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ABSTRACT

Previous analysis of the PAI tryptophan biosynthetic gene family in Arabidopsis thaliana revealed that
the Wassilewskija (WS) ecotype has four PAI genes at three unlinked sites: a tail-to-tail inverted repeat at
one locus (PAI1-PAI4) plus singlet genes at two other loci (PAI2 and PAI3). The four WS PAI genes are
densely cytosine methylated over their regions of DNA identity. In contrast, the Columbia (Col) ecotype
has three singlet PAI genes at the analogous loci (PAIL, PAI2, and PAI3) and no cytosine methylation. To
understand the mechanism of PAI gene duplication at the polymorphic PAI1 locus, and to investigate the
relationship between PAI gene arrangement and PAI gene methylation, we analyzed 39 additional ecotypes
of Arabidopsis. Six ecotypes had PAI arrangements similar to WS, with an inverted repeat and dense PAI
methylation. All other ecotypes had PAI arrangements similar to Col, with no PAI methylation. The novel
PAl-methylated ecotypes provide insights into the mechanisms underlying PAI gene duplication and
methylation, as well as the relationship between methylation and gene expression.

HE model higher plant Arabidopsis thaliana has a

small genome size of ~108 bp. Despite the relative
simplicity of the Arabidopsis genome, many functions
in this plant are encoded by gene families rather than
by a single gene. For example, many of the enzymes in
the tryptophan biosynthetic pathway are encoded by
two- (Last et al. 1991; Niyogi and Fink 1992) or three-
member (Niyogietal. 1993; Lietal. 1995) gene families.
Important questions pertaining to these gene families
are how their gene duplications arose and how they are
stably maintained in the genome.

In particular, the gene family encoding the enzyme
that catalyzes the third step of the tryptophan biosyn-
thetic pathway, phosphoribosylanthranilate isomerase
(PAI), displays a number of intriguing features. The
PAI gene family has been characterized previously in
detail in two standard laboratory strains of Arabidopsis,
Columbia (Col), and Wassilewskija (WS; Bender and
Fink 1995; Li et al. 1995). These analyses revealed that
in both strains there is an unusually high degree of
sequence identity among the PAI family members, in-
cluding untranslated portions of the genes, such as in-
tron and promoter sequences. In Col, the PAI family is
encoded by three unlinked genes: PAIL1 on the upper
arm of chromosome 1, PAI2 on the upper arm of chro-
mosome 5, and PAI3 in the middle of chromosome 1.
The PAIL1 and PAI2 genes are almost perfectly identical
to each other over the 2307 bp extending from 355 bp
upstream of the ATG translational start codon to 470
bp downstream of the TAA translational stop codon,
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including five exons and four introns. Within this re-
gion, the Col PAI1 and PAI2 genes differ by only 26
scattered single-base differences (99% identity). In con-
trast, the PAI3 gene is 90% identical to PAI1 and PAI2
due to many scattered base differences. The base differ-
ences in the translated parts of the PAI3 gene are pre-
dicted to yield a protein with 18 amino acid differences
from Col PAIL.

The high degree of sequence identity across PAI gene
family members is unusual in comparison to other Ara-
bidopsis tryptophan gene families. For example, the
duplicated tryptophan synthase B-subunit genes TSB1
and TSB2 are 85% identical to each other in their exon
sequences (exclusive of presumed chloroplast target se-
quences), but they are highly divergent in their tran-
scribed untranslated sequences (Last et al. 1991). Fur-
thermore, the duplicated anthranilate synthase a-subunit
genes ASA1 and ASA2 are 67% identical to each other
in their predicted amino acid sequences, but they are
divergent in their exon and intron nucleic acid se-
quences and in their intron structures (Niyogi and Fink
1992). Therefore, the high degree of identity among
the Col PAI genes, particularly between PAIL and PAI2,
suggests that they evolved relatively recently.

In WS, there are two more unusual features of the
PAI gene family. First, whereas WS carries PAI2 and
PAI3 genes that are almost identical to the Col PAI2
and PAI3 genes, at the PAIL locus, WS carries an in-
verted-repeat duplication of the PAI1 gene PAI1-PAI4
(Bender and Fink 1995). The PAI1-PAI4 inverted re-
peat is flanked by ~2.9 kb of perfect direct-repeat se-
qguences. Furthermore, the PAI1-proximal direct repeat
extends into the first 731 bp of a duplicated PAI4 gene
pai4 5’ (Bender and Fink 1995; Figure 3).

The second unusual feature of the WS PAI genes is
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that all four full-length genes and the partial pai4 5’
gene are densely cytosine methylated (Bender and Fink
1995; Luff et al. 1999). This methylation covers the
regions of the genes that have sequence identity to each
other, but it does not spread more than a few hundred
bases beyond the boundaries of PAI sequence identity.
In contrast, the three Col PAI genes do not display
detectable methylation (Bender and Fink 1995). PAI
methylation in WS correlates with silencing of at least
the PAI2 gene, but there is sufficient total PAl expression
in this strain for a normal plant phenotype (Bender
and Fink 1995; Jeddeloh et al. 1998).

Because the PAI1 locus is polymorphic between WS
and Col, we reasoned that an analysis of PAI gene copy
number, arrangements, and methylation in other Arabi-
dopsis ecotypes might provide new insights into the
correlation between gene structure and the onset of
cytosine methylation, as well as provide new genetic
tools for understanding methylation and its relationship
to gene expression. In addition, the PAI structures ob-
served in other ecotypes could elucidate the mechanism
of PAI gene duplication. To investigate this possibility,
we screened PAI gene structure and methylation by
Southern blot analysis for 39 additional ecotypes of Ara-
bidopsis isolated from around the world. We found that
whereas most ecotypes had PAI gene structures identical
to that observed for Col (three unmethylated genes)
and two ecotypes had PAI gene structures nearly identi-
cal to that observed for WS (four methylated genes),
four ecotypes had novel PAI arrangements, with a varia-
tion of the inverted-repeat PAI gene structure at the
PAI1 locus and PAI cytosine methylation. On the basis
of our results, we discuss possible models for the differ-
ential methylation of PAI gene arrangements, the evolu-
tion of the polymorphic PAI gene family, and the effects
of methylation on PAI gene expression.

MATERIALS AND METHODS

Arabidopsis strains and growth conditions: Arabidopsis eco-
types were obtained from the Arabidopsis Biological Resource
Center at Ohio State University, with the exception of C24,
which was obtained from Patrick Masson (University of Wis-
consin, Madison, WI). Plants were grown under continuous
light in Fafard Growing Mix 2 (Griffin Greenhouse Supplies).

