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We used transformation to insert a selectable marker at various sites in the Saccharomyces cerevisiae
genome occupied by the transposable element Ty. The vector CV9 contains the LE U2* gene and a portion
of the repeated element Ty1-17. Transformation with this plasmid resulted in integration of the vector via a
reciprocal exchange using homology at the LEU2 locus or at the various Ty elements that are dispersed
throughout the S. cerevisiae genome. These transformants were used to map genetically sites of several Ty
elements. The 24 transformants recovered at Ty sites define 19 distinct loci. Seven of these were placed on
the genetic map. Two classes of Ty elements were identified in these experiments: a Ty1-17 class and Ty
elements different from Ty1-17. Statistical analysis of the number of transformants at each class of Ty
elements shows that there is preferential integration of the CV9 plasmid into the Ty1-17 class.

The family of repeated sequences in Saccharomyces cere-
visiae called the Ty sequences has been described by Camer-
on et al. (4). Their study suggested that the chromosomal
location of a particular Ty element can vary between differ-
ent strains of S. cerevisiae and that the appearance of a Ty
element at a site previously shown to be lacking one is due to
a transposition of a Ty element into that site. Subsequently,
several groups have shown that Ty elements can arise at new
positions in the yeast genome (10, 27, 35). This type of event
will result in a net increase in the number of Ty elements in
the genome. The frequency of these transposition events is
difficult to measure because their detection usually requires
a change in the expression of a gene in the vicinity of the site
of transposition of the Ty element. Most laboratory strains
contain 30 to 40 Ty elements (4, 9, 14), and this number
appears to be relatively stable.

The number of Ty elements has been estimated by restric-
tion endonuclease digestion and Southern hybridization of
genomic DNA. Although these results show a wide distribu-
tion in the sizes of fragments that hybridize with a Ty probe,
in the absence of cytological evidence there are no data that
can describe the distribution of the 30 to 40 Ty elements
among the 17 chromosomes of the S. cerevisiae genome. The
fact that the pattern of hybridization remains relatively
stable suggests that the rate of change in the overall distribu-
tion is quite low. Thus, it should be feasible to place the Ty
elements on the genetic map.

In their initial studies on S. cerevisiae transformation,
Hinnen et al. (17) reported that S of 42 transformants
analyzed after transformation of S. cerevisiae strain AH22
with pYeLeulO (containing the S. cerevisiae LEU2" gene)
were at chromosomal locations other than the LEU2 locus.
The reason for this observation was not clear at the time,
although the presence of a repeated yeast sequence on the
plasmid was suggested (16). Subsequent studies have shown
that a fragment of a Ty element near the LEU2 gene is
present on the plasmid pYeLeulO (18). It seems likely that
these five transformants resulted from integration of
pYeLeulO at different Ty sites through an interaction be-
tween the Ty sequence on the plasmid and the Ty sequences
on the S. cerevisiae chromosome.
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The particular Ty element adjacent to the LEU2 gene
carried on the pYeLeulO plasmid is called Tyl-17 (18).
Comparisons of this Ty element with the Tyl element
described by Cameron et al. (4) by restriction enzyme
mapping and electron microscopic heteroduplex analyses
have shown that there are two large regions of sequence
divergence between Tyl and Ty1-17. The substitutions are
sufficiently different that a 1.6-kilobase-pair (kbp) Clal frag-
ment from one substitution sequence in Tyl-17 does not
cross-hybridize to the Tyl elements in a Southern hybridiza-
tion (14).

We used the CV9 vector to insert the selectable LEU2*
gene into Ty elements to mark these elements genetically
and thus permit their mapping. The segment of the Tyl-17
element that is carried on the CV9 vector (Fig. 1) is derived
from the region in common with other Tyl elements (18) and
is contained in the most conserved sequence of the Ty
elements (28, 34a). We found that the transformation event is
a result of a reciprocal recombination event between a
chromosomal Ty element and the fragment of Ty1-17 present
on CV9. By examining the type of Ty elements in which the
CV9 vector has integrated, it should be possible to determine
whether the plasmid exhibits preferential integration at the
Ty1-17 class of Ty elements.

MATERIALS AND METHODS

Strains. The strains used in these experiments are listed in
Table 1. Independent transformants of strain AH22 with
CV9 are numbered as AH22(CV9)-1 through AH22(CV9)-49.
Derivatives of these transformants in a MATa background
instead of the MATa genotype of AH22 were obtained by
crossing the transformants to strain 2262. MATa LEU2*
spore isolates were used in crosses between two different
transformants. The vector CV9 is shown in Fig. 1. Recombi-
nant vectors used in this study are listed in Table 2.

Genetic analysis. Standard genetic analysis techniques
were used (22).

