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ABSTRACT

The RPS5 and RFL1 disease resistance genes of Arabidopsis ecotype Col-0 are oriented in tandem and
are separated by 1.4 kb. The Ler-0 ecotype contains RFL1, but lacks RPS5. Sequence analysis of the RPS5
deletion region in Ler-0 revealed the presence of an Ac-like transposable element, which we have designated
Tag2. Southern hybridization analysis of six Arabidopsis ecotypes revealed 4-11 Tag2-homologous se-
quences in each, indicating that this element is ubiquitous in Arabidopsis and has been active in recent
evolutionary time. The Tag2 insertion adjacent to RFL1 was unique to the Ler-0 ecotype, however, and
was not present in two other ecotypes that lack RPS5. DNA sequence from the latter ecotypes lacked a
transposon footprint, suggesting that insertion of Tag2 occurred after the initial deletion of RPS5. The
deletion breakpoint contained a 192-bp insertion that displayed hallmarks of a nonhomologous DNA end-
joining event. We conclude that loss of RPS5 was caused by a double-strand break and subsequent repair,
and cannot be attributed to unequal crossing over between resistance gene homologs.

HE recognition of pathogens by plants is often me-

diated by dominant or semidominant disease resis-
tance (R) genes, which are thought to encode receptors
for pathogen-derived ligands (Hammond-Kosack and
Jones 1997). Because of the diversity of potential patho-
gens, plant genomes are expected to possess large num-
bers of R genes with differing specificities. Consistent
with this prediction, several dozen R gene homologs
have been identified in Arabidopsis via sequencing of
random cDNAs (Botella et al. 1997). This work has
led to an estimate of ~100 R genes in the Arabidopsis
genome (Botella et al. 1997).

A major question relative to R gene function is how
R gene ligand specificity evolves, particularly in light of
potentially rapid evolution among pathogens. Recent
molecular data have shown that R genes often occur in
tandem arrays of two or more R gene homologs (Mar-
tin et al. 1993; Jones et al. 1994; Whitham et al. 1994;
Dixon et al. 1996; Ellis et al. 1997; Jia et al. 1997;
Parker et al. 1997; Parniske et al. 1997; Song et al.
1997; Thomas et al. 1997; Warren et al. 1998). The
tandem array structure of R gene clusters is thought to
have major implications relative to the evolution of R
genes (Pryor and Ellis 1993; Hulbert 1997; Parniske
etal. 1997). For example, unequal crossing over between
different homologs of a cluster could give rise to the
rapid expansion and/or contraction of the cluster.
More significantly, recombination between members of
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a cluster could give rise to R genes with novel specifici-
ties. Detailed genetic analyses of the Rpl complex of
maize indicates that new specificities have arisen via
such unequal crossovers (Richter et al. 1995). Molecu-
lar analyses of the Cf4/Cf9 gene cluster in two tomato
species indicate that recombination between family
members has occurred, and furthermore, that some of
the recombinant products likely have specificities that
differ from the progenitor alleles (Parniske et al. 1997).

We recently described an R gene cluster on chromo-
some | of Arabidopsis ecotype Col-0 consisting of two
genes, RFL1 and RPS5, separated by 1.4 kb (Warren
et al. 1998). RPS5 confers resistance to strains of the
bacterium Pseudomonas syringae that carry the avirulence
gene avrPphB. The specificity of RFL1 is unknown, but
its coding region is 74% identical at the DNA level to
RPS5. Southern hybridization analysis revealed that the
Arabidopsis ecotype Landsberg erecta (Ler-0) contains
RFL1, but completely lacks RPS5 (Warren et al. 1998).
The relatively high level of sequence divergence be-
tween RFL1 and RPS5 indicated that the lack of RPS5
in Ler-0 was most likely the result of a recent deletion
in Ler-0 rather than a duplication in Col-0. We wished
to determine whether this deletion could be attributed
to an unequal crossover event between RPS5 and RFL1,
as would be predicted by current models of R gene
cluster evolution. We therefore isolated and sequenced
this region from Ler-0 and from two additional ecotypes
that lack RPS5. Here we describe a previously unknown
Ac-like transposon that was found associated with the
RPS5 deletion site in Ler-0, but not in the latter two
ecotypes. Contrary to expectations, the loss of RPS5
appears to be the result of a double-strand break fol-
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lowed by nonhomologous end joining and cannot be
attributed to recombination between R gene homologs.

MATERIALS AND METHODS

Sources of bacteria and seed: P. syringae pathovar tomato
strain DC3000 was obtained from D. Cuppels (Agricultural
Canada-Research Center, London, Ontario, Canada). Con-
struction of strains DC3000(avrB::(2) and DC3000(avrPphB)
(formerly called avrPph3) has been described previously (Innes
et al. 1993; Simonich and Innes 1995). Seeds of Arabidopsis
ecotypes were obtained from Dr. Brian Staskawicz (University
of California at Berkeley; Col-0 and Ler-0) and from A. Kranz
(Arabidopsis Information Service seed bank; Bch-1, Chi-0,
Mt-0, and Ws-0). These ecotypes can now be obtained from
the Arabidopsis Biological Resource Center at Ohio State Uni-
versity (Columbus, OH).

