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Abstract
Yeast shuttle vectors are indispensable tools in yeast research. They enable cloning of
defined DNA sequences in Escherichia coli and their direct transfer into Saccharomyces
cerevisiae cells. There are three types of commonly used yeast shuttle vectors: centro-
meric plasmids, episomal plasmids and integrating plasmids. In this review, we discuss
the different plasmid systems and their characteristic features. We focus on their
segregational stability and copy number and indicate how to modify these properties.
Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

Control of gene copy number is a prerequisite for
quantitative yeast experimentation and is important
for basic research, biotechnology and synthetic bi-
ology (Mileyko et al., 2008; Blount et al., 2012; Da
Silva and Srikrishnan, 2012). In Saccharomyces
cerevisiae, various plasmid systems can be used
to introduce heterologous genes with a defined
copy number.
Most plasmids used in yeast research are so-

called ‘shuttle vectors’. They can be constructed,
manipulated and analysed in Escherichia coli as
well as in S. cerevisiae (Ma et al., 1987; Oldenburg
et al., 1997). To facilitate cloning, they usually
contain a stretch of restriction enzyme recognition
sites, called the polylinker or multiple cloning site
(MCS). For their maintenance in E. coli, a suitable
origin of replication (ori) and a selectable marker
gene are required. High-copy ori sequences, such
as ColE1, are utilized when high plasmid yields
are desired (del Solar et al., 1998; Gietz and Sugino,
1988; Sikorski and Hieter, 1989). However, if the

plasmid or its gene products exert a heavy burden
to the host cell, low-copy ori sequences can be
beneficial. For the selection of plasmid-carrying
cells, antibiotic resistance genes like the β-lactamase
gene (So et al., 1975) are commonly used.
In S. cerevisiae, shuttle vectors are maintained

either extrachromosomally or by integration into the
genome (see following three sections). For selection,
the plasmids bear marker genes. Commonly used
marker types are auxotrophic markers, autoselection
systems and dominant markers (Table 1; for a
comprehensive review see Siewers, 2014).
Auxotrophic marker genes code for a metabolic

enzyme and complement a corresponding mutation
in the host yeast strain. Therefore, only plasmid-
carrying yeast cells can grow in media where the
end product of the respective biosynthesis pathway
is absent. Auxotrophic marker genes originate
from S. cerevisiae or related species and contain
either their original promoter and terminator
sequences or heterologous ones (Hinnen et al.,
1978; Weinstock and Strathern, 1993; Wach
et al., 1994, 1997). As stated above, the use of
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Table 1. Common selectable yeast marker genes

Marker gene Mode of action Medium condition Counterselective
agent

References

Auxotrophic marker genes
URA3 Complements a

non-functional ura3
allele

w/o uracil 5-Fluoro-orotic acid Bach et al. (1979),
Struhl et al. (1979),
Boeke et al. (1984)

LEU2 Complements a
non-functional leu2
allele

w/o leucine — Ratzkin and Carbon (1977),
Hinnen et al. (1978)

HIS3 Complements a
non-functional his3
allele

w/o histidine — Struhl and Davis (1977)

TRP1 Complements a
non-functional trp1
allele

w/o tryptophan 5-Fluoroanthranilic acid Struhl et al. (1979),
Toyn et al. (2000)

ADE2 Complements a
non-functional ade2
allele

w/o adenine — Stotz and Linder (1990)

LYS2 Complements a
non-functional lys2
allele

w/o lysine α-Aminoadipate Eibel and Philippsen (1983),
Simchen et al. (1984),
Chattoo et al. (1979)

MET15 Complements a
non-functional met15
allele

w/o methionine Methyl mercury Brachmann et al. (1998),
Singh and Sherman (1974)

Autoselection systems
URA3 In a fur1Δ urk1Δ

background, URA3 is
essential

Any medium 5-Fluoro-orotic acid Napp and Da Silva (1993)

FBA1 Complements fba1Δ Any medium — Compagno et al. (1993)
POT/TPI Complements tpi1Δ Fermentable

carbon source
— Kawasaki (1984),

Kawasaki and Bell (1999)
CDCx Complements a

non-functional cdc4,
cdc9 or cdc28 allele

Any medium — Unternahrer et al. (1991),
Geymonat et al. (2007),
Siewers (2014)

Dominant marker genes
kan Inactivates the translation

inhibitor G418 by
phosphorylation

200–350 μg/ml G418,
w/o ammonium sulphate

— Jimenez and Davies (1980),
Wach et al. (1994),
Taxis and Knop (2006)

hph Inactivates the translation
inhibitor hygromycin B by
phosphorylation

100 μg/ml hygromycin B — Gritz and Davies (1983),
Goldstein and McCusker (1999),
Taxis and Knop (2006)

nat Inactivates the translation
inhibitor nourseothricin by
acetylation

100 μg/ml nourseothricin — Goldstein and McCusker (1999),
Taxis and Knop (2006)

pat Inactivates the glutamine
synthesis inhibitor bialaphos

200 μg/ml bialaphos in
media lacking glutamate

— Goldstein and McCusker (1999)

ble Inactivates the DNA
damage-inducing agent
phleomycin

7.5 μg/ml phleomycin — Gueldener et al. (2002)

amdSYM Allows growth on
acetamide as sole nitrogen
source

— Fluoroacetamide Solis-Escalante et al. (2013)