Media. YPD medium was used for nonselective growth
(30). Galactose utilization was scored on YP medium with
1.5% galactose, and the petite phenotype markers were scored
on YP medium with 3% glycerol. Nutritional markers were
scored on synthetic complete media lacking the appropriate
supplement. Canavanine sulfate was added at 60 pg/ml to
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FIG. 1. Map of CV9 vector. The vector CV9 is composed of a
4.5-kbp Pstl insert containing the LEU2™ gene inserted into the Ps:l
site of pBR322. The coding sequence for the LEU2 gene is repre-
sented by the open box. The fragment of the adjacent Tyl-17
sequence included in CV9 is represented by the black box and is ca.
820 base pairs. The dark lines represent S. cerevisiae sequences,
and the thin lines represent pBR322 sequences. Positions of the
indicated restriction endonuclease sites were determined from pub-
lished sequences (2) and sequences of the Sall-Xhol fragment
containing the LEU2" gene (A. Andreadis, personal communica-
tion). Abbreviations: P, Pstl; G, Bglll; X, Xhol; R, EcoRI; S, Sall;
B, BamHI. Figure is drawn to scale.

synthetic complete plates lacking arginine to score canavan-
ine resistance.

Isolation of DNA. S. cerevisiae nuclear DNA was isolated
on cesium chloride gradients containing Hoechst dye 33258
(34). Plasmid DNA was isolated from cesium chloride gradi-
ents containing ethidium bromide (6). Plasmid DNA frag-
ments were isolated from agarose gels by the method of
Chen and Thomas (5).

S. cerevisiae colony hybridization. S. cerevisiae colony
hybridization was performed according to Hinnen et al. (17).

Southern analysis. Restriction enzyme digestions and liga-
tion reactions were performed according to the conditions
recommended by the supplier. Approximately 5 pg of S.
cerevisiae nuclear DNA was used in each reaction. The
resulting fragments were separated by agarose gel electro-
phoresis on horizontal gel slabs ranging from 0.5% to 0.7%,
run at 1 V/cm for 36 to 40 h. DNA fragments were trans-
ferred to nitrocellulose (32) and hybridized to DNA probes
labeled with **P by the nick-translation reaction (29).

RESULTS

Types of transformants. Forty-nine independent transform-
ants were obtained by transforming strain AH22 with the
vector CV9 to LEU2*. These were first analyzed by yeast
colony hybridization with radiolabeled pBR322 and by tetrad
analysis of crosses of the transformants to the LEU2™ strain
HK3A. The data obtained allowed us to group the transform-
ants as type I, II, or III events according to Hinnen et al.
(17). Type I transformants contain the CV9 vector integrated
into chromosome III at the LEU2 locus. DNA from such
transformants hybridizes to pBR322. The type I transform-
ants give 4*:0~ segregation for LEU2" when crossed to wild
type. Twenty-two transformants were in this class. Type II
transformants result from the CV9 vector integrating at a
chromosomal location different from the LEU2 locus. These
transformants also contain pBR322 sequences in chromo-
somal DNA. However, when crossed to a LEU2" strain,
deviations from 4:0 segregation of LEU2" are seen. If the
site of integration is at a centromere-linked site other than
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TABLE 1. Strains used in experiments

Strain Genotypes Source
W224-1C o leu2-1 ura3 lysl-1 his6 metl4 pet8 S. Klapholz
W224-1D o leu2-1 ura3 lysl-1 his6 metl4 pet8 S. Klapholz
aro7

W223-9A o gall trpl his2 cdcl4 argd his6 S. Klapholz
asp5 petl7

W230-12A a adel leul met3 lys7 metd cyc3 S. Klapholz
cyc2 hisé

W85-8B a ade2-1 leul-12 lys2-1 met4-1 S. Klapholz
trp5-2 ural-1 canl-100

W87-4D a ade2-1 leul-12 lys2-1 metd-1 S. Klapholz
trp5-2 ural-1 canl-100

S90-2D a adel lysl lys7 his2 his6 met3 gal7  S. Klapholz
tyr2

S90-2C o adel lysl lys7 his2 his6 met3 gal7  S. Klapholz
tyr2

JG49-20A ala HO adel leul his2 metl4 trpl S. Klapholz
ura3 gal

2262 a adel ural gall his5 lysll leu2 T. Petes

AH22 a his4-519 leu2-3 leu2-112 canl G. Fink

HK3A a trpl ade6 metl3 tyr7 H. Klein

HK180-4A a leul leu2 his4 metd adel This study

HK181-2B o leu2 pet8 lysl ura3 his6 This study

HK182-8D o his4 his6 leul leu2 met3 metd lys7  This study
adel

HK183-6C a gall his2 his4 his6 arg4 asp5 This study
petl7 cdcl4 leu2

HK201-3D a leu2 cdcd This study

HK202-2A a thrd ade6 leu2 ural canl This study

HK204-23D  « leu2 ura3 pet8 lys9 his2 his4 This study
metl4

HK205-5D a leu2 lys9 pet8 metd This study

HK206-13C o cdc8 leu2 adel canl metl ural This study

chromosome III (the chromosome containing the LEU?2
locus), then equal numbers of 4:0 and 2:2 tetrads will be
recovered, and the frequency of 3:1 tetrads will be less than
two-thirds. This results from independent assortment of the
LEU? gene on chromosome I1I and the LEU2* gene brought
in by the CV9 vector to another linkage group. If this second
linkage group carries the LEU2™ gene at a site that is not
centromere linked, then two-thirds of the segregations will
be 3:1. Additional data were necessary to analyze transform-
ants carrying the CV9 vector integrated at sites on chromo-
some III other than the LEU2 locus. Half (25) of the
transformants recovered were of the type II category.

