 9: 137-145.

O’MALLEY, R. C,, J. M. ALonso, C. J. Kiv, T. J. LEIssE and J. R. ECKER,
2007 An adapter ligation-mediated PCR method for high-
throughput mapping of T-DNA inserts in the Arabidopsis ge-
nome. Nat. Protoc. 2: 2910-2917.

PicHIN, J. A., H. ZHENG, L. J. BAaLaksHIN, 1. P. Goopman, T. L.
WESTERN el al., 2004 Plant cuticular lipid export requires an
ABC transporter. Science 306: 702-704.

POST-BEITTENMILLER, D., 1996 Biochemistry and molecular biology
of wax production in plants. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 47: 405-430.

Qru, F, L. Guo, T. J. WEN, F. Liu, D. A. AsHLOCK et al., 2003 DNA
sequence-based “bar codes” for tracking the origins of expressed
sequence tags from a maize cDNA library constructed using mul-
tiple mRNA sources. Plant Physiol. 133: 475-481.

RILEY, J., R. BUTLER, D. OGILVIE, R. FINNIEAR, D. JENNER el al.,
1990 A novel, rapid method for the isolation of terminal se-
quences from yeast artificial chromosome (YAC) clones. Nucleic
Acids Res. 18: 2887-2890.

RowraND, O., H. ZHENG, S. R. HEPWORTH, P. LAM, R. JETTER et al.,
2006 CER4 encodes an alcohol-forming fatty acyl-coenzyme A
reductase involved in cuticular wax production in Arabidopsis.
Plant Physiol. 142: 866-877.

SarLraup, C., C. GAy, P. LARMANDE, M. BEs, P. PIFFANELLI et al.,
2004 High throughput T-DNA insertion mutagenesis in rice:
a first step towards in silico reverse genetics. Plant J. 39: 450-464.

SCHNABLE, P. S., P. S. STINARD, T. J. WEN, S. HEINEN, D. WEBER et al.,
1994 The genetics of cuticular wax biosynthesis. Maydica 39:
279-287.

SETTLES, A. M., S. LATsHAW and D. R. McCarty, 2004 Molecular
analysis of high-copy insertion sites in maize. Nucleic Acids
Res. 32: eb4.

SETTLES, A. M., D. R. HOLDING, B. C. TaN, S. P. LaATsnAw, J. L1u et al.,
2007 Sequence-indexed mutations in maize using the Uniform-
Mu transposon-tagging population. BMC Genomics 8: 116.

SuyaMALA, V., and G. F. AmEs, 1989 Genome walking by single-
specific-primer polymerase chain reaction: SSP-PCR. Gene 84:
1-8.

SPEULMAN, E., P. L. METZ, G. VAN ARKEL, B. TE LINTEL HEKKERT, W. J.
STIEKEMA et al., 1999 A two-component enhancer-inhibitor
transposon mutagenesis system for functional analysis of the Ara-
bidopsis genome. Plant Cell 11: 1853-1866.

STURARO, M., H. HARTINGS, E. SCHMELZER, R. VELASCO, F. SALAMINI
et al., 2005 Cloning and characterization of GLOSSY1, a maize
gene involved in cuticle membrane and wax production. Plant
Physiol. 138: 478-489.

TAcKE, E., C. KORFHAGE, D. MiCcHEL, M. MADDALONI, M. MOTTO ¢t al.,
1995 Transposon tagging of the maize Glossy2 locus with the
transposable element En/Spm. Plant J. 8: 907-917.

UReN, A. G., H. MIKKERS, J. Koor, L. vAN DER WEYDEN, A. H. LUND
et al., 2009 A high-throughput splinkerette-PCR method for the
isolation and sequencing of retroviral insertion sites. Nat. Protoc.
4: 789-798.

VANDENBUSSCHE, M., A. JANSSEN, ]J. ZETHOF, N. vaN ORrsouw, ].
PETERS et al., 2008 Generation of a 3D indexed Petunia inser-
tion database for reverse genetics. Plant J. 54: 1105-1114.

Wavrsor, V., and C. WARREN, 1988 Regulation of Mu element copy
number in maize lines with an active or inactive Mutator trans-
posable element system. Mol. Gen. Genet. 211: 27-34.

