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ABSTRACT
To understand long terminal repeat (LTR)-retrotransposon copy number dynamics, Ty1 elements were

reintroduced into a “Ty-less” Saccharomyces strain where elements had been lost by LTR-LTR recombination.
Repopulated strains exhibited alterations in chromosome size that were associated with Ty1 insertions, but
did not become genetically isolated. The rates of element gain and loss under genetic and environmental
conditions known to affect Ty1 retrotransposition were determined using genetically tagged reference
elements. The results show that Ty1 retrotransposition varies with copy number, temperature, and cell
type. In contrast to retrotransposition, Ty1 loss by LTR-LTR recombination was more constant and not
markedly influenced by copy number. Endogenous Ty1 cDNA was poorly utilized for recombination when
compared with LTR-LTR recombination or ectopic gene conversion. Ty1 elements also appear to be more
susceptible to copy number fluctuation in haploid cells. Ty1 gain/loss ratios obtained under different
conditions suggest that copy number oscillates over time by altering the rate of retrotransposition, resulting
in the diverse copy numbers observed in Saccharomyces.

THE C-value paradox states that the haploid content Ty elements are LTR-retrotransposons that replicate
of genomic DNA does not always follow phylogeny through an RNA intermediate (Sandmeyer et al. 2002;

or developmental and behavioral complexity (Mirsky Voytas and Boeke 2002) and are present in essentially
and Ris 1951; Hartl 2000). To a large extent the all eukaryotes (Craig et al. 2002). LTR-retrotransposons
C-value paradox is due to the gain and loss of repetitive and retroviruses are similar in structure, encode func-
elements such as retrotransposons through processes tionally equivalent Gag and Pol proteins, including pro-
that can occur over relatively short time periods and tease (PR), integrase (IN), and reverse transcriptase (RT),
are not in equilibrium. How transposon-based genome and undergo similar replication cycles. The Ty struc-
expansion and contraction is modulated is not under- tural and enzymatic proteins form a virus-like particle
stood, despite the fact that �40% of mammalian ge- within which protein maturation and reverse transcrip-
nomes and the larger plant genomes are composed of tion occur. The resulting linear cDNA enters the ge-
mobile DNA (Kumar and Bennetzen 1999; Eichler nome through IN-mediated integration or, to a lesser
and Sankoff 2003). A Saccharomyces version of the degree, by homologous recombination with genomic
C-value paradox has been studied by reintroducing ac- elements. Ty retrotransposition is not infectious, which
tive Ty1 retrotransposons into Saccharomyces paradoxus distinguishes Ty elements from retroviruses.
strain 337, which is a close congener to S. cerevisiae Since Ty element retrotransposition is additive and
(Wilke and Adams 1992; Garfinkel et al. 2003; Moore these elements compose �3% of the S. cerevisiae genome,
et al. 2004). Strain 337 lacks complete Ty1, Ty2, Ty4, element accumulation through retrotransposition must
and Ty5 elements and displays weak hybridization with be modulated or offset by element loss to avoid uncon-
a Ty3 element internal probe. Numerous degenerate trolled genome expansion and rearrangement. Ty ele-
solo long terminal repeats (LTRs) also are present in ments and yeast have coevolved several strategies to
strain 337, many of which arose by intraelement LTR- minimize genome “obesity” (Bennetzen and Kellogg
LTR recombination at insertion sites that are occupied 1997). Ty elements have pronounced target site prefer-
by full-length Ty elements in S. cerevisiae (Moore et al. ences that avoid mutating genes (Boeke and Devine
2004). Therefore, we use the term “Ty-less” to describe 1998); undergo transcriptional and post-transcriptional
the strain 337 genome. cosuppression, which limits retrotransposition in a copy-

number-dependent manner (Jiang 2002; Garfinkel
et al. 2003); respond to several host restriction systems;
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repopulated strains were compared with their parent strainslar, transcriptional cosuppression silences all Ty1 ele-
for cosuppression or Ty1 loss before reintroduction of thements in a subset of cells by a mechanism that is inde-
pGTy1-H3 plasmid. Candidate strains containing Ty1his3-AI

pendent of DNA methylation and polycomb-mediated and additional Ty1 elements had to exhibit cosuppression to
repression (Jiang 2002). Post-transcriptional cosuppres- be included in the second round of pGTy1-H3 induction.

Strains containing Ty1::URA3 gave rise to 5-fluoroorotic acidsion blocks the utilization of Ty1 RNA for retrotranspo-
(5-FOA)-resistant mutants at about the same frequency as de-sition either prior to or during reverse transcription,
termined by qualitative patch tests, regardless of the numberpossibly by titration of a positively acting factor (Gar-
of reintroduced Ty1 elements. Therefore, colonies were cho-

finkel et al. 2003). Ty1 RNA levels also decrease �10- sen at random for serial pGTy1-H3 induction. Mutations in
fold in diploid cells due to MATa/� repression (Elder Ty1 PR or IN were introduced into Ty1his3-AI(96) by cotrans-

forming strain DG2547 with a mutant targeting fragment and aet al. 1980; Herskowitz 1988). In addition, Ty1 retro-
TRP1-2� vector. The targeting fragment containing pr-1702(SacI)transposition peaks at 15�–20� and is severely inhibited
was generated by PCR using pGTy1-H3Neo/pr -1702 (Youn-at 37� (Paquin and Williamson 1984), apparently be-
gren et al. 1988) as template, Pfu Turbo high-fidelity polymer-

cause Ty1 PR is heat sensitive (Lawler et al. 2002). ase (Stratagene, La Jolla, CA), and primers TyA700 (5�pr-AGT
Since Ty elements are bracketed by directly repeated TGGAACGCCTCTGAGC-3�) and IN2700 (5�-AAATTCGATT

GCAGAGAAGC-3�), according to the manufacturer’s sugges-LTRs, element loss can occur by intraelement homo-
tions. The targeting fragment containing in-2600(MluI) was gen-logous recombination (Farabaugh and Fink 1980).
erated by PCR, using pGTy1-H3his3-AI/in-2600(MluI) (pDSM24)Solo-LTRs account for 85% of the Ty insertions in the
(Monokian et al. 1994; Moore et al. 1998) as template, and

S. cerevisiae genome (Kim et al. 1998) and may be the primers Ty1-1621 (5�-ACAGTAAATCATACTAATC-3�) and Ty1-
only element sequences remaining in strain 337 (Moore 3600 (5�-TTCCGGTGGAGAAGCATC-3�). The targeting frag-

ment containing in-K596,597G was generated by PCR, usinget al. 2004). However, spontaneous Ty-Ty recombination
pGTy1-H3his3-AI/in-K596,597G (pDSM27) (Moore et al. 1998)events are low when compared with other repeated se-
as template, and primers IN-2600SEQ (5�pr-GGACCGTGGTquences (Kupiec and Petes 1988a,b).
TCTGAGTATACTAACAGAAC-3�) and Ty1-4851 (5�-GTTCAT

In contrast to many other host-mobile element inter- CCTGGTCTATATAAAGA-3�). Trp� cotransformants contain-
actions, the Saccharomyces-Ty relationship has the po- ing the appropriate mutation in Ty1his3-AI(96) were identified
tential to be well understood at the molecular level. by their inability to undergo Ty1his3-AI retrotransposition, as

monitored by the formation of His� colonies (Curcio and Gar-Here we have utilized a Ty-less strain to experimentally
finkel 1991). PCR products amplified from genomic DNA usingdetermine how Ty1 gain and loss fluctuates under ge-
primers TyA700 and HIS3-413-435 (5�-GCCGTACGCAGTTGnetic and environmental conditions known to modulate TCGAACTTG-3�) were digested with SacI or MluI or sequenced

