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Genes that confer defense against pathogens often are clustered in the genome and evolve via diverse mechanisms.
To evaluate the organization and content of a major defense gene complex in cereals, we determined the complete se-
quence of a 261-kb BAC contig from barley cv Morex that spans the 

 

Mla

 

 (powdery mildew) resistance locus. Among the
32 predicted genes on this contig, 15 are associated with plant defense responses; 6 of these are associated with de-
fense responses to powdery mildew disease but function in different signaling pathways. The 

 

Mla

 

 region is organized
as three gene-rich islands separated by two nested complexes of transposable elements and a 45-kb gene-poor re-
gion. A heterochromatic-like region is positioned directly proximal to 

 

Mla

 

 and is composed of a gene-poor core with 17
families of diverse tandem repeats that overlap a hypermethylated, but transcriptionally active, gene-dense island. Pa-
leontology analysis of long terminal repeat retrotransposons indicates that the present 

 

Mla

 

 region evolved over a pe-
riod of 

 

�

 

7 million years through a variety of duplication, inversion, and transposon-insertion events. Sequence-based
recombination estimates indicate that 

 

R

 

 genes positioned adjacent to nested long terminal repeat retrotransposons,
such as 

 

Mla

 

, do not favor recombination as a means of diversification. We present a model for the evolution of the 

 

Mla

 

region that encompasses several emerging features of large cereal genomes.

 

INTRODUCTION

 

Plant resistance genes often belong to large, clustered fam-
ilies. Proteins encoded by these host resistance determi-
nants (

 

R

 

) are thought to interact directly or indirectly with
cognate pathogen avirulence factors (

 

Avr

 

) in a gene-for-
gene manner (Dixon et al., 2000). Large arrays of similar se-
quences allow for equal or unequal recombination events,
resulting in the formation of several gene family members
with new recognition specificities (Michelmore and Meyers,
1998; Ellis et al., 2000; Hulbert et al., 2001). Defense signal-
ing proteins encoded by these genes are known to share
conserved amino acid domains with functionally similar pro-
teins across diverse taxa.

For example, the NBS (Nucleotide Binding Site) domain of
most plant disease resistance genes is highly similar to the
NBS of apoptosis-related CED4/APAF1 from 

 

Caenorhabdi-
tis elegans

 

 and human (van der Biezen and Jones, 1998).
Likewise, the TIR (Toll/Interleukin Receptor) domain of some
plant 

 

R

 

 genes is analogous to the 

 

Drosophila

 

 Toll or human
interleukin receptor, which is essential for the development
of the immune response (Baker et al., 1997). These shared
protein domains indicate the presence of common functions
in the way that cells respond to attack in eukaryotic organ-
isms. In addition, the overall organization of genomes some-
times favors the clustering of genes that are structurally
unique but functionally related (Beck and Trowsdale, 2000;
Hulbert et al., 2001).

Approximately 30 alleles of the barley 

 

Mla

 

 locus specify
resistance to the obligate fungal biotroph 

 

Blumeria

 

 (

 

Ery-
siphe

 

) 

 

graminis

 

 f. sp. 

 

hordei 

 

(

 

Bgh

 

), which is the causal agent
of powdery mildew disease. Genetic variants of the 

 

Mla

 

 lo-
cus are found in cultivars worldwide and thus provide a
unique experimental system in which to explore the evolu-
tion of the allelic diversity of 

 

R

 

 genes in monocot species
(Jørgensen, 1994; Wise, 2000). Cloned alleles of the 

 

Mla

 

 lo-
cus belong to the coiled-coil, nucleotide binding site, Leu-
rich repeat (CC-NBS-LRR) class of genes implicated in spe-
cific recognition between host and pathogen (Halterman et
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al., 2001; Zhou et al., 2001; for review, see Jones, 2001). To
function, the MLA6 protein requires the zinc binding protein
RAR1 (Shirasu et al., 1999) and a subunit of the SCF ubiquitin
ligase complex SGT1 (Kitagawa et al., 1999; Azevedo et al.,
2002). MLA1 does not appear to use the RAR1–SGT1 pathway
(Zhou et al., 2001; Azevedo et al., 2002), although the pheno-
types of the 

 

Mla-Bgh

 

 host–pathogen interactions are indistin-
guishable (Wise and Ellingboe, 1983; Boyd et al., 1995) and the
two MLA proteins are 92.2% similar (Halterman et al., 2001).

Limited contiguous DNA sequences from grain cereal
plants, especially those with genomes larger than that of hu-
man, have precluded a full understanding of how their ge-
nomes are organized. At the macrogenome level, recent re-
ports have postulated the existence of gene-dense islands
interrupted by gene-poor space (Barakat et al., 1997;
Moore, 2000). The major impetus for sequencing large con-
tigs was to provide a platform for the map-based cloning of
genes identified by their phenotype, and less focus has
been given to the overall architecture of the gene-poor
space (Meyers et al., 2001; Wicker et al., 2001).

To evaluate the structural evolution of a major disease de-
fense complex in the 5000-Mb barley genome, we deter-
mined the complete sequence of a 261-kb BAC contig from
barley cv Morex that spans the 

 

Mla

 

 (powdery mildew) resis-
tance locus on chromosome 5 (1H). Computational analysis
revealed that 15 of the 32 predicted genes are associated
with plant defense responses. These 15 protein-coding se-
quences are grouped into five families, including three CC-
NBS-LRR resistance gene homolog (

 

RGH

 

) families, one 

 

CI2

 

family, and one chemically induced family. Predicted protein-
coding sequences are organized as three gene-rich islands
separated by two nested complexes of transposable elements
and a gene-poor region. Detailed analysis of the gene-poor
region and the adjacent 40-kb tandem duplication revealed
an extraordinary array of repeats in which DNA is hypermeth-
ylated yet the transcription of genes is common.

 

RESULTS

The 

 

Mla

 

 Region Contains Multiple Classes of Genes 
Associated with Plant Defense Responses

 

As illustrated in Figure 1A, 32 protein-coding and 2 dupli-
cated tRNA

 

ser

 

 genes were predicted by a combination of
BLASTx and BLASTp, GENSCAN, GeneMark, and Grail (see
supplemental data online). Eight 

 

RGH

 

s containing CC, NBS,
and LRR domains constitute the major defense-related
group. The CC-NBS-LRR class is the most prevalent among
cloned plant resistance genes and is known to function in the
recognition of bacterial, fungal, viral, and nematode patho-
gens (Baker et al., 1997; van der Biezen and Jones, 1998).

The eight 

 

RGH

 

s are classified into three dissimilar fami-
lies, with 

 

�

 

43% amino acid sequence similarity between
families and 78 to 100% similarity within families (Table 1).

The only marked similarity among the three 

 

RGH

 

 families is
the P-loop (GKTTL), kinase 2a (RYLVIIDDI), and the GGV-
PLA conserved domains found in all NBS-LRR–encoding
genes. These results suggest functional similarity but evolu-
tionary independence.