Xi1a, Y., B. J. NikorAu and P. S. ScHNABLE, 1996  Cloning and char-
acterization of CER2, an Arabidopsis gene that affects cuticular
wax accumulation. Plant Cell 8: 1291-1304.

Xu, X., C. R. DietricH, M. DELLEDONNE, Y. X1A, T. ]J. WEN et al,
1997 Sequence analysis of the cloned glossy8 gene of maize sug-
gests that it may code for a beta-ketoacyl reductase required for
the biosynthesis of cuticular waxes. Plant Physiol. 115: 501-510.

Xu, X., C. R. DIETRICH, R. LESSIRE, B. J. NIKOLAU and P. S. SCHNABLE,
2002 The endoplasmic reticulum-associated maize GL8 protein
is a component of the acyl-coenzyme A elongase involved in the
production of cuticular waxes. Plant Physiol. 128: 924-934.

Yunis, I, M. Sarazar and E. J. Yunis, 1991  HLA-DR generic typing
by AFLP. Tissue Antigens 38: 78-88.

7ZHENG, H., O. RowLAND and L. KunsT, 2005  Disruptions of the Ara-
bidopsis Enoyl-CoA reductase gene reveal an essential role for
very-long-chain fatty acid synthesis in cell expansion during plant
morphogenesis. Plant Cell 17: 1467-1481.

Communicating editor: J. BOEKE



GENETICS

Supporting Information
http://www.genetics.org/cgi/content/full /genetics.109.108936,/DC1

DLA-Based Strategies for Cloning Insertion Mutants: Cloning
the g/4 Locus of Maize Using Mu Transposon Tagged Alleles

Sanzhen Liu, Charles R. Dietrich and Patrick S. Schnable

Copyright © 2009 by the Genetics Society of America
DOI: 10.1534/genetics.109.108936



2SI S. Liu et al.

Cross 1: Gl4a Su/Gl4a Su (Mu stock) X glda-ref sulglda-ref su

Selection of rare seedlings
with glossy phenotype

Cross 2: gl4a-Mu Su/gld4a-ref su X Gl4a Su/Gl4a Su (W64A Inbred)
Cross 3: gl4a-Mu Su/Gl4a Su® or glda-ref Su/Gl4a Su®

multiple crosses to Q60 with selection
at each generation for g/ alleles

gld4a-mu Su/Gld4a Su®@ or gl4a-ref Su/Glda Su®

Cross 4: gl4a-mu Su/gl4a-mu Su®Q gld4a-mu Su/Glda SuQ Gl4a Su/Glda Su®

v v v

(All glossy) (3:1 segregation) (Al wildtype)
Pool 5 plants Pool 5 plants
I J

v

MuClone Segregation Analysis

FIGURE S1.—Direct tagging and construction of g/4a segregating populations. Mu active plants from Mu stock that carry wildtype
alleles of g/4a were detasseled and pollinated by homozygous gl4a-ref7 gl4a-ref mutants in an isolation plot (Cross 1). The linked gene su/
was ~25 cM apart from gl4a and was used as genetic marker to distinguish g/4a-ref and gl4a-mu alleles in subsequent generations. The
progeny of Cross 1 were screened for rare glossy seedlings indicative of newly generated Mu induced mutants of gl4a. Glossy seedlings
were recovered and crossed to the inbred W64A (Cross 2) and the resulting progeny were self pollinated (Cross 3). Ears segregating for
sugary phenotypes and thus more likely coupled with g/4a-ref were discarded. However some recombinant chromosome that carried
gl4a-ref and Su could not be distinguished and were carried to next generations. Subsequently, three recurrent outcrosses were
performed to the non-Mutator hybrid “standard Q60" (a cross of the inbreds Q66 and Q67; Hallauer, 1967) to generate a stock that
carried g/4a-mu and fewer copies of the Mu transposons. Following backcrossing progeny were continuously self-pollinated twice. Selfed
progeny (from Cross 4) were screened for glossy mutants. Five mutant seedlings from each selfed family that all were g/4a mutants and
five nonmutant seedlings from each selfed family that did not segregate for g/4a mutants were pooled for DNA isolation and used for co-
segregation analysis.
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A B
algene rf2a gene
~280 bp ~380 bp
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Non- Non-
Blocked Blocked H20 M Blocked Blocked H20 M