Plant genomic DNA preparation and Southern blot analysis:
Plant genomic DNA was prepared as follows. Four-week-old
plants were frozen in liquid nitrogen and ground into a fine
powder with a mortar and pestle. Ground tissue (~10 g) was
thawed in 20 ml lysis buffer (100 mm Tris-OH, pH 9.5, 1.4 m
NaCl, 20 mm EDTA, pH 8.0, 2% hexadeclytrimethylammon-
ium bromide, 1% polyethylene glycol, M, 8000), plus 50 .l
2-mercaptoethanol and then heated at 74° for 20 min. The
lysed tissue was cooled to room temperature and extracted
with an equal volume of CHCI,. The aqueous phase was trans-
ferred to a fresh tube and precipitated with an equal volume
of isopropanol at room temperature for 30 min, followed
by centrifugation at 5000 X g for 20 min. The pellet was
resuspended in 1 ml 0.75 M NacCl, incubated with 5 ul 10
mg/ml RNase A at 37° for 30 min, mixed with 0.25 ml of

water and 0.75 ml of JetStar (Genomed) column equilibration
buffer E4, and centrifuged for 10 min at 5000 X g to pellet
insoluble material. The DNA sample supernatant was loaded
on an equilibrated JetStar minicolumn and washed, eluted,
and isopropanol precipitated as described by the manufac-
turer. DNA pellets were resuspended to a final concentration
of ~0.5 pg/pl in water. For Southern blot analysis, ~1 pg of
genomic DNA was digested with the restriction endonuclease
of interest, electrophoresed through an 0.7% TBE agarose gel,
transferred to a Hybond-N (Amersham, Arlington Heights, IL)
membrane, and fixed by UV cross-linking. Purified probe DNA
fragments were labeled using the MegaPrime kit (Amersham)
as described by the manufacturer and hybridized to Southern
blots in Church buffer (Church and Gilbert 1984) at 65°,
followed by several washes with 0.2X SSC/0.1% SDS at 65°.
The PAI1 cDNA probe is an internal 0.7-kb Pstl fragment
(Bender and Fink 1995; Li et al. 1995). The direct-repeat
probe is a 2.3-kb Hincll-to-Xhol fragment derived from the
sequences upstream of the WS PAI4 gene.

Construction and screening of genomic DNA libraries: Ge-
nomic DNA isolated from Kas-1, C24, Ita-0, or Cvi-0 was par-
tially digested with Sau3Al to an average fragment size of
15-20 kb, ligated with ADASH (Stratagene, La Jolla, CA) arms,
and packaged into phage particles using Gigapack Gold (Stra-
tagene) in vitro phage packaging extracts as described by the
manufacturer. Each library contained 100,000-200,000 pri-
mary clones. PAl-positive plaques were isolated by transferring
to Hybond-N membranes and hybridizing with a PAI cDNA
or direct-repeat probe as described for Southern blot analysis
above.

DNA sequencing: Genomic DNA fragments were subcloned
from \ library isolates into pBluescript Il KS+ (Stratagene)
and were sequenced either from standard T3 and T7 primer
sites in the vector or from custom-designed internal primers
by the Johns Hopkins University Department of Biological
Chemistry Biosynthesis and Sequencing Facility.

PCR analysis of sequences flanking the PAII-proximal direct
repeat: PCR primers based on sequences lying just outside
the 731-bp pai4 5’ duplication in WS and the heterologous
944-bp sequence present at this region in Col (see Figure 3)
were used to amplify the analogous regions from Kas-1, C24,
and Ita-0 genomic DNA using standard PCR reagents and
conditions. These three ecotypes gave fragments that were
identical in size and in Pstl or Hincll restriction patterns to
the Col fragment. Also, genomic clones of this region from
Kas-1 and Cvi-0 were explicitly sequenced and found to be
nearly identical to Col.

Isolation and analysis of PAIcCDNAs: Standard Col (Elledge
etal. 1991), Landsberg erecta (Ler, Minetet al. 1992), and WS
(giftof L. Castle and D. Meinke, obtained from the Arabidopsis
Biological Resource Center) cDNA libraries were screened by
hybridization with the PAI1 cDNA probe to identify PAI clones.
Inserts were subcloned into pBluescript |1 KS+ and sequenced
to determine their 5’ and 3’ end structures and to distinguish
from which PAI gene they arose. PAI function was tested by
determining whether cDNAs expressed from the lac promoter
on pBluescript Il KS+ in a pai-deficient Escherichia coli strain
W3110 trpC9830 could complement the mutant grown on
minimal M9 medium, as described previously (Bender and
Fink 1995; Li etal. 1995). Site-directed mutageneses to remove
the 25-bp intron insertion in the PAI3 cDNA, to introduce
the WS PAI4 9-bp deletion into a WS PAIL1 cDNA, or to intro-
duce the C24 PAI4 6-bp deletion into a WS PAI1 cDNA were
performed using standard methods (Kunkel et al. 1987).

Reverse transcriptase PCR analysis of PAI cDNAs: Total
Arabidopsis RNA isolated as described (Nagy et al. 1988) was
treated with RNase-free DNase (Promega, Madison, WI) and
used as a template for murine Maloney leukemia virus reverse
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transcriptase (M MLVRT, GIBCO-BRL, Bethesda, MD). Spe-
cifically, 20-ul reactions containing 2.0 g total RNA, 0.5 mm
of each dNTP, the appropriate reverse primer, and buffer
conditions recommended by the manufacturer were incu-
bated at 65° for 5 min, then chilled to 4°, at which point 200
units of M MLVRT was added. Reactions were then incubated
at 42° for 1 hr, heated to 95° for 5 min, and chilled to 4°. For
each RT reaction, 0.5 pl was used as a template for PCR
amplification in a 100-pl volume using standard reagents and
an amplification program of 40 cycles of (94° 30 sec, 55° 30
sec, 72° 1 min). Detailed information about primer sequences
used in this analysis is available upon request from J. Bender.
RT-PCR products <300 bp were resolved by electrophoresis
through 3% agarose/1% NusSieve (FMC, Rockland, ME) TBE
gels, and RT-PCR products >300 bp were resolved on 1.5%
agarose TBE gels.

Northern blot analysis: RNA was prepared from whole 4-wk-
old plants, electrophoresed, transferred to Hybond-N (Amers-
ham) membranes using standard procedures (Ausubel et al.
1989), and hybridized with a PAI1 cDNA probe as described
for Southern blot analysis above. Blots were subsequently
stripped and reprobed with an «-tubulin probe to normalize
for differences in loading.

RESULTS

Determination of PAIgene structures and methylation
in Arabidopsis ecotypes: Because the PAI1 locus is struc-
turally polymorphic between the previously character-
ized Col and WS Arabidopsis ecotypes (Bender and
Fink 1995), we screened 39 new ecotypes for PAI gene
structures using Southern blot assays (Table 1, Figures
1 and 2). This analysis revealed that most ecotypes had
PAI structures similar to Col, with a singlet gene at the
PAIL locus, but six ecotypes displayed band patterns
diagnostic of novel arrangements at the PAIL locus. Fur-
thermore, because PAI sequences are not cytosine meth-
ylated in the Col ecotype but are densely methylated in
the WS ecotype, we also screened the 39 new ecotypes
for evidence of PAI gene methylation using a Southern
blot assay. This analysis revealed that the ecotypes with
a singlet PAI1 gene structure at the PAI1 locus (the Col
arrangement) displayed no detectable PAI methylation.
In contrast, like WS, the six ecotypes with novel struc-
tures at the PAI1 locus displayed band patterns diagnos-
tic of dense PAI methylation (Table 1, Figures 2 and
3). These observations suggest that the acquisition of
an unusual structure at the PAIL locus causes PAI gene
methylation.

As a preliminary screen of both PAI structure and
methylation, we digested genomic DNA from 39 new
ecotypes with the methylation-sensitive restriction endo-
nuclease isoschizomers Hpall and Mspl, followed by
Southern blot analysis with a PAI1 cDNA probe. Each
PAI locus carries a single conserved Hpall/Mspl site in
the second PAI intron with different flanking Hpall/
Mspl sites (Figure 3). Therefore, each PAI locus yields
distinct Hpall/Mspl fragments, diagnostic of either fully
cleaved unmethylated or partially cleaved methylated
sequences. PAI methylation detected by Hpall/Mspl di-

TABLE 1

Arabidopsis ecotype PAI gene arrangements detected by
Hpall/ Mspl Southern blots

Ecotype PAI gene

name? Habitat® arrangement

Aa-0 Germany = Col°

Ag-0 France = Col

An-1 Belgium = Col

Ba-1 United Kingdom = Col

Be-0 Germany = Col

Br-0 Czechoslovakia = Col

Bur-0 Ireland = Wst!