 

RGH1a

 

 and 

 

1e

 

 were used recently as probes to isolate
the 

 

Mla1

 

 (Zhou et al., 2001), 

 

Mla6

 

 (Halterman et al., 2001),
and 

 

Mla13

 

 (D. Halterman, F. Wei, and R. Wise, unpub-
lished data) alleles that confer resistance specificity to

 

Bgh

 

. Comparative sequence analysis now indicates that

 

RGH1bcd

 

 is a susceptible allele of 

 

Mla

 

 from cv Morex.
This conclusion is based on the fact that 

 

RGH1bcd

 

 shares
the highest nucleotide and amino acid similarity with the

 

Mla1

 

, 

 

Mla6

 

, and 

 

Mla13

 

 resistance alleles derived from Ce-
real Introduction (C.I.) 16137, C.I. 16151, and C.I. 16155,
respectively (Halterman et al., 2001) (Table 1). In addition,
the 

 

Alexandra

 

 LINE element on the 5

 

�

 

 side of 

 

RGH1bcd

 

 is
also in the same orientation adjacent to the 

 

Mla6

 

 se-
quence, but not 

 

Mla1

 

. The 

 

HORPIA-2

 

 element on the 3

 

�

 

side of 

 

RGH1bcd

 

 is on the 3

 

�

 

 side of 

 

Mla1

 

, but appears to
be missing from the 3

 

�

 

 side of 

 

Mla6

 

. This is not surprising,
considering that this 

 

Copia

 

-like element inserted at this lo-
cation only 0.48 million years ago (see below).

As shown in Figure 2, comparison of Morex 

 

Mla-RGH1

 

paralogs with cloned 

 

Mla

 

 specificities demonstrates that al-
most all insertions or deletions (InDels) have occurred in
multiples of three nucleotides. These InDel triplets have
maintained a full-length open reading frame during evolution
and occur in both the NBS and LRR domains. InDels in the
LRR of 

 

RGH1a

 

, 

 

e

 

, and 

 

f

 

 occur in identical positions even
though the overall sequence similarity between 

 

RGH1a

 

 and

 

RGH1e/f

 

 is only 83% (Table 1). Similarly, InDels also occur
in like positions 5

 

�

 

 to the NBS of 

 

RGH1bcd

 

, 

 

Mla1

 

, 

 

Mla1-2

 

,

 

Mla6

 

, and 

 

Mla13

 

; the overall similarity of these genes is no
more than 87%. Hence, the presence of shared InDels
among various 

 

Mla

 

 family members indicates that they
evolved from a common ancestor and that InDel events oc-
curred early in, or before, sequence divergence.

Closer inspection revealed a rather complicated scenario
during the evolution of the 

 

Mla

 

 family. There is a clear point
of divergence in the predicted LRR domain of MLA1 and
MLA6, beginning at the solvent-exposed Ala/Ser at position
683 of the 

 

Mla6

 

 open reading frame (Figure 2). Diagnostic
amino acid similarities between RGH1bcd and MLA1, as
opposed to RGH1bcd and MLA6, are evident 3

 

�

 

 to this point
of divergence, indicating a possible recombination between
paralogs, as opposed to a direct linear descent between al-
leles (Halterman et al., 2001). A single Ser (compared with
MLA1) or Thr (compared with MLA13 [D. Halterman, F. Wei,
and R. Wise, unpublished data]) residue is deleted at posi-
tion 801 in the predicted solvent-exposed region of the
MLA6 LRR domain. The deletion of these Ser and Thr resi-
dues, both of which can be phosphorylated, may change
the topography of the LRR.

In lettuce 

 

Dm3

 

 homologs, trinucleotide InDels also occur in
the LRR backbone, indicating that such genetic events could
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be significant to the evolution of specificity encoded by these
genes (R.W. Michelmore, personal communication). In the flax

 

L

 

 and 

 

M

 

 loci, 5- to 20-bp InDels have resulted from transposon
insertion/excision events. Two spontaneous rust-susceptible
alleles involved the insertion of flax transposon 

 

Lute-1

 

; rust-
resistant revertants contain an in-frame, 9-bp InDel as a result
of imprecise excision of 

 

Lute-1

 

 (Ellis et al., 1997).
In addition to small InDels during the evolution of the 

 

Mla-
RGH

 

 families, intron 3 of 

 

RGH1bcd

 

 has been host to a

 

BARE-1

 

 retrotransposon that was excised through unequal
recombination (Figures 1 and 2). Thus, the present-day

 

RGH1bcd

 

 contains only a solo long terminal repeat (LTR) of

 

BARE-1

 

 in the major intron in addition to a 29-bp deletion in
the LRR domain, resulting in premature termination of the
open reading frame. 

 

RGH1e

 

 and 

 

1f

 

 reside in each of two
copies of a 40-kb tandem duplication; thus, both have the
same mutation in amino acid 151, resulting in early stop
codons in their NBS domains. The 

 

RGH3a

 

 and 

 

3b

 

 pseudo-
genes contain an early stop codon in amino acid 582 of their
LRR regions, whereas 

 

RGH2a

 

 and 

 

2b

 

 are predicted to en-
code full-length CC-NBS-LRR proteins.

A family of six intact chymotrypsin inhibitor 2 (

 

CI2

 

) genes

range in size from 55 to 85 amino acids and flank 

 

RGH1a

 

(Figure 1, Table 2). 

 

CI2

 

 genes belong to the potato inhibitor I
family of Ser protease inhibitors and function in various bio-
chemical pathways, notably, to provide resistance to insect
pathogens (Heath et al., 1997; Koiwa et al., 1997), wounding
(Lee et al., 1986), and the ethylene-regulated expression of
fruit ripening (Margossian et al., 1988). In addition, 

 

CI2

 

genes can be induced by salicylic acid (SA) mimics and also
by jasmonic acid (JA), resulting in increased disease resis-
tance in graminaceous plants such as barley and maize
(Cordero et al., 1994; Besser et al., 2000).

 

CI2c

 

 has been cloned independently as 

 

BCI

 

7, which upon
induction with 2,6-dichloroisonicotinic acid (DCINA; a SA
mimic) is associated with enhanced resistance to 

 

Bgh

 

.

 

BCI9

 

, a homolog of 

 

Bdi

 

 (barley DCINA-induced), also can be
induced by DCINA or JA, and concomitantly, barley plants
show increased resistance to 

 

Bgh

 

 (Besser et al., 2000).
Nonetheless, the current data indicate that 

 

BCI7

 

 or 

 

BCI9

 

cannot be induced only by inoculation with 

 

Bgh

 

.
The last complete gene in the 

 

Mla

 

 contig is 

 

Bpm

 

, a barley

 

Pum/Mpt5/FBF

 

-like gene. The products of Pum/Mpt5/
FBF genes (Puf family) have been shown to repress mRNA

Figure 1. Sequence Annotation of the Barley Mla Locus from cv Morex.

BAC 711N16 (top; 112,178 nucleotides) was sequenced at �12 redundancy, and BAC 80H14 (bottom; 158,773 nucleotides) was sequenced at
�15 redundancy; sequence error is �1 bp/10 kb. The two BACs are joined by 9686 nucleotides of overlapping sequence encompassing RGH3a
and the 5� end of the Sukkula retrotransposon. The GC content of 261,265 nucleotides of finished sequence is 44.9%, the CpG ratio is 4.2%, the
observed/expected CpG ratio is 0.83, and the CpG/GpC ratio is 1.21. These values are consistent with barley genomic contigs encompassing
barley Mlo (Panstruga et al., 1998) and Rar1 (Shirasu et al., 2000). � indicates forward strand transcription, and � designates complementary
strand transcription.
(A) Annotation of the 261,265-nucleotide region. The dark-red text indicates genes associated with defense responses, and the dark-red arrow
is below the 40-kb tandem duplication. Different colors show different families of genes or transposable elements.
(B) Nested transposon complex I on BAC 80H14 between 132,922 and 184,562 nucleotides.
(C) Nested transposon complex II on BAC 80H14 between 225,321 and 261,265 nucleotides.
Retrotransposon placement was determined by the 5-bp LTR inverted repeat insertion signature (6-bp direct repeat shown in letters) at the two
ends of each element. This direct repeat marks the boundary for each retroelement.
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translation by binding to the 3� untranslated region of the
RNAs in Drosophila, C. elegans, and yeast (Tadauchi et al.,
2001). In plants, putative Puf homologs have been reported
only in Arabidopsis (Lin et al., 1999) and rice (see supplemen-
tal data online), but their function in plants remains untested.

