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Chromosome engineering is playing an increasingly important role in the functional analysis of genomes. A simple and efficient
technology for manipulating large chromosomal segments is key to advancing these analyses. Here we describe a simple but innova-
tive method to split chromosomes in Saccharomyces cerevisiae, which we call PCR-mediated chromosome splitting (PCS). The PCS
method combines a streamlined procedure (two-step PCR and one transformation per splitting event) with the Cre/loxP system for
marker rescue. Using this novel method, chromosomes I (230 kb) and XV (1091 kb) of a haploid cell were split collectively into 10
minichromosomes ranging in size from 29—-631 kb with high efficiency (routinely 80%) that were occasionally lost during mitotic
growth in various combinations. These observations indicate that the PCS method provides an efficient tool to engineer the yeast
genome and may offer a possible approach to identify minimal genome constitutions as a function of culture conditions through
further splitting, followed by combinatorial loss of minichromosomes.

INTRODUCTION

Genome engineering technology
has made a significant contribution
to understanding the functional and
organizational characteristics of the
genome from prokaryote to eukaryote
(1-5). Resolving a huge chromosome
into its constituent parts further
facilitates structural and functional
dissection of a complex genome.
For example, separation of a specific
chromosomal region from the intact
chromosome may lead to the functional
identification of the particular region
having an autonomously replicating
sequence (ARS). In previous studies,
we developed a novel chromosome
engineering technique in haploid
Saccharomyces cerevisiae cells, which
we called chromosome splitting (Figure
1; References 6 and 7). Although
the chromosome-splitting technique
is an extension of chromosome-
fragmenting techniques (8), the former
generates two smaller chromosomes
whereas the latter deletes one side of
a chromosome. Chromosome splitting

can also be applied to replace, fuse, or
transfer chromosome segments (9,10).
However, the conventional technique
is still inefficient, complex, and time-
consuming due to the need to clone the
target sequence into a splitting vector.
Moreover, the availability of selectable
markers restricts repeated splitting
experiments at multiple chromosomal
sites. These obstacles seriously hamper
a wider application of this technology.
Thus, in the current study, we have
further developed a simple chromosome-
splitting method. The significant new
features of this method are (7) the prepa-
ration of splitting fragments by PCR
and (ii) the use of recyclable markers.
These improvements greatly facilitate
the procedure for repeated chromosome
splitting and increase the reliability of
this technology for a variety of applica-
tions in haploid yeast cells. The feasi-
bility of this method was investigated
by repeated splitting of chromosomes I
(230 kb) and XV (1091 kb) collectively
into 10 minichromosomes ranging in
size from 29-631 kb. We also discuss

the implications of this technique
for studying genome plasticity in S.
cerevisiae.

MATERIALS AND METHODS

Strains and Media

S. cerevisiae strain FY833 (11)
(MATa his3A200 ura3-52 leu2Al
lys2A202 trpIA63) was used for
chromosome-splitting experiments.
Yeast cells were grown on YPDA
medium containing 1% yeast extract,
2% peptone, 2% glucose, and 0.04%
adenine (Sigma-Aldrich, St. Louis,
MO, USA), SD medium containing
2% glucose and 0.67% Difco™ yeast
nitrogen base without amino acids
(YNB; BD Biosciences, San Jose,
CA, USA), supplemented as needed
with amino acids and bases to cover
auxotrophic requirements or SG
medium containing 2% galactose and
0.67% YNB supplemented with amino
acids and bases as noted above.
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Plasmid Construction