Ty1 retrotransposition. Our work strongly suggests that to verify the presence of pr-1702(SacI), in-2600(MluI), or in-
Ty1 copy number oscillates over time by altering the rate K596,597G mutations, respectively, in Ty1his3-AI(96). Similar

PCR analyses using Ty1 (TyA700) and URA3 (URA3 5�out;of retrotransposition, thereby contributing to the di-
5�-ATTGTACTTGGCGGATAATGTC-3�) primers showed thatverse copy numbers observed in different Saccharo-
the PR and IN mutations were not present in Ty1-4253::URA3.myces species and strains (Wilke et al. 1992; Neuveglise Trp� segregants obtained after nonselective growth were used

et al. 2002) and, perhaps, other organisms as well. in further experiments.
Ty1 location: Vectorette PCR (Hui et al. 1998), as modified

by C. Friddle and D. Botstein (http://www.genomics.princeton.
edu/botstein/) was used to determine the chromosomal loca-MATERIALS AND METHODS
tion of Ty1his3-AI(96). Both Ty1his3-AI(96) and our other refer-
ence element, Ty1-4253 (Moore et al. 2004), were located onGenetic techniques, media, and strain construction: Yeast

genetic techniques and media were used as described previ- chromosome X. Ty1his3-AI(96) was located between ASF1 and
MDV1 and �90 bp from an Ala-tRNA, while Ty1-4253 wasously (Sherman et al. 1986; Guthrie and Fink 1991). The

strains used here (Table 1) were originally derived by crossing located between RAD7 and CDC8 and adjacent to a Gly-tRNA
gene. Ty1his3-AI(96) and Ty1-4253 were inserted in inverteda mitotic derivative of strain 337 (Wilke and Adams 1992)

called DG1768 with 155-5A (Garfinkel et al. 2003). Several orientation relative to each other and bracketed by 5-bp target
site duplications 5�-TAATA-3� and 5�-CTTAT-3�, respectively.strains resulted from extensive backcrosses with DG1768 and

Gal� Spo� segregants were saved for further analysis. Strain On the basis of S. cerevisiae genome sequence coordinates, the
two Ty1 elements were separated by �350 kb. PCR analysisDG2204 resulted from a cross between strains DG2196 and

DG1768. Strain DG2503 was generated by introducing the using primers ASFout118W (5�-GACAAGAAGAGGAGGAAAA
TAGAAG-3�) and MDVout5C (5�-GAGTTATTTGGTCGTTCAURA3 gene into the Ty1 RT region of Ty1his3-AI(96) present

in DG2196 by microhomologous recombination as described CTGACAT-3�), which flank Ty1his3-AI(96), generated a 2.1-kb
fragment from the preintegrated region.by Moore et al. (2004). Strains DG2602 and DG2547 resulted

from a cross between strains DG2526 and DG2196 (Garfinkel Ty1 retrotransposition: Ty1his3-AI retrotransposition events
were detected as His� colonies, as described by Curcio andet al. 2003; Moore et al. 2004). Diploid strains DG2567 and

DG2646 were derived by mating strains DG2533 and DG2633 Garfinkel (1991). Ty1 transposition rates and standard devia-
tions were determined as described previously (Drake 1970;with DG2204, respectively. Diploid strains DG2566 and

DG2601 were derived by mating strains DG2602 and DG2578 Rattray et al. 2000). For a given temperature (e.g., 30�), all
liquid growth and plate incubations were performed at thatwith DG1768, respectively. Ty1 elements were reintroduced

into the genomes of strains DG2503, DG2533, and DG2602 temperature. The rate of Ty1 retrotransposition per element
per generation was determined by multiplying the rate of His�by two serial galactose inductions of cells containing pGTy1-H3

(Boeke et al. 1985, 1991; Garfinkel et al. 2003), resulting formation by a factor of 88 to correct for splicing efficiency
and the inhibitory effects of the his3-AI indicator gene (Cur-in strains DG2525, DG2578, and DG2633, respectively. The
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TABLE 1

List of strains

Strain name Genotype Source

DG1768 MAT� his3-�200hisG ura3 gal3 Ty-less Spo� Garfinkel et al. (2003)
DG2196 MATa trp1 ura3 his3-�200hisG Ty-less Ty1his3-AI(96) Gal� Spo� Garfinkel et al. (2003)
DG2204 MATa his3-�200hisG trp1 ura3 Ty-less Gal� Spo�

DG2454 MAT� his3-�200hisG ura3 gal3 Ty1-4253 Ty-less Spo� Garfinkel et al. (2003)
DG2568 DG2454 � Ty1-4253 solo-LTR
DG2503 MATa his3-�200hisG ura3 trp1 Ty-less Ty1his3-AI(96) ::URA3 Gal� Spo�

DG2525 DG2503 � 20 Ty1 elements
DG2602 MATa his3-�200hisG ura3 trp1 Ty-less Ty1-4253::URA3 Gal� Spo�

DG2526 MAT� his3-�200hisG ura3 Ty-less Ty1-4253::URA3 Gal� Spo� Moore et al. (2004)
DG2578 DG2602 � 24 Ty1 elements
DG2533 MAT� his3-�200hisG ura3 Ty-less Ty1-4253his3-AI gal3 Spo� Moore et al. (2004)
DG2633 DG2533 � 28 Ty1 elements
DG2566 DG2602 	 DG1768
DG2601 DG2578 	 DG1768
DG2567 DG2204 	 DG2533
DG2547 MATa his3-�200hisG ura3 trp1 Ty-less Ty1-4253::URA3 Ty1his3-AI(96)
DG2575 DG2547, Ty1his3-AI(96)pr -1702(Sac I)
DG2592 DG2547, Ty1his3-AI(96)in-2600(MluI)
DG2605 DG2547, Ty1his3-AI(96)in-K596,597G
DG2646 DG2204 	 DG2633

cio and Garfinkel 1991). Splicing efficiency of the artificial His� mutants from strains DG2547 and DG2592 were analyzed
by PCR and Southern hybridization (see below) to determineintron varied less than twofold when cells were grown at 20�

or 35�, as determined by reverse transcription-PCR (Garfin- whether Ty1HIS3 cDNA gene converted Ty1-4253::URA3. The
primer pairs used to identify 5-FOAR and 5-FOAR His� Ty1kel et al. 2003).

Ty1 loss and gene conversion: Ty1 loss by LTR-LTR recom- gene conversion events were as follows: TyBout (5�-AAGAACA
TTGCTGATGTGATGAC-3�) � CDC8out (Moore et al. 2004),bination, ectopic gene conversion, or loss of heterozygosity

(LOH) events involving Ty1his3-AI(96) ::URA3 or Ty1-4253:: expected product 1.1 kb; Ura3600w (5�-CATTACGAATGCA
CACGGTG-3�) � CDC8out, expected product 2.6 kb; Ura35�-URA3 were detected using 5-FOA selection as described by

Winston et al. (1984), except that all liquid growth and plate out (5� -ATTGTACTTGGCGGATAATGTC-3�) � XhoRTw, ex-
pected product 0.95 kb; XhoRTw � CDC8out, expected prod-incubations were performed at 20�, 30�, or 35�. The rate of

5-FOAR per element per generation and standard deviations uct 3.9 kb; and His35�out (5�-CGCTAGGGGACCACCC-3�) �
CDC8out, expected product 1.6 kb. Reconstruction experi-were estimated according to the method of Drake (1970).