The Mla Region Contains All Classes of
Transposable Elements

All major classes of transposable elements are present in
the Mla region (Figures 1A to 1C). Among them, the largest
class in the region is the LTR class of retrotransposons, in-
cluding four Copia-like families (BARE-1 and HORPIA-1, 2,
and 3), three Gypsy-like families (BAGY-2, HORGY-1, and
Sukkula), and one Athila-like element (Sabrina). Sukkula and
Sabrina were reported previously only as solo LTRs (Shirasu
et al., 2000); however, we report the complete description of
the elements with both polyproteins and LTRs, enabling
their classification into the Gypsy and Athila families, re-
spectively. The Athila family is represented by a full-length
Sabrina element, whereas there is a deletion of the entire 3�

LTR in the Sukkula element.
BARE-1 (Manninen and Schulman, 1993) is the major ret-

rotransposon, accounting for 17.5% of the sequence. Five
of the seven BARE-1 elements are full length (Figures 1B
and 1C). In these five, point mutations resulting in premature
stop codons interrupt the polyprotein open reading frames.
The remaining two (solo LTR) BARE-1 elements are a con-
sequence of intraelement recombination, as confirmed by
their 5-bp (direct repeat) insertion signatures.

Eight MITE (Miniature Inverted Transposable Element)
families that range in size from 29 to 528 bp (see supple-
mental data online) are positioned near the 5� or 3� ends of
the predicted genes. As the most abundant MITE family in
the region, eight Stowaway elements (Bureau and Wessler,
1994) are present, ranging from 128 to 243 bp in size. The
16-member, 39-bp HORMITE-3 family possesses a unique

clustered arrangement of three to five members inter-
spersed with short sequences. This tandem arrangement
predicts that the transposable unit could be flexible in size.

An apparent full-length, 6459-bp MuDR-like transposon,
HORMU-1, is inserted into the Stowaway.4 MITE element.
Its 179-bp terminal inverted repeats are 94% sequence
identical, and its pseudogene encodes a 654–amino acid
transposase with an early stop codon at amino acid residue
489. DNA gel blot analysis using an internal portion of the
transposase-encoding sequence demonstrated that there
are at least 50 copies of HORMU-1 in the barley genome
(data not shown). Mutator transposons are widespread in
grasses (Lisch et al., 2001); thus, it is likely that there is an
intact HORMU-1 element in the barley genome that still
possesses transposase activity.

A new 3578-bp, non-LTR LINE element, designated Alexan-
dra, is inserted into Stowaway.7 and was identified via BLASTx
search for polyprotein, its 3� poly(A) signal, and the 7-bp
ATACGGA insertion signature. Finally, a truncated Ac-like
transposon is located adjacent to the BCI-9–like gene. Thus,
transposon-like sequences constitute 44.9% of the sequence,
with retroelements accounting for 40.2%, transposons ac-
counting for 3.6%, and MITE elements accounting for 1.1%.

Chronology of Retrotransposon Insertion

Because of the mechanism of transposition, the two LTRs of
a retrotransposon are identical at the time of their insertion.
Thus, calculation of the base substitution rate between the
two LTRs can be used to determine the chronology of ret-
rotransposon activity (SanMiguel et al., 1998). We used the
average base substitution rate derived from the grass
(Gramineae) adh1-adh2 region of 6.5 � 10�9 per site per
year (Gaut et al., 1996), given the assumption of a uniform
mutation rate. Using this figure combined with the calcu-
lated base substitution rates listed in Table 3, we estimate
that the five BARE-1 elements inserted into their present lo-

Table 1. DNA and Amino Acid Sequence Similarities of Mla6 from C.I. 16151 and Eight Resistance Gene Homologs (RGHs) in the Morex Mla 
Complex

RGH Designation

RGH Mla6 RGH1a RGH1bcd RGH1e RGH1f RGH2a/b RGH3a/b

Mla6 – 82 87 84 84 45 43
RGH1a 78 – 84 83 83 46 44
RGH1bcd 84 81 – 86 86 47 44
RGH1e 79 79 81 – 100a 47 44
RGH1f 79 79 81 100 – 47 44
RGH2a/b 43 42 42 42 42 – 41
RGH3a/b 41 41 38 39 39 36 –

Comparisons were done with the Genetics Computer Group GAP program. Numbers above the dashes designate nucleic acid similarities of the
coding region, whereas numbers below the dashes indicate predicted amino acid similarities.
a There is a single nucleic acid sequence difference between RGH1e and 1f that does not result in an amino acid change.
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cation between 0.6 and 2 million years ago. Except for the
HORGY-1 element insertion at �7.3 million years ago, all other
retroelements inserted in the past 2.5 million years, which is
comparable to the �3 million year time frame of most ret-
rotransposon insertions in maize (SanMiguel et al., 1998).

Arrays of Diverse Tandem and Simple Sequence 
Repeats in the 45-kb Gene-Poor Region Proximal
to the Mla Locus

Using total barley DNA to probe filters containing EcoRI-
digested BACs spanning the Mla region (Wei et al., 1999), we
were able to determine that the gene-poor region proximal
to Mla consisted of middle to high repetitive fractions of the
genome (data not shown). Therefore, we used a self-com-
parison DotPlot program to conduct a detailed analysis of
the 45-kb gene-poor region for duplication events and re-
petitive sequences (Figure 3A). A 2.5-kb tandem duplication,
several satellite DNA sequences, and a block of nine tan-
dem repeats were identified by this analysis. The positions
of these repeats can be visualized easily with Miropeat anal-
ysis (Parsons, 1995), which cross-connects all of the related
repeats (Figure 3B). In total, there are 4 simple sequence re-
peats (SSRs) and 17 tandem repeat families, ranging from 2
to 29 copies (Figure 3C; see supplemental data online).

The most significant tandem repeat is the Afa family, con-
sisting of eight 338-bp members. The Afa repeat, desig-
nated for its conserved AfaI restriction site, was identified
originally in Aegilops squarrosa and then was found to be
widespread in the Triticeae (Nagaki et al., 1995). Upon
closer inspection, we identified a 24-bp inverted repeat
within the Afa sequence. These data support the hypothesis
that the Afa repeat could be a MITE element, which have
terminal inverted repeats and usually are associated with
the 3� or 5� ends of transcriptionally active genes (Bureau
and Wessler, 1994).

BLASTn searches with the Afa repeat sequence detected
barley ESTs (5� reads) from testa/pericarp, post-anthesis spike,
and shoot libraries. Fluorescence in situ hybridization analysis
has demonstrated that the Afa repeat is distributed in sub-
telomeric and interstitial regions of chromosomes (Nagaki et
al., 1995; Tsujimoto et al., 1997). This is consistent with the
location of the Mla locus, which is positioned at the telo-
meric end of barley chromosome 1HS.