Plasmids p1417, p1418, and 1419
carrying the Candida glabrata HIS3
(CgHIS3), TRPI (CgTRPI), and
LEU2 (CgLEU2) genes, respectively,
were used as templates for marker-
gene amplifications (Reference 12;
also see www.ncbi.nlm.nih.gov).
Plasmids p3008, p3009, p3010, p3121,
p3124 contain loxP-CgLEU2-loxP,
loxP-CgHIS3-loxP, loxP-CgTRPI-
loxP, CEN4, CEN4-loxP-CgTRPI-
loxP cassettes, respectively (see the
supplementary material online at
www.BioTechniques.com for details).
Plasmid pUG6 (13) containing a
loxP-KanMX-loxP module was used
as a backbone for the construction of
plasmids described above. Plasmids
p3012 and p3027 carry CEN4 and
loxP-CgHIS3-loxP cassettes within
the pBluescript® II SK- (Stratagene,
La Jolla, CA, USA) backbone, respec-
tively. Cre recombinase expression
vector pSH47 has been previously
described (13).

PCR-Mediated Preparation of
Splitting Fragments

For splitting chromosome I, each
of the splitting fragments with short
homology extension was produced by
PCR with the following PCR condi-
tions: 94°C for 5 min, followed by 30
cycles of 94°C for 30 s, 55°C for 30
s, and 72°C for 2 min. For splitting
chromosome XV, each of the target
sequences was initially generated
by PCR using similar conditions as
described above. Overlap-extension
PCR was carried out in a 100-uL
reaction volume containing 1 pM
of each primer, 50 ng of each PCR
product, and 2.5 U TaKaRa Ex Taq™
polymerase (Takara Shuzo, Kyoto,
Japan). The conditions of the reaction
were 1 cycle of 94°C for 5 min, and
then 30 cycles of 94°C for 30 s, 55°C
for 30 s, and 72°C for 2.5 min. PCR
products were analyzed on 0.7%
agarose gels stained with ethidium
bromide. Typically, 5 ng DNA were
obtained from a single PCR. The PCR
products were ethanol-precipitated and
subsequently used to transform yeast.
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Yeast Transformation

Yeast transformations were
performed according to Gietz and
Schiestl (14). Approximately 15 ug of
each PCR fragment were used to split
chromosome I while approximately 5
pg of each PCR fragment were used to
split chromosome XV.

Marker Rescue Procedure

The Cre recombinase expression
plasmid pSH47 marked with URA3 was
introduced into Leu* His* Trp* trans-
formants. Following transformation,
the cells were grown on an SD-leu-his-
ura-trp plate and then shifted to SG-
ura medium to induce the expression
of the Cre recombinase. Following
overnight growth, the cells were spread
on YPDA plates after the appropriate
dilution and colonies that formed were
replica-plated to SD-leu, SD-his, SD-
ura, and SD-trp plates to check for
marker and plasmid loss. Excision of
the marker genes and karyotypes of
clones that showed leucine, histidine,
uracil, and tryptophan auxotrophies
were confirmed by pulsed-field gel
electrophoresis (PFGE) and Southern
blot analysis.

Pulsed-Field Gel
Electrophoresis and
Southern Blot Analysis

Chromosomal DNAs of
S. cerevisiae embedded in
agarose plugs were prepared
according to the procedure
of Sheehan and Weiss (15).
Chromosomes were separated
on a 1% gel by PFGE using
the CHEF Mapper® XA
pulsed-field electrophoresis
system (Bio-Rad Labora-
tories, Hercules, CA, USA)
in 0.5 TBE (Tris-borate-
EDTA) buffer at 14°C using
conditions described in the
figure legends. After staining
with ethidium bromide,
DNA was transferred onto
Hybond™-N* membranes
(Amersham Biosciences,
Piscataway, NJ, USA) by
capillary blotting, and the
membranes were hybridized

with probes generated by PCR using
specific primer pairs. Probe labeling,
hybridization, and hybridization signal
detection were carried out using the
ECL direct™ nucleic acid labeling and
detection system (Amersham Biosci-
ences).