C24 ? Novel, methylated

Can-0 Canary Islands = Col

Col-0 USA = Col

Ct1 Italy = Col

Cvi-0 Cape Verde Islands Novel, methylated

Di-0 France = Col

Edi-0 Scotland = Col

En-1 Germany = Col

Es-0 Finland = Col

Est-0 Russia = Col

Ge-0 Switzerland = Col

In-0 Austria = Col

I1ta-0 Morocco Novel, methylated

Jm-0 Czechoslovakia = Col

Kas-1 India Novel, methylated

Kil-0 UK = Col

Lc-O Scotland = Col

Le-0 Netherlands = Col

Ler Germany = Col

LI-0 Spain = Col with deletion
of PAI1

Lu-1 Sweden = Col with PAI3
polymorphism

Mh-0 Poland = Col

Ms-0 Russia = Col

Mt-0 Libya = Col

Mv-0 USA = Col

Nd-0 Germany = WS with PAI3
Mspl polymorphism

No-0 Germany = Col

Oy-0 Norway = Col

Pog-0 Canada = Col

RLD ? = Col

Sei-0 Spain = Col

Tsu-0 Japan = Col

Tul-0 USA = Col

WS-0 Russia = WS

2 Ecotype name abbreviations as given by the Arabidopsis
Biological Resource Center.

b Habitat as reported by the Arabidopsis Biological Resource
Center.

¢ Identical to the Col Hpall/Mspl PAI pattern shown in Fig-
ure 2.

4 1dentical to the WS Hpall/Mspl PAI pattern shown in Fig-
ure 2.

gestion was previously shown to correlate with PAI meth-
ylation across the rest of the WS PAI genes detected by
several other restriction endonucleases and by a geno-
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Figure 1.—The PAI1 locus is polymorphic. Genomic DNA
prepared from the indicated ecotypes was cleaved with Hindl11
and probed with a PAl-internal cDNA fragment. Hindlll
cleaves each gene twice 170 bp apart in the first and second
introns; both sites lie upstream of the probe fragment so that
each singlet geneyields asingle hybridizing band. PAl inverted
repeats also yield a single hybridizing band because Hindlll
does not cleave between PAIL1 and PAI4. In the Cvi-0 PAI1
gene, the second intron Hindlll site is missing because of a
single-base polymorphism, so this gene yields a fragment with
an additional 170 bp relative to Hindll1 digests of other PAI1
genes. Note that in Cvi-0, the partial direct-repeat PAI4* dupli-
cation (Figure 3) yields a PAI-hybridizing Hindl1l band of the
same size as the full PAI1-PAI4 inverted repeat so that the two
bands are superimposed on this blot. P1 is Col PAI1, P1-P4 is
WS PAI1-PAI4, P2 is PAI2, and P3 is PAI3. The molecular
weight of each band is indicated along the right margin in
kilobases. The molecular weight of the PAI3 band is estimated
relative to size standards. The molecular weights of all other
bands are based on genomic sequences.

mic methylation sequencing technique (Bender and
Fink 1995; Jeddeloh et al. 1998; Luff et al. 1999).

Out of the 39 new ecotypes examined, 31 had Hpall/
Mspl PAI patterns identical to those observed in Col,
diagnostic of three unmethylated genes (Table 1, Figure
2). Two other ecotypes had Col-related patterns. Lu-1
had PAI1 and PAI2 patterns identical to those observed
for Col, but a different PAI3 pattern. This pattern was
most likely caused by a Hpall/Mspl PAI3 polymorphism
because when Lu-1 DNA was cleaved with Xhol, ityielded
a band pattern identical to Col (data not shown). LI-0
had PAI2 and PAI3 patterns identical to those observed
for Col, but no detectable PAI1 fragment. This pattern
was verified with a Xhol digest (data not shown).
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Figure 2.—Ecotypes with novel PAI gene structures and
cytosine methylation. Genomic DNA prepared from the indi-
cated Arabidopsis ecotypes was cleaved with either Hpall (H)
or Mspl (M) and probed with a PAl-internal cDNA fragment.
Hpall/Mspl restriction maps and the region covered by the
probe are shown in Figure 3. Hpall and Mspl are both blocked
from cleaving by cytosine methylation of their recognition
sequence, 5’ CCGG 3', although Hpall is sensitive to methyla-
tion of either cytosine in the sequence and Mspl is sensitive
only to methylation of the outer cytosine. Bands diagnostic
of methylation are marked in the margin with asterisks. P1 is
Col PAI1, P1-P4 is WS PAI1-PAI4, P2 is PAI2, and P3 is PAI3.
The molecular weights of these bands are indicated along the
right margin in kilobases. The molecular weights of the PAI3
bands are estimated relative to size standards. The molecular
weights of all other bands are based on genomic sequences.

Two ecotypes had band patterns related to those ob-
served in WS, diagnostic of a complex PAI arrangement
at the PAI1 locus plus dense cytosine methylation across
all three PAI loci (Table 1). One PAI-methylated eco-
type, Bur-0, had PAI patterns identical to those observed
in WS. Another PAI-methylated ecotype, Nd-0, had PAI1-
PAI4 and PAI2 patterns identical to those observed in
WS, but a different PAI3 pattern. This pattern was most
likely caused by a Hpall/Mspl PAI3 polymorphism be-
cause when Nd-0 DNA was cleaved with Xhol, it yielded
a band pattern identical to WS (data not shown). Four
other PAl-methylated ecotypes, Kas-1, C24, Ita-0, and
Cvi-0, displayed band patterns consistent with novel
complex structures at the PAI1 locus (Figures 1 and 2).

Southern blot analysis of the four novel PAI-methyl-
ated ecotypes using the enzyme Hindlll, which is rela-
tively insensitive to cytosine methylation, confirmed that
there were only three PAI loci in each of these strains
(Figure 1). The PAI2 and PAI3 loci were structurally
invariant relative to Col and WS, whereas the PAI1 locus
was polymorphic. The sizes of the PAI1 locus bands were
consistent with either singlet genes or inverted-repeat
genes spaced further apart than in WS. Southern blot
analysis with the enzyme Xhol (restriction map shown
in Figure 3), and subsequent cloning and sequencing
of the PAI1 locus from each ecotype (see below), showed
that each of the novel PAI-methylated ecotypes in fact
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Figure 3.—Gene structures and restric-
tion maps for the Arabidopsis PAI genes.
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The Xhol (X) and Mspl (M) restriction
maps for the PAI1 loci from the indicated
ecotypes are shown with maps for the Col
X PAI2 and PAI3 loci. Thin gray arrows indi-

| ——— cate the direct-repeat sequences flanking
each PAI1 locus. Wide colored arrows repre-

sent genes, with the start of the arrow at

i t_he ATG translational start codon anq the
N tip of the arrowhead at the translational

stop codon: PAI genes are in black, S15a is

in blue, histone H2B is in red, and FADS is

in green. For the PAI genes, the additional
XX upstream and downstream regions of
shared sequence identity are indicated by
underlying hatched black lines. In the re-
gions between inverted-repeat PAIl genes
XX for WS, Kas-1, and C24, the junctions of
Il PAI1 and PAI4 downstream sequences are
marked with a vertical line. For Kas-1, C24,
Ita-0, and Cvi-0, central sequences that in-
clude the FAD8 coding region are marked
in green. In Ita-0, the unique central se-
quences are shown in yellow, and in Cvi-0,
the central sequences derived from PAI se-
quences are shown in black. See Figure 4
for a close-up view of the structures between
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inverted-repeat PAI1 and PAIl4 genes. PAI1-
PAI4 duplications are oriented with the
PAI1 gene on the left and the PAI4 gene
on the right. In Cvi-0, the leftmost black
T arrow represents the duplicated PAI4*

| ] ] | ]

gene, and in WS, the short leftmost black
box represents the partial pai4 5’ duplica-
| tion. The white box upstream of the PAI1

| | | | |
0 2 4 6 8

|
! ! gene in most ecotypes indicates the 944 bp
12 14 kb -
of heterologous sequence relative to WS

pai4 5'. Black arrows drawn under short duplicated sequences in Cvi-0, 1ta-0, C24, and WS indicate the relative orientations and
extent of the duplications. Asterisks indicate methylation. The methylated Mspl sites around the Cvi-0 PAI4* duplication could
not be determined precisely because of the density of sites flanking this region; the marked sites around this locus are therefore
an approximation. Sequences for all loci except Col PAI3 are available from GenBank: Col PAI1, AF130878; Col PAI2, AB005241;
WS PAI1-PAI4 (updated), U34757; Cvi-0 PAI1-PAI4, AF130876; Cvi-0 PAI4*, AF130877; Ita-0 PAI1-PAI4, AF130875; C24 PAI1-

