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ABSTRACT
An RFLP genomic subtraction was used to isolate male-specific sequences in the species Silene latifolia.

One isolated fragment, SLP2, shares similarity to a portion of the Activator (Ac) transposase from Zea mays
and to related proteins from other plant species. Southern blot analysis of male and female S. latifolia
genomic DNA shows that SLP2 belongs to a low-copy-number repeat family with two Y-linked copies.
Screening of a S. latifolia male genomic library using SLP2 as a probe led to the isolation of five clones,
which were partially sequenced. One clone contains two large open reading frames that can be joined
into a sequence encoding a putative protein of 682 amino acids by removing a short intron. Database
searches and phylogenetic analysis show that this protein belongs to the hAT superfamily of transposases,
closest to Tag2 (Arabidopsis thaliana), and contains all of the defined domains critical for the activity of these
transposases. PCR with genomic and cDNA templates from S. latifolia male, female, and hermaphrodite
individuals revealed that one of the Y-linked copies is transcriptionally active and alternatively spliced.
This is the first report of a transcriptionally active transposable element (TE) family in S. latifolia and the
first DNA transposon residing on a plant Y chromosome. The potential activity and regulation of this TE
family and its use for Y chromosome gene discovery is discussed.

THE white campion, Silene latifolia (previously Melan- from a hermaphroditic ancestor distinguishes this sys-
tem from sex determination in animal systems wheredrium album), is a common eudicot weed found in

both North America and Europe. There are �700 spe- chromosome-based dioecy has existed for 200–300 mil-
lion years (Lahn and Page 1999). This provides the uniquecies in the genus Silene, the majority of which are out-

crossing and hermaphroditic. Breeding systems range, opportunity to isolate the genetic loci necessary for the
development of separate sexes and to trace some ofhowever, from nearly obligate selfing (cleistogamy) to

obligate outcrossing (dioecy). Dioecy (separate male the chromosomal changes that have occurred through
comparisons with hermaphroditic species. Therefore,and female individuals) likely evolved at least twice from

a hermaphroditic state within the last 20–30 million S. latifolia is a model for studying the processes under-
lying the separation of gender and the evolution ofyears (Desfeux et al. 1996).

S. latifolia is dioecious with an XY-chromosome-based dimorphic sex chromosomes in plants (for review see
Charlesworth and Guttman 1999; Moneger 2001;sex determination system analogous to the mammalian

system. Dioecy is stable, although hermaphroditic mu- Charlesworth 2002).
The Y chromosome of S. latifolia is the largest chromo-tants (XY) occur at extremely low frequency in natural

populations (our personal observations) and can be some (�925 Mb) in the genome (Westergaard 1946)
and is �50% larger than the X chromosome, in contrastinduced through the exogenous application of demeth-

ylating agents such as 5-azacytidine and with gamma to the mammalian system, where the Y chromosome is
typically dramatically smaller. This difference in chro-irradiation (Donnison et al. 1996; Janousek et al. 1996).

Dioecy is a relatively rare breeding system in plants and mosome size has not yet been explained, although trans-
posable element movement and accumulation is oneis not necessarily coupled with sexually dimorphic chro-
potential cause. The lack of recombination over themosomes. The recent evolution of dioecy in S. latifolia
majority of the Y chromosome is thought to reduce
the efficacy of selection (for review see Charlesworth
2002) and thus allow transposable elements with poten-Sequence data from this article have been deposited in the EMBL/

GenBank Data Libraries under accession nos. AY172035–AY172052. tially detrimental fitness impacts to accumulate in these
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previously described cross and partially digested with Sau3A.quences have been isolated previously during screens
The digested DNAs were separated on a 1% agarose gel andfor Y-linked sequences in S. latifolia (Donnison et al.
the 9- to 23-kb DNA fragment was purified with QIAEXII gel

1996; Nakao et al. 2002) and in other dioecious plant extraction kit. The purified DNA was ligated to �-arms from
species (Sakamoto et al. 2000; Shibata et al. 2000). the Stratagene (La Jolla, CA) Lambda DASH II/BamHI kit.

