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Repeated Chromosome Splitting Targeted to 8 Sequences
in Saccharomyces cerevisiae

MINETAKA SUGIYAMA,' MASAFUMI NISHIZAWA,> KYOUHEI HAYASH]I,'
YOSHINOBU KANEKO,' KIICHI FUKUL' AKIO KOBAYASHI,'
AND SATOSHI HARASHIMA*

Department of Biotechnology. Graduate School of Engineering, Osaka Universiny. 2-1 Yamadaoka, Suita-shi,
Osaka 5635-0871, Japan' and Department of Microbiology and Imnmunology, Keio University
School of Medicine, 35 Shinanomachi. Shinjuku. Tokvo 160-8582, Japan®

Received 10 April 2003/Accepted 19 June 2003

We have previously developed a chromosome-splitting technique based on homologous recom-
bination in Saccharomyces cerevisiae. To facilitate chromosome splitting at multiple sites, we
focused on the 3 sequences that are distributed in more than 200 copies throughout the yeast
genome. We constructed a new chromosome-splitting vector harboring the YFLWdelta4 sequence
and the hisG-URA3-hisG cassette, and transformed yeast cells with this vector. The karyotype
analysis of transformants showed that chromosomes XIV, II1, and IV, or other chromosomes are
split. After the excision of the URA3 gene, the transformant with split chromosome IV was sub-
sequently transformed with the same vector. Karyotype analysis revealed that further splitting
occurred at chromosome X, the split chromosome IV, or other chromosomes. These results indi-
cate that & sequences are efficient target sites for repeated chromosome splitting at multiple sites

with a single vector.
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Chromosome engineering techniques, including those for
breaking a chromosome, for deleting or inverting chromo-
some segments and for fusing two nonhomologous chromo-
somes (1-3), are useful not only for studying the organiza-
tion of eukaryotic genome but also for the improvement of
industrially important strains. We have already developed a
one-step chromosome splitting method in a haploid yeast
cell (Fig. 1) (2), and succeeded in creating a yeast strain
having 21 chromosomes by this method (4). However, the
current methods that we have used in chromosome splitting
are time-consuming and hamper high-throughput perfor-
mance of chromosome splitting supposing that one intends
to split chromosomes many times. One of these time-con-
suming processes is cloning of the target sequence required
for initial step of chromosome splitting into a chromosome-
splitting vector prior to each transformation. The chromo-
some-splitting technique will have a wider variety of appli-
cations if this process is circumvented. Thus, we focused on
the 8 direct repeat sequences that are found at both ends of
the yeast transposon, Ty (3). Each & sequence and its homo-
logues are distributed throughout the yeast genome and are
present in more than 200 copies (http://www.yeastgenome.
org/), making them a potential target site for repeated chro-
mosome splitting at multiple sites. To test this idea, we
cloned the YFLWdelta4 sequence as an EcoRI-Sall frag-
ment by PCR using a cosmid library of yeast chromosome
VI (a gift of Y. Murakami) as a template and primers 5'
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CTCGAATTCTGTTGGAATAAAAATCAACT-3" and 5'-
CTCGTCGACTGTAGAGAATGTGGATTTTG-3', corre-
sponding to the sequences from nucleotides 143534 to
143553 and 143865 to 143846 of chromosome VI (under-
lined), respectively (http://www.yeastgenome.org/), since
YFLWdeltad shares high homology (>90%) with other 3 se-
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FIG. 1. A schematic diagram of chromosome splitting. This dia-
gram is illustrated for the case of chromosome splitting with plasmid
pLl800SdH. Integration of the chromosome-splitting vector p18008dH
followed by telomere resolution results in splitting of a chromosome at
the target site into two monocentric chromosomes. The open triangles,
open circles, closed circles, open boxes. and hatched boxes indicate
the Tr sequences, CEN4s, original centromeres, hisG-URA3-hisG
markers, and 8 sequences, respectively.
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FIG. 2. Structure of chromosome-splitting vector p18008dH for
targeting & sequences. The 8 sequence indicates the YFLWdeliad se-
quence 334 bp in size. The regions marked Amp” and ori and the thin
lines indicate the DNA fragments originating from pBR322. The re-
gions marked URA3 and CEN4 are genes originating from S. cerevi-
siae. The inner arc with an arrowhead indicates the transcription direc-
tion of genes. The Tr sequence (arrow) is derived from the end of the
extrachromosomal rDNA of Tetrahymena. The hisG-URA3-hisG
marker confers Ura® phenotype, but recombination between the re-
peated hisG sequences results in the loss of the URA3 marker (8).
Growth on 5-FOA was used to select clones that showed rescued Ura
phenotype.