Screening cosmid libraries: A cosmid library of ecotype
Ler-0 genomic DNA made by C. Lister and C. Dean (John
Innes Centre, Norwich, UK) was obtained from the laboratory
of J. Jones (Sainsbury Laboratory, Norwich, UK; Parker et al.
1997). The library was provided as 68 DNA pools, where each
pool represented clones from a single 384-well microtiter
plate. Pools containing a clone with the RFL1 gene were identi-
fied by using RFL1-specific primers and PCR amplification.
Cosmid DNA from positive pools was then used to transform
Escherichia coli strain DH5-«, and colonies containing RFL1
clones were identified by colony hybridization (Sambrook et
al. 1989). Cosmid DNA was purified from E. coli using Qiagen
Tip-100 columns (Qiagen, Chatsworth, CA). The presence of
RFL1 was confirmed by DNA sequence analysis.

DNA sequencing: Sequencing was performed using an ABI
Dye Terminator FS kit protocol (Perkin Elmer, Foster City,
CA) on an ABI Prism 377 DNA sequencer. DNA sequence
from ecotype Ler-0 was determined by primer walking, using
cosmid DNA as a template. For ecotypes Mt-0 and Bch-1,
templates were prepared by PCR amplification from genomic
DNA (see below). To avoid errors produced by Taqg polymerase,
the products of four independent PCR reactions were pooled,
purified by filtration (Ultrafree-MC filter unit, 30,000-D cutoff;
Millipore, Bedford, MA), and sequenced directly. Products of
reverse transcriptase (RT-PCR) reactions (see below) were
prepared and sequenced similarly. Evaluation of sequencing
data and construction of sequence contigs was performed
with the Sequencher software package for the Power Macin-
tosh (GeneCodes Corporation, Ann Arbor, MI). Homology
searches of the GenBank database were performed using the
BLAST2 algorithm (Altschul et al. 1997), and alignment
of sequences was performed using the GAP program of the
Genetics Computer Group (Madison, WI) Wisconsin Package
version 9.1.

RT-PCR: Total RNA was isolated from Arabidopsis ecotype
Ler-0 rosette tissue using the RNeasy kit (Qiagen), and then
used directly as template in RT-PCR reactions following the
protocol of Kawasaki and Wang (1989). First-strand cDNA
synthesis was primed with the Tag2-specific antisense primer
5"-TCGGAATGCTTAAGATATCAC-3’, and the subsequent
PCR amplification was performed with this primer and the
sense primer 5'-GATGTCTCAACCCGCTGGAA-3', which flank
a putative intron in Tag2. RT-PCR products were separated
on an agarose gel and found to contain two predominant
bands. One corresponded in size to full-length Tag2 sequence
(i.e., unspliced). The second product was ~170 bp smaller,
consistent with removal of the putative intron. The latter band
was excised from the gel and reamplified by PCR using the
same primers and then sequenced directly.

Southern hybridization: Genomic Arabidopsis DNA was pre-

pared using the DNeasy kit (Qiagen). Approximately 1 ng of
DNA of each Arabidopsis ecotype was digested with HindlIlI
restriction enzyme and separated on 1.0% agarose gels. After
electrophoresis, DNA was denatured and transferred to Hy-
bond-N nylon membrane (Amersham, Arlington Heights, IL).
DNA templates for probes were prepared by PCR amplification
from a cosmid clone containing Ler-0 genomic DNA spanning
the Tag2 transposon. The primers used to generate the 143-
bp Tag2 end-probe were 5-CATGGTCGGCCCGTAAAGAA-3'
and 5'-GCCGAGGGAGAGAGAAGAG-3'. Primers used to gen-
erate the 595-bp internal Tag2 probe were 5-TGGAGAGC
TTTAACTGTTGA-3" and 5-GTTCTGCTCTTTCCCACTCC-3'.
PCR products were labeled with [*?P]-dATP using a random
primer protocol (Feinberg and Vogelstein 1983). Hybridiza-
tion and wash conditions were as described by Ashfield et al.
(1998). Radioactivity was visualized by exposing membranes
to X-ray film (Fuji film RX, Fisher Scientific, Pittsburgh, PA).

Identification of Arabidopsis ecotypes that lack RPS5: Eco-
types lacking RPS5 were identified by first screening for those
that lacked RPS5 function [resistance to P. syringae strain
DC3000(avrPphB)], and then analyzing these ecotypes by
Southern hybridization for the presence of RPS5. Resistance
to DC3000(avrPphB) was assayed by immersing whole rosettes
in a suspension of ~2 X 108 cfu of DC3000(avrPphB) per ml
(ODgy = 0.2) as described by Innes et al. (1993). Plants were
scored for presence of disease symptoms (water-soaked pits
and chlorosis) 4 and 5 days after inoculation. Southern hybrid-
izations were performed using the hybridization and wash
conditions described by Ashfield et al. (1998). Lines that
displayed no hybridization with a probe that spanned the
central third (850 bp) of the RPS5 coding region were selected.
The RPS5 deletion region from these lines (Bch-1 and Mt-0)
was amplified by PCR using the primers 5-TGTGAGTGTTT
TAGAGAAGGAG-3' and 5-GGGAAGAGGAGTAACGGAGA:3’
and sequenced directly as described above.