tk Allows growth in the
presence of antifolates

Antifolate mix,
non-fermentable carbon
source

5-Fluorodeoxyuridine Alexander et al. (2014)
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auxotrophic marker genes requires a host strain
with a corresponding genotype, but extensive col-
lections of S. cerevisiae strains with multiple se-
lectable auxotrophies are available (Thomas and
Rothstein, 1989; Brachmann et al., 1998). Addi-
tionally, gene disruption techniques can be used
to generate further auxotrophies in any laboratory
strain or natural isolate (Baudin et al., 1993;
Lorenz et al., 1995; Giaever et al., 2002).
Autoselection systems are based on marker

genes which are essential in any (or almost any)
nutritional environment; ideally, their absence can-
not be compensated by media components and is
inevitably lethal. Yeast strains with the respective
genetic mutation can only survive if the gene is
supplied by the plasmid. Although these systems
are rarely used in basic research, they are attractive
tools for large-scale production in biotechnology,
as the choice of growth media is unrestricted and
the use of antibiotics can be avoided. For example,
insulin expression in S. cerevisiae was initially per-
formed in strains bearing a mutation in the TPI1
(triose phosphate isomerase) gene (Thim et al.,
1986; Kjeldsen et al., 1996), which renders the
cells inviable in the presence of glucose as the sole
carbon source. The insulin expression plasmid
complements the mutation, as it carries the corre-
sponding gene from Schizosaccharomyces pombe
(POT1), restoring the cells’ ability to grow on glu-
cose. Another commonly used system enables the
usage of a URA3 plasmid in any growth condition.
This system requires triple mutant yeast strains
blocking the pyrimidine biosynthesis (ura3) and
salvage pathways (fur1 urk1) (Napp and Da Silva,
1993). In this setting, Ura3p is essential and can be
complemented with a plasmid-borne URA3 gene.
Newer autoselection systems are based on comple-
mentation of essential cell cycle regulators. They
also allow for the co-transformation of multiple
plasmids (Geymonat et al., 2007).
Dominant marker genes enable yeast cells to

grow in special chemical environments. Com-
monly, these genes code for enzymes that inacti-
vate toxic compounds, such as antibiotics.
Alternatively, they code for gene products en-
abling the cells to grow on uncommon nutrient
sources (Solis-Escalante et al., 2013). The
selection marker cassette consists of the coding
sequence flanked by promoter and terminator se-
quences (Gritz and Davies, 1983; Hadfield et al.,
1986; Wach et al., 1994; Goldstein and McCusker,

1999; Taxis and Knop, 2006). Heterologous pro-
moters and terminators are preferable, as they pre-
clude unwanted recombination with genomic
sequences. The use of dominant markers does not
require a special genotype of the host strain. This
makes them especially useful when working with
prototrophic strains, like natural isolates or some
industrial strains.
Some marker genes allow counterselection

(Table 1). Counterselection is the phenomenon
when the marker gene converts a non-toxic
substrate into a toxic product. Under appropriate
conditions, the presence of such a substrate
restricts growth to yeast cells that lost the function
of the corresponding marker gene. In principle,
every marker gene cassette can be made
counterselectable by including either an inducible
growth inhibitory sequence (Akada et al., 2002)
or fusing the marker gene to thymidine kinase
(Alexander et al., 2014). One application of
counterselection is the recycling of auxotrophic
markers during repetitive yeast transformations
(see ‘Other plasmid-based genome engineering
tools’, below).

Yeast centromeric plasmids

Features of yeast centromeric plasmids

Yeast centromeric plasmids (YCps) exploit the
cell’s endogenous replication and chromosome
segregation machinery to persist in yeast cells like
mini-chromosomes. To this end, YCps bear two
characteristic sequences: autonomously replicating
sequences (ARS) and centromeric (CEN) sequences
(Figure 1a). ARS sequences are the genomic sites
where DNA replication is initiated exactly once
during the S-phase of every cell cycle (Stinchcomb
et al., 1979; Fangman et al., 1983; Brewer and
Fangman, 1987). CEN sequences are the attach-
ment points for kinetochore complexes, which di-
rect chromosome segregation along the mitotic
spindle apparatus (Westermann et al., 2007).

Segregational stability and copy number of yeast
centromeric plasmids

Both ARS and CEN sequences have to be present
for stable plasmid maintenance and correct plas-
mid distribution during cell division (Murray and
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Szostak, 1983; Clarke and Carbon, 1980; Hieter
et al., 1985). YCps are maintained in the host cell
with about one copy per haploid genome when
averaged over the cell population (Clarke and
Carbon, 1980; Tschumper and Carbon, 1983). How-
ever, the copy number in individual cells varies: a
substantial fraction of cells do not carry any plas-
mids and many cells carry more than one (Ryan
et al., 2014; Lee et al., 2015; Gnügge et al., 2016).
The presence of the CEN sequence confers a

high segregational stability during mitosis (Murray
and Szostak, 1983; Hieter et al., 1985). However,
asymmetric plasmid segregation can occur
with frequencies of about 10% per plasmid
pair (Gnügge et al., 2016). Another – less frequent
– mechanism that leads to copy number changes is
the failure of plasmid replication (Murray and
Szostak, 1983; Hieter et al., 1985). The combina-
tion of these two mechanisms results in the
observed copy number heterogeneity and leads to
the generation of plasmid-free cells in about 3–5%
per cell division. Interestingly, there is a correlation
between plasmid size and segregational stability.
The larger the YCp, the less frequent is its unequal
distribution during cell division (Hieter et al., 1985).
Transcription through the CEN sequence renders

it non-functional, as kinetochore assembly is phys-
ically blocked (Chlebowicz-Sledziewska and
Sledziewski, 1985; Hill and Bloom, 1987). This
drastically increases the asymmetric plasmid segre-
gation rate and leads to the accumulation of cells

with high copy numbers and of cells lacking any
plasmid (Murray and Szostak, 1983). If multiple
different YCps are present in the same cell they re-
duce each others’ segregational stability. Further-
more, they can impair the host cell’s fitness
(Futcher and Carbon, 1986; Runge et al., 1991).

