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Based on a previously developed PCR-mediated chromosome splitting method, a genome engi-
neering technique was developed in haploid Saccharomyces cerevisiae for incorporating any de-
sired chromosomal region into a chromosome that carries a single gene. Based on the viability of
cells carrying an essential gene in such a construct, close physical proximity of two telomeres and
a centromere does not appear to compromise gene function. Spontaneous loss of constructed single-
gene chromosomes during vegetative growth was high (0.2—0.4 per cell division), suggesting the
possibility of creating novel cells carrying single-gene chromosomes derived from various chromo-
somal regions in a variety of combinations by exploiting combinatorial loss.
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On-going and more recent developments in gene manipu-
lation technology have facilitated important research contri-
butions in the biological sciences and their application in
biotechnology. Chromosome manipulation technology as an
outgrowth of gene manipulation technology has provided
opportunities for creating novel strains of organisms with a
variety of genomic constitutions (1-3). Chromosome manip-
ulation technology includes methods for breaking and split-
ting a chromosome, deleting or inverting chromosomal seg-
ments, and for fusing non-homologous chromosomes. A sim-
ple and rapid chromosome splitting technique called PCR-
mediated chromosome splitting (PCS) that we recently de-
veloped has made it possible to manipulate chromosome on
a large scale (4).

The PCS method splits chromosomes by introducing two
PCR fragments, one containing a target sequence for split-
ting, a selective marker and a telomere-seed sequence, while
the other contains a target sequence, a centromere and a
telomere-seed sequence. These two PCR fragments can be
prepared easily by performing two PCRs, thus making it
possible to split chromosomes very rapidly compared to
traditional methods, one of which we developed (5), and
which requires cloning of the target sequence to facilitate
homologous recombination in yeast. This technique was
further improved for use with yeast artificial chromosomes
(YAC) to generate new YACs from endogenous YACs pre-
viously introduced into yeast by transformation, by adding
autonomously replicating sequences such as H44RS, into
splitting DNA fragments (6). Here we designate this im-
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proved method the ARS-PCS method.

In the present study, we used the ARS-PCS method to
create extremely short (about 7 kb) mini-chromosomes by
spitting native chromosomes and then characterized the be-
havior of such mini-chromosomes. Single-gene chromosomes
were generated by this approach and were found to be mi-
totically unstable, suggesting that this technology may not
only be useful for revealing the function of presently un-
characterized chromosomal regions, but also for construct-
ing genetically novel strains of organisms.

MATERIALS AND METHODS

Strains, media, and growth conditions  Saccharomyces cere-
visiae strains harboring mini-chromosomes were derived from
FY833 (MATa ura3-52 his3A200 leu2Al lys2A202 trplA63) by
splitting at appropriate sites (4, 6). S. cerevisiae strain SCGLC7L
and SCGLC7+ARS were constructed by splitting chromosome V
upstream of GLC7 at position 432,081 (http://yeastgenome.org/)
using the PCS or ARS-PCS method, respectively. S. cerevisiae
strain SCGLC7LR was constructed by splitting chromosome V
in SCGLC7L+ARS downstream of GLC7 at position 434,220. S.
cerevisiae strain SCGLC7LR-M was constructed by removing
CgHIS3 by use of the Cre-loxP system in SCGLC7LR. S. cerevi-
sige strain SCSIW14L was constructed by splitting chromosome
XIV downstream (575,776) of SIW14 and strain SCSIW14LR was
constructed by further splitting of upstream (574,027) of SIW14 in
SCSIWI14L. S. cerevisiae strain SCSTE2L was constructed by
splitting chromosome VI downstream (84,123) of STE2 and strain
SCSTE2LR was constructed by further splitting of upstream
(81,828) of STE2 in SCSTE2L Yeast strains were grown according
to standard procedures either in glucose-based nutrient-rich me-
dium (YPD) or in appropriate selective media.

Plasmid construction  Plasmids used as templates for PCS
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and the Cre recombinase-expressing plasmid, pSH47, have been
described (4, 7). pUG6-CEN-ARS which was used as a template
for the ARS-PCS method was constructed by amplifying the entire
sequence of H44RS and cloning it into the HindlIll site in p3121
(4, 7), the resultant construct was designated pUG6-CEN-ARS.
pRS316-GLC7 was constructed by amplifying upstream of GLC7
at position 432,081 to downstream of GLC7 at position 434,220
and cloning it into the Smal site in centromere-type plasmid with
URA3 marker, pRS316 (8).

Chromosome splitting and removal of selective marker
Chromosome splitting was performed according to the PCS (4)
and ARS-PCS methods (2). Yeast strains harboring mini-chromo-
somes were derived from FY833. Cre-loxP recombination was
used as needed by transforming the strain with the Cre recombi-
nase-expressing plasmid, pSH47 (4, 7). Transformants were culti-
vated in nutrient-rich galactose medium over 12 hours and spread
onto YPD plates. Colonies were replicated to -Ura and -His selec-
tive media, and those found to be auxotrophic for both uracil and
histidine were selected (4).

CHEF gel electrophoresis and Southern hybridization
Chromosomal DNA from S. cerevisiae embedded in agarose plugs
was prepared essentially as described previously (9). Chromosomal
DNA was separated in a 1% agarose gel using a CHEF-DRIII sys-
tem (Bio-Rad Laboratories, Hercules, CA, USA).