The cloning and screening were performed following the com-Here we have used restriction fragment length poly-
pany’s protocol. The library was screened with SLP2 (pre-morphism (RFLP) genomic subtraction to isolate male-
viously described) from this study. Positive clones were pickedspecific sequences from the progeny of an intraspecific
and DNA was extracted.

cross of S. latifolia. This technique was used to isolate To determine the insert size of positive clones, field inver-
low-copy sequences linked to the Y chromosome. One sion gel electrophoresis was performed using the PC500

switchback pulse controller system (Pharmacia, Piscataway,of the fragments, SLP2, was similar to the maize Activator
NJ). Gel electrophoresis was performed in 1% Seakem LE(Ac) transposase and belonged to a low-copy-number
agarose gel in 0.5� TBE with the following pulse conditions:repeat family with two Y-linked copies. We found that
150 V, F:R � 3:1, pulse time � 0.6–2.0 sec for 24 hr.

an intact transposase gene still resides in the genome Primer design and PCR walking: The primers used in PCR
of S. latifolia, but probably not on the Y chromosome. walking were designed using a computer program Oligo 3.0

and synthesized by Operon Technologies (Alameda, CA). PCRWe provide evidence, however, that one of the Y-linked
walking followed the principle previously described (Parkertransposase pseudogenes is transcribed and alterna-
et al. 1991). For each PCR, a specific primer (18–24 bases)tively spliced in both male and hermaphrodite leaf and
and a random primer (18–24 bases) were used. DNA prepared

bud tissues. These results are discussed in the context from positive clones screened by SLP2 served as the template
of Y chromosome evolution in S. latifolia, with an em- in PCR walking. Specific primers were designed using the

sequence from SLP2 in an attempt to retrieve sequencesphasis on the potential activity of this transposable ele-
allowing the reconstruction of the coding region. The PCRment family and its use as a tool for Y-linked gene dis-
mixture was 2.5 �l of 10� buffer (100 mm Tris-HCl, pH 8.3,covery.
500 mm KCl, 15 mm MgCl2, 0.1% gelatin), 2.0 �l of dNTP
(1.25 mm each of dATP, dCTP, dGTP, and dTTP), 0.5 �l of
specific and random primer (10 mm), 2.0 �l of MgCl2 (10

MATERIALS AND METHODS mm), 0.2 �l of Taq DNA polymerase (5 units/�l), 2.5 �l of
DNA (5 ng/�l), and 14.8 �l of H2O. The cycling parametersPlant material: The F1 population was generated using an
were 1 cycle 94� 1 min; 30 cycles 94� 1 min; 50� 1 min; 72� 2individual from an Italian population as the female parent
min; 1 cycle 72� 5 min, 4� hold.and an individual from a western Massachusetts population

Sequencing, database searches, and mining: Clones andas the male parent. The hermaphroditic plant (chromosom-
PCR products were sequenced using d-rhodamine dye-termi-ally XY) was derived from a single hermaphroditic mutant
nator or Big Dye chemistry with an ABI prism 377 from Appliedfound in a wild population at the University of Massachusetts,
Biosystems (Foster City, CA). Homology searches were com-Boston, and maintained by crossing wild-type female plants
pleted using BLASTX and the nonredundant databases atwith hermaphroditic pollen or selfing the hermaphroditic
the National Center for Biotechnology Information (NCBI)individual. Because Y chromosome deletions can yield her-
website (Gish and States 1993). Intron prediction was com-maphrodites (Westergaard 1946), this individual was used
pleted using the NetGene2 server (Hebsgaard et al. 1996).here in comparative screens with normal males. All plant mate-
Closely related transposase sequences were gathered from therials were maintained in the greenhouse at the University of
database through reiterative searches with the partial se-Massachusetts, Boston.
quence of one �-clone and closely related accessions usingRFLP subtraction and Southern hybridization: This proce-
the search algorithm BLASTX (Gish and States 1993).dure is a modification of the RFLP subtraction described in