Yeast episomal plasmids

The endogenous yeast 2μ plasmid

Yeast episomal plasmids (YEps) are based on se-
quences from a natural yeast plasmid. This plasmid
is present in most wild-type and laboratory S.
cerevisiae strains and has a length of 6318 bp
(Hartley and Donelson, 1980). Alluding to its con-
tour size, it was termed 2μm or 2μ plasmid
(Stevens and Moustacchi, 1971; Guerineau et al.,
1971). The plasmid is cryptic, as it is not associated
with any apparent phenotype and confers no selec-
tive advantage to its host cell; nevertheless, its loss
is very rare (Futcher and Cox, 1983). The 2μ plas-
mid persists in yeast cells with 40–80 copies per
haploid genome (Clark-Walker and Miklos, 1974;
Gerbaud and Guerineau, 1980; Futcher and Cox,
1984). The plasmid copies are not homogeneously
distributed in the nucleus, but are found in a
few clusters (Scott-Drew and Murray, 1998;
Velmurugan et al., 2000).
Replication and partitioning depend on special

plasmid sequences and plasmid-encoded proteins
(Figure 2). A replication origin (ORI) directs repli-
cation initiation exactly once in the S-phase of ev-
ery cell cycle (Broach and Hicks, 1980; Zakian
et al., 1979; Huberman et al., 1987; Brewer and
Fangman, 1987). The detailed mechanism of plas-
mid partitioning is not yet fully understood (Chan
et al., 2013), but it involves a cis-acting sequence
(STB), plasmid-encoded DNA-binding proteins
(Rep1p and Rep2p) and host cell factors (Broach
and Hicks, 1980; Kikuchi, 1983; Jayaram et al.,
1983; Murray and Cesareni, 1986). During cell di-
vision, a centromere-like chromatin structure is as-
sembled at the STB locus and plasmid clusters are
distributed between mother and daughter cells like
chromosomes (Hajra et al., 2006; Ma et al., 2013).
In the case of unequal partitioning of 2μ plasmid

clusters during cell division, a recombination-
based plasmid amplification system can restore
high copy numbers. The 2μ plasmid codes for a

Figure 1. Extrachromosomal yeast plasmids. (a) Yeast cen-
tromeric plasmid (YCp). For maintenance in yeast, a selec-
tion marker, a centromeric (CEN) and an autonomously
replicating sequence (ARS) are present. (b) Yeast episomal
plasmid (YEp). For maintenance in yeast, 2μ plasmid-derived
STB and ORI sequences are present. For maintenance in E.
coli, both plasmid types contain a bacterial selection marker
(bac. marker) and replication origin (ori). YFG, your
favourite gene; FRT, Flp1p recombinase recognition site
(see text for details)
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site-specific recombinase (FLP1) and bears two
corresponding recognition sites (FRT sites)
(Broach and Hicks, 1980). The FRT sites are
located asymmetrically relative to the ORI
(Figure 2). Recombination during plasmid replica-
tion between the FRT site distal to the ORI and the
already replicated FRT site proximal to the ORI re-
sults in unidirectional rolling circle replication and
thereby plasmid amplification (Figure 2). A second
recombination event can reset the replication fork
directions, leading to bidirectional replication and
amplification termination (Futcher, 1986; Volkert
and Broach, 1986).
Whether such an amplification-inducing recom-

bination event takes place depends on the expres-
sion level of the Flp1p recombinase. The FLP1

expression level is regulated by Rep1p and Rep2p.
The expression of REP1 and REP2, in turn, de-
pends on the plasmid copy number and is addition-
ally regulated by a feedback system involving
another plasmid-encoded protein (Raf1p) (Murray
et al., 1987). Together, these proteins establish a
plasmid copy number-sensing system that triggers
plasmid amplification if the plasmid copy number
drops (Volkert and Broach, 1986; Murray et al.,
1987; Som et al., 1988).

Features of yeast episomal plasmids

There are two major classes of YEps that differ in
the amount of 2μ sequences they contain (Broach,
1983; Rose and Broach, 1990). The first class of

Figure 2. Recombination-based amplification of the 2μ plasmid. (a) The replication of the 2μ plasmid is initiated at the ORI
sequence, which is located near one of the two FRT sites (grey boxes). (b) Flp1p mediates recombination between the ORI-
distal FRT site and the already replicated FRT site. (c) The two replication forks (grey arrows) travel in the same direction
around the 2μ plasmid, resulting in rolling-circle replication. In this step, more than the shown two concatenated copies
can be generated. (d) Flp1p mediates a second recombination event between the FRT sites of the original 2μ plasmid. This
restores converging replication fork travel directions. (e) Replication is terminated and a single 2μ plasmid as well as
concatenated 2μ plasmids are released. (f) The latter are resolved by Flp1p-mediated recombination
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YEps is generated by the insertion of bacterial
plasmid sequences and appropriate selection
markers into the complete endogenous 2μ plasmid
(Beggs, 1978). Disadvantages of these YEps are
their bulky size, the reduced availability of unique
restriction enzyme recognition sites and their
frequent recombination with the endogenous 2μ
plasmid, which can remove the inserted sequences.
The so-called ‘disintegration vectors’ (pSAC plas-
mids) are a special class of these YEps (Chinery
and Hinchliffe, 1989). They consist of the
complete endogenous 2μ plasmid with inserted
yeast marker, expression cassette and bacterial se-
quences (ori and selection marker). The bacterial
sequences are flanked by inverted FRT sites and
replace one of the 2μ-inherent FRT sites. Upon
propagation in yeast cells, the bacterial sequences
are excised by Flp1p-mediated recombination.
These vectors are useful in the context of biotech-
nological production processes when the amount
of heterologous sequences in the host organism
needs to be minimized.
In the second class of YEps the only sequences