RESULTS

Ler-0 contains an Aclike transposon insertion in the
place of RPS5: In ecotype Col-0, RFL1 and RPS5 are
oriented in the same direction, with the start codon of
RPS5 located 1.4 kb 3’ of the RFL1 stop codon (Figure
1; Warren etal. 1998). In ecotype Ler-0, the entire RPS5
open reading frame (ORF) appeared to be absent, but
we did not know the endpoints of this deletion (Warren
et al. 1998). To precisely define these endpoints, we
isolated a Ler-0 cosmid clone containing RFL1 (see ma-
terials and methods) and then, starting near the 3’
end of RFL1, used primer walking to determine the
DNA sequence. This analysis revealed a 4.0-kb deletion
in Ler-0 relative to Col-0 that started 114 bp 3’ of RFL1
and included all of RPS5, ending 45 bp 3’ of RPS5
(Figure 1). This was not a simple deletion, however, as we
found 3298 bp of new sequence not present in Col-0
(Figure 2).

A search of the GenBank database with this new se-
guence revealed significant similarity to several trans-
posable elements in the hAT family (hobo, Ac, and
Tam3), with the highest similarity being to the Ac ele-
ment of maize. As shown in Figure 2, translation of the
3297-bp insertion revealed two long ORFs that could
be joined by excision of a putative 166-bp intron pre-



Loss of the RPS5 Resistance Gene 1583

Col-0
—RFL1———i ——RPSS—-—-l »
| -
—
Bch-1/Mt-0 | -
-
-
—RFL1—— » —_
~N
TR 1kb
~
Ler-0 | ~
~
| \N
(W N O, |
—RFL1—— —Tag2 —w=— >

Figure 1.—Schematic representation of the RFL1 region
from four ecotypes of Arabidopsis. The RPS5 gene is absent
in ecotypes Bch-1, Mt-0, and Ler-0. In Bch-1 and Mt-0, RPS5
has been replaced by a 192-bp sequence that is not found
in Col-0 (checkered box; see Figure 5). In Ler-0, the Tag2
transposon has inserted immediately adjacent to this se-
quence. The black box on the far right indicates the 5" end of
an ORF that overlaps with an Arabidopsis EST clone (GenBank
accession no. N65072).

dicted by the NetPlantGenev. 2.1 program (Hebsgaard
et al. 1996). We confirmed the presence of this intron
by RT-PCR analysis (see materials and methods). Fig-
ure 3 shows that the resulting protein sequence shares
several large blocks of identity with the Ac transposase,
including a highly conserved domain present in the C
terminus of all members of the hAT family (Calvi et
al. 1991; Liu and Crawford 1998). We have named this
putative transposase Tag2 [Tagl was the first member of
the hAt family identified in Arabidopsis (Tsay et al.
1993; Liu and Crawford 1998)]. The putative Tag2
transposase is more similar to the Ac transposase (33%
identity) than are any other member of the hAT family,
including Tagl, which cannot be confidently aligned
with Ac outside the conserved C-terminal region.

In addition to the similarity in their transposases,
members of the hAT family are characterized by the
presence of short terminal inverted repeats and the
formation of 8-bp target site duplications upon insertion
(Saedler and Gierl 1996). As shown in Figure 2, Tag2
also displays these characteristics. The terminal inverted
repeats are 18 bp long. Multiple copies of the sequence
TGGGC and TGGAC in both direct and inverted orien-
tation are found immediately internal to the inverted
repeats. Similar repeats are found in all hAT family
members and are thought to function as transposase
binding sites (reviewed in Saedler and Gierl 1996).
The total length of the Tag2 element is 3094 bp.

Tag2 is ubiquitous among Arabidopsis ecotypes: To
assess the copy number and distribution of Tag2 among
Arabidopsis ecotypes we selected a set of six ecotypes
for analysis by Southern hybridization. These six eco-
types were chosen because they are commonly used by
the research community (Col-0, Ler-0, and Ws-0), or

lack RPS5 function (Bch-1, Chi-0, Ler-0, and Mt-0; see
below). Genomic DNA was restricted with HindlIlIlI, blot-
ted, and hybridized with a 143-bp probe from one of
the ends of the Tag2 element (see materials and
methods). This probe was used because it spans most
of the putative transposase binding sites that should
be present even in defective (internally deleted) Tag?2
elements. In addition, because of its small size, this
probe should rarely detect more than one band per
element. Figure 4 shows that Tag2-homologous se-
guences are present in all six ecotypes, with copy num-
bers ranging from ~4 in Mt-0 to ~11 in Col-0 and
Chi-0. Many of the bands were faint, suggesting some
sequence divergence among these copies. Hybridization
with a probe derived from the Tag2 ORF revealed a
similar number and pattern of bands (data not shown).