Southern transfer of DNA, hybridization, washing, and detec-
tion were performed using the ECL system according to the manu-
facturer’s instructions (GE Healthcare, Buckinghamshire, UK).
Probe DNA was amplified by PCR and labeled using the ECL di-
rect nucleic acid labeling system.

Calculation of mitotic loss of mini-chromosomes  Because
single-gene chromosomes carry the CgHIS3 marker inserted upon
splitting by PCS, rate of loss was evaluated by counting colonies
that appeared on the histidine selective and non-selective plates
(His" and His"), respectively. Overnight cultures of each strain
were used to inoculate synthetic complete (SC) without uracil
medium and cells were then grown for 2 h. A portion of the
cultures was diluted and spread onto uracil selective plates to
measure initial cell number. Cultures were grown for an additional
two generations and diluted and spread onto uracil selective plates
to estimate final cell number. Colonies on uracil selective plates
were counted and replicated to histidine selective plates. Colonies
on histidine selective plates were counted and loss rates of mini-
chromosome were calculated according to the following equation.

Loss rate = 1 — (F/I)'N

where F and I equal the number of colonies on selective and YPD
medium, respectively. N equals Log,(A/A,). A, equals the initial
ODy,, value and A, equals the final OD,, value (10). More than
1000 colonies were counted in every case and loss rates were mea-
sured at least 3 times per strain.

RESULTS

Construction of single-gene chromosomes  The ARS
added PCS method which we call the ARS-PCS method is
needed to construct single-gene chromosomes because gen-
erally, such small fragments do not harbor ARS elements
(4, 6, 11). To apply the ARS-PCS method for creating of a
single-gene chromosome, we constructed a new vector con-
taining an H4ARS sequence from a CEN4-containing vector,
p3121 (7). The resultant plasmid, designated pUG6-CEN4-
ARS, was used as template for the first PCR in the ARS-
PCS method (Fig. 1A).

To demonstrate the utility of pUG6-CEN4-ARS as a PCR
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template for the ARS-PCS method, we employed GLC7 as a
model gene to generate a single-gene chromosome as there
are no ARSs near the GLC?7 locus on chromosome V (11—
13). First, chromosome V was split 1 kb upstream of GLC7
with the ARS-PCS method by introducing two PCR frag-
ments into host strain FY833 (see Materials and Methods).
One carried the CgLEU2 marker and a telomere-seed se-
quence, and the other harbored CEN4, H4ARS, and a telo-
mere-seed sequence. One of the resultant Leu” transfor-
mants was designated SCGLC7L+ARS (Fig. 1A). To eval-
uate the effect of H44RS, splitting was also performed using
the original PCS method not employing ARS (4). The re-
sultant strain was designated SCGLC7L. Based on the 10
transformants analyzed by PFGE and Southern analysis (data
not shown), both methods yielded 100% splitting of chro-
mosomeV upstream of GLC?7, indicating that because GLC7
is essential, expression of the gene on the split chromosome
was sufficient to yield viable transformants.

Using these strains, we subsequently attempted splitting
chromosome V 500 bp downstream of GLC7 with traditional
PCS method (Fig. 1B). SCGLC7L and SCGLC7L+ARS
were introduced with two PCR fragments, one carried the
CgHIS3 marker, telomere-seed sequence and recombination
sequence, and the other harbored CEN4, telomere-seed se-
quence and recombination sequence. His* transformants
were obtained from both SCGLC7L and SCGLC7L+ARS.
Four of 10 SCGLC7L+ARS transformants had mini-chro-
mosomes of the expected size (about 9 kb; Fig. 1B, lanes 1,
3, 4 and 8) by PFGE/Southern analysis, while two were un-
expectedly longer, at about 11 kb (Fig. 1B, lanes 7 and 9).
However, lanes 3, 4 and 8 in Fig. 1B showed both chromo-
some V band and expected small band, indicating that GLC7
is remained in chromosome V. The copy number of the new
mini-chromosome in three transformants appeared to in-
crease, perhaps to compensate for its instability (Fig 1B,
lanes 1, 7 and 9) (14). In contrast to the ARS-PCS method,
no transformants with mini-chromosomes were obtained us-
ing the conventional PCS method without an ARS element
(data not shown), indicating that the ARS-PCS method can
effectively convert different chromosomal regions into sin-
gle-gene chromosomes. The strain with expected GLC7 mini-
chromosome in Fig. 1B, lane 1, was designated SCGLC7LR
and further analyzed.

Structural analysis of a single-gene chromosome of
unexpected length  The unexpectedly large single-gene
chromosome (11 kb) was analyzed as it appeared in two of
the 6 transformants (Fig. 1B). One possible explanation for
the difference in chromosome size was that telomere length
is different in those single-gene chromosomes because telo-
mere length has been observed to fluctuate in S. cerevisiae
(15). Alternatively, it is possible that some unexpected se-
quence was inserted into the single-gene chromosome. To
distinguish these two possibilities, telomere length in these
two types of mini-chromosomes was analyzed. Chromo-
somal DNA was extracted and genomic Southern blotting
was performed using CgHIS3 as a probe. The results indi-
cated that telomere length was not significantly different be-
tween the 9 and 11 kb mini-chromosomes (data not shown).

To investigate the second possibility, we eliminated the
marker by loxP-mediated recombination because the loxP
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