present from the 2μ plasmid are the ORI and STB
sequences (Hicks et al., 1979; Christianson et al.,
1992) (Figure 1b). Therefore, such YEps have a
smaller size and usually contain more unique re-
striction sites. The 2μ fragment used to construct
these YEps often contains a FRT site allowing
recombination with endogenous 2μ plasmids
(Christianson et al., 1992). However, the FRT se-
quence can be mutated to render it non-functional
(Andrews et al., 1986). Such a mutation has no
impact on plasmid maintenance or copy number
(Hill et al., 1986; Gietz and Sugino, 1988).

Segregational stability and copy number of yeast
episomal plasmids

YEps need functional STB and ORI sequences for
their stable maintenance. Transcription through
STB and ORI sequences must be avoided, as this
impairs their functionality (Murray and Cesareni,
1986; Bijovet et al., 1991). Furthermore, the
REP1 and REP2 gene products are essential for
YEp persistence (Broach and Hicks, 1980;
Jayaram et al., 1983; Kikuchi, 1983). YEps con-
taining the complete 2-μ sequence bear all neces-
sary sequences in cis. Such YEps are self-
sufficient, as long as the heterologous sequences
are placed such that they do not interfere with the

functionality of the plasmid elements (Chinery
and Hinchliffe, 1989; Bijovet et al., 1991). They
can be stably maintained in yeast strains lacking
the endogenous 2μ plasmid (so-called cir0 strains)
(Futcher and Cox, 1984). YEps that contain only
the ORI and STB sequences depend on the expres-
sion of REP1 and REP2 in trans. This is the case in
host strains also containing the endogenous 2μ
plasmid (so-called cir+ strains). In cir0 strains,
REP1 and REP2 need to be constitutively
expressed from other plasmids or genomic loci
(Som et al., 1988; Dobson et al., 1988).
While the endogenous 2μ plasmid is lost in less

than 0.1‰ of the cell divisions (Futcher and Cox,
1983), YEps have a higher plasmid loss frequency.
YEps that are created by the insertion of heterolo-
gous sequences into the complete 2μ plasmid are
typically lost in about 1% of the cell divisions.
YEps containing only the 2μ ORI and STB se-
quences have plasmid loss frequencies of 1–5%
in cir+ cells and of up to 50% in cir0 cells if
REP1 and REP2 expression in trans is absent
(Christianson et al., 1992; Futcher and Cox,
1984). The increased plasmid loss frequency of
YEps can be attributed to decreased replication or
amplification propensities and burdening overex-
pression of marker genes and other heterologous
genes (Rose and Broach, 1990; Cakar et al.,
1999; Karim et al., 2013).
YEps containing the complete 2μ sequence

achieve 40–80 copies per cell, which is compara-
ble to the endogenous 2μ plasmid copy number
(Futcher and Cox, 1984). YEps containing only
the ORI and STB sequences usually exist at
10–40 copies per cell (Futcher and Cox, 1984;
Christianson et al., 1992; Karim et al., 2013;
Gnügge et al., 2016). The employed yeast marker
has a significant effect on the copy number, as it
can represent a burden to the host cell, impede its
growth and favour the accumulation of cells with
lower plasmid numbers (Karim et al., 2013). A
gene of interest cloned into a YEp can reduce the
copy number in a similar way, especially when
expressed from a strong promoter (Fang et al.,
2011; Karim et al., 2013; Gnügge et al., 2016).
For some biotechnological production pro-

cesses, high plasmid copy numbers are needed. In
this context, YEp systems that reach several hun-
dreds of copies per cell have been developed.
When dealing with YEps containing the complete
2μ sequence, one approach is the stimulation of
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the physiological plasmid amplification system.
This can be accomplished by direct overexpression
of the FLP1 gene or of the RAF1 gene, which in
turn releases Rep1p/Rep2p-mediated repression
of the FLP1 gene (Murray et al., 1987; Som
et al., 1988).
Another strategy to increase the copy number is

to exploit poorly expressed marker genes, which
results in the selection of cells carrying many cop-
ies of the plasmid. Low marker expression can be
achieved by low transcription or translation pro-
pensities of the marker gene or low stability of
the marker gene product (Kawasaki and Bell,
1999; Chen et al., 2012). Most common is the
use of auxotrophic marker genes with truncated
promoters, such as leu2d or ura3d (Erhart and
Hollenberg, 1983; Loison et al., 1989; Lopes
et al., 1991). In the previously mentioned ‘POT’
plasmid example, the triose phosphate isomerase
gene (POT) from S. pombe is weakly transcribed
in S. cerevisiae, leading to a selection for cells with
high plasmid load on media containing glucose as
the sole carbon source (Kawasaki, 1984; Russell,
1985; Kawasaki and Bell, 1999). For poorly
expressed dominant marker genes, the plasmid
copy number can be tuned by titrating the drug
dose (Lian et al., 2016).