5-FOAR (Ura�) colonies obtained in haploids could result ments using a strain that had lost Ty1URA3 by LTR-LTR recom-
bination indicated that cells grew equivalently on SC � 5-FOAfrom LTR-LTR recombination, ectopic gene conversion with

the endogenous ura3 allele, or with other Ty1 elements pres- plates at all temperatures. The rate of Ty1 loss was obtained
by multiplying the rate of 5-FOAR-colony formation by theent in the genome. PCR analyses of randomly selected 5-FOAR

mutants, using primers specific for Ty1, URA3, his3-AI, and fraction of 5-FOAR events resulting from LTR-LTR recombina-
tion. PCR products containing solo-LTRs were gel-purifiedsequences flanking the reference elements, were used to deter-

mine how 5-FOAR occurred. Similar to strains containing Ty1-4253 and cloned into a Topo TA cloning vector (Invitrogen, Carls-
bad CA), according to the manufacturer’s instructions. Solo-or marked derivatives (Moore et al. 2004), the Ty1his3-AI(96)

flanking primers ASFout118W and MDVout5C could not effi- LTRs were sequenced with primer U3in (5�-TGTTGGAATAG
AAATC-3�). Additional technical details will be provided uponciently amplify the full Ty1his3-AI(96) or Ty1his3-AI(96) ::URA3

elements because the PCR products were �9 kb, whereas LTR- request.
Ty1 gain/loss ratio: The gain vs. loss of Ty1 elements wasLTR recombinants generated a 2.4-kb product. A 1.5-kb PCR

product was amplified using primers XhoRTw (5�-CCGCCGC expressed as a ratio by dividing the retrotransposition rate by
the loss rate. Ratios were not corrected for the slight differenceTCGAGGCTGTAAAAGCAGTA-3�) and His3-3�out (5�-GAGAA

GCCACCTCGCCC-3�) if Ty1 gene conversion occurred in strain in Ty1 copy number used to estimate Ty1 gain (DG2633; 28 ad-
ditional Ty1 elements) or loss (DG2578; 24 additional Ty1 ele-DG2525. A 3.9-kb PCR product was amplified using primers

XhoRTw and CDC8out (5�-CTATCAGTATTAATTTGCCACGG- ments).
Chromosome separation: Yeast chromosomes were pre-3�) if Ty1 gene conversion occurred in strain DG2578. PCR

analysis with primers CDC8out and RAD7-286 (5�-TCCTTAGT pared for CHEF analysis as described previously (Carle and
Olson 1985; Chu et al. 1986; Moore et al. 2004). ChromosomesTAACAACATCTC-3�) that flank Ty1-4253::URA3 (Moore et al.

2004) were used to determine how loss occurred in the single- were separated using a CHEF-MAPPER gel electrophoresis
apparatus (Bio-Rad, Hercules, CA) and the following programelement diploid DG2566. The presence of only the wild-type

PCR product of 750 bp indicated that LOH had occurred, (Moore et al. 2004): block 1—20 hr, 60 sec switching time;
and block 2—12 hr, 90 sec switching time. Both blocks werewhereas an additional PCR product of 1100 bp indicated an

LTR-LTR recombination event. Southern blot hybridization run at a voltage of 6 V/cm, angle 120� in 0.5	 TBE at 13�.
Southern analysis: Southern blot hybridization was used towas also used to determine the types of Ty1-4253::URA3 loss

events that occurred in diploid strains (see below). 5-FOAR determine the copy number of Ty1 elements added back to the
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Figure 1.—Ty1 copy number dynam-
ics. Ty1-4253 is located between RAD7
and CDC8 on chromosome X (Moore et al.
2004). Ty1-4253 was tagged with his3-AI,
represented by the star, to determine the
rate of retrotransposition. Ty1-4253 was
separately tagged with URA3 to deter-
mine the level of gene conversion or ele-
ment loss by LTR-LTR recombination.
LTRs are represented by solid triangles.
Ty1HIS3 represents Ty1 gain through
retrotransposition. Ty1-4253� and a solo-
LTR represent gene conversion and LTR-
LTR recombination events that remove
URA3 and confer 5-FOAR, respectively.

Ty-less genome, how Ty1-mediated recombination occurred, either his3-AI to measure retrotransposition (Curcio
and the fate of Ty1 cDNA in strains DG2547 and DG2592. and Garfinkel 1991) or the counter-selectable URA3
Total genomic DNA was digested with Pvu II, separated on a

gene to measure loss via LTR-LTR recombination or0.7% agarose gel and transferred to Hybond N (Amersham,
gene conversion between elements (Roeder and FinkPiscataway, NJ). A 32P-labeled probe containing sequences from

the Ty1 RT region (nucleotides 3944–5562) was made by ran- 1982; Winston et al. 1984) (Figure 1). Another compe-
domly primed DNA synthesis (Amersham). The number of tent element, Ty1his3-AI(96) (Garfinkel et al. 2003),
the “right-end” junction fragments was determined by phos- which was located on chromosome X between ASF1 and
phorimage analysis and ImageQuant 1.2 software using the

MDV1 also was marked with URA3. We then repopulatedreference element’s Pvu II (nucleotide 3944)-cellular junction
the Ty-less genome with de novo Ty1 element insertionsPvu II fragment as a single-copy control. Southern analysis was

used to assign Ty1 integration events to specific yeast chro- by serial pGTy1 induction. Ty1 copy number and chro-
mosomes using the numbering system developed for the Ty-less mosomal occupancy were determined by Southern analy-
strain by Moore et al. (2004). The CHEF gel, stained with ethid- sis of genomic DNA digested with PvuII (data not shown)
ium bromide, was photographed and treated with ultraviolet

or separated chromosomes (Figure 2). The number oflight to introduce single-strand nicks. DNA transfer and hy-
right-end Ty1-chromosomal junction fragments that hy-bridization were performed as described above, except that a