Sequence comparison and phylogeny construction: DNA orRosenberg et al. (1994). Female DNA sequences were sub-
protein sequences were aligned using the software packagetracted from male DNAs, allowing the isolation of male-spe-
ClustalW (Thompson et al. 1994). Pairwise comparisons werecific sequences located on the nonrecombining portion of
made with the Blast2 Sequence function at NCBI (Altschulthe Y chromosome. The “tester” DNA was extracted from an
et al. 1997). The phylogenies were constructed using parsi-F1 male individual (Italy female � western Massachusetts male)
mony or distance methods with 1000 bootstrap replicates ofand the “driver” DNA was extracted from a pool of 10 female
the consensus and the programs provided in the PAUP* pack-individuals from the same cross. Oligonucleotides were pur-
age, Version 4 (Swofford 2002). Branches from parsimonychased from Amitof Biotech (Boston). The male-specific
or distance trees were labeled with bootstrap values on thebands were gel purified with a QIA gel extraction kit (QIA-
well-supported branches of interest. Well-supported branchesGEN, Chatsworth, CA). The product was ligated to HindIII-
from the S. latifolia, which are composed of genomic-deriveddigested dephosphorylated pUC 18 vector. The insert DNAs
sequences from multiple individuals, are considered to repre-from 24 white clones were prepared individually by PCR using
sent unique genomic locations.pUC18/M13 primers and screened. This DNA was used as the

RT-PCR: RNA was extracted using tissue collected fromtemplate to make radioactive probes 32P-labeled for hybridiz-
plants provided by Paige Dennis (University of Massachusetts,ing to HindIII-digested pooled male and female genomic
Boston). Tissue was ground in liquid nitrogen and the RNeasyDNA. Positive clones were labeled and hybridized to the
Mini RNA extraction kit available from QIAGEN. Total RNApooled male and female genomic DNA for verification.
was treated with DNaseI purchased from GIBCO BRL (Gaith-Genomic DNAs for Southern analysis were digested with
ersburg, MD), 1 unit DNase I per 1 �g RNA, incubated atHindIII at 3 units/�g DNA for 3 hr at 37�. The digested DNAs
room temperature for 15 min and EDTA inactivated. Reversewere separated on a 1% agarose gel. Southern transfer and
transcription was completed using 3� rapid amplification ofhybridization followed (Bernatzky and Tanksley 1986).
cDNA ends. SUPERSCRIPT II RNase H-reverse transcriptase�-Library construction and screening: The genomic DNA

was extracted from a pool of five male F1 individuals from the was purchased from GIBCO BRL. An RT� control was com-
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pleted for each sample. The primer sequence for the reverse
transcription reaction is: RT Anchor, 5�-CCGACACGACGAC
TACAGCATTTTTTTTTTTTTTTTTTTTV-3�. RNA was incu-
bated with 50 �m of RT Anchor primer at 70� for 10 min.
The reaction was completed according to the manufacturer’s
protocol. Two rounds of PCR were completed using a nested
primer strategy. The following primers were used: RT Amp,
5�-CCGACACGACGACTACAGCA- 3�; intron F, 5�-CATGGCT
GACAGAATGAGGATC-3�; intron R, 5�-AAGAGTGTTGTCC
TCCATTTCATC-3�. The first round of PCR was completed
using the primers RT Amp and intron F. The second round
of PCR utilized the primers intron F and intron R. The primers
were used at a final concentration of 1 �m. Amplitaq Gold
brand Taq from Applied Biosystems was used at a final concen-
tration of 0.25 units at the suggestion of the manufacturer.
The cycling parameters were step 1, 10 min at 95�; step 2, 1
min 95�; step 3, 1 min 52�; step 4, 1 min 72�; step 5, 9 more
cycles to 2; step 6, 1 min 95�; step 7, 1 min 55�; step 8, 1 min
72�; step 9, 25 more cycles to 5; step 10, 5-min extension at
72�. The PCR product was separated on a 1.2% agarose gel
1� TBE and the two resulting bands were excised and gel
purified using the kit previously described.