Fifty-four SSRs were identified in the 261-kb Mla contig
(see supplemental data online). Nineteen of the SSRs are
associated with transposable elements, including 14 in LTR
retroelements and 5 in the Mutator transposon, and 35 SSRs
are located in the nontransposable element region. These
nontransposable element SSRs include 10 in gene-cod-
ing regions and 25 in the intergenic regions. Twenty-two

Figure 2. Structural Comparison of Morex RGH1 Paralogs with Functional Mla Specificities from Accessions C.I. 16137 (Mla1), C.I. 16151
(Mla6), and C.I. 16155 (Mla13).

Deletions in the coding regions are designated by vertical white bars, and insertions are designated by navy blue triangles. Above each vertical
white bar or blue triangle is the number of nucleotides for each InDel. InDels that delete an amino acid in the solvent-exposed region are desig-
nated with asterisks below the InDel. The number of nucleotides in each exon are shown in brackets. The number of nucleotides in each intron
are specified above the intron. The divergence point in the predicted LRR domain of MLA1/MLA6 is marked by an arrow. The BARE-1 LTR in the
major intron of RGH1bcd is designated by a solid horizontal line. RGH1e and 1f are both within the 40-kb duplication and differ by one nucle-
otide but no amino acid change.
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SSRs are present in the 40-kb duplication (six of these
are associated with genes). Thus, in contrast to the ge-
nome-wide estimates by Morgante et al. (2002), SSRs in
the 261 kb spanning the Mla locus were associated pref-
erentially with high-copy intergenic regions and ret-
rotransposons.

DNA Methylation Associated with the Mla Locus

The cytosine of CpG islands is a common target for methyl-
ation in the genome. Because DNA often is methylated in re-
petitive fractions, a PCR-based method was used to deter-
mine the methylation state of predicted genes within and
adjacent to the gene-poor, repetitive fraction of the Mla lo-
cus. The isoschizomers HpaII and MspI were chosen for this
analysis because of their differential sensitivity to cytosine
methylation. MspI does not cleave DNA when the 5� C resi-

due in the 5�-C/CGG-3� restriction site is methylated, but it
does cleave DNA when the 3� C residue is methylated. HpaII
does not cleave DNA when either C residue is methylated.

Thus, if the 5� C residue is methylated, the DNA is not
cleaved by either HpaII or MspI, and primers flanking the re-
striction site can be used to amplify a fragment from di-
gested genomic DNA. However, if only the 3� C is methyl-
ated and the 5� C is not methylated, a PCR product can be
amplified from the HpaII-digested DNA template but not
from the template digested with MspI. The results of these
experiments are presented in Table 4. A subset of these
data presented in Figure 4A illustrates the amplification of
DNA digested with HpaII or MspI from four barley acces-
sions. Morex (origin of the primer sequence) and Steptoe are
parents of a common barley mapping population (Kleinhofs
et al., 1993), whereas C.I. 16151 and C.I. 16155 are parents
of a high-resolution recombinant population spanning the
Mla region (Wei et al., 1999).

In summary, the tested 5�-C/CGG-3� restriction sites
within genes between 711N16.15 and RGH1bcd are methyl-
ated, whereas the 5�-C/CGG-3� restriction sites within
genes both proximal and distal to this region are not methyl-
ated, except for CI2e (Figure 4A, Table 4). The 5�-C/CGG-3�

sequence between Bmtb and RGH1bcd is hypermethylated
except within RGH3a/b. This hypermethylated region in-
cludes promoters, 5� or 3� termini, coding sequences, or in-
tergenic regions. The genes Bpm, Bmta/b, RGH3a/b, and
CI2e are methylated only at the internal C and thus are not
hypermethylated. Interestingly, several genes displayed
line-specific methylation patterns.

The most dramatic differences among lines were in se-
quences flanking, but not within the region between, genes
Bmta and RGH1bcd. However, because C.I. 16151 and C.I.
16155 are congenic lines (94% similar) (Moseman, 1972),
methylation status may not be correlated with a particular
genetic background; more likely, it is inherited with specific
alleles (Cocciolone et al., 2001).

Table 2. DNA and Amino Acid Similarities of Six Chymotrypsin 
Inhibitor (CI2) Genes Flanking RGH1a

CI2 CI2a CI2b CI2c CI2d CI2e CI2f

CI2a – 87 74 75 65 57

CI2b 85 – 80 88 69 57

CI2c 69 77 – 84 77 57

CI2d 71 85 78 – 72 56

CI2e 62 68 71 61 – 59

CI2f 62 61 70 61 58 –

Comparisons were done with the Genetics Computer Group GAP
program. Numbers above the dashes designate nucleic acid similar-
ities of the coding region, whereas numbers below the dashes indi-
cate predicted amino acid similarities.

Table 3. Chronology of Retrotransposon Insertion in the Mla Region

Elementa Length of LTRb Total Substitutionb Base Substitution Ratec Time (million years)d

BARE-1b 1813 15 0.0083 0.64
BARE-1c 1717 20 0.0116 0.89
Sabrina 1526 48 0.0315 2.42
BARE-1f 1817 22 0.0121 0.93
BARE-1d 1801 42 0.0233 1.79
BARE-1e 1761 47 0.0267 2.05
HORGY-1 286 27 0.0944 7.26
HORPIA-2 321 2 0.0062 0.48
HORPIA-3 521 14 0.0269 2.07

a Full length retrotransposon with two LTRs.
b Deletion or insertion was counted as a single event, including a retrotransposon insertion. The substitution was calculated as the total nucle-
otide difference between the two LTRs.
c For �10% base substitution rate, the rate was estimated as the number of substitutions per nucleotide (k) for calculation of divergence time.
d Divergence time as calculated as k/2 � knus. knus designates the base substitution rate per nucleotide per year.
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Genes Are Transcribed Actively within and Adjacent to 
Methylated Regions

EST BLAST searches, cDNA plaque screening, and reverse
transcription (RT)–PCR analyses were performed to assay
the transcription of sequences within and adjacent to the
Mla locus. The combined results of these three analyses are
summarized in Table 4. As of March 28, 2002, BLASTn
searches of 155,400 barley ESTs indicated that Bpm, Bdi,

80H14.8, CI2f, CI2d, and CI2c are transcribed. Only a few
transcripts of Mla-RGH1 family members were detected in
EST BLASTn searches (see supplemental data online).

In addition to EST BLAST searches, 110 Mla-RGH1 family
clones were identified from screening 1.2 million plaques of
a cDNA library from barley accession C.I. 16155 that con-
tains the Mla13 allele of RGH1bcd (D. Halterman, F. Wei,
and R. Wise, unpublished data). Similarly, 29 RGH1 family
clones were identified from screening 600,000 plaques of a

Figure 3. Tandem Repeats and SSRs in the 45-kb Gene-Poor Region between Nucleotides 20,000 and 65,000 of the Morex Mla Locus.