32P-labeled Ty1-specific probe was derived from TYA1 sequence. bridized with a 32P-labeled probe from Ty1 RT was used
A chromosome X-specific probe was derived from plasmid pJLS1 to determine the number of Ty1 transposition events
(kindly provided by F. Lacroute) containing the URA2 gene. in strains DG2633, DG2578, and DG2525, which were
Southern analysis was used to determine how Ty1-4253::URA3

found to harbor 28, 24, and 20 additional Ty1 elements,loss occurred in diploid strains DG2566 and DG2601 by com-
respectively.parison with the hybridization pattern obtained with haploid

strains DG1768 (Ty-less), DG2454 (Ty1-4253), DG2526 (Ty1- The electrophoretic karyotype (Figure 2A, lanes 1–8)
4253::URA3), DG2578 (Ty1-4253::URA3 � 24 additional Ty1 and the hybridization pattern obtained with a 32P-labeled
elements), and DG2568 (Ty1-4253 solo-LTR). Total DNA di- Ty1-specific probe derived from TYA1-gag (Figure 2B,
gested with EcoRI was processed for Southern analysis and the

lanes 1–8) were used to determine whether chromo-resulting blot was hybridized with a 32P-labeled 500-bp HindIII
somal alterations occurred during Ty1 repopulation.fragment that mapped between CDC8 and the Ty1-4253 inte-

gration site and was present on plasmid pBDG1213 (Moore The hybridization pattern also allowed chromosomal
et al. 2004). The Ty1-4253::URA3 element present in the hap- assignment of new Ty1 insertions. As expected, modi-
loid strains DG2526 and DG2578 produced a 3.5-kb EcoRI fying the reference element Ty1-4253 (lane 1; DG2454)
fragment that hybridized with the pBDG1213 probe. When

with marker genes his3-AI (lane 2; DG2533) or URA3LOH occurred, a 6-kb EcoRI fragment hybridized with the
(lane 4; DG2602) or modifying Ty1his3-AI(96) (lane 6;flanking-sequence probe that was identical in size to the frag-

ment present prior to Ty1-4253 integration. When gene con- DG2196) with URA3 (lane 7; DG2503) did not notice-
version with an ectopic Ty1 element occurred, a 2.5-kb EcoRI ably alter chromosome X mobility or the Ty1 hybridiza-
fragment was detected that was identical in size to the EcoRI tion pattern. However, mobility of several yeast chromo-
fragment from DG2454 (Ty1-4253). An intraelement LTR-

somes was altered in the repopulated strains DG2633LTR recombinant produced a 6.4-kb EcoRI fragment that was
(lane 3), DG2578 (lane 5), and DG2525 (lane 8) whenidentical in size to the EcoRI fragment from DG2568 (Ty1-4253

solo-LTR). compared with parental strains DG2533 (lane 2), DG2602
(lane 4), and D2503 (lane 7), respectively. In particular,
chromosomes I, V, X, XIV, XIII/XVI, and XV/VII in

RESULTS
DG2633 (lane 3); III, XI, X, XIV, II, and XIII/XVI in
DG2578 (lane 5); and III, XI, XIV, and II in DG2525Repopulating the Ty-less genome: To determine the

rates of Ty1 gain through retrotransposition vs. loss (lane 8) contained noticeable size alterations that corre-
lated with insertion of additional Ty1 elements. Largerby LTR-LTR recombination or reassortment by gene

conversion, we individually tagged a single transposition- chromosomes, such as IV, XII, XV, and VII, also contained
new Ty1 insertions but their eletrophoretic mobility re-competent element, Ty1-4253 (Garfinkel et al. 2003),

located on chromosome X between CDC8 and RAD7 with mained the same.
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Figure 2.—Electrophoretic karyotype of strains repopulated with Ty1. (A and B) Lane 1, DG2454 (Ty1-4253); lane 2, DG2533
(Ty1-4253his3-AI); lane 3, DG2633 (DG2533 � 28 Ty1’s); lane 4, DG2602 (Ty1-4253::URA3); lane 5, DG2578 (DG2602 � 24
Ty1’s); lane 6, DG2196 [Ty1his3-AI(96)]; lane 7, DG2503 [Ty1his3-AI(96)::URA3]; and lane 8, DG2525 (DG2503 � 20 Ty1’s). (A)
CHEF gel stained with ethidium bromide. (B) Southern blot hybridization of gel in A with a 32P-labeled probe derived from the
TYA1 region. (C and D) Lane 1, DG2533 (Ty1-4253his3-AI); lane 2, DG2633 (DG2533 � 28 Ty1’s); lane 3, S. cerevisiae S288c. (C)
CHEF gel stained with ethidium bromide. (D) Southern blot hybridization of gel in C with a 32P-labeled chromosome X-specific
probe derived from the S. cerevisiae URA2 gene. Chromosomal assignments are indicated at the left of A–D, respectively.

The increase in size of chromosome X in strain DG2633 The results show that chromosome X increased in size
in DG2633 (Figure 2D, lane 2), when compared withwas analyzed further since the reference element Ty1-

4253his3-AI also was present on chromosome X and this chromosome X in the single-element parental strain
DG2533 (Figure 2D, lane 1), and that the URA2 probestrain displayed strong cosuppression (Table 2; compare

DG2533 with DG2633). Therefore, the additional Ty1 hybridized reasonably well with chromosome X in the
Ty-less strains (lanes 1 and 2), which are closely relatedinsertions on chromosome X might influence cosuppres-

sion by an intrachromosomal interaction with Ty1-4253 to S. paradoxus (Moore et al. 2004). As expected, the
URA2 probe from S. cerevisiae hybridized strongly withthat is stronger than that conferred when the elements

are dispersed (Jiang 2002; Garfinkel et al. 2003). To chromosome X from the wild-type S. cerevisiae strain
S288c (lane 3), which was included as a positive control.verify that chromosome X was altered, we performed

CHEF gel (Figure 2C, lanes 1–3) and Southern analyses We also performed tetrad analysis after mating the
single-element parental strain DG2533 or the repopu-using a 32P-labeled chromosome X-specific probe derived

from the S. cerevisiae URA2 gene (Figure 2D, lanes 1–3). lated strain DG2633 with the Ty-less strain DG2204 to

TABLE 2

Retrotransposition of Ty1-4253his3-AI elements

Transposition rate,a 	 10�6 (SD)

Strain b Ty1 no. 20� 23� 26� 30� 35�

Haploid
DG2533 1 240 (64) 270 (119) 126 (27) 10.6 (0.7) 
0.62
DG2633 29 0.7 (0.4) 0.18 (0.07) 
0.13 
0.05 
0.11

Diploid
DG2567 1 15.3 (4.4) ND ND 0.53 (0.4) 
0.44
DG2646 29 0.18 (0.13) ND ND 
0.01 ND

SD, standard deviation. ND, not determined.
a Transposition rates were averaged from at least two trials.
b Strain DG2633 was derived from DG2533 by the addition of unselected Ty1 insertions. Strains DG2533

and DG2633 were haploid. Strains DG2567 and DG2646 were diploid and heterozygous for Ty1-4253his3-AI.
DG2646 also harbored the 28 Ty1 insertions present in DG2633 in a heterozygous configuration.
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determine whether the chromosomal alterations present strain DG2633 at 20�, which supports recent studies on
Ty1 cosuppression (Jiang 2002; Garfinkel et al. 2003).in DG2633 affected spore viability. When the DG2533

cross was analyzed, 29 tetrads gave rise to four ascosporal Increasing the growth temperature also inhibited Ty1-
4253his3-AI retrotransposition in the repopulated hap-colonies and all markers segregated normally, 2 tetrads

produced three colonies, and 1 tetrad produced one loid strain DG2633. In addition, Ty1-4253his3-AI retro-
transposition occurred at the same rate in MATa or MAT�colony. When the DG2633 cross was analyzed, 31 tetrads

produced four ascosporal colonies that displayed nor- haploids (data not shown), which is in agreement with
previous work (Curcio and Garfinkel 1991; Conte et al.mal segregation, 3 tetrads produced three colonies, and

2 tetrads produced two colonies. Therefore, the Ty1- 1998; Lee et al. 1998).
Ty1-4253his3-AI retrotransposition was determinedmediated chromosomal alterations in DG2633 do not

affect meiosis or spore viability. in diploid strains containing only the tagged element
(DG2567) or with 28 additional elements (DG2646) in aIn addition, strains DG2602, DG2196, and DG2503

(Figure 2A, lanes 4, 6, and 7) displayed a chromosome- heterozygous configuration (Table 2). MATa/� repres-
sion decreased Ty1-4253his3-AI transposition �20-foldlength polymorphism involving the XIII/XVI doublet

that distinguished these strains from the mitotic deriva- (compare DG2533 with DG2567 at 20� and 30�; 240/
15.3 	 10�6 and 10.6/0.53 	 10�6, respectively) in thetives of 337, strains DG2454 (lane 1) and DG2533 (lane 2)

(Garfinkel et al. 2003; Moore et al. 2004). We have not single-element heterozygote DG2567, which is compara-
ble to the decrease in Ty1 RNA observed in diploid labora-investigated this polymorphism further, but it may be

correlated with the improved sporulation and galactose tory strains (Elder et al. 1980). When reintroduced Ty1
elements were present as heterozygotes, retrotranspo-utilization in strains DG2602, DG2196, and DG2503.