Type III transformants contain a LEU2* gene at the LEU2
locus but do not contain pBR322 sequences and presumably
are the result of a gene conversion event between the CV9
LEU2" sequence and the chromosomal LEU2 gene (17).
Two transformants belonged to this class. These transform-
ants contained a LEU2™ gene at the LEU2 locus but showed
no evidence of plasmid integration and were not analyzed
further.

Physical analysis. (i) Type II transformants are not integrat-

TABLE 2. Recombinant plasmid and phage lambda“

Vector Insertion Source
CV9 Pst fragment containing J. Hicks
LEU2" gene
AgtKG17 EcoRI fragment containing J. Carbon
Tyl1-17
pHK18 Xhol fragment of Tyl-17 This study

“ All the plasmid insertions are carried in pBR322 (3).
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ed at LEU2. In addition to the analysis described above,
restriction enzyme digestion and Southern blotting analysis
were used to confirm that the type II transformants were
integrated into the chromosomal DNA at sites different from
the LEU2 locus. The possible types of chromosomal config-
urations are shown in Fig. 2. Figure 2A represents the
chromosome III region flanking the LEU2 gene. The Tyl-17
element to the left of the LEU2 gene is contained within two
Xhol sites and carries an internal BamHI site (18) character-
istic of this class of Ty elements. Figure 2B shows the
chromosome resulting from integration of the CV9 vector at
a Ty element elsewhere in the genome that is of the Tyl-17
subclass; that is, at a Ty element that contains the BamHI
site characteristic of Tyl-17. The chromosome structure
depicted in Fig. 2C results from integration of the CV9
vector at a different kind of Ty element, one lacking the
BamHI site. These three classes can be distinguished by
Southern blotting analysis.

Chromosomal DNA was isolated from each transformant
and treated with BamHI. After agarose gel electrophoresis
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FIG. 2. Schematic drawing of different integration sites of the
CV9 vector and the resulting transformants. (A) Integration at the
LEU2 locus, type I transformant. (B) Integration at a Ty1-17 class of
Ty sequence, type 1l transformant. (C) Integration at a Ty element
other than the Ty1-17 subclass, type Il transformant. The dark line
indicates the LEU2 gene. Abbreviations: X, Xhol; B, BamHI; G,
Bglll; P, Pstl. The lines underneath the resulting chromosomes
indicate the region of homology covered by the radioactive probes
used in subsequent experiments. Figure is not drawn to scale.
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FIG. 3. Southern analysis of type I and type Il transformants
after BamHI digestion. Nuclear DNA was isolated from the different
transformants and treated with BamHI restriction endonuclease.
The fragments were separated on a horizontal 0.7% agarose gel at 1
V/em for 36 h. After transfer to nitrocellulose, the filters were
hybridized with a [3*3P]DNA probe from the large EcoRI fragment of
CV9. Shown are the parental strain (AH22), different transformants
indicated by the transformant number, and the CV9 vector. The
positions of the chromosome III BamHI fragment containing the
LEU? gene and the linear CV9 vector are indicated. The arrowheads
in the lower panel indicate the position of one of the junction
fragments of the CV9 insert in type Il transformants (Fig. 2).

and Southern transfer, the filters were probed with 2P-
labeled pBR322 and LEU?2 sequences (20). All of the type I
transformants showed a loss of the chromosomal LEU2 band
and the presence of at least two new bands (e.g., Fig. 3).
Some transformants also showed a band the size of the linear
CV9 vector, the result of tandem multiple insertions of CV9.
The upper band, common to all type I transformants, is the
BamHI fragment that extends into the adjacent Tyl-17
sequence and is indicative of the Tyl-17 class of Ty ele-
ments. In contrast to the type I transformants, none of the
type II transformants showed a loss of the chromosomal
LEU?2 band (Fig. 3). Again, some transformants have multi-
ple insertions and contain a BamHI fragment that is the same
size as the linear CV9 vector. In addition, each lane con-
tained a third band of hybridization, marked by the arrow-
heads. These bands result from insertion of the CV9 vector
at a chromosomal location other than the LEU2 locus. These
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FIG. 4. Southern analysis of Xhol-digested type Il transform-
ants. Nuclear DNA was digested with Xhol and separated on a
horizontal 0.7% agarose gel at 1 V/cm for 36 h. After transfer to
nitrocellulose, the filter was hybridized with **P-labeled pBR322
DNA labeled by nick translation. Numbers indicate the transform-
ant number.

bands vary in size. However, some lanes (samples 38, 40,
and 41) contained a band that comigrated with the upper
band derived from the type I transformants. This band
results from integration of the vector at a Ty locus that
contains a BamHI site in the same position as the Tyl-17
element. The transformants AH22(CV9)-38, 40, and 41 mark
other Ty elements of the Ty1-17 class as defined by a specific
BamHI fragment. Transformants AH22(CV9)-48 and 49 con-
tain a band in common other than the LEU2 fragment. This
suggests that these transformants result from independent
integration events at the same site. This has been confirmed
by examining the genetic linkage between the two transform-
ants (see Table 4).