Searches of the GenBank DNA sequence database
confirmed that Col-0 contains multiple Tag2-homolo-
gous sequences. Table 1 lists the sequences that have
>80% identity with Tag2 over a minimum of 100 bp.
Two of these sequences may represent nonoverlapping
portions of the same element as the bacterial artificial
chromosome clones from which they were derived map
to the same region of chromosome I. The remaining
five sequences represent independent insertions on
chromosomes |, II, 11, and V. The two elements on
chromosome |, located at positions 6 and 39 on the
Lister-Dean recombinant inbred map (http:#genome-
www.stanford.edu/Arabidopsis/ww/Feb98RImaps/index.
html/), flank the RPS5 gene, which is located at position
10 (Simonich and Innes 1995).

Alignment of the T10F20 BAC end sequence (acces-
sion no. B29529) with Tag2 revealed an ~900-bp dele-
tion in the transposase coding region of the T10F20
element (data not shown), indicating that this element
is defective. Similarly, the elements on chromosomes
111 and V have suffered internal deletions ranging from
150 to 650 base pairs, and the element on chromosome
Il appears to represent only a fragment from one end
of Tag2 (data not shown).

The cutoff of 80% identity used for Table 1 was arbi-
trary; there were many additional sequences that fell
below this threshold, but had significant similarity to
Tag2 (probability values lower than 10~° as determined
by the BLAST2 algorithm; Altschul et al. 1997). These
latter sequences likely represent additional members of
the hAT transposable element family distinct from Tag2,
as the homology was confined to the transposase coding
region (data not shown).

Insertion of Tag2 adjacent to RFLI occurred after
deletion of RPS5: The location of Tag2 adjacent to one
end of the deletion breakpoint in Ler-0 (Figure 1) sug-
gested that Tag2 might be causally related to the dele-
tion of RPS5. To investigate this possibility further we
identified two additional Arabidopsis ecotypes that
lacked the RPS5 gene, Bch-1 and Mt-0 (see materials
and methods). The region containing the RPS5 dele-
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tgaggagccccatgacccaaaaatttgatgtgaatgaatattatgagtctcagttctettacgtagaacttgatgtggtggctgagacageteegtetac 100

tgaggFggatgackagaaccgtcaattgggcatctgaccatgggctaagcccagtccacaacattatggacagtccatggtcggcccgtaaagaaaacgg 200
——— - el et —— —capif—
gttaaatggtctaaagaccaattatgtccacgggtttaatgggctageccacacggtetatggttggecccatcaagtttctcgacacatcaattttette 300
—g— ——— —— i
tctteteteteceteggecgacgaagetcectetetetetttetecgettegacectetetetcaactectactecggttagttctactagaatatgaateeg 400
ttgattagaataagttctctaagtccttatgcaatttcatcgetttgttettttectatteccttaattgtgattctgcatatgetttetttgatttcaget 500
tgtgggtttgtccaaatttcacttgtttgctattectttgttattctetcteteccttectttgatgecaaccatgtgtttgatggaatgectcacagaat 600
atgtagagttttgttttggtagagcttgtaattacttgtgtaaagettggtgtttatgtatggagetaagtgtatgaacgtttagtgtgtgtttgctaat 700
gttaatgaacgtttagagcttgtaattaaGTAATCGTTTCTCACCACAATCCATCACTTGTTTGACCAAACGTGCAAATATTGTGAGCAGACTTATCACT 800

TGAATCTGAGACGAAATGGTACTAATACCATGAATCGTCATATGAGATCTTGTGAAAAGACTCCTGGAAGTACACCTAGAATTAGCAGAAAGGTGGATAT 900
M NR HMUR S CEI KT PGS TP R I S R KV DM

GATGGTCTTTAGAGAAATGATTGCAGTGGCTTTAGTTCAACATAATCTTCCATATTCGTTTGTCGAATATGAAAGAATTAGAGAAGCCTTTACATATGCT 1000
MV F R EM I AV ALV Q HNULUPY S F V EY ERTII®REWA ATV FT Y A

AACCCTTCTATAGAATTTTGGAGCAGAAATACTGCAGCTTTTGATGTCTACAAGATTTATGAAAGAGAGAAAATTAAGCTTAAGGAAAAGTTAGCTATAA 1100
N P S I E F WS RN T AAVF DV Y K I Y EREIZXKTI KULI K EI KTLATITI

TCCCGGGTAGAATATGCTTAACAACAGATTTGTGGAGAGCTTTAACTGTTGAAAGTTATATTTGCTTAACAGCTCATTATGTAGATGTTGATGGTGTTCT 1200
P GG R I ¢C L TT™TDUL WRAL TV E S Y I ¢C L TAHYV DV D G V L

GAAAACGAAGATCTTATCTTTCTGTGCTTTCCCGCCTCCACATTCTGGAGTAGCTATAGCAATGAAGCTTAGTGAGCTGTTGAAAGATTGGGGAATTGAG 1300
XK T K I L $s F ¢C A F P P PHS GV ATIAMIE KT LSETLTLIZ KDWG I E