Genomic PCR and cloning: Genomic DNA from one female,
one male, and one hermaphroditic (chromosomally XY) indi- Figure 1.—Southern blot of F1 male and female genomic
vidual was used as the template for PCR. These individuals DNA digested with HindIII and hybridized with SLP2. The
were the same as those used for the RT-PCR. The intron F and arrows indicate the two male-specific fragments. The size
intron R primers and PCR conditions were used as described marker (M) is � cut with HindIII.
above. PCR products were purified directly using a QIAquick
PCR purification kit (QIAGEN). PCR products were ligated
into the PGEM-T vector (Promega, Madison, WI) as directed

SLP2 has similarity to the Ac transposase: The 827-by the manufacturer’s protocol. XL1 blue cells (Stratagene)
were transformed with plasmids and screened with blue/white bp SLP2 insert was sequenced and used as a query to
screening. Between 5 and 25 white colonies were picked from search the nonredundant database at NCBI using
each cloning procedure. Plasmids were prepared for sequenc- BLASTX with default settings. This search revealed thating using a Qia-prep spin miniprep kit (QIAGEN) or Tem-

the entire sequence of SLP2 shares significant similaritypliphi (Amersham, Buckinghamshire, UK).
to the transposases from the hAT (hobo/Ac/Tam3) su-
perfamily (E values for the first 45 matches ranged from

RESULTS 1 � 10�64 to 8 � 10�04), including those encoded by
the Ac element from Zea mays (E value � 5 � 10�41).Isolation and identification of male-specific sequences:
This fragment encodes the first three of the six con-Fifty-eight recombinant clones obtained from one trans-
served hAT superfamily domains (Rubin et al. 2001).formation of subtraction products were transferred to

Isolation of SLP2-related sequences from a male S.a nylon membrane and probed with pooled female ge-
latifolia genomic library and sequence analysis: A geno-nomic DNA. On the basis of the intensity of the hybrid-
mic �-library was constructed from a pool of five maleization signals, 24 clones appeared to contain only low-
full siblings. Screening of the library (one millionor single-copy DNA fragments (data not shown).
plaques) using SLP2 as a probe at high stringency ledFrom a F1 population, genomic DNAs from five males
to the isolation of five unique genomic clones. On theand five females were digested with HindIII and probed
basis of pulsed-field gel electrophoresis, the size of thewith the plasmid inserts isolated in the RFLP subtrac-
inserts of these five clones ranged from �12 to 22 kb.tion. Fragments present in males but absent from fe-
Primers were designed on the basis of the sequence ofmales are likely to be linked to the nonrecombining
SLP2 to allow the amplification of this region from theportion of the Y chromosome. One clone, SLP2, hybrid-
�-clones. Restriction digests of the clones and sequenceized to 4–8 bands in both males and females, including
comparisons of the SLP2 region showed that each clonetwo unique male-specific fragments (Figure 1). The
was unique. These clones, designated Thelma2, Thel-male-specific fragments are �3.0 and 0.9 kb in size. In
ma6-1, Thelma6-2, Thelma7, and Thelma13 (Figure 2),addition, a band of �0.7 kb is twice as bright in all female
were 93–100% identical to the 827-bp region of SLP2.individuals when compared to all males, indicating that
Thelma7 is the only sequence identical to SLP2 andthese fragments are likely X-linked, although other ex-
thus is a genomic clone with an insert that likely origi-planations are possible. Additional fragments of �16
nated from the Y chromosome.and 7 kb in the SLP2 hybridization show 1:1 segregation

Primer walking was used to sequence the regionspatterns in males and females, indicating that they are
flanking SLP2 for two of the �-clones, Thelma7 andlocated to either maternal X chromosomes or auto-

somes. Thelma13. A consensus was based on a sequence align-
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Figure 2.—The regions sequenced
(boxed) of the �-clones flanking the origi-
nal male-specific plasmid SLP2. SLP2 was
used as a probe to a male � genomic library
and five clones, Thelma13, -7, -2, -6-2, and
-6-1 (12–22 kb), were recovered. Primers
(SF and SR are indicated by arrowheads)
based on the sequence of SLP2 were used
to amplify the corresponding region from
each of the �-clones. The 3482-bp
Thelma13 fragment containing the com-
plete transposase coding region (coding re-
gion indicated by solid box) was sequenced
by primer walking using primers designed
to SLP2 and random primers. The region
flanking the putative intron was amplified
using primers (IF and IR indicated by ar-
rowheads) from Thelma7, -13, and -2. The