(i) Type II transformants are at delta sites. All Ty elements
examined so far are flanked by 300-base-pair direct repeats
called delta sequences (4, 12, 15). Delta sequences can be
found in the S. cerevisiae genome independent of the rest of
the Ty sequence (4). Most, but not all, of the delta sequences
contain an Xhol site. Although the data presented in Fig. 3
suggest that at least some of the transformants, those
showing the characteristic Tyl-17 BamHI band, are integrat-
ed at Ty sites, we performed two other restriction enzyme
analyses to substantiate our claim that the CV9 vector was
indeed integrated at Ty sites. Since the transformation was
presumably the result of homologous recombination be-
tween the delta and small Ty1-17 fragment on CV9 and an
endogenous Ty-delta sequence, we anticipated that the
chromosomal delta at the point of integration would contain
an Xhol site as did the delta sequence on CV9. Figure 4
shows the result of an Xhol treatment of DNA from several
transformants hybridized with a pBR322 probe. Only one
band of hybridization is seen, and this band is the same size
as the linear CV9 vector. This result was seen with all but
one of the type II transformants (number 20) and was the
expected result (Fig. 2).

(iii) Type II transformants are at Ty-delta sites. The frag-
ment of Ty sequence on the CV9 vector contained a BglII
site (Fig. 2). This restriction site has been conserved in all Ty
sequences documented to date (34a). To show that the
integration event had occurred at a Ty-delta sequence and
not only at a solo delta sequence, DNAs from the trans-
formed strains were treated with Bg/II and analyzed by
Southern blots. The probe used was *?P-labeled pBR322 and
LEU?2 sequences. Most of the transformants contained only
two strong bands of hybridization, and these bands comi-
grated with the Bg/II bands derived from CV9 (Fig. 5). This
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is the expected result if the sequence adjacent to the vector
insertion contains a BgllI site in the same location as the
Bglll site in the Ty sequence carried on CV9 (Fig. 2).
Transformants AH22(CV9)-32 and 44 showed the same
pattern as CV9 (H. L. Klein, data not shown). Transform-
ants AH22(CV9)-10, 20, 29, and 37 require additional expla-
nation. All of these transformants contained an additional
band of hybridization, and transformant AH22(CV9)-10 con-
tained two bands. Cloning of the sequences adjacent to the
integration of transformant AH22(CV9)-10 has shown that
there is a Ty element at the site of integration (Klein,
unpublished data). This transformant contains multiple tan-
dem insertions of CV9 with a rearrangement in one integrat-
ed copy of the plasmid. This rearrangement gives rise to the
extra bands seen in Fig. 5 (Klein, unpublished data). The
remaining transformants, AH22(CV9)-20, 29, and 37, have
not been analyzed further.

(iv) Number of Ty1-17-like elements in strain AH22. Studies
determining the number of Ty elements in different labora-
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FIG. 5. Bglll digestion of type Il transformants. Nuclear DNA
was treated with Bglll and separated on a horizontal 0.7% agarose
gel at 1 V/cm for 36 h. After transfer to nitrocellulose, the filter was
hybridized to a 3*P-labeled large EcoRI fragment of CV9 (Fig. 2).
Numbers indicate the transformant number.
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tory strains of S. cerevisiae have shown that there is wide
variation in this value (4, 9, 14). Between 4 and 40 Ty
elements have been counted in various strains. Roeder et al.
(26) have estimated that there are six members of the Ty1-17
class of Ty elements in a strain derived from S288C. We
wished to determine the number of the Tyl-17 class of Ty
elements in the strain used as the recipient in the transforma-
tion experiments described in this report. Using an analysis
similar to that of Roeder et al. (26), we subcloned the Xhol
fragment from AgtKG17 (Table 2) into the Sall site of
pBR322 to form pHK18. This plasmid was used as a source
of the Clal fragment unique to the Tyl-17 class of Ty
elements (18, 26). Using the Clal fragment radioactively
labeled with 2P as a probe to Southern blots of restriction
enzyme-treated AH22 DNA, we obtained the results shown
in Fig. 6.

The Xhol digest shows that with the Clal fragment used as
a probe, most of the Ty1-17 class of Ty elements are of equal
size, most likely the result of the Xhol sites in two delta
sequences that flank the Ty element. Most of this band is
abolished by additional treatment with BamHI and yields a
fragment of ca. 3.2 kbp in length, indicated by the lower
arrowhead (Fig. 6). This size of fragment corresponds to the
anticipated fragment resulting from the Tyl-17 elements
(18). BamHI and HindIII cut once in Tyl-17, whereas no
EcoRl site is present (18). However, the Clal fragment used
as a probe in these experiments is homologous to only one of
the two halves of the Ty element resulting from BamHI or
HindIIl digestions. Therefore, the last three lanes of Fig. 6
can be used to estimate the number of the Ty1-17 class of Ty
elements in strain AH22, a derivative of S288C. These data
give an estimate of ca. 12 Tyl-17 elements in AH22.