Yeast integrative plasmids

Features of yeast integrative plasmids

Yeast integrative plasmids (YIps) are inserted into
the host cell genome. Once integrated, YIps are
replicated and transmitted to successor cells as part
of a chromosome. Characteristic features of YIps
are targeting sequences that are homologous to ge-
nomic loci. Depending on the yeast strain and the
integration site, as little as 30 bp of homologous
targeting sequence can be sufficient for the genera-
tion of correct transformants. However, targeting
sequences usually consist of a few hundreds of
base pairs to achieve reliable and efficient integra-
tions (Manivasakam et al., 1995).

Integration mechanisms

YIps integrate into the host cell genome via homol-
ogous recombination (Symington et al., 2014;
Kowalczykowski, 2015). Depending on the

number and localization of the targeting se-
quences, the integration occurs via a single-
crossover or a double-crossover recombination
mechanism (Rothstein, 1991).
Most commonly used YIps exploit the single-

crossover mechanism (Figure 3a). Such YIps con-
tain a single continuous targeting sequence. In the
resulting transformants the target site is duplicated.
Prior to transformation the YIp is linearized within
the targeting sequence using appropriate restriction
enzymes. This increases the transformation effi-
ciency and defines the genomic integration site
(Orr-Weaver et al., 1981, 1983). If the YIp bears
multiple sequences that are homologous to yeast
genomic loci the sequences nearest to the cut de-
fine the preferred integration site (Hicks et al.,
1979; Orr-Weaver et al., 1981). Targeting se-
quences do not need to be at the very ends of the
linearized plasmid to direct efficient integration.
If necessary, non-homologous sequences at the
ends will be trimmed by recombination factors
(Ma et al., 1987; Svetec et al., 2007).
YIps that integrate via a double-crossover mech-

anism are inserted into the host cell genome in a
gene replacement fashion (Rothstein, 1983). They
contain two targeting sequences flanking the part
of the YIp that is to be integrated (Figure 3b)
(Lee and Da Silva, 1997; Voth et al., 2001; Taxis
and Knop, 2006; Gnügge et al., 2016; Wosika
et al., 2016). Cutting outside the targeting
sequences liberates the integrative part of the plas-
mid. Thereby, unnecessary plasmid sequences can
be excluded from the integration.

Segregational stability and copy number of
integrating yeast plasmids

The integration of a YIp via a double-crossover
mechanism results in a genomic configuration
without direct repeat sequences. Therefore, such
YIps integrate with a single plasmid copy and are
segregationally stable (Taxis and Knop, 2006).
The integration of a YIp via a single-crossover

mechanism leads to a genomic configuration with
the integrated YIp flanked by direct repeats of the
target site (Figure 3a). This configuration has
decreased structural stability as recombination be-
tween direct repeats is possible (Rothstein, 1991).
Such YIps can be lost with frequencies of up to
1% per cell division (Hinnen et al., 1978; Hicks
et al., 1979). Selection for the plasmid marker does
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not guarantee selection of intact transformants,
since a part of the YIp can be looped out, while
the selection marker is retained at the integration
site. Moreover, single-crossover integrating plas-
mids often give rise to transformants carrying
multiple tandem integrations (Orr-Weaver and
Szostak, 1983; Gnügge et al., 2016). The prevail-
ing copy number can be tuned by varying the con-
centration of the transforming plasmid (Plessis and
Dujon, 1993).
Higher copy numbers can be achieved by

directing the integration to sites that are abundant
in the yeast genome, such as ribosomal DNA
(rDNA) repeats (Szostak and Wu, 1979; Lopes
et al., 1989; Fujii et al., 1990; Leite et al.,
2013) and δ elements (Sakai et al., 1990; Lee
and Da Silva, 1997). Integration into abundant

genomic target sites also increases the transforma-
tion efficiency, which supports the construction of
industrial yeast strains that are often hard to
transform (Szostak and Wu, 1979; Wilson et al.,
1994).
The rDNA locus consists of 100–200 direct re-

peats of a 9.1 kb sequence that codes for the ribo-
somal RNAs and contains several transcribed and
untranscribed spacer regions (Woolford and
Baserga, 2013). Care has to be taken not to use
the non-transcribed spacer region NTS2 as the
targeting sequence, since it contains an ARS
sequence (Skryabin et al., 1984). Often, YIps
carrying NTS2 do not integrate into the yeast ge-
nome, but transform yeast cells as segregationally
unstable extrachromosomal plasmids (Szostak
and Wu, 1979).

Figure 3. Yeast integrative plasmids (YIps). (a) YIps that integrate via a single-crossover recombination mechanism carry a
single continuous targeting sequence, which is often a part of the marker gene in case of YIps with auxotrophic markers. The
YIp is linearized within the targeting sequence by restriction digest. After integration the target site is duplicated. (b) YIps that
integrate via a double-crossover mechanism contain two targeting sequences flanking the part of the vector that is to be in-
tegrated. Cutting outside the targeting sequences liberates the integrative part of the YIp. bac. marker, bacterial marker; ori,
bacterial origin of replication; YFG, your favourite gene; TS, targeting sequence
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The δ elements are the long terminal repeat se-
quences of Ty1 yeast transposons. They occur
with more than 300 copies dispersed throughout
the yeast genome (Kim et al., 1998). Multiple
integrations usually occur into δ elements on
different chromosomes. The crossing of
transformants allows for the generation of cells
with high copy numbers of integrated YIps
(Sakai et al., 1991).
The copy number of YIps targeted to abundant