5174-bp region of Thelma7 was sequenced (regions that are not homologous to Thelma13 are indicated by diagonal lines).
Multiple stop codons (*) and deletions (d) resulting in frameshifts indicate that it is a likely pseudogene.

ment of at least five overlapping fragments and resulted ship between these proteins and therefore the likely
conservation of function (Figure 4). The six hAT super-in a 3483-bp sequence for Thelma13 and a 5174-bp

sequence for Thelma7. This includes the region corre- family domains defined by (Rubin et al. 2001) are pres-
ent in each of these putative transposase proteins; thesponding to SLP2 and extends in both directions (Fig-

ure 2). An alignment of the Thelma13 and Thelma7 biochemical function of all of these domains is not yet
known. The N terminus of Thelma13 also shares similar-fragments revealed that they are 94% identical over a

2948-bp region with 11 gaps. The alignment begins in ity to the DNA-binding domain defined biochemically
for Ac ; this region is absent in Tag2 (see Figure 4).the 5� region of Thelma13 at position 534 bp and ex-

tends to the end. This region aligns at position 1036 of A BED finger DNA-binding domain (Aravind 2000),
predicted by the conserved domain database at NCBI,Thelma7. The two genomic regions were analyzed in

detail using a translation of all six reading frames and is identified in Ac and Thelma13, but is absent in Tag2
(underlined region 2 in Figure 4).intron prediction tools. This analysis revealed that Thel-

ma13 contains two large open reading frames (ORFs) Overall, the putative Thelma13 protein product is
29% (196/655 aa) identical and 47% similar (315/655of 549 and 133 amino acids (aa) that can be joined

together by the removal of a 135-bp intron, predicted aa) to the Ac transposase. The most highly conserved
domain is located in the C terminus of the protein andwith 94% confidence by NetGene (Hebsgaard et al.

1996). The resulting protein is 682 aa in length, a size is involved in dimerization and likely in catalysis (Essers
et al. 2000). The similar residues are present in all re-similar to various transposases from the hAT superfam-

ily. Analysis of Thelma7 using the ORFs defined in gions of the protein but concentrated in the domains
known to be critical for function or well conservedThelma13 indicates that Thelma7 is a pseudogene, with

a likely insertion or deletion in the 5� end of the se- across the superfamily. This observation strongly sug-
gests that the Thelma13 and Ac transposases functionquence. No obvious structural characteristics of class 2

transposable elements were detected in the sequences in a similar manner.
Transcriptional analysis: With primers flanking theflanking the coding regions.

Transposase domain comparisons: Predicted proteins single predicted intron, we used RT/PCR to amplify
cDNA from single male, female, and hermaphroditicwere mined from the nonredundant database through

reiterative homology searches with the deduced protein individuals. Two bands of �500 and 600 bp, respectively,
were visualized by agarose electrophoresis in both thesequence from Thelma13 and related accessions. Re-

trieved protein sequences were aligned and a phyloge- XY male and XY hermaphrodite, but not in the XX
female (Figure 5a). These bands were excised, cloned,netic tree was constructed using the neighbor-joining

method. This analysis reveals that the Thelma13 puta- and multiple clones were sequenced. The sequence of
the smaller fragment revealed that the intron had beentive transposase belongs to the Ac/Tam3 clade of the

hAT superfamily of transposases. It is most closely re- correctly predicted and removed. The sequence of the
larger fragment was identical except that it retainedlated to the transposase encoded by the Tag2 element

and other undescribed putative transposases from Arabi- the intron. Thus, the confirmed intron appears to be
alternatively spliced, resulting in the presence of twodopsis thaliana (Figure 3).