RESULTS

A yeast chromosome in haploid
cells can be split into two chromo-
somes by the integration of a
chromosome-splitting vector harboring
a target sequence, selection marker,
CEN4 sequence, and inverted repeat
of termini of Tetrahymena ribosomal
DNA sequence (Tr) (16) into the
target site (Figure 1). To overcome
the limitations associated with the
current method of chromosome
splitting (see Introduction), we have
developed a simple but highly efficient
method, which we call PCR-mediated
chromosome splitting (PCS; Figure
2A). To make these advances, we
first adopted the use of six copies of
the 5-CCCCAA-3’ repeat sequence,
5’-(C4A,)¢-3’, as a seed for telomere
formation in yeast (17) instead of the
Tr used in the previous method (Figure
1), which interfered with PCR ampli-
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Figure 1. Diagram of chromosome splitting. In the first step,
a splitting vector harboring an inverted repeat of termini of
Tetrahymena ribosomal DNA sequence (Tr) consisting of about
50 copies of the 5'-CCCCAA-3’ repeat sequence integrates
into the target site. Next, the Tr ends resolve into two new telo-
meres, resulting in the splitting of the chromosome into two
monocentric chromosomes.
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fication in our preliminary study. With
this new design, it became possible to
prepare marker and CEN4 cassettes
for splitting by PCR. Second, a Cre/
loxP system (13) was incorporated
to facilitate repeated chromosome-
splitting events through the targeted
deletion of markers. LEU2 (CgLEU?2),
HIS3 (CgHIS3), and TRP1 (CgTRPI)
from C. glabrata (78%, 64%, and 61%
identity, respectively, with the corre-
sponding S. cerevisiae genes at nucle-
otide sequence) were used to avoid
undesirable recombination between the
splitting fragments and the marker loci
within the S. cerevisiae genome.

To test the performance of the
PCS method, we initially carried out
repeated chromosome splitting with
short (45 bp) homologous exten-
sions. In this report, chromosomal
segments containing at least one ARS
predicted by Wyrick et al. (18) were
engineered into split chromosomes. A
site approximately 181 kb from the left
end of chromosome I (approximately
230 kb) was chosen as the splitting
site because breakage here generates
an approximately 50-kb minichro-
mosome containing no known essential
genes, according to the Saccharomyces
Genome Database (SGD™; www.
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yeastgenome.org) (Figure 2B). loxP-
CgHIS3-loxP and CEN4 cassettes
flanked by the short homologous region
and the 5’-(C,A,)¢-3’ repeat sequence
were generated by PCR and introduced
into haploid strain FY833 (11). Primers
used for chromosome splitting are
listed in Supplementary Table S1. Of
the 58 His* transformants obtained,
27 were analyzed for karyotype by
PFGE and Southern blot analysis. The
results are summarized in Table 1. As
shown in Figure 2C, lane 2, the band
corresponding to intact chromosome I
was not detected while it was present in
the parental strain (lane 1). Instead, two
new bands corresponding to 183- and
50-kb fragments were observed in one
(1/27 = 4%) transformant. A hybrid-
ization signal generated by a probe for
SWH1 on the 50-kb minichromosome
confirmed that chromosome I was
successfully split (data not shown).
Further, probes for CgHIS3 and CEN4
hybridized as expected with the 183-
and the 50-kb minichromosomes,
respectively (data not shown). The
large majority of other transformants
displayed a wild-type karyotype (data
not shown).

Because of the low efficiency of
chromosome splitting, we evaluated

Chromosome I 230 kb

183 kb (2) R 50kb (1)
14

111 kb (1) 4K (3) | SOKb (1)
» < 14
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43 kb (1) ‘69kb (1); B 71 kb 50kb (1)
] L4 {/\/\
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L