genomic loci can be further increased if poorly
expressed marker genes are used (see ‘Yeast epi-
somal plasmids’, above) (Lopes et al., 1989,
1991; Maury et al., 2016). Furthermore, marker
recycling (see ‘Other plasmid-based genome engi-
neering tools’, below) can be exploited (Fujii et al.,
1990). Transformants with several dozen inte-
grated YIps are routinely created using these strat-
egies independently of the respective insert
(Yamada et al., 2010). As the integration is ran-
dom, a set of different inserts in the same plasmid
backbone can be integrated at once, allowing the
probing of combinatorial libraries (Kato et al.,
2013). For YIps carrying a dominant marker gene
the copy number can be adjusted with the concen-
tration of the selective compound used during the
transformation process (Wang et al., 1996; Parekh
et al., 1996; Parekh and Wittrup, 1997; Shusta
et al., 1998).
Integration via a single-crossover mechanism

usually leads to clusters of multiple direct tan-
dem repeats of integrated plasmids (Lopes
et al., 1991), but these configurations are struc-
turally unstable. During prolonged cultivation,
recombination events can reduce the initial plas-
mid copy number of transformants (Wang et al.,
1996).

Series of shuttle vectors

Several series of YIps, YCps and YEps with differ-
ent yeast selection markers as well as the corre-
sponding yeast strains are available (Table 2).
The pRS series is the most commonly used shut-

tle vector series (Sikorski and Hieter, 1989;
Christianson et al., 1992). It is based on the plas-
mid backbones of pBluescribe and pBluescript
(Short et al., 1988; Alting-Mees and Short, 1989).
The pRS plasmids are relatively small and have

many unique in-frame restriction sites in
their polylinker. They allow blue–white screening
(α-complementation) (Ullmann et al., 1967; Vieira
and Messing, 1982) for an easy identification of
insert-bearing plasmids and have a bacterial ColE1
ori for high copy number propagation in E. coli.
pRS vectors have a consistent design, which al-
lows shuffling of DNA sequences between the
polylinkers of different members of the series.
The original pRS series contains the auxotrophic
yeast marker genes HIS3, TRP1, LEU2 and
URA3 (Sikorski and Hieter, 1989), but has been
expanded with further auxotrophic and dominant
marker genes (Sikorski and Boeke, 1991;
Brachmann et al., 1998; Eriksson et al., 2004;
Taxis and Knop, 2006; Chee and Haase, 2012).
Furthermore, pRS derivatives with different bacte-
rial selection markers have been constructed
(Frazer and O’Keefe, 2007).
The pRG series of shuttle vectors consists of

single- and multi-copy YIps, YCps and YEps
(Gnügge et al., 2016). To achieve stable
single-copy integrations, the YIps integrate via a
double-crossover recombination mechanism.
Multi-copy integrations are generated by targeting
the plasmids to δ sites. All pRG plasmids consist
of modular parts that are flanked by unique
restriction sites. This not only allows for shuffling
cloned DNA sequences between the polylinkers
of different plasmids, but also an easy exchange
or modification of every vector part. For example,
YIps, YCps and YEps can be easily
interconverted. Furthermore, vectors with new
parts, such as yeast or bacterial markers, can be
added to the series.
Various specialized shuttle vector series have

been established (Da Silva and Srikrishnan,
2012). For example, series with pre-implemented
expression cassettes were developed and used for
biotechnological applications and complementa-
tion studies. In such vectors the polylinker is
flanked by a constitutive or inducible promoter
and a transcriptional terminator. Multiple unique
restriction enzyme recognition sites in the
polylinker facilitate the insertion of a coding se-
quence of interest (Mumberg et al., 1994, 1995;
Fang et al., 2011; Shen et al., 2012). Addition-
ally, vector series are available for the expression
of multiple genes from one plasmid (Vickers
et al., 2013). Other series of shuttle vectors allow
recycling of the yeast marker (see next section)
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(Jensen et al., 2014; Fang et al., 2011; Shen
et al., 2012; Siddiqui et al., 2014), or are
compatible with cloning standards, such as

Gateway™, USER and MoClo (Alberti et al.,
2007; Nagels Durand et al., 2012; Jensen et al.,
2014; Lee et al., 2015).

Table 2. Shuttle vector series

Series
name

Plasmid
types

Integration
mechanism

Yeast markers Comments References

YCplac,
YEplac,
YIplac

YCp, YEp,
YIp

Single-crossover URA3, TRP1, LEU2 ‘RE-cleaned’ yeast markers Gietz and Sugino (1988)

YCp4xx,
YEp4xx

YCp, YEp — URA3, TRP1, LEU2,
LYS2, HIS3

Plasmids assembled by
gap repair

Ma et al. (1987)

pRS YCp, YEp,
YIp

Single-crossover
(double-crossover
for dominant
markers)

URA3, TRP1, LEU2,
LYS2, HIS3, ADE2,
MET15, HIS2, ADE1,
kan, hph, nat, pat, ble

Classical and most popular
series

Sikorski and Hieter (1989),
Christianson et al. (1992),
Brachmann et al. (1998),
Taxis and Knop (2006),
Chee and Haase (2012),
Eriksson et al. (2004)

p4xxprom YCp, YEp — URA3, TRP1, LEU2,
HIS3

MCS is flanked by
constitutive or inducible
promoters and CYC1
terminator

Mumberg et al. (1994, 1995)

pAG YCp, YEp,
YIp

Single-crossover URA3, TRP1, LEU2,
HIS3

Gateway™-compatible,
MCS is flanked by GAL1
GPD promoter and
fluorescence or epitope
tags