-

——

400 bP 400 bp

~ 200 bp 200 bp
100 bp 100 bp

FIGURE S2.—Using known sequences to test DLA. The Nspl sites flanking gene-specific primers in the a7 and 7/2a
genes are indicated by vertical lines. Black bars designate exons. The products of blocked and non-blocked DLA for
the a/ and 7/2a genes were subjected to agarose gel electrophoresis. H20 was used as a PCR negative control. The
bands expected based on the gene structures (indicated by horizontal arrows) were observed.
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rf2a ~178 bp
|

~70 bp
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— i T
X005 > >saeA | exon?

rf2-L1 rf2-L2

Nspl

M Sp1 DLA1 Sp2 DLA2

200 bp
100 bp

FIGURE S3.—Comparison between blocked DLA and splinkerette PCR. The Nspl and Sau3Al sites in intron6 of 7/2a genes
are indicated by vertical lines. Black bars designate exons. Nested PCR was performed using primers rf2-L1
(O’'TAGTATCTGCTTCGCCGGTAAS’) and rf2-L2 (5’CAACCAACGAGCCATTACATTS’) in combination with method-
appropriate adaptor primers. The products of splinkerette PCR and blocked DLA were subjected to agarose gel electrophoresis.
Because the two methods have different requirements for the restriction enzymes used, the resulting PCR products exhibit
different sizes, as expected (horizontal arrows). Spl and 2 represent two replications of splinkerette PCR and DLA1 and 2

represent two replications of blocked DLA.
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TABLE S1
Target-specific primers
Primer Sequence (5'-3") Length Target TSPa Paired
(bp) primer
Mu-TIR  AGAGAAGCCAACGCCAWCGCCTCYATTTCGTC 32 Mu TSPl Nspl-5
aMu25 CTTCGTCYATAATGRCAATTATCTC 25 Mu TSP2  Nspl-P
AeMuP GCCTCCCTCGCGCCATCAGgtgtctGCCTCYATTTCGTCGAATC 44 Mu TSP2  Nspl-P
AfMub GCCTCCCTCGCGCCATCAGagttgtGCCTCYATTTCGTCGAATC 44 Mu TSP2  Nspl-P
AgMub GCCTCCCTCGCGCCATCAGtatggaGCCTCYATTTCGTCGAATC 44 Mu TSP2  Nspl-P
AhMub GCCTCCCTCGCGCCATCAGattctgGCCTCYATTTCGTCGAATC 44 Mu TSP2  Nspl-P
A1-2876 TACTCGATCCTCAAGCAGGTG 21 al TSPl Nspl-5
A1-2656  CGCTGACGACACCTTTTATTT 21 al TSP2  Nspl-P
Rf2-L7 CAAACAAGCCCACAAATCCT 20 1f2a TSPl Nspl-5
Rf2-L6 AAGTGCCTAGGTCCCACCTT 20 1f2a TSP2  Nspl-P

a target-specific prime (TSP1 is used in primary PCR, while TSP2 is used in secondary PCR.)

b barcoded composite primers, containing 454 primer A (5> GCCTCCCTCGCGCCATCAG 3’), the barcode (low
case), and the Mu-specific primer (5> GCCTCYATTTCGTCGAATC 3°).
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TABLE S2

Primers used for selective PCR during MuClone

Primer_name Sequence (5°-3’)