v
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C

the effect of the length of homology
on splitting efficiency. To do this, the
183-kb minichromosome generated
in our initial experiment was split
again into 111- and 74-kb fragments
(each containing essential genes) by
using primers having 80 nucleotides
of homology to the target sequence
(Figure 2B). Of 17 Trp* transfor-
mants obtained, 6 (35%) showed
that the 183-kb minichromosome
had been successfully split (Figure
2C, lane 3), suggesting that the
splitting efficiency was substantially
enhanced by increasing the length
of homologous sequence. For this
reason, we used fragments with 80
bp of homology at either end for the
subsequent splitting of chromosome 1.
When the resulting 111-kb minichro-
mosome was further split into 71- and
43-kb fragments (Figure 2C, lane 4),
the splitting frequency was found to
be 17%. In order to use the markers
repeatedly for subsequent splitting,
a marker-rescue procedure was used
(see Materials and Methods). In our
protocol, although approximately 80%
of the clones recovered underwent the
correct excision of the three markers,
approximately 8% of the recovered
clones showed simultaneous loss of
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Figure 2. Multiple splitting of chromosome I. (A) The PCS method with short homology extension. The loxP-MARKER-loxP and CEN4 cassettes were gen-
erated by PCR using two oligonucleotides: one having a short region of homology (45 or 80 bp) to the target site (P1 and P2), and the other having six copies of
the 5-CCCCAA-3’ repeat sequence, 5’-(C4A,)¢-3" (CA). Simultaneous integration of two PCR fragments results in the splitting of a chromosome at the target
site into two monocentric chromosomes. (B) Diagram showing the splitting of chromosome I. Chromosomal regions carrying nonessential genes are indicated
in gray. The numbers in parentheses are the increase in length in kilobase pairs of the minichromosomes due to the integrated splitting cassettes, but without re-
gard to changes in size due to the new telomeres. (C) Electrophoretic karyotypes of strains having split chromosomes originating from chromosome I. Run con-
ditions were generated by the autoalgorithm mode of the CHEF Mapper PFGE system by using a size range of 10-250 kb. Numbers in kilobase pairs without
a chromosomal designation represent newly generated split chromosomes. DNA samples were prepared from the following strains: the parental strain, FY833
(lane 1); a strain having two split chromosomes originating from chromosome I (lane 2); a strain having three split chromosomes originating from chromosome
I (lane 3); a strain having four split chromosomes originating from chromosome I (lane 4); and a strain having five split chromosomes originating from chromo-
some I (lane 5). The 45- and 43-kb minichromosomes overlap with one another in lane 5. The positions of A ladders (Bio-Rad Laboratories) are indicated on the
left-hand side of the panel. PCS, PCR-mediated chromosome splitting; PFGE, pulsed-field gel electrophoresis.
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Table 1. Description of Split Loci and Their Splitting Efficiencies

Split Transformants with Lost

Locus Split? Templates® Homology Transformants Transformants Minichromosomes®

(bp) (n) (%) (%)
Chr.1181,213.5 p3027, p3012 45 58 4 (1/27) 33 (9/27)
Chr.1109,577.5 p3010, p3121 80 17 35 (6/17) N.A.
Chr.142,447.5 p3008, p3121 80 173 17 (5/29) 10 (3/29)
Chr. 1137,799.5 p3009, p3124 80 52 17 (5/29) 0 (0/29)
Chr. XV 43,065.5 p3008, p3121 approx. 400 1504 70 (7/10) 20 (2/10)
Chr. XV 672,254.5 p3008, p3121 approx. 400 648 86 (12/14) N.A.
Chr. XV 1,044,842.5 p3010, p3121 approx. 400 1624 71 (17/24) 17 (4/24)
Chr. XV 702,299.5 p3009, p3121 approx. 500 1944 89 (17/19) 0(0/19)
Chr., chromosome; approx., approximately; N.A., not applicable.
aSplitting loci are listed in order of splitting. Numerals indicate sequence coordinates of the splitting sites (www.yeastgenome.org).
5p3008, p3009, p3010, p3012, p3027, p3121, and p3124 have the loxP-CgLEU2-loxP, loxP-CgHIS3-loxP, loxP-CgTRP1-loxP, CEN4, loxP-CgHIS3-loxP, CEN4,

and CEN4-loxP-CgTRP1-loxP cassettes, respectively.