Alberti et al. (2007)

pXP YCp, YEP — URA3, TRP1, LEU2,
leu2d, HIS3, MET15

MCS is flanked by a
constitutive or inducible
promoter and the CYC1
terminator. Expression
cassette and marker can
by amplified by PCR for
integration and marker
can be recycled using the
Cre/loxP system

Fang et al. (2011),
Shen et al. (2012)

pMG YCp, YEp,
YIp

Single-crossover URA3, TRP1, LEU2,
HIS3

MultiSite Gateway™-
compatible

Nagels Durand et al. (2012)

EasyClone YEp, YIp Double-crossover URA3, LEU2, HIS3,
LYS5, kan

Compatible with uracil
excision reaction-based
(USER) cloning (Nour-
Eldin et al., 2006),
Cre/loxP-mediated marker
recycling

Jensen et al. (2014)

Yeast
Toolkit

YCp, YEp,
YIp

Double-crossover URA3, LEU2, HIS3,
kan, nat, hph, ble

Collection of parts to
assemble genes and
plasmids based on the
modular cloning (MoClo)
system (Weber et al., 2011)

Lee et al. (2015)

D-POP YIp Double-crossover URA3, HIS3, LYS5,
kan, nat

Customized repeat
sequences for scar-less
marker recycling

Siddiqui et al. (2014)

pRG YCp, YEp,
YIp

Double-crossover URA3, LEU2, HIS3,
MET15, LYS2

‘RE-cleaned’ yeast markers,
modular design, multi-copy
integration into Ty1 δ sites

Gnügge et al. (2016)
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Other plasmid-based genome engineering
tools

Marker recycling using repeat sequences

The number of successive transformations of a
yeast strain with different YIps is limited by the
number of selectable marker genes. A strategy to
overcome this limitation is to eliminate the selec-
tion marker, once the YIp has been correctly
integrated, allowing for repetitive reuse of the
marker. This process is termed ‘marker recycling’
and relies on a recombination based loop-out of a
counterselectable marker gene (Table 1). A sponta-
neous excision is possible when the marker gene is
flanked by direct repeats. Classically, the construct
contains the URA3 marker gene flanked by 1.1 kb
direct repeats originating from the Salmonella
typhimurium hisG operon (Alani et al., 1987). As
the repeats do not share any homology with yeast
genomic sequences, mistargeted integrations are
avoided and the marker-excising recombination is
restricted to the marker-flanking repeats. Using 5-
fluoro-orotic acid (5-FOA) for counterselection,
cells that have lost the URA3marker gene are read-
ily isolated (Boeke et al., 1984). A problem with
this marker recycling approach is the accumulation
of hisG sequences in the genome, which can lead
to mistargeted integrations and genomic instability
(Davidson and Schiestl, 2000). To overcome these
shortcomings, customized repeat sequences can be
used. Using customized repeat sequences and mul-
tiple counterselectable markers allows for the engi-
neering of several genomic sites in parallel
(Siddiqui et al., 2014).
Marker recycling using customized repeats has

also been employed for polymerase chain reaction
(PCR)-mediated genome alterations. By choosing
the genomic sequence proximal to the integration
site as the repeat sequence, scarless modifications
were obtained (Akada et al., 2006; Kaneko et al.,
2009; Solis-Escalante et al., 2013). Similarly, scar-
less genome alterations were achieved by provid-
ing a bridging oligo as a repair template. This
so-called ‘delitto perfetto’method requires a second
transformation with oligonucleotides that are ho-
mologous to the sequences flanking the integrated
counterselectable marker (Storici et al., 2001).
Marker recycling is more efficient when a DNA

double-strand break (DSB) is created next to the
repeat sequences, allowing even the removal of

non-counterselectable markers (Storici et al.,
2003; Khmelinskii et al., 2011; Solis-Escalante
et al., 2014). Commonly, the endonucleases HO
or I-SceI and their corresponding recognition site
are used (Nickoloff et al., 1986; Fairhead and
Dujon, 1993). In the case of the ‘delitto perfetto’
method, the marker removal can be enhanced by
I-SceI cutting in the marker gene and tethering of
the recombinogenic oligonucleotides to the nucle-
ase via an aptamer structure (Ruff et al., 2014).
Nuclease-stimulated and scarless marker removal
could also be applied to the marker recycling of
YIps. An example of such a marker cassette is
the MX4blaster, where a marker, the inducible I-
SceI nuclease, a recognition site and an inducible
counterselection is integrated (Carvalho et al.,
2013). The cassette is recycled by transformation
with a DNA sequence recombining on each
side of the cassette and induction of the
counterselectable gene.
An elegant nuclease-based method that allows

for integration of multiple sequences with a limited
number of selectable markers is the so-called ‘reit-
erative recombination’ (Wingler and Cornish,
2011; Ostrov et al., 2013). The method is based
on two YIps that carry a selection marker, induc-
ible HO or I-SceI and the I-SceI or HO recognition
site, respectively. Beginning from the second
transformation, endonuclease expression is in-
duced and mediates the integration of the next
YIp into a part of the previously integrated YIp.
The integration is accompanied by the substitution
of the selection marker. Cycles of transformation,
endonuclease induction and selection allow
for the elongation of the stretch of integrated
sequences.