(A) Self-comparison of the sequence by DotPlot analysis. A 2.5-kb tandem duplication (straight lines at bottom left), several satellite DNA se-
quences (dense dots at center), and a block of nine tandem repeats (dense lines at top right and enlarged region) were identified by this analysis.
The angled lines indicate duplication, and the clustering of lines indicates multiple tandem duplications. The interval between two lines shows
the size of a single repeat element. The clustering of dots suggests a SSR region.
(B) Miropeat analysis illustrates the sequence relationship among repeats.
(C) Representation of the position of each repeat element.
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Table 4. Results of Methylation and Expression Tests of Predicted Genes in the Barley Mla Region

Methylation Testb

Gene
Abbreviation
(in Figure 5) Gene Primer Pair

Primer
Positiona

Annealing
Temperature

Size
(bp) Morex Steptoe

C.I.
16151

C.I.
16155 Transcription

g1 711N16.16 CGTAGATAGACAACGGAATCGAGG-
GGGCGGGGTTCAACATATTG

CDS 58 271 � � � � �

g2 711N16.15 CGGACGAACAGTTGGTGTGCACCA-
GGAGGAAGGAACACGC

CDS 62 215 � � � � �

g3 711N16.14 CGATCACAGTCACCGAGCAATCTG-
AAGATAGCCAACGCCCTG

CDS 58 138 �� �� �� �� �

Bpm Bpmb ATAAGCCGCCTTGCATAATACGAA-
CTACCACTTCACACCTTGCAGG

Intron 55 625 � � � � �

g5a&b Bmtb TTCTAGCAAGCATCTAAAGGTTTCG-
ACATCTGTTAGTCGGGCAAGAGAC

3� UTR 54 576 � � � � �

Bdi Bdi AGGGCATCTTCAATGGTCCTATGC-
GGAGCTTGTGCGTGAACC

Predicted CDS 51 136 �� �� �� �� �

g8 711N16.9 CGACATTGTCCTGCTCTGTTGCCG-
GTTTGAATTGGACGAGCTTG

CDS 58 134 �� �� NP �� �

g9 711N16.8 TGTTGACTCCTTGATTCCATCCACC-
TGCTAGATAAAGGCATCGTACCTG

CDS 57 582 �� �� �� �� �

3a&3b RGH3a/b GGTGTGTGATTTCGATGCCCAGGA-
GCCTGCACCGTCT

CDS 54 146 � � � NP �

g11a&b 80H14.15 ACCCTGCTGCCGATCTACTGATAG-
ATCGTTCCTCTTCCTCGTCGTC

CDS 59 157 �� �� �� �� �

g12a&b 80H14.14c GAGCACACTGGATTGTTGAAATGG-
CACCCATGCCTTCCATAGTAGC

CDS 58 374 �� �� �� �� �

2a&b RGH2a/b ACCCTCGCCAGACAAGTTTACCGA-
AAAGCAGCTTATGCACGTCG

CDS 57 165 �� NP �� NP �

1e&f RGH1e/f CATGGTTAGCCTGATCTCCAAGCT-
GGAATTGCTCCGTGATTTCC

CDS 57 372 �� NP �� NP �

g15a&b 80H14.11 TCACACCATACGCCGCAACAGGTG-
CTCACCGCAACGTC

CDS�Intron 64 378 �� �� �� �� �

g16a&b 80H14.10 CCTTTGTCGTTAGGATCGCATTCGT-
TGGTAGGGTTATTGTTCATGCAC

CDS 56 131 �� �� �� �� �

1bcd RGH1bcd GAGTAATTGTCGCCGTTTGTCCGC-
AACACACCAACTAGAGGAAACAC

CDS 54 434 � � �� �� �

g25 80H14.8b TCGGTGACGGTGTGACAATTCCTT-
GATCTTCCCCTTGCTTGC

Intron�CDS
�3� UTR

58 493 � NP � � �

CI2f CI2f GGACCTGGGCAATGTTGTCGCAAA-
GGAAGCAAGCGTAACAAGG

5� UTR�CDS 58 264 � � � � �

CI2e CI2e GCAACCCAACTAGCCAACGTGGC-
CAAGGAGATCATTCTCAAGGAC

CDS�3� UTR 59 150 � � � �� �

1a RGH1a TTGGGAAAAATAGCAGCCTGCATG-
CAAGGGGTCTCTCATTATCC

CDS 56 572 � �� � � �

CI2d CI2d GCTGACCCAAAAGCACCCGCTAG-
CCGATGTGAGGAGTGGTC

CDS 59 216 � � � � �

a The position of the primer pair is designated as follows: CDS, coding sequence; UTR, untranslated region.
b Methylation test: �, only HpaII sensitive, internal C methylated; ��, both HpaII and MspI sensitive, external or both Cs methylated; �, not
methylated; NP, no PCR product amplified from unrestricted genomic DNA.
c These primers were used only for methylation tests. For RT-PCR, primers 5�-GAGCACACTGGATTGTTGAAATGG-3� and 5�-GGAGCTTGATAGGT-
GTTGGCAAG-3� were used at an annealing temperature of 55�C to amplify a 169-bp 80H14.14 product, primers 5�-AGAAAAGTTCCAGAAGATG-3�

and 5�-AAAAGACTATTTCGATTCC-3� were used at an annealing temperature of 44�C to amplify a 117-bp Bmt product, primers 5�-ACTTCT-
TCAGTGTGTTCAGGTGAG- C-3� and 5�-GCAAGCCACATGAGAGAACTGC-3� were used at an annealing temperature of 55�C to amplify a 387-bp
Bpm product, and primers 5�-GCTACTGGAGCCATCACATGAAG-3� and 5�-CTTGATCTTCCCCTTGCTTGC-3� were used at an annealing temperature
of 58�C to amplify a 209-bp 80H14.8 product.



Evolution of the Mla Complex 1911

cDNA library of barley accession C.I. 16151 that contains
the Mla6 allele (Halterman et al., 2001). No clones were re-
covered by hybridization with RGH2 or RGH3 family probes
in either library screen.

Because of the limited sample sizes of the barley EST da-
tabase and cDNA plaque hybridizations, transcripts of some
genes were not detected. Thus, to increase the sensitivity
for rare transcripts, RT-PCR analysis was used. RNA was
extracted from 7-day-old seedlings, the same tissue used
for DNA isolation for the methylation tests described above.
As shown in Table 4 and Figure 4B, transcripts were de-
tected for 711N16.15, Bpm, Bdi, 711N16.9, 711N16.8,
RGH3a/b, RGH2a/b, RGH1e/f, 80H14.10a/b, RGH1bcd,
CI2e, and CI2d. From the three analyses, we conclude that
most genes in the region are transcribed at least at a basal
level.

Thus, in contrast to the long-observed interdependence
between methylation and gene silencing (Cocciolone et al.,
2001; Paszkowski and Whitham, 2001), there was no corre-
lation between methylation state and transcription in the
261-kb region (Figure 5). Genes Bdi, 711N16.9, 711N16.8,
RGH2a/b, RGH1e/f, RGH1bcd, and 80H14.10a/b are hyper-
methylated but transcribed. Genes Bpm, RGH3a/b, and
CI2e are methylated, but not hypermethylated, and tran-
scribed. No transcripts were detected for 711N16.16 and
RGH1a, even though they are not methylated.

DISCUSSION

Molecular Evolution of the Mla Region Provides 
Evidence for Genome Expansion in Barley

To construct a model for the molecular evolution of the Mla
region, we evaluated large-scale rearrangements among
gene families in addition to the chronology of retrotranspo-
son insertion and repeat propagation. Based on these anal-
yses, the structure of this segment is compatible with the
following scenario. As shown in Figure 6A, �30 kb of pro-
genitor sequence, including RGH1bcd, CI2d, and CI2c, sus-
tained duplication and inversion events to generate CI2f,
CI2e, and RGH1a. After these events, a second duplication
and inversion of RGH1bcd gave rise to RGH1e, and CI2a
arose from a duplication of CI2b (Figure 6B).