Ty1 gain by retrotransposition: We determined the sition remained under MATa/� and copy number con-
trol with about a 4-fold (compare DG2633 with DG2646rate of Ty1-4253his3-AI-mediated His� formation in hap-

loid strains DG2533 and DG2633 or heterozygous dip- at 20�; 0.7/0.18 	 10�6) decrease due to MATa/� re-
pression and an 85-fold decrease due to cosuppressionloid strains DG2567 and DG2646 that were closely related

but differed in the number of Ty1 elements present in (compare DG2567 with DG2646 at 20�; 15.3/0.18 	
10�6). We could not detect Ty1-4253his3-AI retrotrans-the genome (Table 2). The rate of Ty1 retrotransposi-

tion was determined by correcting the rate of His� for- position events in repopulated haploid (DG2633) or
diploid (DG2646) strains at 30� or 35�.mation by the splicing efficiency and inhibitory effects

of the his3-AI indicator gene (Curcio and Garfinkel Ty1 LTR-LTR recombination, ectopic gene conver-
sion, and LOH: Ty elements undergo a variety of recom-1991). Since Ty1 transposition is progressively inhibited

at temperatures above 20� (Paquin and Williamson binational events that result in loss or sequence reassort-
ment (Figure 1). In diploid strains, most LOH events1984) and temperature is a critical variable for growth,

transposition rates were determined at temperatures involving Ty1 result from mitotic gene conversion with
the unoccupied homolog (Kupiec and Petes 1988a).ranging from 20�, which is permissive for retrotransposi-

tion, to 35�, which severely inhibits retrotransposition. We have shown that Ty1-4253::URA3 undergoes intra-
element LTR-LTR recombination at a rate of �1 	 10�6Splicing efficiencies varied less than twofold when cells

were grown at 20� or 35� (data not shown), as determined per element per generation at 20� in single-element
MATa or MAT� haploids (Moore et al. 2004), whichby reverse transcription-PCR (Garfinkel et al. 2003). In

addition, we assumed that each His� prototroph resulted is comparable to results obtained with a Ty1-induced
mutation at HIS4 called his4-912(URA3a) (Winston et al.from the insertion of a single Ty1HIS3 element (Figure 1).

This probably resulted in a modest underestimate of 1984) where URA3 is in the same position and orienta-
tion as in Ty1-4253. A similar rate of 5-FOAR (Table 3)transposition rates obtained in single-element strains

since 28% of the His� colonies contain two Ty1 transpo- due to LTR-LTR recombination (Table 4) also was ob-
tained with a different insertion, Ty1his3-AI(96)::URA3,sition events when cosuppression is not active (Garfin-

kel et al. 2003). in strain DG2503 at 30�. Recombination increased slightly
in the single-element strain DG2602 at 35�, as monitoredThe single competent Ty1-4253his3-AI element trans-

posed at a rate of 240 	 10�6 per element per genera- by the rate of 5-FOAR colony formation (Table 3), and
10 independent 5-FOAR mutants recovered at each tem-tion when the haploid strain DG2533 was grown at 20�

(Moore et al. 2004); however, the retrotransposition perature contained a solo Ty1-H3 LTR present at the
Ty1-4253 insertion site, as indicated by PCR analysis andrate decreased 2-fold (240/126 	 10�6) and 23-fold

(240/10.6 	 10�6) when incubation temperature was DNA sequencing (Table 4). Furthermore, a tempera-
ture-dependent increase in mitotic recombination usingincreased to 26� and 30�, respectively. Ty1-4253his3-AI

retrotransposition was undetectable at 35�, decreasing an ade2-based inverted-repeat substrate has been re-
ported (Rattray and Symington 1995).�387-fold (240/
0.62 	 10�6). Repopulating DG2533

with 28 chromosomal Ty1 insertions decreased the To determine whether additional Ty1 insertions in-
fluenced the loss of Ty1::URA3, we generated repopu-Ty1-4253his3-AI retrotransposition rate 342-fold (com-

pare DG2533 with DG2633 at 20�; 240/0.7 	 10�6) in lated haploid strain DG2525 from DG2503 [Ty1his3-
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TABLE 5TABLE 3

Rate of 5-FOAR when Ty1 copy number increases Ty1 recombination in diploid strains

Strain Ty1 no. LTR-LTR LOH Gene conversion5-FOAR rate, 	 10�6 (SD)a

DG2566 1 3/60 57/60 0/60Strain b Ty1 no. 20� 30� 35�
DG2601 25 1/45 38/45 6/45

Haploid
5-FOAR colonies obtained at 20� were analyzed by PCR andDG2503 1 ND 4.5 (1.6) ND

Southern hybridization. Also refer to footnotes in Table 3.DG2525 21 ND 3.7 (0.8) ND
DG2602 1 0.7 (0.1) 1.8 (1.3) 2.3 (1.0)
DG2578 25 1.0 (0.26) 1.25 (0.4) 4.3 (2.0)

was an eightfold increase in the rate of 5-FOAR withDiploid
DG2566 1 3.5 (1.5) 12.0 (0.8) 28.5 (5.0) increasing growth temperature in the single-element
DG2601 25 3.8 (1.3) ND ND heterozygote DG2566. Almost all LOH events (57/60)

at 20� resulted from a complete loss of Ty1-4253::URA3,a Rate of 5-FOAR per cell per generation as determined as
as determined by PCR and Southern analyses, while threedescribed previously (Drake 1970; Rattray et al. 2000).

b Strain DG2525 was derived from DG2503, and DG2578 was 5-FOAR mutants resulted from LTR-LTR recombination
derived from DG2602 by the addition of unselected Ty1 inser- (Table 5). Even though the diploid strain DG2601 con-
tions. All strains were haploid except for DG2566 and DG2601, tained 24 additional Ty1 elements dispersed in the ge-
which were diploid and heterozygous for Ty1-4253::URA3. DG

nome in a heterozygous configuration, the rate of 5-FOAR
2601 also harbored the 25 Ty1 insertions present in DG2578

was similar to that obtained in the single-element dip-in a heterozygous configuration.
loid DG2566 at 20� (Table 3).