AAGAAAGTTTTTACTTTAACTGTGGATAATGCTTCTGCAAATGATACTATGCAAAGCATTTTAAAGAGAAAGCTACAAAAAGATCTTGTCTGCAGCGGAG 1400
K K v F T L TV DDNA AU S ANDTMMZGQS I L KRI KUIL QX X DUL V C S G E

AATTCTTTCATGTGAGATGTTCAGCACATATCCTAAACTTGATAGTTCAAGATGGTTTGGAAGTGATATCTGGAGCTTTGGAGAAAATTAGAGAGACTGT 1500
¥F F H VU RCSAHIULNUILTIVSQDGILEV IS GATLUEI KTII RETUV

GAAGTATGTGAAAGGATCTGAGACTCGAGAAAATTTATTTCAGAACTGTATGGATACAATTGGAATTCAAACAGAGGCAAATTTAGTTTTAGATGTCTCA 1600
XK ¥y v K ¢ s ETREWDNUILVFQQNICMDTTIGI QT EANTLUV L DV 8

ACCCGCTGGAACTCCACTTATCATATGCTCTCACGAGCAATTCAGTTTAAGGATGTATTGCGTAGTCTTGCAGAAGTAGATAGGGGTTATAAGAGTTTCC 1700
T R WN S T Y HML S RATIQPF KDV L R SL AEV DI RGY K S F P

CATCTGCTGTGGAGTGGGAAAGAGCAGAACTGATATGTGACCTTTTGAAACCATTTGCTGAGATTACAAAGCTGATTTCGGGTTCGTCTTATCCGACAGC 1800
S AV EW ERAETL I ¢C DL L XK P F A ETI T XL I 8§ G S S Y P T A

AAACGTGTATTTTATGCAAGTATGGGCGATTAAATGTTGGCTGGGAGATCATGATGATTCTCATGATAGGCTTATTCGTGAAATGGTGCGAAGATATGACG 1900
N VY FM Q V WA I K CW UL GDHUDD S HDU RV I REMVYVEDMT

GAGAAATATGATAAATATTGGGAAGATTTCAGCGACATTCTTGCGATGGCTGCAGTTCTTGATCCAAGATTGAAATTCTCAGCTTTAGAATATTGTTATA 2000
E XK Y b K Y W EDV?Ff S DILAMAAV L DU?PI RILI KU F S ATLEY C Y N

ATATTCTGAATCCATTGACCAGTAAGGAAAACTTGACTCATGTGCGTGATAAGATGGTTCAACTATTTGGAGCTTATAAAAGAACCACATGCAACGTTGC 2100
I L N P L TS K ENTILTHV RDI KMV QL F GAYZXURTTCNV A

AGCAAGCACTTCTCAATCTTCACGAAAGGATATCCCATTTGGATATGATgtaagt tgctaattttgtgtgtttacagtattgttettgtatgtttgtttyg 2200
A S T $ ¢ 8 S R K D I P F G Y D

ttgtgatagttagtggctatgaaaatgcattcttatacttagtgagaatgggttgtctgttgtgattgttgaactatacggttggtcatattttettttg 2300

ttggtcatatttcagGGGTTTTACTCTTACTTTTCTCAAAGAAATGGAACTGGAAAATCACCATTAGATATGTACTTGGAAGAGCCTGTGTTAGATATGG 2400
G F ¥ $ Y F $S ¢ R N GT G K S P L DMY L EE P V L DMV

TCTCTTTTAGAGATATGGATGTTATTGCATATTGGAAAAACAATGTCTCGCGTTTTAAAGAATTGTCATCGATGGCATGTGATATCTTAAGCATTCCGAT 2500
s F R DM DV I A Y W XK NNV S RVF K EIL S S MAOCTDTIUL S I P I

CACTACCGTGGCATCGGAATCAGCTTTTAGTATAGGTAGTCGTGTGCTTAACAAATATAGAAGCTGCCTTTTACCTACTAATGTGCAAGCCCTCCTATGT 2600
T T v A S E S A F 5 I G S RVL NI KYI RS CUL L P T"™NUV Q A L L C

ACTAGAAACTGGTTTCGTGGATTTCAAGAAGTTGGTAATATTCACATCTTGAACTCGTTTATAATAGTAAACTTATATGGCTTTTGGACTGCAGCTTTTA 2700
T R NW F R G F Q EV GNIHTI UL NS PF I I VN L Y G F W T A A PF R