PAIl4, AF130874; and Kas-1 PAI1-PAI4, AF130873.

carried a variation of the PAI1-PAI4 inverted-repeat
structure.

The PAI1-PAI4 locus in WS is flanked by ~3 kb of
direct-repeat sequences (Figure 3; Bender and Fink
1995). Analysis of the novel PAlI-methylated ecotypes
with a direct-repeat probe indicated that like WS, all
four ecotypes carried direct-repeat sequences flanking
the inverted-repeat PAI genes (data not shown). Subse-
guent cloning and sequencing confirmed this result.

Sequence analysis of PAII locus structures: To obtain
a detailed understanding of the novel PAI1 loci detected
by Southern blot in Kas-1, C24, Ita-0, and Cvi-0, we
constructed genomic libraries from these strains and
screened for PAIL locus clones using direct-repeat and/
or PAI1 cDNA probes. Relevant portions of the clones
were subcloned and sequenced. We also extended the
existing sequences around the cloned WS and Col PAI1
loci. These analyses, as well as the complete sequence

of a P1 clone carrying the PAI2 region of the genome
(Satoetal. 1997), revealed a series of structural relation-
ships among the six different PAI arrangements for WS,
Kas-1, C24, Ita-0, Cvi-0, and Col, as well as a structural
relationship between the unlinked PAI2 gene and the
PAI1-PAI4 duplication (Figure 3).

Sequencing of the WS PAI1-PAI4 locus over a continu-
ous region of ~11 kb (Figure 3) showed that the direct
repeats flanking PAI1-PAI4 were nearly identical to each
other: the PAI1l-proximal repeat was 2880 bp long, and
the PAIl4-proximal repeat was 2905 bp long because of
the presence of a 25-bp insertion near the end furthest
away from PAI4. Each of the repeats contained a com-
plete open reading frame for a gene with identity to
histone H2B, although this gene was not represented
in the Arabidopsis Expressed Sequence Tag (EST) data-
base. Immediately upstream of the PAI1-proximal direct
repeat was a 731-bp partial pai4 5’ duplication followed
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by unique sequences with no significant identity to the
sequences in the database. The unique sequences imme-
diately beyond the PAI4-proximal direct repeat encoded
ribosomal protein S15a (Bonham-Smith and Moloney
1994). Based on an EST sequence for a Col S15a cDNA
(GenBank accession no. R31305), the promoter, tran-
scriptional start, and translational start of the S15a gene
are duplicated in both copies of the direct repeat so
that the S15a promoter lies upstream of both PAI1 and
S15a (Figure 3). Furthermore, a comparison of the S15a
genomic sequence to the cDNA sequence indicated that
there is an intron in the upstream untranslated se-
guence that is included in the direct repeats.

Previous sequence analysis of the Col PAI1 locus indi-
cated that this locus carries a deleted direct repeat of
813 bp relative to the WS sequence downstream of PAIL,
followed by the S15a gene (Bonham-Smith and Molo-
ney 1994; Bender and Fink 1995; Li et al. 1995; Figure
3). Southern blot analysis was used to determine that
upstream of PAI1 there is at least a partial direct-repeat
sequence but no pai4 5’ duplication (Bender and Fink
1995). To better understand the structure in this up-
stream region, we sequenced through the upstream di-
rect repeat into unique flanking sequences. This analysis
revealed that Col carried an almost-complete upstream
direct repeat relative to WS, missing only the 5 bp most
distal to the PAIL gene. Therefore, Col and WS have
almost identical PAI1 promoter sequences over a region
of ~3.2 kb upstream of the PAI1 translational start.
Beyond this point, Col carried 944 bp of the heterolo-
gous sequence relative to the WS 731-bp pai4 5’ duplica-
tion (Figure 3). Further upstream of this heterologous
region, however, both ecotypes had identical sequences.
The 944-bp region did not have any significant identity
to other sequences in the database.

The novel methylated ecotypes all had overall struc-
tures similar to that of WS at the PAI1 locus, with two
direct repeats flanking a PAI1-PAI4 inverted repeat.
However, each ecotype had unique variations on this
basic pattern (Figure 3). For example, the Kas-1 and
C24 ecotypes had the same structure as Col upstream
of PAIL. The Ita-0 ecotype also had a Col-like sequence
upstream of PAI1, except that substituting for the 33
bp of direct-repeat sequence most proximal to PAI1
was 300 bp of the PAIl-distal end of the direct-repeat
sequence in an inverted orientation. In Cvi-0, the region
upstream of PAI1 had a more complex structure than
any of the other ecotypes examined. Beyond the PAI1-
proximal direct repeat, there was a duplication con-
sisting of a full-length PAI gene oriented in the same
direction as PAI4 (PAI4*) plus the last 207 bp of a direct-
repeat sequence. Beyond this deleted direct-repeat
PAI4* duplication was the same upstream sequence
found in Col, Kas-1, C24, and Ita-0.

In the region upstream of PAI4 the ecotypes Kas-1,
Ita-0, and Cvi-0 each had a full direct repeat followed
by S15a sequences similar to WS (Figure 3). In C24,

however, 96 bp around the junction between PAI4 and
its flanking direct repeat was substituted with 929 bp of
heterologous sequences. These sequences consisted of a
911-bp duplication of the sequences found immediately
adjacent to the upstream end of the PAIl-proximal di-
rect repeat, followed by 18 bp of unique sequence at
the junction with PAI4. Beyond this duplication, C24
carried direct-repeat and S15a sequences analogous to
those found in the other ecotypes (Figure 3).

Another focus of our analysis was the sequence be-
tween the PAIL1-PAIl4 inverted repeats, representing the
sequences 3’ of each PAI gene. In Col, the PAI1 3’
sequence extended for 470 bp downstream of the trans-
lational stop codon with almost perfect identity to the
Col PAI2 gene 3’ sequence, followed by 10 bp of heterol-
ogous sequence and then 813 bp of flanking direct-
repeat sequence (Figures 3 and 4). In the ecotypes WS,
Kas-1, and C24, the PAI1-PAI4 inverted-repeat central
sequences consisted of deleted palindromes of the
470-bp downstream sequence (Figure 4). In Ita-0 and
Cvi-0, PAI1 and PAI4 both carried the full 470-bp down-
stream sequence with a short novel sequence sand-
wiched in between. In Ita-0, this central sequence car-
ried 24-bp inverted-repeat ends plus another repeat of
the 24-bp sequence and a repeat of the last 43 bp of
the PAI2-identical downstream sequences in the middle.
In Cvi-0,the central sequence carried a short duplication
of a PAI fifth-exon sequence flanked by novel sequences.
There was no identity between Ita-0 and Cvi-O central
sequences.