To determine whether the 5-FOAR mutants with strain
DG2601 were generated by LOH, ectopic gene con-AI(96) ::URA3] and strain DG2578 from DG2601(Ty1-

4253::URA3) that now contained 20 and 24 additional version with chromosomal Ty1 elements, or LTR-LTR
recombination, 45 mutants isolated at 20� were analyzedTy1 element insertions, respectively. Repopulating the

haploid strains with additional Ty1 elements by pGTy1 by Southern hybridization. For example (Figure 3; ma-
terials and methods), genomic DNA from the pa-induction did not markedly alter the rate of 5-FOAR

(Table 3). We determined the spectrum of recombina- rental strain DG2601 (lane 1) and 12 of the 5-FOAR

mutants (lanes 2–13) were digested by EcoRI and ana-tion events leading to 5-FOAR in these strains by PCR
analysis using primers derived from sequences flanking lyzed by Southern hybridization using a 32P-labeled

probe derived from a 500-bp region of chromosomethe insertion site, Ty1-H3, and the marker genes (Ta-
ble 4; materials and methods). Ty1 gene conversion X adjacent to CDC8. One LTR-LTR recombinant was

recovered (lane 11), as indicated by loss of the Ty1-events retained the his3-AI marker in strain DG2525,
since there was 1 kb of DNA homology between URA3 4253::URA3 junction fragment and the presence of a

novel EcoRI fragment �350 bp larger (6.4 kb) than theand his3-AI and only 338 bp between his3-AI and the
end of Ty1his3-AI(96). The fraction of LTR-LTR recom- unoccupied 6-kb fragment on chromosome X. LOH

events resulted in 8 5-FOAR mutants (lanes 2, 3, 4, 6, 9,binants (70–80%) vs. ectopic gene conversions (20–30%)
remained constant in strains DG2525 and DG2578, re- 10, 12, and 13), as indicated by loss of the Ty1-

4253::URA3 junction fragment (3.5 kb) and the pres-gardless of the growth temperature or the chromosomal
location of the reference element. ence of only the unoccupied EcoRI fragment (6 kb). Ty1

gene conversions resulted in 3 5-FOAR mutants (lanes 5,We determined the rate of LOH in diploid strains con-
taining Ty1-4253::URA3 alone (DG2566) or in the pres- 7, and 8), as indicated by loss of the Ty1-4253::URA3

junction fragment and the presence of a Ty1-4253 junc-ence of additional elements (DG2601) (Table 3). There

TABLE 4

Ty1 recombination in haploid strains

20� 30� 35�

Gene Gene Gene
Strain Ty1 no. LTR-LTR conversion LTR-LTR conversion LTR-LTR conversion

DG2503 1 ND ND 32/32 0/32 ND ND
DG2525 21 ND ND 16/20 4/20 ND ND
DG2602 1 10/10 0/10 10/10 0/10 10/10 0/10
DG2578 25 8/10 2/10 7/10 3/10 8/10 2/10

5-FOAR colonies were analyzed by PCR. Also refer to footnotes in Table 3.
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Figure 3.—Ty1 recombination events
recovered in strain DG2601. Total DNA
from the parental strain DG2601 (lane
1) and 12 5-FOAR mutants was digested
with EcoRI and processed for Southern
analysis. The resulting filter was hybrid-
ized with a 32P-labeled probe that was
derived from sequences adjacent to
CDC8. At the bottom is a map of the
RAD7-Ty1-4253-CDC8 interval on chro-
mosome X. LTRs are represented by
solid triangles and the hybridization
probe is denoted by the solid rectangle.
Ty1-4253/chromosome X junction frag-
ments and sizes are noted on either
side of the figure. The location of the
EcoRI sites flanking Ty1-4253 has not
been determined and, therefore, is de-
noted by asterisks.

tion fragment that lacked URA3. Overall, the hybridiza- tively, but undergo cDNA recombination and wild-type
Ty1 cDNA production when the IN mutations are pres-tion patterns showed that 1 5-FOAR event (2.2%) resulted

from LTR-LTR recombination, 38 (84.5%) resulted from ent in a pGTy1 plasmid (Sharon et al. 1994; Moore
et al. 1998). The Ty1IN mutants also produced wild-typeLOH, and 6 (13.3%) resulted from gene conversion with

the chromosomal Ty1 elements present in DG2601 (Ta- levels of cDNA when present in their native context in
the Ty-less background, whereas the PR mutant pro-ble 5). We were unable to determine the level of Ty1 loss

by LTR-LTR recombination at 30� and 35� in DG2601 duced very little cDNA, as determined by quantitative
Southern analysis (Lee et al. 1998; data not shown). Sincebecause the rate of 5-FOAR caused by LOH increased

dramatically with temperature, making LTR-LTR re- the URA3 and his3-AI markers were well separated, homo-
logous recombination between Ty1his3-AI(96) cDNA andcombination events very difficult to detect (data not

shown). the chromosomal Ty1-4253::URA3 element should not
be inhibited by spacing of the markers. In addition,Participation of Ty1 cDNA in chromosomal gene con-

version events: Ty1 cDNA can undergo recombination strain DG2547 displayed little if any cosuppression (data
not shown).with chromosomal or plasmid-borne elements (Mel-

amed et al. 1992; Sharon et al. 1994). Since these experi- If Ty1 cDNA played a major role in maintaining Ty1
element sequence integrity, then cDNA-mediated genements have been performed with Ty1 elements that are

highly expressed from the GAL1 promoter on a multi- conversion events should compose a significant fraction
of 5-FOAR mutants, especially when cDNA accumulatedcopy plasmid, utilization of the cDNA recombination

pathway may be artificially elevated. To determine whether in the IN-defective mutants (Figure 4). However, both
the overall rate of 5-FOAR colony formation at 20� andcDNA recombination contributes to Ty1 sequence redis-

tribution under more natural conditions, a Ty-less strain the spectrum of recombination events remained the
same regardless of whether Ty1his3-AI(96) was transpo-(DG2547) was constructed that contained Ty1his3-AI(96)

and Ty1-4253::URA3 (Figure 4). Note that both Ty1 inser- sition competent or an element was transpositionally
blocked prior to or after cDNA production (Table 6).tions were present in their normal chromosomal loca-

tions and were expressed from their native promoters. To determine whether endogenous Ty1 cDNA recom-
bination occurred at all, 5-FOAR His� colonies were se-Ty1his3-AI(96) is competent for retrotransposition (Gar-

finkel et al. 2003) while Ty1-4253::URA3 contained a com- lected from strains DG2547 (wild-type) and DG2592 [in-
2600(Mlu I)] at 20�. Although 5-FOAR His� coloniesplete URA3 gene inserted into the RT coding sequence,

which should result in a truncated Ty1-4253 transcript were extremely rare, we analyzed six colonies from the
wild-type strain and 2 from the in-2600(Mlu I) mutant bydefective for reverse transcription and production of