GATTAATAGCTCGGTTTTTCTTATTGtagaaactgatgagatccaaggtcaagaggacacaaacaccatceccttgecatgaaagtttcaagactgggaagaa 2800
L I A R F F L L *

acaggtacatggctgttctecttaaactcectgagectatggttatgtgtttattattctecagtetgtgacttagaagettatgtaatcgttttttettttct 2900
ttgtttctcataaacaaaggtttttgcttaagaaacaaggaaaaatagaaccatgtaagacacaaacaaagctccaaacagtaacgcagagacgaaatgc 3000
aagttgtgccacgtcaaaataaacttctttaagtgtagttgaaaaatcatgggctgaccatgggectgaccattggacaatggteccttaatggtcttggaa 3100
e —— ———— ——
aaattttcagaccatgtccattaaagaccaaccataaaaacccatgaaagatgatggtccaagtggacatgaccatt ctttggacagcccaattgac 3200
g g g g gatgatgg gtgg g ggg g9 g g

acttcta = tctetctactgaacccaaaactgatggttaggaaataatgcaacacaatactacactatgtatatatgttttttttttcattet 3300
L

agcttgaaaaatatcctataaatattcctgttgectgtataatttegtaagaaaaaaatctagaaaattttcaaatttttgggtcatatacatggacagag 3400

agaatggataaacatttactggtttgtaaatctcttectcttatttgecataaacgttctcatcgttett 3469
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Tag?2 335

Ac 541

Tag?2 395

Ac 601

Tag2 449 .RNGTGKSP LE DMVSFRDM
Ac 661 DYDQVESNE K S L HSG..
Tag2 508 I[elS L NK SCHL PT NVAQ

Ac 719 G [¢] DP RAG SE I\4ELYA
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Figure 3.—Alignment of the putative Tag2 transposase with Ac. The position of the single intron is indicated by an arrowhead.
Solid boxes indicate identical residues and stippled boxes indicate conservative substitutions. The highly conserved region found
in the C-terminal region of all hAT transposases is underlined (Calvi et al. 1991; Liu and Crawford 1998). Overall, the two

sequences are 33% identical.

tion was amplified from these two ecotypes using prim-
ers that flanked the deletion (and Tag2) in Ler-0. Both
ecotypes yielded PCR products that were ~3 kb smaller
than those obtained from Ler-0, indicating that the
structure of the deletion area differed. The DNA se-
quences of the Bch-1 and Mt-0 products were identical
to each other (Figure 5) and nearly identical to the
sequence present in Ler-0, except that Tag2 was absent
(Figure 1). This sequence identity indicates that the loss
of RPS5 in Ler-0, Bch-1, and Mt-0 represents a single
deletion event.

The absence of Tag2 in the RPS5 deletion region of
Bch-1 and Mt-0 raised the question of whether Tag2
had excised in these two ecotypes, or had not been
present in the first place. We looked for a footprint
(e.g., a remnant of the target site duplication) at the
position corresponding to the Tag2 insertion in Ler-0,

which would be indicative of an excision event. No such
footprint was present (compare Figures 2 and 5). Less
than 3% of Ac excision events in maize and Arabidopsis
remove the target site duplication precisely (Rinehart
etal. 1997), thus the Mt-0/Bch-1 DNA sequence suggests
that Tag2 inserted after the RPS5 deletion event in Ler-
0.

The RPS5 deletion event displays hallmarks of nonho-
mologous DNA end joining: The Mt-0/Bch-1 DNA se-
quence contained a 192-bp insertion of DNA that was
not present in ecotype Col-0 (Figure 5). This insertion
makes it highly unlikely that the RPS5 deletion event
was the result of homologous recombination between
DNA sequences that flanked RPS5. An alternative mech-
anism for deletion formation is nonhomologous end
joining (Gorbunova and Levy 1997). In this mecha-
nism, a double-strand break is followed by exonuclease

Figure 2.—The Tag2 transposon insertion in Arabidopsis ecotype Ler-0. The terminal inverted repeats are indicated by heavy
arrows, and the 8-bp target site duplication is boxed. Subterminal TGGGC and TGGAC repeats are underlined with thin arrows.
Uppercase letters indicate two ORFs separated by a single intron. Flanking DNA sequence present in ecotype Col-0 is indicated
in bold. The tga codon at position 1 corresponds to the stop codon of RFL1. This sequence has been deposited as GenBank

accession number AF120335.
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Figure 4.—Presence of Tag2-homologous sequences in di-
verse Arabidopsis ecotypes. Arabidopsis genomic DNA was
restricted with Hindlll and analyzed by Southern blot hybrid-
ization. The probe used was a 143-bp fragment from the left
end of Tag2 (nucleotides 176-318 in Figure 2). The approxi-
mate sizes of common bands are given in kilobase pairs. The
band in ecotype Ler-0 expected to hybridize to the probe is
indicated by the arrow. The additional bands represent other
insertions of Tag2-homologous elements.

digestion of the ends. The free ends are subsequently
rejoined by a mechanism that is unclear. In plants, the
latter step must involve transient invasion of nonhomol-
ogous duplex DNA and DNA synthesis, because the
products often display large (>20 bp) insertions of “fil-
ler DNA,” which is frequently derived from DNA se-
guences physically linked (within a few kilobases) to the
deletion point (Wessler et al. 1990; Doseff et al. 1991;
Gorbunova and Levy 1997). The majority of double-
strand breaks in plant cells appear to be repaired via
such nonhomologous end joining [Gorbunova and
Levy (1997) and references therein].