With a combination of sequencing and restriction
mapping analysis, we were able to construct Hpall/Mspl
restriction maps for the novel PAIL loci. This informa-
tion plus the observed fragment sizes on a Hpall/Mspl
Southern blot (Figure 2) allowed a determination of
which sites in each PAI1-PAI4 structure were cytosine
methylated (marked with asterisks in Figure 3). Methyla-
tion was almost entirely contained within the PAIl-identi-
cal sequences, with little or no spread into flanking
direct repeats.

PAI cDNA abundance and function studies: Using a
deletion mutant derivative of WS that lacks the PAI1-
PAI4 inverted-repeat genes, we previously showed that
cytosine methylation correlates with a loss of expression
for the PAI2 gene (Bender and Fink 1995; Jeddeloh
et al. 1998). Genetic backcross experiments indicated
that PAI2 is also silenced in the parental WS strain (Ben-
der and Fink 1995). Nonetheless, parental WS is pheno-
typically normal, with levels of total PAI transcripts and
PAI enzyme activity comparable to levels measured in
Col, suggesting that there is a relatively high level of
PAI expression from the methylated PAI1 and/or PAl4
genes (Bender and Fink 1995).

To better understand which PAI genes are expressed
in PAl-methylated ecotypes, we analyzed PAI transcripts
in WS by cloning and sequencing PAI cDNAs from a
standard WS library. This approach revealed that PAI1
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Figure 4.—Structure of cen-
tral regions in PAI1-PAI4 loci.
The regions downstream of the
PAI1 and PAI4 translational

PAI1 Center PAl4

470 - - stop codons (TAA) are shown
for the indicated ecotypes, with
263 - 20 PAI1 on the left and PAI4 on
the right. Black arrows repre-
183 - 430  sent the 470 bp of conserved
PAI 3’ sequence. White arrow-
388 9 468  nheads indicate the termini of

deletions within this sequence.
Vertical zigzag lines indicate
deletion junctions. The double
black arrowheads near the end
of the Cvi-0 PAI4* sequence
represent a 21-bp tandem du-

470 190 470
470 182 470
- - 484

plication in this region. The divergently transcribed FAD8 coding sequence (2014 bp from translational start to translational
stop) downstream of PAI2 is shown as an open box, with hatched lines indicating that this region is not drawn to scale. The
boxed regions at the ends of some PAIL1 and PAI4 3’ sequences indicate FAD8 duplications (shown in green in Figure 3). The
light gray arrow downstream of Col PAI1 represents the 813-bp flanking direct-repeat sequence, with hatched lines indicating
that this region is not drawn to scale. Similarly, the light gray line downstream of Cvi-0 PAI4* represents the 207-bp deleted
direct-repeat sequence. The partial PAI fifth-exon duplication in Cvi-0 is indicated by a black box, and the flanking heterologous
sequence is indicated by a gray box. The novel sequence between the Ita-0 PAI1 and PAI4 genes is indicated by a white box.
The black arrowhead in this box represents the partial duplication of PAIl 3’ sequences, and the gray arrowheads in this box
represent novel 24-bp duplications. The table at the right indicates the number of base pairs of sequence included in the PAI1
and PAI4 3’ ends and additional center material relative to the conserved 470-bp sequence.

was the only detectable species (Table 2). In contrast,
screening of Col and Ler cDNA libraries revealed that
PAIL and PAI2 were equally abundant in either of these
unmethylated PAI ecotypes, with PAI3 approximately
fourfold less abundant than either of its sister genes. In
both Ler and WS, rare PAI1 cDNAs were found that
had upstream direct-repeat sequences spliced to PAIl
first-exon sequences (Table 2). These rare cDNAs are
best explained as transcripts that initiate from upstream
S15a sequences in the direct-repeat rather than more
proximal PAI1 sequences. The material that is deleted
between the rare transcript start sites and the PAI1 first-
exon site corresponds to predicted intron material in
the 5’ untranslated region of the S15a transcript on the
basis of a comparison between an S15a cDNA sequence
(GenBank accession no. R31305) and the genomic se-
guence. In the Ler 5’ spliced transcript, the 3’ junction
of the S15a first upstream exon is spliced directly to a
PAI1 upstream site. In the WS 5’ spliced transcript, the
3’ junction of the S15a first upstream exon is correctly
spliced to the second S15a exon, and then a cryptic site
in the second exon is spliced to the same PAI1 upstream
site used in the Ler transcript (Table 2).

cDNA analysis also suggested that PAI4 and PAI3,
besides being poorly expressed, do not encode func-
tional PAI enzymes. WS PAI4 contains a 9-bp deletion
in the fifth exon relative to PAI1 and PAI2 (Bender and
Fink 1995). We explicitly mutagenized a WS PAI1 cDNA
in an E. coli expression vector to generate this deletion
and then tested the ability of the PAI1 parental construct
vs. the 9-bp-deleted PAI1 construct to complement the
tryptophan auxotrophy of an E. coli PAl-deficient mu-
tant. The WS PAI1 cDNA complemented the mutant,

as reported previously for Col PAIL and PAI2 cDNAs
(Table 2; Bender and Fink 1995; Li et al. 1995). How-
ever, the 9-bp deletion rendered the cDNA unable to
complement the mutant. Therefore, WS PAI4 is not
likely to produce active PAI enzyme because of this
deletion.

Sequencing of PAI3 cDNAs isolated from Col and Ler
libraries indicated that the PAI3 transcript was incor-
rectly spliced to yield a 25-bp insertion of intron se-
guences between the fourth and fifth exons (Table 2).
The insertion is most likely caused by a single-base poly-
morphism that changes the consensus 3’ intron site in
the fourth PAI intron from AG to TG. PAI3 cDNAs are
predicted to encode a protein with 12 novel amino acids
downstream of the fourth exon followed by a premature
termination codon. When expressed in a PAl-deficient
E. coli strain, the Col PAI3 cDNA failed to complement
tryptophan auxotrophy. Therefore, the PAI3 gene is not
likely to produce PAI activity in any ecotype that carries
the PAI3 splice site polymorphism, including Col, WS,
C24, Kas-1, Ita-0, and Cvi-0 (as assessed by sequencing
cloned PAI3 genes and/or by monitoring a Pstl polymor-
phism created by the PAI3 splice junction mutation).

RT-PCR analysis of PAI gene expression: As for WS,
the novel PAl-methylated ecotypes Kas-1, C24, Ita-0, and
Cvi-0 all had steady-state levels of total PAI transcripts
slightly higher than the levels measured in Col (Figure
5A). Each PAI-methylated ecotype also displayed low
levels of higher-molecular-weight PAI transcripts, as pre-
viously observed in WS (Bender and Fink 1995). The
higher-molecular-weight species were largest in Ita-0
and Cvi-0, consistent with these transcripts arising by
readthrough of the inverted repeat. PAI polymorphisms
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TABLE 2
PAI cDNA analysis

PAI PAI
Ecotype gene 5" end? 3’ end? function®
Col 1 —-101 +958
Col 1 +334 +1090 ND
Col 1 +285 +1079 ND
Col 1 +85 +958 ND
Col 2 +85 ND +
Col 2 —-102 +958 ND
Col 2 —106 +971° ND
Col 2 +418 +1078 ND
Col 3 -33 +950¢ -
Ler 1 —43 +1059 +
Ler 1 —68 +958 ND
Ler 1 Spliced® +958 ND
Ler 1 +177 +958 ND
Ler 2 —-92 +1000 +
Ler 2 -81 +958 ND
Ler 2 —-25 ND ND
Ler 3 —67 +950¢ -
WS 1 —42 +973° +f
WS 1 Spliced? +958 ND
WS 1 +8 +958 ND
WS 1 +33 +958 ND
WS 1 —-36 +961 ND

2 Numbering is relative to the first base (+1) of the ATG
PAI translation initiator codon.

® PAI function was determined by cDNA complementation
of an E. coli PAl-deficient mutant, as described in materials
and methods.