RT. Ty1 mutations in PR [pr-1702(SacI)] and IN [in-2600 PCR and Southern analyses (data not shown). Three of
six His� 5-FOAR events from the wild-type strain DG2547(Mlu I) and in-K596,597G] were introduced into the chro-

mosomal Ty1his3-AI(96) element. PR mutants produce were caused by Ty1HIS3 cDNA-mediated gene con-
version of Ty1-4253::URA3, while the rest were the prod-very little cDNA and are blocked for both transposi-

tion and cDNA recombination (Youngren et al. 1988; uct of two events, LTR-LTR recombination and Ty1HIS3
retrotransposition. In the two 5-FOAR His� colonies re-Sharon et al. 1994). IN mutants DG2592 [in-2600(Mlu I)]

and DG2605 (in-K596,597G) are defective in transposi- covered from the in-2600(MluI) mutant DG2592, one
resulted from a Ty1HIS3 cDNA gene conversion, whiletional integration and IN nuclear localization, respec-
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Figure 4.—Detection of cDNA-medi-
ated gene conversion using native Ty1
elements. Ty1his3-AI(96) and Ty1-4253
are both located on chromosome X, in
inverted orientation relative to each
other and separated by �350 kb, based
on coordinates from the S. cerevisiae ge-
nome. Ty1his3-AI(96) and Ty1-4253 in-
serted between MDV1 and ASF1, and
RAD7 and CDC8, respectively. The Ty1
mutations pr-1702(Sac I), in-2600(Mlu I),
or in-K596,597G were introduced into
Ty1his3-AI(96) by homologous recombi-
nation. The pr -1702(Sac I) mutant accu-
mulates little if any Ty1 cDNA and does
not undergo cDNA recombination, while
the IN mutants accumulate wild-type lev-
els of cDNA and can undergo cDNA
recombination (Youngren et al. 1988;
Sharon et al. 1994; Moore et al. 1998).
The star represents the retrotransposi-
tion indicator gene, his3-AI, which was
not utilized here. Ty1his3-AI(96) or Ty1
HIS3(96) cDNA is depicted by the striped
bar. Loss of the Ty1-4253::URA3 marker
was detected by plating on SC � 5-FOA
medium. Also refer to Table 6.

the other underwent two events, conversion of URA3 charomyces (Wilke et al. 1992; Neuveglise et al. 2002),
by Ty1 DNA or cDNA and a separate Ty1HIS3 insertion including complete loss in S. paradoxus strain 337.
elsewhere in the genome. Ty1 repopulation: We have identified yeast chromo-

somes containing “bursts” of new Ty1 insertions that result
from serial induction of a pGTy1 plasmid. Although new

DISCUSSION Ty1 element insertions are present in many yeast chro-
mosomes in the repopulated strains, a number of theseHere we have used an experimental system based on
insertions are associated with chromosome size alter-a Ty-less strain to study Ty1 copy number dynamics and
ations. However, the ability to detect chromosomal alter-genome restructuring in Saccharomyces. Our work sug-
ations by CHEF gel analysis is biased by the size distribu-gests that the rate of Ty1 retrotransposition is the key
tion of the 16 Saccharomyces chromosomes and thevariable required to establish copy number, because
distribution of tRNA target genes (Hani and Feldmannthe rate of Ty1 loss by LTR-LTR recombination remains
1998). Smaller chromosomes display Ty1-mediated alter-fairly constant even in the presence of additional Ty1
ations more readily because of their size, but are poorerelements. Ty1 elements also appear to be more suscepti-
targets since these chromosomes contain fewer tRNAble to copy number fluctuation in haploid than in dip-
genes. Conversely, larger chromosomes have more Ty1loid cells. Taken together, our results strongly suggest
targets, but more insertions would have to occur beforethat Ty1 element copy number can oscillate in nature,

allowing for the considerable variability observed in Sac- a size alteration is evident.

TABLE 6

Involvement of Ty1 cDNA in ectopic gene conversion

Strain Relevant genotype Rate of 5-FOAR, 	 10�6 (SD) LTR-LTR Gene conversion

DG2547 Wild-type 1.6 (0.23) 20/21 1/21
DG2575 pr -1702 (Sac I) 0.9 (0.14) 17/21 4/21

DG2547 Wild-type 0.8 (0.1) 9/10 1/10
DG2592 in-2600 (Mlu I) 0.9 (0.13) 10/10 0/10

DG2547 Wild-type 0.8 (0.12) 8/10 2/10
DG2605 in-K596,597G 0.7 (0.1) 10/10 0/10

5-FOAR mutants were obtained at 20�. Also refer to Figure 4.
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Nonetheless, chromosomal alterations can result from quence complementarity required for efficient homolo-
gous recombination with Ty1 (Moore et al. 2004). Weseveral Ty1-mediated events, such as DNA rearrangement

associated with Ty integration (Sutton and Liebman might also expect LTR-Ty1 recombinants to return
as the repopulated strains evolve. Similarly, gene conver-1992) or between resident elements (Liebman et al.

1981; Downs et al. 1985; Fischer et al. 2000), multimeric sion with the endogenous URA3 locus in the Ty-less
strain has not been observed in our study. In addition,Ty insertions (Weinstock et al. 1990), as well as inde-

pendent insertion events in the same chromosome. Of it is unlikely that the repopulated strains recapitulate
the pattern of Ty1 insertions present in the laboratoryparticular interest are the additional chromosome X

insertions present in DG2633. Cosuppression of Ty1 strains. Therefore, the repopulated and laboratory
strains may have different levels of gene conversion be-occurs at both the transcriptional and the post-transcrip-

tional levels (Jiang 2002; Garfinkel et al. 2003); there- tween particular Ty1 elements.
Another important consideration is that the Ty1 lossfore, the additional elements present on chromosome

X may enhance these forms of copy number control. and conversion events described here occur between
elements in their preferred chromosomal regions up-Although chromosome X is also altered in strains cho-

sen at random for analysis of Ty1 loss, the role of neigh- stream of tRNA genes (Devine and Boeke 1996; Boeke
and Devine 1998). Recent results suggest that Ty1 ele-boring elements in cosuppression should be investigated

further using more specific assays. About five additional ments at their preferred insertion sites are selectively
neutral (Blanc and Adams 2004) and do not markedlyelements are present in chromosome X in DG2633, yet

results from Southern analysis suggest that large multi- influence adjacent tRNA transcription (Bolton and
Boeke 2003). However, earlier work on Ty recombina-meric elements, such as those observed at the silent

mating locus HML� (Weinstock et al. 1990), are not tion has predominantly utilized elements that have mu-
tated genes, which introduces new variables such as se-present (data not shown). Chromosome X may also con-

tain preferred Ty1 integration regions, since two inde- lective pressure, different chromatin configuration, and
proximity to recombinational hotspots (Ben-Aroyapendent transpositional insertions, Ty1his3-AI(96) and

Ty1-4253, are both located on chromosome X adjacent et al. 2004).
We have shown that Ty1 loss by LTR-LTR recombina-to tRNA genes but hundreds of kilobases apart. In sup-

port of this idea, certain tRNA targets are preferred by tion occurs in MATa/� diploids at about the same level
in the presence or absence of additional Ty1 insertions;Ty1 over others (Bachman et al. 2004) and, surprisingly,

the mouse Steel gene is a hotspot for Ty1 integration however, these events are overshadowed by LOH. LOH
events involving Ty1 probably result from mitotic genewhen present on an artificial chromosome in yeast (Dal-

gaard et al. 1996). The several Ty1-mediated chromo- conversion with the unoccupied homolog although
more complex rearrangements, chromosome loss, or non-somal alterations in DG2633 also do not affect meiosis

or spore viability, suggesting that genetic isolation has disjunction also can occur (Kupiec and Petes 1988a).
Mitotic and meiotic gene conversion events usually shownot occurred, as is observed for other Ty-mediated chro-

mosome alterations (Garfinkel 2005). parity, which should result in the gain or loss of a Ty
element with equal efficiency. Since 5-FOAR selectionTy1 gain and loss: Ty1 retrotransposition remains un-