°Numbers refer to nonessential minichromosomes lost only in the particular chromosome split listed in the corresponding entry in column 1.

the markers and plasmid. Although a
relatively long-term induction (approx-
imately 12 h) of the Cre recombinase
was needed for the simultaneous
excision of the 3 markers, none of the
12 clones recovered appeared to have
undergone chromosomal rearrange-
ments based on karyotype analysis

(data not shown). When the 71-kb
minichromosome originating from the
middle region of chromosome I was
split into 45- and 30-kb fragments, the
frequency of splitting was again found
to be 17% (Figure 2C, lane 5). Southern
blot analyses performed with probes
specific for each split chromosome

confirmed that splitting occurred as
expected (data not shown).

To investigate whether we could
further improve the effectiveness of
the PCS method, the target sequence
was extended to about 400 bp in length
using overlap-extension PCR (19,20)
(Figure 3A). Using the same strain in
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Figure 3. Multiple splitting of chromosome XV. (A) The PCS method with long homology extension. First, two target fragments having an additional 30-bp
sequence (hatched box) were amplified by PCR using two sets of oligonucleotides, P3 (20 nucleotides) and P4 (50 nucleotides), and P5 (50 nucleotides) and
P6 (20 nucleotides). The resulting PCR products were gel-purified and then mixed with the loxP-MARKER-loxP or CEN4 cassette flanked by the same 30-bp
sequence and the 5’-(C4A,)¢-3" sequence. These marker and CEN4 cassettes were prepared by PCR using primers loxP-cas (see Supplementary Table S1) and
CA, pooled in advance as stock solutions, and were used to generate splitting fragments with long homology extensions in the second PCR using primers P3
and CA, and P6 and CA, respectively. (B) Diagram showing the splitting of chromosome XV. Chromosomal regions carrying nonessential genes are indicated
in gray. Numbers in parentheses are the increase in length in kilobase pairs of the minichromosomes due to the integrated splitting cassettes, but without regard
to the change in size due to the new telomeres. (C) Electrophoretic karyotypes of strains having split chromosomes originating from chromosomes I and XV.
Chromosomes were separated with a 60-s pulse for 15 h, followed by a 90-s pulse for 9 h, at 6 V/cm. Numbers in kilobase pairs without a chromosomal des-
ignation represent newly generated split chromosomes. DNA samples were prepared from the following strains: a strain having intact chromosome XV (lane
1); a strain having two split chromosomes originating from chromosome XV (lane 2); a strain having three split chromosomes originating from chromosome
XV (lane 3); a strain having four split chromosomes originating from chromosome XV (lane 4); and a strain having five split chromosomes originating from
chromosome XV (lane 5). In lane 2, the 44-kb fragment overlaps with some of the minichromosomes derived from chromosome I under these electrophoretic
conditions. Similarly, in lane 4, a 47-kb fragment overlaps with several minichromosomes. In lane 5, the 344- and 34-kb fragments overlap with chromosome
IIT (315 kb) and with some minichromosomes, respectively. PCS, PCR-mediated chromosome splitting; ~, approximately.
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which we had already split chromosome
I into five fragments, we attempted to
split chromosome XV (approximately
1091 kb) into five minichromosomes
with the overlap-extension PCR (Figure
3B). First, to split chromosome XV into
1050- and 44-kb minichromosomes,
two splitting fragments containing long
homologous extensions were prepared
as described in the Materials and
Methods section and used for transfor-
mation. Transformation with 5 pg of
each PCR fragment yielded approxi-
mately 1500 Leu* transformants
(Table 1). Among 10 transformants
analyzed, although one transformant
had an intact chromosome XV, 7
(70%) showed that successful splitting
occurred at the correct genomic locus
(Figure 3C, lane 2). We noted that the
number of transformants increased
significantly relative to our previous
PCS experiments using shorter (45 or
80 bp) regions of homology and that
the efficiency of splitting also improved
drastically. With this alteration in the
protocol, a similarly high splitting
frequency was obtained in all the subse-
quent experiments. After excision of
the markers, we next split the resulting
1048-kb minichromosome into 631-
and 420-kb fragments (Figure 3C, lane
3) at an efficiency of 86%. Similarly,
the resulting 420-kb minichromosome
was subsequently split into 375- and
the 47-kb fragments with an efficiency
of 71% (Figure 3C, lane 4). Finally, the
resulting 375-kb minichromosome was
split into 344- and the 34-kb fragments
with an efficiency of 89% (Figure
3C, lane 5). Southern blot analyses
performed with probes specific for
each minichromosome confirmed that
chromosome XV was successfully
split into five fragments that were
maintained in the respective clones
(data not shown). These results demon-
strate that the PCS method developed
in this study is highly efficient and
provides a powerful tool for dissecting
the yeast genome.