¢ cDNA had no poly(A) tail.

¢ The PAI3 cDNA contained an insertion of 25 bp of intron
sequences most proximal to the 3’ junction of the fourth
intron between the normal fourth- and fifth-exon junctions.
The numbering of the 3’ end position includes the 25-bp
insertion. Explicit deletion of the extra 25-bp in the Col PAI3
cDNA rendered the gene able to complement an E. coli PAI-
deficient mutant.

¢ Upstream sequences from —811 to —776 (based on the
Col genomic sequence) were spliced to PAIL1 position —96.

fIntroduction of the WS PAI4 9-bp fifth-exon deletion into
the WS PAII cDNA rendered the gene unable to complement
an E. coli PAl-deficient mutant.

¢ Upstream sequences from —835 to —802 and —383 to
—360 (based on the WS genomic sequence) were spliced to
PAI1 position —96. The first block of upstream sequences has
the same 3’ junction as the block of upstream sequences in
the spliced Ler PAI1 cDNA; the difference in numbering is
caused by the length polymorphisms between Col and WS
upstream regions.

in the PAl-methylated ecotypes allowed us to determine
via RT-PCR which transcripts are the predominant spe-
cies detected by Northern blot. In every case, PAIl
proved to be the only abundantly expressed PAI gene
(see below).

PAI transcripts expressed from the PAI1-PAI4 in-
verted-repeat genes can be distinguished from tran-
scripts expressed from the singlet PAI2 and PAI3 genes
in most PAl-methylated ecotypes by a restriction site
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Figure 5.—PAll-methylated ecotypes express PAIl tran-
scripts from the inverted repeat. (A) Total PAI steady-state
transcript levels in the indicated ecotypes were determined
by Northern blot with the PAl-internal cDNA probe. To con-
trol for loading differences, the blot was stripped and reprobed
with an «-tubulin (TUB) probe. The position of the high-
molecular-weight PAlI RNA species in each PAI-methylated
ecotype is marked with an asterisk. (B) The proportion of PAI
transcripts carrying second-exon Sacl sites was determined by
RT-PCR analysis. Total RNA from the indicated ecotypes was
reverse transcribed and then amplified by PCR using primers
to common sequences in all PAI gene first and fourth exons
flanking the polymorphic Sacl site. These primers yield a 548-
bp fragment that is cleaved by Sacl into 435 and 113 bp (not
shown) fragments in DNA products that contain the site. Equal
amounts of uncut (=) and Sacl-cut (+) RT-PCR product for
each ecotype were resolved on a 1.5% agarose gel and visual-
ized by ethidium bromide staining.

polymorphism. Specifically, the PAI1 and PAI4 genes in
the ecotypes WS, Kas-1, C24, and Ita-0 lack a conserved
second exon Sacl site, whereas the PAI2 and PAI3 genes
carry this site. We performed RT-PCR on total RNA
from these ecotypes using primers to common PAI se-
guences in the first and fourth exons that flank the
polymorphic Sacl site and then cleaved the PCR product
with Sacl. This analysis showed that in WS, Kas-1, C24,
and Ita-0, none of the PAI RT-PCR product cleaved with
Sacl (Figure 5B), indicating that PAI2 and PAI3 are not
expressed at significant levels in these ecotypes (esti-
mated to be <10% of total transcripts) and that the
bulk of expression comes from PAILl and/or PAI4. As
a control for Sacl cleavage, we performed the analogous
RT-PCR reaction on RNA from the Col and Cvi-0 eco-
types, where all the PAI genes carry the Sacl site. We
found that in these ecotypes, the PCR product was com-
pletely cleaved.

In the ecotypes with the PAI Sacl polymorphism, we
determined that only PAI1 was being significantly ex-
pressed, with additional RT-PCR experiments to distin-
guish between PAI1 and PAI4 transcripts. For WS, PAIL
and PAI4 can be distinguished by the 9-bp deletion in
the PAI4 fifth exon. RT-PCR of this region with flanking
primers to common PAI sequences showed that there
is no detectable PAl4-sized transcript (Figure 6A).
Therefore, this experiment confirms the result of the
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Figure 6.—PAI1 is the predominant transcript in PAl-meth-
ylated ecotypes. (A) Total WS RNA was reverse transcribed
and amplified by PCR with fourth- and fifth-exon primers to
conserved sequences that flank a PAI4 fifth-exon 9-bp deletion.
Control fragments for PAI1 (P1), PAI3 (P3), and WS PAI4
(P4WS) were amplified from cloned cDNAs. (B) The same
548-bp Kas-1 RT-PCR product used for Sacl analysis (Figure
5B) was cleaved with Pstl, which will generate 341- and 207-
bp fragments from PAI RT-PCR products containing this site.
(C) Total C24 RNA was reverse transcribed and amplified by
PCR with third- and fourth-exon primers to conserved se-
guences that flank a PAI4 third-exon 6-bp deletion (138 bp
in PAI1 vs. 132 bp in PAI4). Control fragments for PAIL1 (P1)
and C24 PAI4 (P4C24) were amplified from cloned cDNAs.
(D) The same Ita-0 RT-PCR product used for Sacl analysis
was cloned into pBluescript 11 KS+. A representative Ita-0
subclone is shown, together with an analogous clone of Cvi-
0 PAI1, cleaved with Ddel. In this assay, if the polymorphic
Ddel site is missing (diagnostic of Ita-0 PAI1), then a 1309-bp
band will be generated. If the polymorphic Ddel site is present
(diagnostic of all other PAI genes), however, then a 1168-bp
band will be generated. In all panels, DNA was visualized by
ethidium bromide staining.

WS cDNA abundance analysis, that PAI1 is the abundant
transcript. The primer set used in this analysis also flanks
the PAI3 25-bp intron insertion region between the
fourth and fifth exons, but no PAI3-sized transcript was
detected in either WS or Col. Because cDNA analysis
shows that PAI3 can be transcribed in Col (Table 2),
our failure to detect this species via RT-PCR of total
Col RNA suggests that our assay conditions were not
sensitive enough to detect this weakly expressed gene.
In particular, the PAI3 transcript might have been dis-
criminated against during PCR amplification because it
is longer than the PAIL or PAI4 species. Nonetheless,
this RT-PCR experiment suggests that PAI3 is not a
major transcript in either WS or Col.

In the ecotype Kas-1, PAI1 can be distinguished from
PAI4 by a polymorphism that destroys a conserved Pstl
site in the third exon of PAIL1. RT-PCR analysis of Kas-1

RNA with the same primer set used for the Sacl analysis,
followed by cleavage of the PCR product with Pstl,
showed that none of the Kas-1 product was cleaved (Fig-
ure 6B). As a control, the same product amplified from
Col RNA, where all three PAI genes contain the Pstl
site, was completely cleaved. Therefore, like WS, Kas-1
expresses transcripts primarily from PAIL. Furthermore,
the Kas-1 PAI4 gene has a deletion of 7 bp in the second
exon, which is predicted to alter the reading frame so
that the protein is terminated near the end of the puta-
tive chloroplast transit sequence (Li et al. 1995). Thus,
regardless of expression, no functional PAI enzyme
would be produced from the Kas-1 PAI4 gene.