To ascertain the possible origins of the filler DNA
present in Bch-1, Ler-0, and Mt-0, we searched for simi-
larities to RPS5 and RFL1. This analysis revealed the
presence of a perfect 17-bp inverted repeat (Figure 5).
One copy of this repeat is present at the 3’ end of RFL1
in Col-0, but is disrupted by an insertion of 16 bp relative
to the Bch-1, Ler-0, and Mt-0 sequences. It is plausible

TABLE 1
Tag2-homologous sequences in Arabidopsis
ecotype Col-0
Genetic map
Accession no./clone Sequence type position?
B08666/T28121 BAC end 1-6
B08547/T12L3 BAC end 1-6
B29529/T10F20 BAC end 1-39
AC004747/T19L18 Whole BAC 11-49
X98130 81-kb X\ contig 111-40°
AB018121/MXE2 Whole P1 11-47
AB016892/MXF12 Whole P1 V-82

Sequences listed contain at least one region longer than 100
bp that is >80% identical to Tag2.

@ Approximate position on the Arabidopsis genetic map was
determined by locating given BAC clones on contigs con-
taining genetically mapped markers. The assignment of BAC
clones to contigs was taken from physical map data available
from the Arabidopsis thaliana Genome Center (http:/genome.
bio.upenn.edu/ATGCUP.html/). Roman numerals indicate
chromosome number and Arabic numerals indicate the posi-
tion in centimorgans on the February, 1998 Lister/Dean re-
combinant inbred map (http://genome-www.stanford/edu/
Arabidopsis/ww/Feb98RImaps/index.html/).

® Contig contains GAP-A marker (Quigley et al. 1996).

that this 16-bp gap represents the true endpoint of the
original deletion. The additional 94 bp beyond this
point that are present in all four ecotypes would then
represent filler DNA that was copied from an intact
copy on asister chromatid or homologous chromosome.
Regardless, the presence of the 17-bp repeat suggests
duplication of this region during the repair process. We
also identified a 30-bp region that is 83% identical to
a region within the RPS5 coding region (Figure 5),

1 TGAGGAGCCCCATGACCCAAAAA................ TETGATGTGAA

35  tGAATATTATGAGTCTCAGTTCTCTTACGTAGAACTTGATGTGGTGGCTG

135 ctgatggttaggaaataatgcaacacaatactacactatgtatatatgtt

185 ttttttttcattttagcttgaaaasaatcctacaaatattcctgttgetyg

235 tataatttcgtaagaaaaaaatctagaaaattttcaaatttttgggtcit

285 atacatggacagagagaatggataaACATTTaCtGGTLTGTAAATCTCTT

Figure 5.—DNA sequence from the RPS5 deletion region
of ecotypes Bch-1 and Mt-0. Capital letters indicate DNA se-
guences shared with ecotype Col-0 that define the endpoints
of the deletion. Lower case letters indicate sequences not
found in this region of Col-0. The deleted region relative to
Col-Ostarts 111 bp 3’ of the RFL1 stop codon (solid underline)
and ends 45 bp 3’ of the RPS5 stop codon (see Figures 1 and
2), spanning a total of 3990 bp. The dots indicate a 16-base
deletion in the Bch-1/Mt-0 sequence relative to Col-0. Arrows
indicate an inverted repeat. The dashed line indicates a region
that is 83% identical (25 of 30 bp) to part of the RPS5 coding
region. The 8-bp sequence duplicated upon insertion of Tag2
(Figure 2) is boxed.
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suggesting that RPS5 may have also served as template
during the repair event.

DISCUSSION

We initiated this study to gain insight into the evolu-
tion of the RPS5 disease resistance gene cluster. The
discovery of a transposable element at the RPS5 deletion
site in ecotype Ler-0 made us critically examine the
potential role of this transposon in the deletion event.
Analysis of other RPS5-minus ecotypes suggested that
the Tag2 transposon inserted after the initial deletion
of RPS5 and may not be causally related to the deletion.
However, this analysis also indicated that RPS5 was likely
deleted during the repair of a double-strand break, and
transposons are well-known inducers of such breaks
(Saedler and Gierl 1996).

It is plausible that Tag2 originally inserted into RPS5
and then caused its deletion upon transposition to a
nearby linked site. A subsequent transposition then
brought it back to the site of the deletion. Although
this model is highly speculative, it is consistent with
the documented behavior of the Ac element in maize
(Moreno et al. 1992). In this example, an insertion
of Ac was isolated in the P gene, and several unstable
revertants were selected in which the Ac had transposed
only a few kilobases away. These revertant lines gave
rise to new insertions into the P gene at a high fre-
guency. This model is also consistent with the map posi-
tions of Tag2 elements in the Col-0 ecotype; the B08666
element (Table 1) is located only 4 cM from RPS5.