Number of sites of vector insertion. The tetrad segregation
patterns obtained when a type II transformant is crossed to a
LEU2* strain could result from integration of the CV9
vector at more than one site. To determine the number of
genetically distinguishable sites in which the CV9 vector is
carried in each transformant, all of the type II transformants
were crossed to a leu2™ strain (strain 2262). Tetrad analysis
of the resulting diploids showed 2:2 segregation for the
LEU2 marker in every case. This result shows that the
vector CV9 is at one genetic locus in each transformant and
it is stably integrated. This was confirmed in several cases by
colony hybridization and the detection of 2:2 segregation for
pBR322 in those tetrads. Although the CV9 vector is at one
site genetically, these data do not address the question of
multiple tandem insertions of CV9. This is discussed below.

Centromere linkage and mapping of type II transformants.
Among the 25 type II transformants, 11 showed centromere
linkage, as indicated by less than 67% 3:1 tetrads in crosses
to a LEU2" strain. Initially, 10 tetrads were analyzed to
determine centromere linkage. This was then confirmed in
crosses with centromere markers in which 25 to 50 tetrads
were scored (Table 3). The transformants were mapped by
crosses to strains containing centromere-linked markers for
every chromosome (Table 1). The 11 transformants define
six genetic loci, shown in Table 3 and Fig. 7. In those cases
in which two independent transformants are mapped to the
same site, only one transformant was used for extensive
tetrad analysis. This approach seems justified, as the linkage
between the two transformants is very tight, often showing
no recombination events in 100 tetrads (Table 4).

The placement of each transformant on the proper chro-
mosome arm with respect to the centromere marker is
unambiguous, except in transformants AH22(CV9)-3 and 25.
These map to chromosome VI; however, the second-divi-
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FIG. 6. Number of Tyl-17 Ty elements in AH22. Nuclear DNA
from strain AH22 was digested with the restriction enzymes as
indicated, and the fragments were separated on a horizontal 0.7%
agarose gel at 1.2 V/cm for 40 h. After transfer to nitrocellulose, the
filter was hybridized with a **P-labeled Clal fragment of Tyl-17
inserted as an Xhol fragment in pBR322 to form pHK18. After
hybridization and washing, the filter was exposed to X-ray film for
18 h without intensifying screens. The upper arrowhead indicates
the 5.6-kbp Xhol fragment, and the lower arrowhead indicates the
3.2-kbp BamHI-Xhol fragment of the Ty1-17 class.

sion segregation frequency is too low to permit placement on
VI right arm (R) or VI left arm (L) definitively. Cloning of
the centromeric region of chromosome VI has shown the
presence of a Ty sequence centromere proximal to cdc4 (P.
Philippsen, personal communication), suggesting that the
AH22(CV9)-3 and 25 transformants may be located on this
arm.

It has been reported that chromosomes XIV and XVII
form a single linkage group (19). As transformants
AH22(CV9)-17 and 28 are located on chromosome XIV, it
was possible to test for linkage of these transformants with
markers previously mapped to chromosome XVII. The
linkage of AH22(CV9)-28 with met4 confirms this new
chromosomal linkage (Table 3).

Recombination groups of centromere-unlinked transform-
ants. The number of different locations represented by the
remaining 14 transformants was determined by pairwise
crosses and random spore analysis. Transformants were
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TABLE 3. Linkage of transformants with mapped markers

Tetrad types

Gene pair Map distance % of second-division
p P:i';;';;al Nogﬁ")"';emal Tetratype (centimorgans) segregations®

AH22(CV9)-32-MAT 32 0 5 6.8 27.0
AH22(CV9)-32-thr4 23 0 23 25.0
AH22(CV9)-3-his2 20 0 19 24.4 0
AH22(CV9)-25-his2 5 1 5 31.8 ND*
AH22(CV9)-37-cdc4 33 0 2 2.9 0
AH22(CV9)-6-leul 46 0 11 9.6 5.4
AH22(CV9)-15-leul 20 0 6 11.5 6.5
AH22(CV9)-40-leul 22 0 4 7.7 20.8
AH22(CV9)-17-per8 16 0 8 16.7 33.3
AH22(CV9)-28-lys9 33 2 54 33.3 36.4
AH22(CV9)-28—pet8 28 0 16 18.2
AH22(CV9)-28-met4 20 3 40 46.0
AH22(CV9)-48-aro7°¢
AH22(CV9)-49—-aro7 19 4 524 50.7 69.9

¢ Second-division segregations were determined with pet8 and either trpl, leul, or met3 as centromere markers.

& ND, Not determined.
¢ See Table 4.
9 Chi-square analysis shows P < 0.01.

recovered in the opposite mating type by crosses to strain
2262. These were used in crosses with the other transform-
ants. Approximately 1,000 spores were analyzed in each
cross. Since these transformants were not centromere
linked, independent sites of the CV9 insertion should give
ca. 25% leu2~ spores in each cross. Transformants
AH22(CV9)-5 and 38 are at the same site or very closely
linked, giving only 1.6% leu2~ spores (Table 5). The cross
AH22(CV9)-18 x AH22(CV9)-27 gave 0% leu2™ spores.
Physical analysis described previously shows that these
transformants actually contain the CV9 vector at different
Ty elements, suggesting a clustering of Ty elements at this
site. These 14 transformants define 12 different sites (Table
5).