In the ecotype C24, PAI1 can be distinguished from
PAI4 by a 6-bp deletion in the PAI4 third exon. RT-PCR
of this region with flanking primers to common PAI
sequences showed that there is no detectable PAI4-sized
transcript (Figure 6C). Furthermore, the C24 PAl4 gene
carries a 91-bp deletion extending from the middle of
the fourth intron into the middle of the fifth exon,
which is predicted to disrupt the correct splicing of the
fourth-intron and fifth-exon coding sequences. Thus,
regardless of expression, no functional PAI enzyme
would be produced from the C24 PAI4 gene.

In the ecotype Ita-0, PAIL can be distinguished from
PAI4 by a polymorphism that destroys a conserved Ddel
site just upstream of the translational start in the first
exon. This polymorphic site is contained in the RT-
PCR product from the Sacl analysis shown in Figure 5B.
However, it was difficult to visualize the polymorphism
by direct cleavage of the RT-PCR fragment with Ddel
followed by gel electrophoresis because the relevant
cleavage products were obscured by background non-
specific PCR species. We therefore used the alternative
strategy of subcloning the Ita-0 Sacl analysis RT-PCR
products into a pBluescript Il KS+ plasmid vector and
analyzing individual clones by Ddel digest (Figure 6D).
An analogous subclone of a Cvi-0 PAI1 RT-PCR product
was used as a control for the restriction pattern given
by a PAI gene carrying the upstream Ddel site. All of 24
independent Ita-0 subclones tested in this way lacked
the upstream Ddel site, indicating that in Ita-0, PAIL is
the only abundant transcript species.

To determine which PAI transcripts are expressed in
Cvi-0, we cloned the RT-PCR fragments generated in the
Sacl analysis (Figure 5B) and sequenced 10 independent
clones, using single-base polymorphisms unique to each
PAI gene as a means of identification. All 10 Cvi-O clones
were PAILl. Therefore, in all PAl-methylated ecotypes,
PAI1 is the only significantly expressed PAI gene.

DISCUSSION

Our studies of cytosine methylation, structural poly-
morphisms, and gene expression indicate that an in-
verted repeat in the Arabidopsis genome displays a num-
ber of unusual behaviors. The PAI1-PAI4 inverted-repeat
structures analyzed here consist of ~2 kb of nearly per-
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fect mirror image sequence separated by not more than
247 bp and not less than 90 bp of nonpalindromic
sequence (Figure 4). The inverted repeats are densely
cytosine methylated over their regions of mirror image
identity, without a significant spread into neighboring
sequences (Figures 2 and 3). Moreover, the inverted
repeats are associated with dense methylation of the
unlinked identical sequences PAI2 and PAI3 (Figure 2).
These observations suggest that inverted repeats provide
uniquely favorable substrates for methylation. The wide
variation in PAI inverted-repeat structures observed
across ecotypes (Figures 3 and 4) suggests that these
structures are unusually unstable, perhaps because they
are difficult to replicate accurately and/or because they
are recombinationally very active. Finally, in contrast to
the singlet PAI2 gene, the inverted-repeat PAI1 gene is
not silenced by cytosine methylation, suggesting that it
is relatively exposed to the transcription machinery.

Inverted repeats trigger cytosine methylation: Our
original observation that the PAI genes are methylated
in the WS ecotype but not in the Col ecotype could be
explained by several models, including the difference
in PAl gene arrangement and copy number between
the two strains or strain-to-strain variation in the effi-
ciency of the methylation machinery. The observations
reported here argue that PAl gene arrangements, rather
than variations in other loci, determine PAI cytosine
methylation. Specifically, none of the 34 ecotypes with
two or three unlinked singlet PAI genes displays PAI
methylation, whereas all 7 ecotypes with a PAI1-PAI4
inverted repeat at the PAI1 locus display dense PAI
methylation (Table 1). Consistent with the model that
the inverted repeat locus triggers cytosine methylation,
we found that when the WS inverted repeat is combined
with the unmethylated Col PAI genes in WS X Col hy-
brid plants, the Col PAI genes become methylated de
novo within a few generations of inbreeding (Luff et al.
1999).

The inverted repeat could promote cytosine methyla-
tion via DNA/DNA interactions, RNA/DNA interac-
tions, or both. Evidence suggesting that PAl methylation
is triggered by DNA/DNA interactions comes from two
observations. First, methylation is coextensive with PAI
DNA sequence identity, including intron and promoter
sequences (Figure 3; Bender and Fink 1995; Luff et
al. 1999). Second, a promoterless pail-pai4 transgene,
when inserted in single copy in either the Col or the WS
genome, becomes self-methylated just over its regions
of mirror-image sequence within a few generations of
inbreeding (Luff et al. 1999). We have proposed that
the inverted repeat is uniquely prone to methylation
because of its ability to form unusual structures, such
as a four-stranded DNA “hairpin,” that serve as sub-
strates for de novo methylation (Bender 1998).

An alternative model is that the inverted repeat gives
rise to unusual hairpin RNA molecules as a result of
readthrough transcription, and that these molecules

promote PAI cytosine methylation and silencing, per-
haps because they are converted into double-stranded
RNA molecules (Montgomery and Fire 1998; Water-
house et al. 1998; Mette et al. 1999). Indeed, high-
molecular-weight PAI transcripts that become propor-
tionally longer with the length of the inverted-repeat
region are observed on Northern blots (Figure 5A),
consistent with the production of readthrough species
that could lead to RNA-directed DNA methylation. Ulti-
mately, the isolation of mutations that alter PAl methyla-
tion and silencing should identify the important mecha-
nistic components.

Genesis of the PAI gene family: The sequence diver-
gence between PAI3 and its sister PAI genes suggests
that the two classes of genes are relatively evolutionarily
distant from each other. However, the close sequence
identity among PAI1, PAI2, and PAI4 argues that they
arose more recently from a common progenitor.
Transposon-mediated rearrangements provide a mech-
anism for horizontal transfer of sequences within a ge-
nome and for generation of tandem-sequence duplica-
tions. For example, transposon-generated, inverted-
repeat sequence duplications have been characterized
previously at the nivea locus in Antirrhinum majus (Bol I-
mann et al. 1991) and at the amylose extenderl locus in
maize (Stinard et al. 1993). It is attractive to speculate
that the transmission of a common progenitor PAI se-
guence into the PAI2 and PAI1-PAI4 genes in Arabi-
dopsis was similarly transposon generated. However, se-
guence analysis of the regions around these genes in
several ecotypes has failed to reveal any obvious transpo-
son-like sequence. Therefore, if the PAI1-PAI4 and/or
the PAI2 duplicate genes were transposon-generated,
the transposon sequences that mediated the process most
likely excised after the duplication event. Because little is
known about families of transposons in Arabidopsis
(Bhattet al. 1998), we cannot determine whether short
sequences in the PAI1-PAI4 or PAI2 regions are charac-
teristic of transposon excision “footprints” or of transpo-
son deletion derivatives.

Regardless of the mechanism(s) of PAI sequence du-
plication, it is most likely that PAI2 on chromosome 5
was the progenitor gene that was copied to produce
PAI1 and/or PAI1-PAI4 on chromosome 1. In particular,
the 3’ sequences that are duplicated in PAI1, PAI2, and
PAI4 (but not PAI3) include the 3’ end of the FADS8
gene (Gibson et al. 1994) that lies just downstream of
PAI2 on chromosome 5 (Figure 3). The simplest expla-
nation of this partial FAD8 duplication is that a region
extending from the PAI2 promoter through the 3" end
of FAD8 was the basic sequence unit that was transmitted
to the PAI1 locus on chromosome 1. In this case, the
flanking direct-repeat sequence duplication might have
happened concurrently with the rearrangement event
that transmitted PAI sequences to the PAI1 locus.