The putative transposases from Thelma13, Tag2, and transcripts originating from one element. Both tran-
scripts are found simultaneously in leaf and bud tissueAc (ORFa) were aligned to illustrate the close relation-
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Figure 3.—Comparative phyloge-
netic analysis of hAT superfamily pro-
teins with the putative Thelma13 trans-
posase. The sequences are labeled with
their GenBank accession numbers. The
first two letters are the genus species ab-
breviations (Fo, Fusarium oxysporum; At,
A. thaliana; Ol, Oryzias latipes; Nt, Nicoti-
ana tabacum; Zm, Z. mays; Pg, Pennisetum
glaucum; Os, Oryza sativa; Sl, S. latifolia ;
Am, Antirrhinum majus; Bd, Bactrocera
dorsalis; Ag, Anopheles gambiae; Md, Musca
domestica; Dm, Drosophila melanogaster ;
Lc, Lucilia cuprina; Ti, Tolypocladium in-
flatum; Ai, Ascobolus immersus; Ip, Ipomoea
purpurea). The transposable elements
that have been described are named
after the accession number. The well-
supported clades are indicated by brack-
ets and given the name of the first de-
scribed element in that clade.

from the male and hermaphrodite (both XY), but not A–E, each likely representing a separate locus with males
having copies in all five branches. Branches A and Efrom the female. The appropriate controls eliminated

the likelihood of genomic contamination. represent the two putative Y-linked copies first identified
by Southern blots (Figure 1). Branch A consists solelyThe primers flanking the intron site were also used

to amplify genomic DNA from the male, female, and of the Y-linked �-clone Thelma7 fragment. Branch E
contains one genomic clone from the male (gDNAm13)hermaphroditic individuals. A single sharp band of

�600 bp was obtained from each individual (data not and one from the hermaphrodite (gDNAh16). The
clade also contains the two alternatively spliced tran-shown). This band was directly cloned and 20–25 clones

were sequenced for each individual, with the goal of scripts, RNA1m21 and RNA2m9, isolated from the male
and identical to the male genomic clone, and the twoidentifying most of the amplifiable copies in each of

these genomes and the specific copy being expressed. alternatively spliced transcripts isolated from the her-
maphrodite and identical to its genomic clone. TheSix of 25 copies from the male, 3 of 20 copies from the

female, and 2 of 20 copies from the hermaphrodite genomic sequence gDNAm13 is 99.2% identical to the
genomic copy gDNAh16, suggesting that they are allelic.were unique. We constructed a phylogeny of the unique

amplified sequences (per individual), excluding the in- Branch E is a strongly supported clade that lacks female
sequences, but includes copies with gender-specific ex-tron (Figure 5b), to understand the relationship of these

sequences and to estimate copy number in the genome. pression. Together, this suggests that branch E is a male-
specific Y-linked grouping.The phylogeny includes the cDNA fragments from male

and hermaphrodite; the unique genomic clones from
the male, female, and hermaphrodite; and the corre-

DISCUSSION
sponding regions of the genomic clones Thelma7,
-13, and 2. The deduced phylogeny reveals three major We report a novel gene family in the genome of S.

latifolia, with homology to a large superfamily of class 2clades supported by high bootstrap values. The phylog-
eny is further broken down into five subdivisions labeled transposase proteins. Class 2 transposons are mobile
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Figure 4.—Boxshade Thelma13, Tag2, and Ac (ORFa). The solid boxes indicate identical or similar residues shared between
all sequences. The shaded boxes indicate identical or similar residues shared by two of the sequences. The first underlined
region is involved in DNA localization. The second underlined region represents the BED zinc finger DNA-binding domain
(Aravind 2000) conserved between Ac and Thelma13, predicted by RPS-BLAST at NCBI, and includes the DNA-binding domain
biochemically determined for Ac. Conserved hAT superfamily protein blocks are indicated by boxes and represented by letters
A–F (Rubin et al. 2001). The regions marked D–F are located in the region involved in dimerization (Essers et al. 2000). An
open arrow identifies the position of the single alternatively spliced intron shared by Thelma and Tag2. Ac transposase mutants
truncated at the regions marked by the solid arrows upregulate transposition when cotransfected with wild-type TPase (Kunze
et al. 1993).