Subsequent to the gene duplications and inversions de-
scribed above, our data indicate that the “founder” element
HORGY-1 of complex I (Figure 1B) inserted between
RGH1bcd and RGH1e �7 million years ago and acted as a
receiver for 51,641 bp of nested transposons (Figure 6C).
Seven additional insertion events took place, including MITE
Stowaway.5 into retro-HORGY-1, transposon HORMU-1
into Stowaway.5, and Stowaway.4 into HORMU-1.

Similarly, in complex II (Figure 1C), HORPIA-1 functioned
as a receiver for five retrotransposon insertion events total-

ing 35,945 bp. Insertion of HORPIA-2 into complex I and
BARE-1b into complex II occurred only 0.48 and 0.64 million
years ago, respectively, indicating that these are actively
evolving complexes. All of the retrotransposons in complex I
or II have both LTRs and polyproteins. This is in contrast to
the nested insertion of only solo LTRs remaining in the

Figure 4. Methylation and Transcription Analysis of Genes Associ-
ated with the Barley Mla Region.

Primers, amplification conditions, and a summary of results are pro-
vided in Table 4.
(A) Different patterns of DNA methylation of genes adjacent to and
within the Mla locus. Positive amplification occurs if a particular 5�-
C/CGG-3� site is methylated and cannot be cut by the restriction en-
zyme. Likewise, amplification cannot occur if the particular 5�-C/
CGG-3� site is not methylated and is digested to completion by the
restriction enzyme.
(B) RT-PCR analysis of predicted genes adjacent to and within the
Mla locus. The templates in each one-step RT-PCR analysis are
shown at top. RNA or DNA indicates the use of RNA or genomic
DNA as a template for the reaction. In the analysis of each gene, the
first lane shows the result of the RT-PCR. The second and the third
lanes represent a DNA-free RNA negative control without RT and a
positive DNA control, respectively.
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barley Rar1 region (Shirasu et al., 2000) but is consistent
with the retrotransposon structure at the maize Adh1 locus
(SanMiguel et al., 1996, 1998).

However, in the adh1 locus, the nested elements are only
retrotransposons, whereas transposon and MITE elements,
in addition to retrotransposons, are found at the Mla locus.
Subsequent to transposon invasion, a final tandem duplication
of 40 kb of gene-rich sequence expanded the original 30 kb
(Figure 6D), including the ancient Mla allele, RGH1bcd, to
the �200 kb we see today (for time-lapse animation of Fig-
ure 6, see supplemental data online).

The Mla Region Possesses Similar Gene Density
to Arabidopsis

The average gene density in the genome of the model plant
Arabidopsis is one per 4.5 kb. The genomes of grain cereal
plants are orders of magnitude greater in size than that of
Arabidopsis, yet as eukaryotic flowering plants, they would
be expected to encode a similar number of low-copy genes.
There is increasing evidence for gene-dense islands inter-
rupted by gene-poor, repetitive DNA in large cereal ge-
nomes (Barakat et al., 1997; Panstruga et al., 1998; Feuillet
and Keller, 1999; Moore, 2000; Shirasu et al., 2000; Wicker
et al., 2001). Our results reveal that the overall gene density
in the 261-kb Mla contig is one per 8.1 kb. However, the
density in the gene-rich islands is one per 4.6 kb, statisti-
cally identical to the gene density of Arabidopsis.

Clustering of Genes Associated with 
Defense Responses

Of the 32 protein-coding genes detected in the Mla region,
15 associated with plant defense responses can be classi-

fied into five structurally unique, non-cross-hybridizing fami-
lies. These include three CC-NBS-LRR RGH families, one
CI2 family, and one chemically induced family. Three of the
five families likely function in at least two independent path-
ways associated with powdery mildew defense responses,
including the Mla gene-for-gene pathway and an induced
systemic resistance pathway.

The Mla signal cascade has been reported to be SA inde-
pendent in resistant Mla–Bgh interactions (Huckelhoven et
al., 1999). By contrast, BCI-7 of the CI2 family and the BCI-9–
like gene Bdi are predicted to function via SA induction in
the induced systemic resistance pathway. More interest-
ingly, BCI-7 and BCI-9 cannot be induced by direct interac-
tion of barley with Bgh, indicating that chemically induced
systemic resistance to Bgh operates via a different pathway
than gene-for-gene specificity (Besser et al., 2000).

There are several examples of clustered genes with re-
lated functions in plant systems (Hulbert et al., 2001). For
example, Tip1 and Tip2 are two additional genes adjacent to
barley Rar1, which is required for some, but not all, Mla-
specified resistance (Shirasu et al., 2000). Tip homologs in
Arabidopsis are inducible by both SA and JA (Schenk et al.,
2000). Tip and Rar1 genes are predicted to function in two
different pathways, similar to CI2 and Mla genes.

Adjacent to the barley Mlo (broad-spectrum powdery mil-
dew resistance) gene is a ring finger protein (Panstruga et
al., 1998); the tobacco homolog of this gene can be elicited
rapidly in Avr9–Cf9 interactions. There also are five Ser/Thr
kinase Pto paralogs adjacent to the Prf gene, which is re-
quired for Pto-specified resistance to bacterial speck dis-
ease in tomato (Jia et al., 1997).

In Arabidopsis, 115 of the 166 NBS-LRR–like R genes are
clustered in 40 loci, and six of these clusters are heteroge-
neous (Richly et al., 2002). On Arabidopsis chromosome 4, a
180-kb region encodes six NBS-LRR RGH families, a nine-
member PR-2 (chitinase) gene family, a NPR1 homolog, and

Figure 5. Overview of Methylation and Transcription Patterns of the Barley Mla Region.

Predicted genes are specified by horizontal arrows: unmethylated genes are coded red; methylated genes are coded navy; and partially methyl-
ated genes are coded green. Transcribed genes are designated with thick arrows, whereas nontranscribed genes are designated with thin ar-
rows. The gray-filled rectangle (lines 3 and 4) illustrates the 40-kb duplication.
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several potential SA- or JA-inducible gene families. The
NPR1 gene is a major signal transduction component of the
NBS-LRR resistance pathway and is required for SA-depen-
dent R gene function (Cao et al., 1997).

Likewise, there is a 40-kb region on Arabidopsis chromo-
some 1 that contains a RPM1 disease resistance gene ho-
molog, a mlo resistance gene homolog, and two distinct
Ser/Thr kinase genes. In the Arabidopsis RPP5 locus, a Ser/
Thr kinase pseudogene is adjacent to the RPP5 TIR-NBS-
LRR gene (Noel et al., 1999).

On a more global scale, it has long been known that a ma-
jority of the mildew resistance genes in barley are positioned
near the telomeric end of chromosome 5S (1HS). This also
is the case with the syntenic region in wheat, in which the
receptor-like kinase gene Lrk10 and the Pm3b powdery mil-
dew resistance locus are just 0.7 centimorgan distal to the
Mla homolog TaMla (Zhou et al., 2001). Thus, at least on
Triticeae group 1 chromosomes, evolutionary forces appear
to have positioned functionally similar sequences in physi-
cally linked groups (Feuillet and Keller, 1999).