der copy number control at different temperatures in detects only loss of an element carrying URA3, we have
assumed that the frequency of LOH events where aboth haploid and MATa/� diploid cells. In contrast to

the multiple ways Ty1 retrotransposition is modulated, complete Ty1 is lost by gene conversion or some other
chromosomal event will be the same as the frequencyTy1 loss remains relatively constant in haploid cells even

in the presence of additional Ty1 elements. All Ty1 loss where both chromosomes gain an element. Therefore,
Ty1 copy number should remain unchanged if Ty1 geneevents in single-element haploids result from intra-

element LTR-LTR recombination. However, 20–30% of conversion shows parity. However, Ty-induced insertion
mutations are removed by mitotic or meiotic gene con-the 5-FOAR recombinants result from mitotic gene con-

version between ectopically placed Ty1 elements in re- version less frequently than expected for ectopically placed
repeats (Vincent and Petes 1989), a feature Ty may con-populated haploids, a process that maintains copy num-

ber and probably homogenizes Ty sequence. Although fer by adopting a chromatin structure that suppresses
meiotic recombination (Ben-Aroya et al. 2004). Sinceour results are in general agreement with previous work

in S. cerevisiae (Chaleff and Fink 1980; Roeder and most previous work on Ty recombination has used Ty-
induced mutations at rare insertional targets rather thanFink 1980, 1982; Ciriacy and Williamson 1981; Lieb-

man et al. 1981; Winston et al. 1984; Kupiec and Petes at Ty1’s preferred locations upstream of genes tran-
scribed by RNA polymerase III, it will be interesting to1988a,b; Vincent and Petes 1989), additional features

of the Ty-less strain are worth noting. Ty elements and determine whether gene conversion bias also exists for
Ty1 elements at their preferred location in single-ele-their solo-LTR derivatives can undergo recombination

(Downs et al. 1985); however, we have not observed this ment and repopulated genomes. Furthermore, Ty retro-
transposition events at ADH2 and ADH4 are reportedclass of recombinants in the Ty-less background. A likely

explanation is that the remnant solo-LTRs present in to increase during meiosis (Ribeiro-dos-Santos et al.
1997). Taken together, the recombinational propertiesthe Ty-less strain have diverged beyond the level of se-
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TABLE 7

Ty1 gain and loss

Ty1 gain/loss

Ty1 copy number 20� 30� 35�

Single element (haploid) Gain (342) Gain (8.4) Loss (
0.21)
Multiple elements (haploid) Gain � loss (0.9) Loss (
0.03) Loss (
0.02)
Single element (diploid heterozygote) Gain (87) ND ND
Multiple elements (diploid heterozygote) Gain (2) ND ND

Ty1 gain/loss ratios were determined from retrotransposition and LTR-LTR recombination rates (refer to
Tables 2–5 and the text). Ratios were not corrected for the difference in Ty1 copy number used to determine
Ty1 gain (DG2633; 28 additional Ty1’s) or loss (DG2578; 24 Ty1’s).

of the MATa/� diploid cell type minimize Ty1 loss by lators (Scholes et al. 2001; Staleva Staleva and Ven-
kov 2001; Griffith et al. 2003) are likely to cause Ty1LTR-LTR recombination, even though MATa/� repres-

sion reduces Ty1 transcription and, hence, retrotranspo- copy number to oscillate with time. Our results also
suggest that Ty1 elements are more vulnerable to copysition from occurring.

Our results suggest that Ty1 cDNA recombination number fluctuations in haploid cells, and repopulation
by Ty1 probably occurs frequently, making Ty-less ge-plays a minor role in converting chromosomal elements

when the elements are in their native context. In con- nomes transitory.
Even though the Ty1 copy number dynamics outlinedtrast, overexpression of Ty1, Ty5, and Schizosaccharomyces

pombe Tf1 elements results in high levels of cDNA recom- for haploid cells seem clear, many natural Saccharo-
myces isolates are homothallic diploids due to matingbination especially when IN-mediated integration is

blocked (Melamed et al. 1992; Sharon et al. 1994; Hoff type interconversion (Herskowitz 1988). Our analyses
of MATa/� diploid cells suggest that Ty1 gain is favoredet al. 1998; Ke and Voytas 1999). We suggest that the

large increase in reverse transcription intermediates at 20� with gain/loss ratios of 87 for a single element
and 2 when additional elements are present. We haveand complete cDNA present in pGTy1-induced cells

and the presence of an episomal pGTy1 element (Boeke not been able to estimate Ty1 gain and loss at 30� and
35� in repopulated diploids because Ty1 retrotransposi-et al. 1985; Garfinkel et al. 1985), which is an excellent

recombination partner (Sharon et al. 1994), lead to tion is greatly inhibited and LOH increases significantly
with temperature, making LTR-LTR recombinants dif-the high level of Ty1 cDNA recombination reported in

previous studies. ficult to detect. Ty1 copy number may remain constant
in diploids, depending on whether native Ty1 insertionsTy1 oscillation: Like many other mobile elements,

Ty1 retrotransposition depends on an interplay between show parity of LOH events. Interestingly, a Ty gain/loss
ratio of 1.2 has been obtained from Ty sequence analysiselement, host, and environmental factors (Bushman

2001). In this work, three major determinants of Ty1 using a demographic computational model where solo-
LTRs are viewed as “element death” (Promislow et al.copy number control have been analyzed: the copy num-

ber of the element itself, cell type, and growth tempera- 1999). The gain/loss ratio derived computationally is
comparable to our data obtained experimentally forture. We have attempted to determine both gain and

loss rates using appropriately tagged reference elements either haploid or diploid cells containing multiple ele-
ments grown at 20�. These results suggest that the evolu-to derive a gain/loss ratio (Table 7), correcting for the

effects of the Ty1 marker his3-AI (Curcio and Garfin- tionary history of the sequenced S. cerevisiae laboratory
strain has included periods of growth under conditionskel 1991). In haploid cells containing a single element

grown at 20�, conditions that are very favorable for retro- favoring Ty1 retrotransposition. In support of this idea,
the 32 Ty1 elements present in S. cerevisiae laboratorytransposition, the gain/loss ratio is well over 100. But

even in the absence of Ty1 cosuppression, loss will pre- strains are on the upper end of the distribution of Ty1
copy number (Goffeau et al. 1996; Kim et al. 1998)dominate if single-element haploid cells are grown at

35� (gain/loss 
0.21), where Ty1 retrotransposition is when compared with 88 natural isolates (Wilke et al.
1992). This is striking when one considers that 85% ofinhibited. When additional Ty1 elements are present

in haploids, the gain/loss ratio is �0.9 at 20�, which the Ty elements in the laboratory strain have been lost
by recombination, leaving solo-LTRs behind. There-should result in element homeostasis. Correspondingly,

Ty1 loss is greatly favored as growth temperature in- fore, the laboratory strain may have had a much higher
Ty1 copy number and is now in a “loss phase” of ancreases, with gain/loss ratios of 
0.03 at 30� and 
0.02

at 35�. Given the effects that Ty1 cosuppression and oscillation cycle.
Larger genomes: Genome analyses have shown thatgrowth temperature have on retrotransposition in hap-

loid cells, additional environmental and genetic modu- closely related eukaryotes maintain retrotransposons
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