Our analysis of structural variants of the PAIL locus
across six ecotypes of Arabidopsis suggests that all the
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variants are related and arise from a common progeni-
tor structure. Our data support either of two models
for the genesis of the PAI1 locus. One model is that the
structure found in Col and 32 other ecotypes (Table
1) is the progenitor structure and that this structure
underwent a duplication and rearrangement event to
generate an inverted repeat of PAI genes flanked by full
direct-repeat sequences in one unusual lineage. This
initial inverted-repeat structure then underwent further
deletions and rearrangements to generate the variety of
inverted-repeat structures observed in PAIl-methylated
ecotypes today. Presumably, the high degree of variation
from the progenitor inverted-repeat structure was due
to both the instability of the inverted repeat (Hender-
son and Petes 1993; Ruskin and Fink 1993) and the
ability of the duplicated sequences in the structure to
undergo intramolecular recombination or unequal
crossing over. Molecular evolutionary studies of Arabi-
dopsis ecotypes (Hanfstingl et al. 1994; Innan et al.
1997) do not indicate clustering among the PAl-methyl-
ated strains, as might be predicted by this model. How-
ever, a detailed study of sequences in the PAI1 region
of the genome across many ecotypes is needed before
this point can be determined definitively. It is also possi-
ble, but unlikely, that a progenitor Col-like structure
rearranged five independent times to give the various
inverted-repeat structures found in Cvi-0, Ita-0, Kas-1,
C24, and WS.

An alternative model is that the progenitor structure
of all ecotypes was an inverted repeat of two PAI genes
flanked by full-length direct repeats. This common
structure could have given rise to the Col structure by
deletion of one PAI gene and part of a flanking direct
repeat, and to the inverted-repeat ecotype structures by
other rearrangement events (Figure 3). In this scenario,
the predominance of the Col structure over methylated
inverted-repeat structures in the wild population (Table
1) might reflect a greater fitness of the Col structure.
Because Col expresses PAl enzyme from two unlinked
genes, PAI1 and PAI2 (Table 2), this redundancy pro-
tects Col from deleterious consequences of PAI gene
mutations. In contrast, the PAI-methylated ecotypes ex-
press PAl enzyme only from the PAILl gene (Table 2,
Figures 5 and 6), making them vulnerable to tryptophan
auxotrophy via PAl gene mutation. This vulnerability
might therefore account for the underrepresentation
of PAl-methylated ecotypes in the wild population.

Although Col and the inverted-repeat ecotypes all
have the potential to yield a deletion at the PAI1 locus
because of homologous recombination between the
flanking direct-repeat sequences (Bender and Fink
1995), this type of rearrangement was observed only in
one ecotype, LI-0 (Table 1). The lack of PAll-deleted
strains in the wild population suggests that the homolo-
gous recombination event that generates this structure
might be rare. However, given that five independent
isolates of a PAI1-PAl4-deleted version of WS were iso-

lated from a T-DNA-transformed population (Bender
and Fink 1995), and that similar deletions occur at a
high frequency in EMS-mutagenized WS populations
(J. Bender, unpublished results), homologous recombi-
nation between two full-length direct repeats can hap-
pen at a relatively high frequency, at least in plants that
have undergone mutagenic treatments. Alternatively,
PAIl1l-deleted strains might be selected against in a wild
population because they are dependent on a single
gene, PAI2, for PAI activity; like the PAl-methylated eco-
types, PAI1l-deleted variants might be underrepresented
in the wild because of their vulnerability to PAI gene
mutation. Furthermore, the reduced PAI expression in
PAll-deleted strains, although sufficient for normal
plant morphology under laboratory conditions (Bender
and Fink 1995), might not be sufficient for optimal
survival in the wild.

In the PAl-methylated ecotypes Cvi-0, I1ta-0, C24, Kas-1,
and WS, the major structural difference is the sequence
between the inverted-repeat PAI genes (Figures 3 and
4). Cvi-0 and Ita-0 are the only ecotypes that carry extra
sequences in this central region relative to the se-
guences downstream of Col PAI1 and PAI2 (Figure 4).
Other structural differences unique to particular eco-
types can best be explained as secondary events (Figure
3). For example, the WS pai4 5’ duplication could have
been generated by pairing between the direct-repeat
sequences, followed by gene conversion of the se-
quences adjacent to the PAIll-proximal repeat to se-
guences adjacent to the PAl4-proximal repeat. Similarly,
the C24 PAI4 promoter rearrangement could have been
generated by pairing between the direct-repeat se-
quences, followed by gene conversion of the sequences
adjacent to the PAI4-proximal repeat to sequences adja-
cent to the PAIl-proximal repeat. The Ita-0 PAIL pro-
moter rearrangement could have been generated by
pairing between the two inverted-repeat PAI genes, with
gene conversion of the PAI1 promoter sequences to the
PAI4 promoter sequences. The Cvi-0 PAI4* duplication
is most simply explained by unequal crossing over be-
tween direct repeats to amplify a structure consisting of
direct-repeat 1-PAI1*-PAIl4*-direct-repeat 2-PAIL-PAI4-
direct-repeat 3, followed by a deletion of most of direct-
repeat 1 and PAI1*.

Cytosine methylation has been shown to suppress ho-
mologous recombination (Maloisel and Rossignol
1998). Nonetheless, at least some of the structural poly-
morphisms in the methylated PAI1-PAI4 regions studied
here are likely to have arisen via recombination mecha-
nisms. Perhaps even with the negative effects of cytosine
methylation, the PAI inverted repeats can pair with each
other so readily that some recombination still occurs
between them. Alternatively, the inverted repeat might
be immune to accumulating the factors that would nor-
mally block homologous recombination on methylated
sequences because of unique structural or sequence
characteristics.
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Cytosine methylation and PAI gene expression: Cyto-
sine methylation is usually correlated with a loss of tran-
scription from methylated sequences (Kass et al. 1997).
Consistent with this general rule, the singlet PAI2 gene
in WS is silenced by cytosine methylation. Specifically,
in a derivative of WS lacking the PAI1-PAI4 inverted-
repeat genes, PAI2 expression is inversely correlated
with the density of methylation on the PAI2 gene (Ben-
der and Fink 1995; Jeddeloh et al. 1998). Genetic back-
cross experiments show that PAI2 is also silenced in
parental WS (Bender and Fink 1995). However, paren-
tal WS is phenotypically normal and expresses levels of
PAI transcripts and PAI enzyme activity comparable to
those measured in Col. Therefore, PAI1 and/or PAI4
must account for the bulk of PAI activity in WS despite
being densely methylated. In fact, cDNA abundance
(Table 2) and RT-PCR analyses (Figures 5 and 6) indi-
cate that PAI1 is the only detectable PAI transcript in
WS. Furthermore, PAIL is the only detectable transcript
in the other PAl-methylated ecotypes (Figures 5 and 6).

Why is the methylated PAIL gene expressed while the
methylated PAI2 gene is silenced? Detailed analysis of
cytosine methylation patterns for WS PAI1 and PAI2
have revealed no significant differences in the extent
or density of methylation (Luff et al. 1999). Therefore,
the different effects of methylation on PAI gene expres-
sion might be caused by differences in the genomic
contexts (cis-acting sequences, DNA structure, and/or
chromosomal domains) that determine different chro-
matin assembly and expression states. Interestingly, the
PAIl4 gene immediately adjacent to PAIL is not expressed
in PAl-methylated ecotypes (Figure 6) despite ~250 bp
(or in the case of Ita-0, ~550 bp) of promoter identity.
The lack of PAI4 expression could result from the ab-
sence of critical upstream promoter sequences and/or
from silencing by methylation. The later case would
suggest that the transcriptionally active state at the PAIL
promoter does not propagate as far as the PAI4 pro-
moter, 4 kb away.
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