Nsp-16caa GTCACAGCATGTCATGcaa
Nsp-15cac TCACAGCATGTCATGcac
Nsp-15cag TCACAGCATGTCATGcag
Nsp-16cat GTCACAGCATGTCATGcat
Nsp-15cca TCACAGCATGTCATGcca
Nsp-15cce TCACAGCATGTCATGceec
Nsp-15ceg TCACAGCATGTCATGceg
Nsp-15cct TCACAGCATGTCATGeccet
Nsp-15cga TCACAGCATGTCATGcga
Nsp-15cge TCACAGCATGTCATGcege
Nsp-15cgg TCACAGCATGTCATGcgg
Nsp-15cgt TCACAGCATGTCATGcegt
Nsp-16cta GTCACAGCATGTCATGcta
Nsp-15cte TCACAGCATGTCATGcte
Nsp-15ctg TCACAGCATGTCATGctg
Nsp-16¢tt GTCACAGCATGTCATGctt
Nsp-16taa GTCACAGCATGTCATGtaa
Nsp-16tac GTCACAGCATGTCATGtac
Nsp-16tag GTCACAGCATGTCATGtag
Nsp-16tat GTCACAGCATGTCATGtat
Nsp-16tca GTCACAGCATGTCATGtca
Nsp-15tce TCACAGCATGTCATGtcc
Nsp-15tcg TCACAGCATGTCATGtcg
Nsp-16tct GTCACAGCATGTCATGtct
Nsp-16tga GTCACAGCATGTCATGtga
Nsp-15tge TCACAGCATGTCATGtgc
Nsp-15tgg TCACAGCATGTCATGtgg
Nsp-16tgt GTCACAGCATGTCATGtgt
Nsp-16tta GTCACAGCATGTCATGtta
Nsp-16ttc GTCACAGCATGTCATGttc
Nsp-16ttg GTCACAGCATGTCATGttg

Nsp-16ttt GTCACAGCATGTCATGttt
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TABLE S3

Comparison between selected ligation-based PCR genome walking methods

Ligatio
Non-specific Inter-
Methods Reference Specificit ! Adaptors description® Primers for amplificatio adaptor
citation y2 require PCRe
n ligationd
d
Ideal method NA 100% NA Short and requiring no NA No No
modifications
A: Our method
Blocked DLA This study >94% Yes ss-oligo, a single oligo TSP+AP 0/94¢ No
without modification (~20
bp)
B: Methods with non-specific amplification
Splinkerette (UREN et al. NT* Yes ds-adaptor containing two TSP+AP Medium,fro Nosg
PCR 1 2009) oligos (~60bp and 48 bp) m APgh
without modification
C:: Method with inter-adaptor ligation
Splinkerette (O'MALLEY et NTf Yes ds-adaptor; One oligo TSP+AP Low Yes
PCR 2 al. 2007) (~45bp) without
modification; the other
(~12bp) must be 5’
phosphorylated and 3’ C7
amino modification
D: Methods with non-specific amplification and inter-adaptor ligation
Vectorette (RILEY et al. NT* Yes ds-adaptor; One oligo TSP+AP High, from Yes
PCR 1990) (~48bp) without APi
modification; the other
(~52bp) must be 5’
phosphorylated
Capture PCR (FREY et al. NTf Yes ds-adaptor; One oligo TSP+AP High, from Yes
(e.g., AIMS) 1998) (~14bp) without APi
modification; the other
(~16bp) must be 5’
phosphorylated
E: Methods requiring self-annealing
Panhandle (JONES and NT* Yes A target-sequence TSP Low No
PCRK WINISTORFER depended ss-oligo with 5’

1992) phosphorylation
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Inverse PCR (TRIGLIA et al. NT* Yes, None required TSP Low NA
1988) self-
ligatio
n
F: Not widely adopted method
BDA (HENGEN 1995) NTf Yes A long ss-oligo (>100 bp) TSP Low Yes
(Boomerang with 5’ phosphorylation
DNA
amplification)

2 The frequency of desired PCR products from target sites among the total products

b ss-oligo: single-stranded oligo; ds-adaptor: double-stranded adaptor

¢ TSP: target-specific primer; AP: adaptor primer

d Inter-adaptor ligation could decease the chance of desired ligation between adaptors and digested gDNAs.

¢ Using blocking step, 0/94 of "fill-in" PCR products were identified.

f Apparently not tested; based on papers obtained from PubMed as of 8/10/09

¢ Different modified splinkerette PCR methods (DEVON ez al. 1995; O'MALLEY et al. 2007) exhibit different features.

h During the elongation step of PCR, unligated short-stranded adaptors could be removed and the 5' overhang could be
filled to become blunt ended. These "fill-in" molecules will serve as templates for generating non-specific PCR products.
i “End-repair priming” can generate non-specific products (HUI e al. 1998).

J Undesired captured products serve as templates for non-specific amplification.

k This method requires self-annealing that is similar to inverse PCR which limits its wide application (SPEULMAN et al.
1999).
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