Correlation of different Tyl-17-like elements with chromo-
somal sites of Ty. The EcoRlI lane of Fig. 6 showed the best
distribution of the Tyl-17 class of Ty elements in AH22.
Insertion of the CV9 vector at one of these sites should
disrupt the Ty element. EcoRI digestion and Southern
analysis of the Ty1-17 class of Ty elements should show the
loss of a particular band, and this band should vary in the
different transformants. Moreover, all transformants that
map to the same site by genetic analysis should be missing
the same band in the display of the Tyl-17 class of Ty
elements. This analysis is shown in Fig. 8. The arrowheads
mark the changes, either the loss of a band ot the appearance
of a novel band. No changes could be detected in transform-
ants AH22(CV9)-8, 16, or 44. Transformant AH22(CV9)-10
does not carry the CV9 vector inserted at a Ty element of the
Ty1-17 class of Ty elements and showed no change in the
pattern of the Ty1-17 elements. The remaining transformants
shown all displayed some change in the pattern. Transform-
ants AH22(CV9)-3 and 25 map to the same site on chromo-
some VI and showed the loss of the same Ty band. Similarly,
transformants AH22(CV9)-5 and 38 and transformants
AH22(CV9)-6, 15, and 40 each form one genetic site and
showed the identical change in Ty distribution within the
group. Clearly, not all losses of a band and acquisitions of a
novel band can be detected in this analysis. However, the
fact that the same changes were seen in different members of
each group strongly suggests that specific Ty elements can
be identified and that these transformants are really integrat-
ed at Ty elements.

Is there preferential integration at Tyl-17-like elements?
We hiave estimated that there are approximately 35 Ty
elements in our isolate of strain AH22 (data not shown). Of
the 25 independent transformants described here, 12 result
from integration of the CV9 vector at a number of the Ty1-17
class of Ty elements. Excluding the ambiguous transformant
AH22(CV9)-20, the Southern analyses show that the remain-
ing 24 transformants are at delta sites and that at least 22 of
these also contain a Ty element adjacent to the delta
sequence. We wished to determitie whether the 12 successes
(integratioh$ at the Ty1-17 class of Ty elements) of 24 trials
(integratiblis at Ty elethents), when 12 of the 35 Ty elements
in the génome are Of the Ty1-17 class, Hte indicative of
preferential integration &t the Ty1-17 class. We exclude the
Ty1-17 element adjticent to LEU?2 in these calculations as we
cannot determine Whether the class I transformants result
from homologous recombination and integratioh by the Ty1-
17 or the LEU2 sequence or botH: Therefore, we tonsider
the probability of P(k = 12), where k is the number of
successes ahd p is the frequency of Tyl-17 class of Ty
elements in the genome. Using a normal approximation of
the binomial distribution (24):

S T 12
1+qggl —| +pgl—
Z1 = d; np nq

(n + 1/6)pq

where k = 12, n = 24, p = 11/34 (the Ty1-17 element adjacent
to LEU2 has been excluded in this frequency), and q =
23/34;s=k—-1,S=s+12,T=n—-s—-12,d; =S +1/6 -
(n + 13)p; and g(x) = (1 — x* + 2xInx)/(1 — x)?, we found P(k
= 12) = 0.0548. This number is an upper value and will be
decreased if n, the number of trials (integrations) at Ty
elements, is lowered. This number means that there is a
5.5% probability of getting 12 or more integrations at the
Tyl1-17 class of Ty elements in 24 trials when 11 of 34 Ty
elements in the genome are members of the Tyl-17 class
(excluding the Tyl-17 at LEU2). P(k = 12) will also be
reduced if p is reduced by underestimating the total number
of Ty elements or by overestimating the number of Ty1-17-
like Ty elements in the genome. The value of P(k = 12) is
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FIG. 7. Genetic map of S. cerevisiae showing the mapped Ty sequences in AH22. The mapped locations of several transformants are
shown by the transformant number to the left of the chromosome on the current genetic map (23). Six sites are indicated: one each on
chromosomes III, VII, XIV, and XVI and two on chromosome VI.
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TABLE 4. Linkage between different transformants

Transformant pair Tetrad types

(PD:NPD:T)*
AH22(CV9)-3 x AH22(CV9)-25 . .............. 103:0:0
AH22(CV9)-6 X AH22(CV9)-15 . .............. 109:0:0
AH22(CV9)-6 X AH22(CV9)-40 . .............. 66:0:0
AH22(CV9)-17 x AH22(CV9)-28 .. ............ 88:0:7
AH22(CV9)-48 x AH22(CV9)-49 . ............. 28:0:0
AH22(CV9)-41 x AH22(CV9)-44 ... ........... 16:4:26"

< PD, Parental ditype; NPD, nonparental ditype; T, tetratype.
b Chi-square analysis shows PD:NPD is significantly different
from 1:1 at P = 0.01.

suggestive of preferential integration at the Ty1-17 class of
Ty elements.