DISCUSSION

We have described a novel genome-
engineering technique called the PCS
method for splitting yeast chromo-
somes efficiently. Two main features

Vol. 38, No. 6 (2005)

of this method are (i) the incorpo-
ration of a two-step PCR with overlap
extension for preparing the splitting
fragments and (i) the Cre-loxP system
for eliminating the markers used. This
protocol makes it possible to split
chromosomes simply, repeatedly, and
with high efficiency (approximately
80%). Because physical dissection of a
chromosome provides a useful resource
(i.e., a set of derived minichromosomes
with various components, lengths, and
stabilities), the PCS method should
contribute to our understanding of
genome organization in yeast and,
by extension, in other eukaryotes.
This method may also lead to the
improvement of industrially important
strains of yeast through the introduction
of specific chromosomal segments.

We found that transformants that
had lost a newly generated minichro-
mosome carrying nonessential genes
appeared in some transformation steps
at frequencies of 10% to 33% (Table
1). Minichromosome loss could occur
either as a consequence of incomplete
splitting (such as the integration of one
of two of the splitting fragments into
the target) or because of spontaneous
loss during subsequent cultivation.
Because of the limited cultivation
time following transformation, it is
expected that these transformants result
from incomplete splitting. However,
we cannot rule out the possibility that
these transformants result from post-
splitting loss of the minichromosome
because these same minichromosomes
can be lost with high frequency during
the growth of the transformant. In fact,
during the course of the current study,
we found that most split chromosomes
carrying nonessential genes could be
lost in various combinations during
cultivation in rich or minimal media.
These minichromosomes (i.e., the
50-, 43-, 44-, and 47-kb fragments)
carry 23, 21, 19, and 21 open reading
frames (ORFs), respectively (Figures
2B and 3B). The clone with the smallest
genome obtained in this study had lost
the 50-, 44-, and 47-kb fragments (138
kb in total chromosomal segments),
indicating that synthetic lethal inter-
actions did not occur among the 63
ORFs contained therein. In contrast,
while minichromosomes of less than
100 kb in length have been reported to

display dramatically decreased mitotic
stability (21-23), we did not detect
loss of the 30- or 34-kb minichro-
mosomes, which apparently did not
contain essential genes, suggesting
that these chromosomal segments were
important for survival. Therefore, the
PCS method provides a convenient tool
to identify nonessential gene clusters.
In the future, the PCS method may
offer a practical approach to identify
minimal genome compositions for S.
cerevisiae, based on the principle that
various combinations of nonessential
chromosome fragments can be lost as
a function of growth conditions. Yeast
cells with a variety of unique genome
constitutions created by combinatorial
loss of minichromosomes (e.g., more
than 10° combinations for 30 minichro-
mosomes) will be a valuable resource
to better understand genome plasticity
of free-living eukaryotic cells.
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