quences, as determined by results of database analysis (data
not shown). After confirming the successful amplification
of the YFLWdelta4 sequence by DNA sequencing, the
YFLWdelta4 sequence was used to construct the chromo-
some-splitting vector p18006dH which harbors the hisG-
URA3-hisG cassette as a reusable selection marker (Fig. 2).

Prior to the transtormation of yeast, plasmid p18005dH
was linearized by cutting the Xhol site in the & sequence
(Fig. 2). The linearized vector was introduced into strain
W303-1A (MATa leu2-3, 112 trpl-1 ura3-1 ade2-1 his3-11,
15 cani-100) by the lithium acetate method (6), and some
of resulting uracil prototrophic (Ura®) transformants were
analyzed of their chromosome structure by pulsed-field gel
electrophoresis (PFGE) and Southern blotting. Chromosome
splitting occurred in approximately 20% of Ura" transtfor-
mants. The splitting of the & sequence by transformation
with plasmid p18008dH is summarized in Fig. 1. The re-
sults are shown in Fig. 3A. In lane 2, the band correspond-
ing to the intact chromosome XIV (800 kb) was not de-
tected, but a new band corresponding to a 210-kb fragment
was observed and the intensity of the band corresponding to
chromosome V (600kb) was enhanced, suggesting that
chromosome XIV was split into a 210-kb fragment and a
600-kb fragment. Similarly, in lane 3, while the band corre-
sponding to the intact chromosome IIT (360 kb) was not de-
tected, two new bands corresponding to 200-kb and 170-kb
fragments were observed, suggesting that chromosome III
was split. Moreover, in lane 4, the band corresponding to the
intact chromosome IV (1640 kb) was absent, whereas two
new bands corresponding to 1000-kb and 660-kb fragments
were observed, suggesting that chromosome IV was split. In
lanes 5 to 7, no apparent alterations in the electrophoresis
patterns were observed, but new bands corresponding
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tol70-kb (lane 5), 110-kb (lane 6), and 60-kb (lane 7) frag-
ments, which are smaller than chromosome 1 (240 kb), were
detected.

To confirm that the new bands are a result of chromo-
some splitting, we carried out Southern analysis with a
URA3 probe (Fig. 3B), since one of the split chromosome
fragments should contain the URA3 gene derived from the
chromosome-splitting vector (Fig. 1). In the parental strain
(lane 1), the signal generated by the URA3 probe was de-
tected at a position corresponding to the intact chromosome V
since strain W303-1A harbors the ura3-1 locus in chromo-
some V, which should hybridize with the URA3 probe. In
lane 2, the intensity of the signal corresponding to chromo-
some V (600 kb) was enhanced. By Southern analysis using
the CEN4 probe, the signal was not detected at the position
of the intact chromosome V in lane 1, but observed at a po-
sition corresponding to chromosome V in lane 2 (data not
shown), suggesting that the 600-kb fragment derived from
chromosome XIV overlaps with chromosome V since one
of the split chromosome fragments should hybridize with
the CEN4 probe (Fig. 1). In lanes 3 to 7, the hybridization
signals were detected at positions corresponding to 200-kb
(lane 3), 660-kb (lane 4), 170-kb (lane 5), 110-kb (lane 6),
and 60-kb (lane 7) fragments. These results suggest that
chromosome splitting occurred in these transformants and
that the splitting sites were selected randomly. Based on the
disappearance of intact chromosomes XIV, I1I, and IV and
from the estimated sizes of the chromosome fragments
newly generated in lanes 2 to 4 (Fig. 3A), chromosomes
XIV, III, and IV were highly likely to-split in respective
transformants. With respect to other transformants, it was
not possible to determine which chromosome was split. One
possibility is that large chromosomes (>900 kb) are split at
the & site located at the chromosome end in these trans-
formants since elimination of relatively short segments (60—
220 kb) from large ones may not result in detectable altera-
tions in the PFGE profiles of large chromosomes.