Further calculations have shown that the distribution of
the integration events at different genetically defined sites is
random and that no hot spots for integration at different Ty1-
17 elements could be found.

DISCUSSION

We used integrative transformation to insert a selectable
marker, the LEU2" gene, at Ty elements in the yeast
genome. The first question to address is whether the class II
transformants are really integrated at Ty elements. All of the
Southern mapping data are consistent with integration
events occurring at Ty sites, except with transformant
AH22(CV9)-20. In the cases in which only one copy of the
CV9 vector has been integrated at a particular site, the
preservation of a Bglll site at that site is very strong
evidence of a Ty sequence. In most of the cases in which the
site of integration appears to be at the Tyl-17 class of Ty
elements, one of the family of Tyl-17 bands can be seen to
have shifted as a result of the integration (Fig. 8). Moreover,
all transformants that map to the same genetic site show the
identical change in the Ty1-17 profile. In those cases that do
not represent integrations at the Tyl-17 class of Ty se-
quences, a novel junction band is seen in Southern analysis
of BamHI digestions (Fig. 3). Those transformants that map
to the same site genetically have a junction fragment of the
same size. This suggests that the integration of the CV9
vector is not occurring randomly but rather is the result of a
homologous recombination event between the vector DNA
and the chromosome.

Using the LEU2" marker as a tag for Ty sequences, we
were able to map six Ty sites in strain AH22. In addition,
there is a Ty1-17 adjacent to the LEU2 gene, giving a total of
seven mapped Tys. We also grouped the remaining trans-
formants into 12 distinct sites of Ty elements in strain AH22.
These sites are dispersed throughout the genome in what
appears to be a random fashion. In this regard, S. cerevisiae
is similar to other organisms in which the distribution of
repeated DNA sequences has been studied. Repeated DNA
sequences have been described in the Drosophila (8, 25, 33,
37) and human (1, 21) genomes. These sequences are dis-
persed throughout the genome, although some clustering has
been suggested to occur in the 1.9-kbp HindIII repeat in the
human genome (21).

We found two examples of pairs of Ty elements in our
study. Transformants AH2(CV9)-18 and 27 do not recom-
bine (Table 5). However, Southern analysis of the BamHI
junction fragments shows that AH22(CV9)-18 has a band
characteristic of the Tyl-17 class, whereas AH22(CV9)-27
does not (Table 6), suggesting two very closely linked Ty

MoL. CELL. BioL.

elements. Transformants AH22(CV9)-17 and 28 are both on
chromosome XIV and show similar linkage to the pet8
marker (Table 3). When these two transformants are
crossed, they map 3.7 centimorgans apart (Table 4). South-
ern analysis after BamHI digestion has shown that the
transformants give junction fragments of different sizes (data
not shown), supporting the tetrad data. Farrelly and Butow
(13) have recently reported two closely spaced Ty elements
in the nuclear genome of S288C. This strain also contains a
tandem duplication of two similar, but not identical, Ty
elements near the MAT locus on chromosome III (S.
Roeder, personal communication).

Although most laboratory strains of S. cerevisiae contain
30 to 40 Ty elements (28, 34a), the distribution of these
elements varies among different strains. Similarly, the num-
ber of members of any given repeated DNA family in D.
melanogaster other than P elements appears to be constant.
However, great variation is seen in the chromosomal distri-
bution of these sequences between different strains of a
single species (8, 33), giving rise to the term nomadic DNA
(37). The reason for this variability in location, yet lack of
detection of movement, is unknown. Polymorphisms in the
chromosomal locations of Ty sequences have been observed
(4, 7, 13). Recently, S. cerevisiae chromosome III has been
extensively examined for the presence of Ty elements. Two
Ty sequences have already been described on chromosome
III: Ty1-17 adjacent to LEU2 and Ty1-161 9 kbp from PGKI
(18). We have reported here a transformant, AH22(CV9)-32,

AH22
41
44

i

il
&4

Y

FIG. 8. Changes in the pattern of Tyl-17 bands in some type Il
transformants. Nuclear DNAs from AH22 and several transform-
ants were treated with EcoRI restriction endonuclease, and the
fragments were separated on a horizontal 0.5% agarose gel at 1.2 V/
cm for 40 h. After transfer to nitrocellulose, the filter was hybridized
to the Clal fragment of pHK18 labeled with **P. The arrowheads
indicate positions of band changes, either as the loss of a band or the
appearance of a new band when compared with the pattern of the
AH22 lane. Numbers indicate the transformant number. The filter
was exposed to X-ray film for 20 h without intensifying screens.
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TABLE 5. Random spore analysis of pairwise crosses between non-centromere-linked transformants, shown as percentage of leu™ spores

Transformant no.