Dynamics of the Mla Region

The interesting feature of the gene-poor region proximal to
Mla is that it contains many diverse repeats, including 4
SSRs and 17 tandem repeats. A plausible hypothesis for the
origin of these small duplications is that they have resulted
from DNA replication slippage (Trinh and Sinden, 1991;
Weston and Berg, 1991; Morgante et al., 2002). Palindromic or
quasipalindromic sequences present in the founder se-
quence are essential for this slippage mechanism to form com-
plex secondary structures in single-stranded DNA (Awadalla
and Ritland, 1997). For example, all 15 MITE elements in the
region immediately proximal to Mla can form hairpin struc-
tures. Subsequent to the formation of a hairpin structure, DNA
replication would continue to produce another copy of the
palindromic sequence, resulting in a tandem duplication with
inverted terminal repeats. Once tandem arrays of repeats
are established, stretches of homologous sequence can fa-
cilitate pairing and further repeat propagation by unequal re-
combination.

Recently, Morgante et al. (2002) demonstrated that micro-
satellites were associated primarily with low-copy fractions
of plant genomes and that their distribution was a function
of genome dynamics coupled with selective constraints. As
we have observed for the gene-poor, high-copy region
proximal to the Mla locus, repetitive regions in plant ge-
nomes can be under mutational (slippage) pressure that in-
creases microsatellite frequency. Furthermore, Morgante et
al. (2002) speculated that although sevenfold lower (677 ver-
sus 99 imperfect microsatellites per megabase), the equilib-
rium frequency in the repetitive fraction could be dependent
on the timing of the amplification of repeats.

Given the assumption of a uniform mutation rate within re-
peats, significantly greater DNA similarities would indicate

Figure 6. Evolution of the Barley Mla Complex.

Of the 34 predicted genes in the Mla region, 24 have at least one ho-
molog. The RGH1 and CI2 families represent the major gene dupli-
cations in the region and account for 16% of the sequence. The re-
maining gene duplications have arisen from tandem fragment
duplications, of which 14 are located in the 40-kb gene-rich tandem
repeat and 2 are located in the 2.6-kb tandem repeat.
(A) DNA sequence similarities of RGH1bcd, CI2d, and CI2c com-
pared with RGH1a, CI2f, and CI2e in the opposite orientation indi-
cate an ancient inversion event followed by divergent evolution.
(B) A more recent duplication and inversion to create RGH1e is indi-
cated by the higher sequence similarity between RGH1bcd and
RGH1e than that between RGH1bcd and RGH1a (Table 1). Similarly,
CI2a possesses the highest sequence similarity with CI2b within the
CI2 family (Table 2).
(C) Within the last 3 million years, extensive transposon insertions in
addition to repeat propagation increased the size of the region ap-
proximately threefold.
(D) A 40-kb tandem duplication of the region containing RGH1e,
RGH2a, and RGH3a is the most recent addition to the present-day
Mla region.
Genes are shown in rectangles with different colors representing dif-
ferent families, and transposable elements are designated by trian-
gles. Designated colors match those in Figures 1 and 3 for each ele-
ment. � indicates forward strand transcription, and � designates
complementary strand transcription.
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that the distal side of the Mla region has evolved more re-
cently than the proximal side. We postulate that the proxi-
mal end has degenerated and that the region has shifted to
a more distal position via repeat amplification. Indeed,
within the 2.5-kb Bmt duplication, there is a family of eight
repeats that share 70% identity (tandem repeat 1 [Rpt1];
Figure 3C). Further distal, the Rpt11 family is up to 89% se-
quence identical, whereas Rpt12 (Afa) shares up to 98%
identity, Rpt13 shares up to 96% identity, Rpt15 shares up
to 90% identity, Rpt16 shares up to 95% identity, and
Rpt17 shares up to 100% identity. This sequence similarity
analysis indicates that the propagation of these repeats is
coincident with most of the retrotransposon insertion in the
past 3 million years (Figures 1 and 6).

Subsequent to the addition of 87 kb of transposons inter-
spersed within the Mla complex, a 40-kb gene-rich duplica-
tion became the most recent addition to the region. This
would appear advantageous, because duplication of gene-
rich regions propagates genetic diversity through multiple
cycles of selection and the creation of new gene family
members. Unequal crossover among new gene family mem-
bers has been shown to be a driving force in the generation
of new resistance specificities (Hulbert et al., 2001). How-
ever, R genes such as Mla, which are positioned adjacent to
or within retrotransposon complexes, would seem to favor
modes of diversification other than recombination, such as
point mutations, duplications, and insertion/deletion events
(Ellis et al., 2000).

Previously, we reported recombination suppression at the
Mla locus by analysis of a high-resolution mapping popula-
tion with RAPD–, AFLP–, BAC end–, and YAC end–derived
markers (Wei et al., 1999). With the current detailed se-
quence of the Mla region, we are able to add significant in-
formation to our previous study with regard to other recent
findings in eukaryotes. Recombination suppression (�5.6
Mb/centimorgan) occurs between 236R and RGH3b, two
markers 160 kb apart that cosegregate genetically with Mla
resistance specificity (see supplemental data online).

As illustrated in Figure 1, the 236R-to-RGH3b interval in-
cludes the Mla gene family interrupted by a 51-kb complex
of nested LTR retrotransposons. Indeed, recombination
suppression also has been associated with LTR retrotrans-
poson complexes in maize (Fu et al., 2002), Drosophila
(Rizzon et al., 2002), and C. elegans (Duret et al., 2000). By
contrast, a 40-fold higher rate of recombination (140 kb/
centimorgan) occurs directly proximal to Mla in the gene-
poor, repeat-dense region between RGH3b and 175D16.T7.
These data further substantiate the notion that high rates of
recombination can occur in repeat-dense, gene-poor re-
gions in higher eukaryotes, similar to that documented for C.
elegans (Barnes et al., 1995; Duret et al., 2000).

In more general terms, the propensity for wide distribution
of the retroelements among gene-rich contigs may compli-
cate strategies for isolating low-copy BAC clones for large-
genome sequencing efforts (Meyers et al., 2001). Further-
more, the lack of correlation between methylation state and

transcription in the Mla region also may have implications
for strategies to sequence the transcribed regions of com-
plex cereal genomes. It now seems probable that strategies
to isolate gene-enriched fractions of the genome using
methylation-sensitive host strains (Rabinowicz et al., 1999;
Mayer and Mewes, 2002) could exclude several agricultur-
ally valuable genes.

METHODS

DNA Sequencing

Shotgun sequencing libraries were constructed as described previ-
ously with randomly sheared BACs ligated into the pUC18 vector
(Wei et al., 1999). DNA sequence templates were prepared by the al-
kaline lysis method (Sambrook et al., 1989) with minor modifications.
Escherichia coli cells were incubated in 96-well culture blocks
(Qiagen, Valencia, CA) with 1.2 mL/well TB medium (1.2% bacto-
tryptone, 2.4% bacto-yeast extract, 0.4% [v/v] glycerol, 0.017 M
KH2PO4, and 0.072 M K2HPO4) at 37�C for at least 16 h at 325 rpm.
Subsequent to centrifugation, cell pellets were resuspended in 100
	L of solution I (50 mM Glc, 10 mM EDTA, pH 8.0, 25 mM Tris-HCl,
pH 8.0, and 0.2 mg of RNase A), lysed with 100 	L of solution II (0.2
N NaOH and 1% SDS), and neutralized in 100 	L of solution III (3 M
KOAc, pH 4.8).