To demonstrate the usefulness of the same chromosome-
splitting plasmid, p18008dH, for successive splitting, we
then chose transformant no. 3 (Fig. 3A, lane 4) for further
study. After confirming the successful split of chromosome
IV in transformant no.3 by Southern blotting using two
open reading frames, YDL237w and YDR540c, as probes,
which should hybridize with the lett-hand and right-hand
fragments of chromosome IV. respectively (data not shown),
we screened clones showing the uracil auxotrophic (Ura?)
phenotype due to the loss of the URA3 gene by plating cells
of transformant no. 3 on 5-FOA medium. The elimination of
the URAJ gene was confirmed by Southern hybridization
analysis (Fig. 3A, lane 8; Fig. 3B, lane 8).

Then, plasmid p18008dH that was digested with Xhol as
described above was introduced into the Ura™ clone of trans-
formant no. 3 and karyotype patterns of desired transfor-
mants (approximately 4% of Ura” transformants) were shown
in Fig. 3A (lanes 9-14). In lane 9, the band corresponding to
the intact chromosome X (770 kb) was absent, but a new
band corresponding to 500 kb appeared and the intensity of
the band corresponding to chromosome VI (280 kb) was
enhanced, suggesting that chromosome X was split into a
500-kb fragment and a 280-kb fragment. Similarly, in lane
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Electrophoretic karyotyping and Southern analysis of Ura' transformants. (A) Electrophoretic karyotypes of Ura" transformants by

PFGE. Chromosomal DNAs of S. cerevisiae embedded in agarose plugs were prepared as described previously (2). Chromosomal DNAs were
separated on a 1% gel by CHEF electrophoresis using the application of the CHEF DR III system (Bio-Rad Laboratories, Richmond, CA, USA)
with a 60-s pulse for 13 h, followed by a 90-s pulse for 9 h, at 6 V/em, in 0.5 TBE buffer at 14°C. DNA was visualized by staining with ethidium
bromide. DNA samples were obtained from the following strains: the parental strain, W303-1A (lane 1), Ura® transformants nos. I to 6 of strain

W303-1A (lanes 2

—7), the Ura clone obtained from transformant no. 3 (lane 8). and Ura™ transformants nos. 7 to 12 of the Ura™ clone obtained

from transformant no. 3 (lanes Y-14). Arrowheads indicate the lost and newly generated chromosomal fragments detected by staining. The posi-
tions of chromosomes I, II1. IV, V, VI, X and XIV, and the sizes of the new chromosomal fragments observed in lanes 4, 9, and 10 are indicated on
the lefi-hand side of the panel. (B) Southern hybridization analysis of chromosomes resolved by PFGE. Southern hybridization was performed
with a 1.2-kbp URA3 probe. Probe labeling and detection were carried out using the ECL direct nucleic acid labeling and detection system (Amer-
sham Pharmacia Biotech, Piscataway. NJ. USA). Hybridization signals were detected on an ECL film (Amersham Pharmacia Biotech). Lanes | to
14 contain DNAs corresponding to those in lanes 1 to 14 in panel A. The estimated sizes of signals observed are indicated on the lefi-hand side of

the panel.