Transformant

no. 5 8 10 16 18 20 27 29 30 33 35 38 41 44
S 0
8 15 0.1

10 28 24 0.1

16 16 21 24 0

18 17 19 19 12 0.1

20 17 20 22 32 12 0.18

27 17 17 26 12 0 ND¢ 0

29 13 21 22 13 14 14 ND 0

30 23 17 20 16 12 16 ND 15 0.3

33 19 17 20 19 13 12 ND 10 14 0

35 18 14 22 17 19 15 ND 15 17 12 0.1

38 1.6 ND ND ND ND ND ND ND ND ND ND 0.1

41 17 16 22 16 14 17 ND 13 20 8 16 ND 0

44 11 14 10 17 11 14 ND 17 15 16 18 ND 9 0.3

“ ND, Not determined.

that maps between MAT and CEN3. A tandem duplication of
Ty sequences has been found 8 centimorgans from MAT
(Roeder, personal communication). These Tys are not allelic
with AH22(CV9)-32 but, rather, map 10 centimorgans apart
(Klein, unpublished data), suggesting another site of Ty
sequences on chromosome III. J. Larkin and J. Woolford
(personal communication) have found a Ty sequence centro-
mere proximal to the CRYI locus. It is not yet known
whether this represents yet another site of a Ty element. The
presence or absence of some of these Ty sequences has been
examined in different S. cerevisiae strains through the use of
various recombinant DNA libraries. Two different types of
polymorphisms have been seen. Some strains contain a Ty
sequence and the associated delta sequences, whereas other
strains only contain a single delta sequence at that site. In
other cases, no evidence of a Ty or delta sequence can be
found (C. Newlon, personal communication). The right arm
of chromosome III between CEN3 and MAT appears to be
especially polymorphic, according to this study and other
data (J. Larkin, C. Newlon, S. Roeder, and J. Woolford,
personal communication).

Several aspects of the genetic behavior of the transform-
ants deserve comment. First, it is expected that 25% of the
random spores should be leu2™. The data in Table 5 show
values ranging from 9 to 28%. However, this most likely is
the result of an underestimation of the number of leu2~
colonies. Further experiments have shown that there is no
preferential segregation or recovery of the LEU2" spores in
the pairwise crosses in transformants by tetrad analysis.
Other mapping procedures, including the 2 . DNA mapping
technique (11) and the methyl benzimidazole-2-yl-carba-
mate-induced chromosome loss (36), have been tried unsuc-
cessfully on three different transformants, all of which are
not linked to any centromere by conventional mapping
methods. It is not clear whether Ty sequences behave
aberrantly in these analyses or whether these methods failed
because the sites we tried to map are very far out on the
chromosome arms.

We estimated by Southern analysis that strain AH22
contains 12 Ty1-17 sequences (Fig. 6 and 8). The genetics of
the different transformants suggest that there are at least
nine different Ty1-17 elements, including Ty1-17 adjacent to
LEU? (Table 6). In a similar analysis, others have concluded

that a related strain, S288C, contains only six Tyl-17 se-
quences (14, 26). This discrepancy could be due to inade-
quate resolution of very closely spaced bands on an agarose
gel or could indeed reflect a difference in Ty classes between
these two strains. This is rather unlikely, as AH22 is a
derivative of S288C, and Ty elements do not appear to
change or transpose very rapidly in unselected cultures.
Nonetheless, the possibility that a difference exists between
these two strains in the Ty1-17 class population cannot be
eliminated.

Electron microscopic heteroduplex studies (18) have
shown that regions of the Tyl-17 element form a homodu-
plex with the Tyl element of Cameron et al. (4). The portion

TABLE 6. Type of Ty element marked by CV9 vector

Transformant Ty1-17 Single or Genetic location
no. subclass multiple copy?
3 + M VI R, same as 25
5 + M Unlinked, same as 38
6 + M VII R, same as 15, 40
8 + M Unlinked
10 - M Unlinked
15 + M VII R
16 + M Unlinked
17 - M XIV R, same as 28
18 + M Unlinked, same as 27
20 - S Unlinked
25 + S VIR
27 - M Unlinked, same as 18
28 - S XIVR
29 - M Unlinked
30 - S Unlinked
32 - M III R
33 - S Unlinked
35 - M Unlinked
37 - N VIR
38 + M Unlinked, same as S
40 + M VII R
41 + S Unlinked
44 + S Unlinked
48 - N XVI L, same as 49
49 - S XVIL

4 S, Single insertion of CV9; M, multiple tandem insertions of
CV9.
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of Ty1-17 that is carried on the CV9 vector is in a region that
forms a homoduplex with Tyl. Statistical analysis of the
transformants we recovered using CV9 suggests that we are
seeing preferential integration at the Tyl-17 class of Ty
elements. This preferential integration suggests that there
are regions of microheterogeneity between Tyl-17 and Tyl
that cannot be detected with an electron microscope but are
sufficient to bias the reciprocal recombination reaction in-
volved in the integration of the CV9 vector. Using plasmids
containing S. cerevisiae rDNA, Smolik-Utlaut and Petes (31)
have also observed that microheterogeneity between inter-
acting sequences can result in preferential integration.

We used integrative transformation to insert a selectable
marker at Ty elements. A vector that contains both a Ty
sequence that is repeated many times in the S. cerevisiae
genome and a unique selectable marker was integrated by
homology at several sites of these repeated elements. We
were able to map 7 sites of this repeated sequence (including
the sequence adjacent to LEU2) with the selectable LEU2"
gene and defined 12 additional sites of the Ty element. The
genetic data show that these sites are dispersed throughout
the yeast genome.
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