genetic units capable of changing chromosomal loca- it being an ancient component of the Y chromosome,
although no orthologous copy was identified in ourtion, via a DNA-mediated, cut-and-paste mechanism (for

review see Feschotte et al. 2002). An intact putative survey of the XY hermaphrodite’s genome. This suggests
that in the hermaphrodite, the region may have beentransposase coding region in S. latifolia, Thelma13, is

likely to be linked to the X or autosomes. Thelma13 deleted and therefore includes the female suppression
loci (Westergaard 1946; Lebel-Hardenack et al. 2002).belongs to the hAT superfamily of DNA transposons,

branching with the Ac/Tam3 clade, most closely related Transposon regulation: Class 2 transposable element
movement is likely regulated at multiple levels both byto Tag2 of Arabidopsis (Figure 3). Thelma13 possesses

all six described domains found in Ac-like transposases. the host and in an autoregulatory fashion. Alternative
splicing via occasional intron retention has been re-Thus, Thelma transposase genes are likely dispersed as

part of a class 2 TE family, although we currently have ported for Tag2 (Henk et al. 1999) and the alignment
shows that the intron detected in Thelma is in the sameno evidence for their mobility. Two copies in S. latifolia

are Y-linked, but both appear to be pseudogenes, al- position as the single intron in Tag2 (Figure 4). Intron
retention, the most common form of alternative splicingthough one is transcribed in leaf and bud tissue.

Thelma7, a Y-linked copy, has acquired several muta- (Mironov et al. 1999), frequently functions as a post-
transcriptional regulatory mechanism with the short iso-tions, including a large insertion or deletion (indel) in

the 5� end, which interrupts the coding region. The form acting as a dominant-negative regulator of the
longer one (Boise et al. 1993; Okada et al. 1997; Rossdegree to which Thelma7 is degraded is consistent with
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et al. 1997; Srinivasula et al. 1999). For Tag2 and
Thelma, the retention of the intron would introduce a
premature stop codon and lead to a C-terminal trunca-
tion. Thus, the translation of both transcripts would
result in the presence of long and short protein iso-
forms. The long isoform would contain all the domains
necessary for catalyzing transposition and presumably
functions as the transposase. In contrast, the short iso-
form would retain the DNA localization signal, DNA-
binding domain, and regions of conserved but unknown
function (regions A, B, and C in Figure 4), but would
not have the dimerization domain, which likely overlaps
the catalytic domain (regions D, E, and F in Figure 4).
The short isoform may be capable of nuclear localiza-
tion and DNA interaction, but not capable of the dimer-
ization mandatory for transposition. The short isoform
might compete with the transposase (long isoform) di-
mers for DNA interaction and therefore prevent trans-
position in a concentration-dependent manner.

For some elements (Ac and Tag1), post-transcrip-
tional regulation has been implicated because there is
little, if any, correlation between transcript levels and
excision frequencies (see Kunze and Weil 2002). Domi-
nant-negative mutants have been found for Ac, but result
from coexpression of proteins that lack the N terminus
DNA-binding domain like those that arise from alterna-
tive transcription or translation start site usage (Kunze
et al. 1993). Interestingly, proteins that lack regions of
the C terminus when coexpressed with wild-type Ac tran-
sposase actually increase excision frequencies in trans-
fected petunia protoplasts (Kunze et al. 1993). Further
experiments are required to understand the potential Figure 5.—(a) RT-PCR with primers designed to flank the
role of the two isoforms in S. latifolia. 135-bp intron of Y-linked Thelma7. Lane 1, 100-bp-ladder size

standard; lane 2, water blank; lane 3, male bud tissue; lane 4,Y degradation and transposon tagging: The accumula-
male bud tissue without reverse transcriptase (RT�); lane 5,tion of transposable elements in chromosomal regions
male leaf tissue; lane 6, male leaf tissue (RT�); lane 7, femalewith low recombination has been well documented in leaf tissue; lane 8, female leaf (RT�); lane 9, hermaphrodite

animal species (e.g., Steinemann and Steinemann bud tissue; lane 10, hermaphrodite bud tissue (RT�); lane
1998; Erlandsson et al. 2000). Class 1 TE fragments 11, hermaphrodite leaf tissue; lane 12, hermaphrodite leaf

(RT�); lanes 3, 5, 9, and 11 show fragments with (�640 bp)have been isolated in S. latifolia during screens for male-
and without (�500 bp) introns. (b) Phylogenetic comparisonspecific sequences (Donnison et al. 1996; Nakao et al.
of transcribed, genomic PCR-derived, and �-library copies cor-2002) as well as in two other dioecious plant species, responding to the region amplified by the primers IF and