10, the 1000-kb fragment derived from chromosome IV dis-
appeared whereas a new band corresponding to a 470-kb
fragment appeared and the intensity of the band correspond-
ing to chromosome V (600 kb) was enhanced, suggesting
that the 1000-kb fragment derived from chromosome IV
was split. In other lanes (lanes 11-14), no apparent altera-
tions in the electrophoresis patterns were observed, but new
bands corresponding to 220-kb (lane 11), 210-kb (lane 12),
200-kb (lane 13), and 130-kb (lane 14) fragments, which are
smaller than chromosome I (240 kb), were detected. South-
ern analysis using a URA3 probe revealed that the hybridi-
zation signal was detected at a position corresponding to
chromosome VI (280 kb) in lane 9, but not in lane 8 (paren-
tal strain) (Fig. 3B). In lane 10, the hybridization signal us-
ing URA 3 probe was detected at a position corresponding to
the new band (470 kb). In addition, the hybridization signal
generated by the CEN4 probe was detected at a position cor-
responding to chromosome V (data not shown), suggesting
that the 600-kb fragment derived from the 1000-kb frag-
ment overlaps with chromosome V. In lanes 11 to 14, the
hybridization signals were detected at positions correspond-
ing to 220-kb (lane 11), 210-kb (lane 12), 200-kb (lane 13),
and 130-kb (lane 14) fragments. These results indicate that
chromosome splitting occurs successively at multiple sites
in these transformants. It should be mentioned that the
reason transformants harboring chromosome VT split at the
YFLWdelta4 locus were not obscnul was because the split-

ting of chromosome VI at the YFLWdelta4 locus generates
two unstable fragments, one that is acentric and another that
is dicentric, due to the direction of the YFLWdeltad se-
quence in plasmid p18008dH.

The original chromosome-splitting method that we have
reported requires cloning of the target sequences into a
chromosome-splitting vector such as pCSV1 (2) prior to
each transformation. This is a time-consuming and labori-
ous process. In addition, the number of available selection
markers limits repeated splitting. To solve these problems,
we constructed the new chromosome-splitting vector
p1800&dH carrying a & sequence which is a representative
repeated sequence found in more than 200 copies of yeast
chromosomes as the target site and a hisG-URA3-hisG cas-
sette which is often used as a reusable marker. We then re-
peatedly transformed yeast cells with this vector and results
presented here demonstrated that 6 sequences can be used as
target sites for repeatedly splitting chromosomes at multiple
sites. Although we did not detect simultaneous chromosome
splitting in individual transformants as reported by Sakai er
al. (7) in which they used & sequences as target sites for
integrating an expression vector, the issue of simultaneous
splitting could be overcome by carrying out successive trans-
formations using the same splitting vector, as shown in this
study. Based upon the information of Sacchromyces Ge-
nome Database (http://www.yeastgenome.org/) and the ob-
served sizes of chromosome fragments in lanes 4, 9, and 10,



400 SUGIYAMA ET AL.

chromosome IV (lane 4), X (lane 9), and the 1000 kb frag-
ment derived from chromosome IV (lane 10) were likely to
be split at the YDRWdeltal9 or YDRWdelta2() on the right
arm of chromosome 1V, YJRWdeltall or YJRWdeltal2 on
the right arm of chromosome X, and YDLCdeltal on the
left arm of chromosome 1V, respectively assuming that posi-
tions of 6 sequences on chromosomes are the same between
two strains, i.e., strain W303-1A used in this study and
strain S288C used in the yeast sequencing project. Along
with all of observations described in this study, we conclude
that this technique enables us to split chromosomes conve-
niently and efficiently. In some cases, however, it is con-
ceivable that the PCR-mediated preparation of chromo-
some-splitting vectors, if possible, is more efficient. Our
current work is toward the improvement of this method that
will provide us with novel and powerful tools not only for
studying the organization of eukaryotic genomes but also
for manipulating this industrially important microorganism.
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