The lysate was transferred to 96-well MultiScreen-NA filter plates
(Millipore, Bedford, MA) positioned on 96-well receiver plates (What-
man Polyfiltronics, Rockland, MA). The paired plates were centri-
fuged at 4000 rpm (4�C) for 15 min to filter cell debris, and DNAs
were precipitated by adding 200 	L of isopropanol at room temper-
ature for 10 min and centrifuged at 4000 rpm (4�C) for 15 min. All of
the solutions described above were mixed by gentle vortexing.

Sequence-ready DNA pellets were washed with 70% ethanol, air
dried for 10 min, and dissolved in 40 	L of sterile double-distilled wa-
ter. Sequence data were obtained with 4 	L of the DNA described
above using ABI BigDye terminators (Perkin-Elmer Biosystems, Fos-
ter City, CA) at the Clemson University Genomics Institute DNA Se-
quencing Center and the DNA Sequencing and Synthesis Facility at
Iowa State University.

Sequence Assembly, Quality Assessment, and Contig Gap Filling

Sequence reads for the 261,265-nucleotide contig were assembled
with the Phred and Phrap software packages (Ewing et al., 1998; Ewing
and Green, 1998) and edited with the Consed program (Gordon et al.,
1998). At seven to eight times redundancy, internal low-quality re-
gions of each contig were identified and treated as gaps or different
contigs. To fill gaps in the sequence, end clones of contigs were se-
quenced with the M13 reverse primer. These data were used for reas-
sembly, and the same protocol was repeated two more times. For fur-
ther gap filling, a primer-walking procedure was used to sequence
clones whose sequences are located at the ends of different contigs.

Sequencing primers were designed with the MacVector software
package (Oxford Molecular Group, Campbell, CA) and synthesized
at the DNA Sequencing and Synthesis Facility at Iowa State Univer-
sity. GTG Primer Mix (Perkin-Elmer Biosystems) was added to re-
solve the potential secondary structure in remaining gaps consisting
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of AT- or GC-rich regions. Sequence-based restriction maps were
compared with HindIII, EcoRI, and MluI digests for confirmation of
the accuracy of the final assembled sequences.

Sequence Annotation and Computational Analysis

The World Wide Web–based programs GENSCAN (Burge and Karlin,
1997) and GeneMark (Lukashin and Borodovsky, 1998) were used
for general gene mining. BLASTx, BLASTn, and BLASTp from the
National Center for Biotechnology Information (Altschul et al., 1997)
were used to identify known genes or repetitive elements at intervals
of 500 bp for BLASTx and 1000 bp for BLASTn. The full lengths of
these BLAST-identified genes were determined by ORF Finder (http://
www.ncbi.nlm.nih.gov/gorf/gorf.html), and BLAST aligned the results.

The long terminal repeat (LTR) class of retrotransposons was iden-
tified by their LTRs, the inverted repeats of the LTRs, and their inser-
tion signatures. The DotPlot program was used for self-comparison
to determine MITE elements at a 600-bp interval with a 400-bp rolling
window (http://alces.med.umn.edu/rawdot.html; University of Min-
nesota). Simple sequence repeats were analyzed with the Repeat-
Masker program (A.F.A. Smit and P. Green, unpublished data; http://
repeatmasker.genome.washington.edu/cgi-bin/RM2_req.pl).

The Wisconsin Genetics Computer Group package (Madison, WI)
GAP program was used for similarity analysis, and MacVector ver-
sion 6.0 was used for translation analysis. Repeat sequences were
identified by the World Wide Web–based Large DotPlots program
(http://alces.med.umn.edu/rawdot.html) in combination with Miro-
peat software (Parsons, 1995). The Genetics Computer Group Pileup
and Prettybox programs were used for multiple sequence compari-
son and visualization. PAUP 4.0 software (http://www.lms.si.edu/
PAUP/) was used for phylogenetic analysis of tandem repeats. EST
searches were performed with the National Center for Biotechnology
Information BLASTn program.

Methylation Tests

Barley (Hordeum vulgare) genomic DNA isolated from 7-day-old
seedlings was digested with either MspI or HpaII. The restricted DNA
then was used as a template for PCR amplification. PCR primers
were designed from the coding regions of genes such that a product
could not be amplified from the completely restricted DNA, whereas
a product should be amplified from the methylated template. If there
was no restriction site in the coding region, primers were designed in
regions within 2 kb upstream or downstream of the respective gene.
DNA was digested with HpaII or MspI (10 units of enzyme per 	g of
DNA; New England Biolabs, Beverly, MA) at 37�C for 10 h, and the
enzymes were inactivated at 65�C for 20 min. PCR (Taq DNA poly-
merase from Life Technologies [Gibco BRL]) was performed to am-
plify the sequence. PCR primers and annealing temperatures are
shown in Table 4.

Reverse Transcription–PCR Analysis

Total RNA was isolated from 7-day-old barley seedlings as in-
structed in the RNeasy Plant Mini Kit (Qiagen). Isolated total RNA
was digested further with DNase I (Ambion, Austin, TX) and purified
using the clean-up application of the Qiagen kit. Reverse transcrip-
tion (RT)–PCR primer pairs are the same as those used in the meth-
ylation test except those from genes that do not have a MspI or HpaII

restriction site in the coding region. In the latter situation, new RT-
PCR primer pairs were designed according to the predicted coding
region. The sequences of PCR primers and their annealing tempera-
tures are shown in Table 4.

Because most primer pairs are within one exon of their respective
genes, strict controls were performed to ensure that the total RNA
was DNA free. DNase-cleaned total RNA was first tested with primer
pairs from genes whose transcription was confirmed by barley EST
database searches. Genomic DNA was used as a positive PCR con-
trol. In the RT-PCR analysis of each gene, a negative control with
only Taq polymerase but no reverse transcriptase, and a positive ge-
nomic DNA control, were used. RT-PCR was conducted according
to the Superscript One-Step RT-PCR Kit (Gibco BRL) with 0.5 	g of
total RNA per reaction. The amplified DNA fragments were resolved
on 2% Low EEO agarose gels (FMC Bioproducts, Rockland, ME)
with ethidium bromide.

Accession Numbers

The GenBank accession numbers for the sequences mentioned in
this article are AF427791 (Hordeum vulgare Mla locus from cv
Morex), AJ302293 (H. vulgare Mla6 gene), AY009938 (H. vulgare
Mla1 gene), AAG43550 (Nicotiana tabacum Avr9/Cf-9 rapidly elicited
protein 132), AL161551 (Arabidopsis chromosome 4, contig frag-
ment No. 51), U95973 (Arabidopsis chromosome 1, BAC T19D16),
BG417789 (barley EST from HVSMEk testa/pericarp library),
BM374865 (barley EST from EBma05 post-anthesis spike library),
and BG310375 (barley EST from HVSMEc shoot library).
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NOTE ADDED IN PROOF

Tanaka et al. (2002) reported recently that short inverted repeats ini-
tiate gene amplification through the formation of a large DNA palin-
drome in mammalian cells. This finding suggests that short inverted
repeats can have a critical role in the initiation of gene amplification.

Tanaka, H., Tapscott, S.J., Trask, B.J., and Yao, M.-C. (2002).
Short inverted repeats initiate gene amplification through the forma-
tion of a large DNA palindrome in mammalian cells. Proc. Natl. Acad.
Sci. USA 99, 8772–8777.