A second possibility is that RPS5 was deleted during
the insertion of Tag2, and then Tag2 subsequently ex-
cised precisely in ecotypes Mt-0 and Bch-1, removing
the target site duplication. Although such excision is
rare for the Ac element of maize, it does occur in ~3%
of excision events (Rinehart et al. 1997). Furthermore,
other plant transposons, such as Mul, appear to have
a much higher frequency of precise excision (Doseff
et al. 1991). The location of Tag2 immediately adjacent
to one of the deletion breakpoints in the Ler-0 ecotype
is consistent with this hypothesis (Figure 5).

Regardless of the original cause of the double-strand
break, the subsequent repair event appears to have been
accomplished by nonhomologous DNA end joining,
rather than homologous recombination. Nonhomolo-
gous end joining often results in the insertion of short
patches of DNA from adjacent regions, which presum-
ably serve as templates during the repair process (Wess-
ler et al. 1990; Doseff et al. 1991; Gorbunova and
Levy 1997). The junctions between such filler DNA and
the breakpoints usually contain very short stretches of
homology (2-11 bp), suggesting that the repair process
may be similar to gene-conversion events in which the
broken end must first base pair with the ectopic tem-
plate before DNA synthesis proceeds. Because nonho-
mologous end joining is the predominant mechanism

by which double-strand breaks are repaired in plants
(Gorbunova and Levy 1997), it may represent an im-
portant generator of sequence polymorphism.

Deletion of R genes viaa honhomologous end-joining
mechanism may be common. The RPM1 gene present
in Arabidopsis and Brassica has been lost on several
independent occasions, and the breakpoints associated
with each deletion event contain filler DNA indicative
of nonhomologous end joining (Grant et al. 1998).
Interestingly, like the RPS5 deletion event, the RPM1
deletion event in Arabidopsis was confined to just the
R gene and did not extend into the flanking genes
(Grant et al. 1998).

In contrast to RPS5 and RPM1, the RPP8 gene of
Arabidopsis present in ecotype Ler-O appears to have
been eliminated from ecotype Col-0 by an unequal cross-
over event (McDowell et al. 1998). This recombination
event may have been promoted by the high similarity
of the two participating R genes (>90% identical). The
similarity between RPS5 and RFL1 is only 74%, which
makes homologous recombination less likely. RPML1 is
not a member of a complex, precluding unequal cross-
ing over as a deletion mechanism (Grant et al. 1998).

The above studies of RPS5, RPM1, and RPP8 illustrate
that deletion of R genes is a frequent occurrence. This
observation has given rise to speculation that R genes
may have a fitness cost in the absence of selective patho-
gen pressure (Grant et al. 1998). Since activation of R
genes triggers multiple physiological changes, including
localized cell death, it is tempting to speculate that even
low level induction of these responses in the absence
of pathogens could be counteradaptive. There may thus
be an adaptive limit to the total number of R genes
present in a plant genome. This may, in part, explain
why Arabidopsis appears to have only 100-200 R genes
(Botella et al. 1997), even though the likely number
of pathogen molecules encountered must be much
greater.

Recent molecular analyses of R gene clusters have
revealed a patchwork pattern of similarity between indi-
vidual members of a cluster (Parniske et al. 1997;
McDowell et al. 1998), indicative of numerous in-
tracluster recombination events. Although unequal
crossing over during meiosis could be one cause of such
recombination events, premeiotic repair of double-
strand breaks should also be considered. Double-strand
breaks could induce unequal crossover events, gene
conversion events, and nonhomologous end-joining
events. The latter in particular may explain the large
number of small deletions and insertions that are ob-
served when comparing members of an R gene complex
(McDowell et al. 1998) or R gene alleles (Ellis et
al. 1997) and could also contribute to the patchwork
pattern of homologies observed.

Although there are likely many causes of double-
strand breaks in plants, transposons are clearly one
cause. Somatic excision of the Mul transposable ele-
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ment in maize appears to induce deletions at a high
frequency, and the breakpoints often contain filler DNA
derived from flanking genes, consistent with nonhomol-
ogous end-joining repair. Recent work on the L6 disease
resistance gene of flax has documented several small
insertions and deletions caused by the native flax ele-
ment d Lute (Luck et al. 1998). These examples point
out the potential of transposons to contribute signifi-
cantly to the evolution of disease resistance genes.

The impact of Tag2 on the Arabidopsis genome in
general, and R gene clusters in particular, depends on
its past and present activity. The diversity in number
and size of restriction fragments detected by the Tag2
endprobe (Figure 4) indicates that Tag2 has been active
during the diversification of Arabidopsis ecotypes. In
addition, we recovered a Tag2 cDNA by RT-PCR, which
suggests that the Tag2 transposase is being expressed
and that Tag2 may therefore be an active transposable
element. Quantitation of the germinal transposition ac-
tivity of Tag2, however, awaits further analysis. The rela-
tive contributions of transposon-induced changes vs.
other types of DNA repair and recombination are not
yet known. The discovery of Tag2 will facilitate further
investigations into transposon activity within Arabi-
dopsis.

This work was funded by grant RO1 GM-46451 from the Institute
of General Medical Sciences of the National Institutes of Health to
R.W.I.
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