Cannabis sativa and Rumex acetosa (Sakamoto et al. 2000; IR, but excluding the intron. Those products amplified from
Shibata et al. 2000). In animals, Y-linked, class 2 TEs cDNA are labeled RNA1 or RNA2. Those products amplified

from genomic DNA are labeled gDNA. RNA1 are productshave been reported much less frequently and this is the
that were spliced. RNA2 are products that are the result offirst report of a transposase-related sequence on a plant
intron retention. Three major clades are well supported. TheY chromosome. first clade includes branches A and B. A is represented by

The lack of recombination over the majority of the Thelma7, which is Y-linked. The second clade includes
Y chromosome probably causes the unavoidable decay branches C and D. Included here is Thelma13, which encodes

an intact transposase coding region. The third clade, branch E,of linked genes due to population genetic processes
possesses all the RNA-derived copies and the Y-linked genomicsuch as genetic hitchhiking, selective sweeps, and Mul-
copies from which they are transcribed.ler’s ratchet (for recent review see Charlesworth and

Charlesworth 2000). Genes remaining active are most
likely either new arrivals awaiting erosion or ancient
and selectively advantageous. The Y-linked sequence, the hermaphrodite is transcribed. These two Y-linked cop-

ies may thus be in different stages of degradation. We areThelma7, is clearly a pseudogene in the process of
erosion with no detectable transcription. The other currently screening closely related dioecious species to

determine if Y linkage preceded speciation.Y-linked Thelma locus recovered from both the male and
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dioecy and plant sex chromosome systems, pp. 25–49 in Sex Deter-The Thelma family is the first class 2 transposable
mination in Plants, edited by C. Ainsworth. BIOS, Oxford.

element family isolated in the genus Silene and the first Desfeux, C., S. Maurice, J.-P. Henry, B. Lejeune and P.-H. Gouyon,
1996 Evolution of reproductive systems in the genus Silene. Proc.described in plants with copies that are Y-linked. One
R. Soc. Lond. Ser. B 263: 409–414.copy not on the Y chromosome appears to be intact

Donnison, I. S., J. Siroky, B. Vyskot, H. Saedler and S. R. Grant,
and capable of encoding a complete transposase with 1996 Isolation of Y chromosome-specific sequences from Silene

latifolia and mapping of male sex-determining genes using repre-all the domains necessary to catalyze its own movement
sentational difference analysis. Genetics 144: 1893–1901.and the movement of other elements in trans. Previous

Erlandsson, R., J. F. Wilson and S. Paabo, 2000 Sex chromosomal
reports of genetic XY males expressing the hermaphro- transposable element accumulation and male-driven substitu-

tional evolution in humans. Mol. Biol. Evol. 17: 804–812.ditic phenotype when treated with demethylating agents
Esposito, T., F. Gianfrancesco, A. Ciccodicola, L. Montanini,(Donnison et al. 1996; Janousek et al. 1996) might be

S. Mumm et al., 1999 A novel pseudoautosomal human gene
explained by the movement of hAT superfamily transpo- encodes a putative protein similar to Ac-like transposases. Hum.

Mol. Genet. 8: 61–67.sons, since methylation has been shown to be involved
Essers, L., R. H. Adolphs and R. Kunze, 2000 A highly conservedin their regulation (e.g., Ac in maize reviewed in Kunze

domain of the maize activator transposase is involved in dimeriza-
and Weil 2002). Since hAT superfamily transposable tion. Plant Cell 12: 211–224.

Feschotte, C., N. Jiang and S. R. Wessler, 2002 Plant transposableelements move both locally and into gene-rich regions
elements: where genetics meets genomics. Nat. Rev. Genet. 3(Kunze and Weil 2002), an endogenous hAT transpo-
(5): 329–341.

son tagging system may be a useful tool for gene discov- Gish, W., and D. J. States, 1993 Identification of protein coding
regions by database similarity search. Nat. Genet. 3: 266–272.ery of Y-linked genes in the S. latifolia genome. The S.

Hebsgaard, S. M., P. G. Korning, N. Tolstrup, J. Engelbrecht,latifolia Y chromosome is the largest of the 24 chromo-
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