Marker recycling using recombinases

Besides flanking repeats and recombinogenic oli-
gonucleotides, site-specific recombinases can also
be used for marker recycling. Commonly, the
Cre/loxP recombination system from the bacterio-
phage P1 is employed for this purpose (Sauer,
1987; Johansson and Hahn-Haegerdal, 2002).
The marker gene is flanked by direct repeats of
the 34 bp loxP sequence. Recombination between
the loxP sites can then be initialized using the
Cre recombinase controlled by an inducible pro-
moter to remove the marker gene. The inducible
Cre gene is either supplied by another plasmid or
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included in the marker cassette (Agaphonov and
Alexandrov, 2014). Vector series exist for multi-
insert and multi-copy integrations and for the
recycling of multiple markers at once (Xie et al.,
2014; Maury et al., 2016; Jensen et al., 2014). An-
other marker recycling system is based on the yeast
endogenous 2μ Flp1p recombinase (Storici et al.,
1999). The marker gene is flanked by FRT sites
and the FLP1 recombinase gene is supplied by
the endogenous 2μ plasmid (in cir+ strains) or
can be included in the marker cassette (in cir0

strains).
All these enzyme-mediated site-specific recom-

bination events leave scar sequences at the site of
marker removal. As for the flanking directed repeat
approaches, repetitive marker recycling leads to
the accumulation of scars and can give rise to
mistargeted integrations and genome instability
(Davidson and Schiestl, 2000; Delneri et al.,
2000). To avoid this, mutated loxP or FRT se-
quences can be used (Carter and Delneri, 2010;
Storici et al., 1999).

CRISPR/Cas

The clustered regularly interspaced short palin-
dromic repeats (CRISPR)/Cas (CRISPR-associ-
ated) system (Jiang and Marraffini, 2015) enables
genomic modifications independent of selection
markers (Jessop-Fabre et al., 2016). Cas9 is a pro-
grammable endonuclease, whose target site can be
defined almost at will. The target site is determined
by expressing a so-called guide RNA (gRNA) to-
gether with Cas9. The gRNA binds to Cas9 and di-
rects its nucleolytic activity to its complementary
DNA sequence (Jinek et al., 2012). The only limi-
tation of the target site choice is the presence of a
defined short sequence directly adjacent to the tar-
get sequence, the so-called protospacer adjacent
motif (PAM), which is usually a trinucleotide se-
quence (Mojica et al., 2009).
Cas9 generates a double-stranded break (DSB)

at the target site, which is a genotoxic lesion and
reduces cell growth and survival (Bennett et al.,
1993). Only cells that successfully repair the
DSB regain normal growth. A DSB can be
repaired by the error-prone non-homologous end
joining (NHEJ) pathway, which can result in small
insertions or deletions at the cut site (Symington
et al., 2014). Alternatively, the DSB can be
repaired by homologous recombination when

donor DNA is supplied that contains homology
up- and downstream to the cut site (DiCarlo
et al., 2013; Ryan et al., 2014). If the DSB is
repaired such that the target site or PAM is elimi-
nated, further Cas9-induced DSB formation is
prevented. This allows for the construction of cells
with small random deletions or insertions, specific
mutations and small or large insertions (DiCarlo
et al., 2013; Bao et al., 2015; Ryan et al., 2014).
Several CRISPR/Cas9 plasmid systems have

been reported for engineering the S. cerevisiae ge-
nome. Commonly, Cas9 and gRNA are expressed
from separate plasmids, although single-plasmid
systems and genomically integrated Cas9 expres-
sion cassettes have been reported as well
(Laughery et al., 2015; Mans et al., 2015). Cas9
is usually targeted to the nucleus by fusion with a
nuclear localization signal (NLS) and encoded on
YCp or YEp plasmids. As a too high Cas9 expres-
sion level is toxic to yeast cells, inducible or
medium-strength constitutive promoters are
preferable (Ryan et al., 2014; DiCarlo et al.,
2013). The gRNA can be encoded on plasmids
(usually YEps) or PCR fragments (DiCarlo et al.,
2013; Horwitz et al., 2015). To avoid undesired
post-transcriptional modifications of the gRNA
and its nuclear export, RNA polymerase III is usu-
ally recruited for its transcription. Both small
nucleolar RNA (snoRNA) promoters and tRNA
promoters have been used to drive gRNA tran-
scription (DiCarlo et al., 2013; Ryan et al., 2014).
With the latter approach, higher transcript levels
were achieved, which was associated with in-
creased Cas9 cleavage efficiency (Ryan and Cate,
2014). However, a more complex gRNA expres-
sion cassette containing a self-cleaving ribozyme
was required to avoid the production of tRNA–
gRNA fusions.
The CRISPR/Cas system can be used to perform

several genome modifications at once. In this case,
several gRNAs expression units and donor DNAs
need to be supplied (Lee et al., 2015; Horwitz
et al., 2015; Jakočiūnas et al., 2015; Ronda et al.,
2015). Furthermore, multiple copies of the same
DNA sequence can be inserted by targeting abun-
dant genomic sequences, such as the δ sites (Shi
et al., 2016). This approach can be combined with
the previously described strategies to adjust the
copy number, such as poorly expressed dominant
marker genes and titration of the selective com-
pound (Lian et al., 2016).
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Summary and outlook

Exploiting the specific properties of different
yeast plasmids allows for adjusting the gene
dosage. YCps and YEps are maintained
extrachromosomally with few or some dozens of
plasmids per cell, respectively. YIps usually reside
in the host cell genome with a single copy. Special
systems and strategies allow copy number tuning
for YEps and YIps.
The available yeast vectors represent a solid ba-

sis for basic research and biotechnological applica-
tions in S. cerevisiae. The classical vector systems
are complemented by marker-recycling and
marker-free integration strategies. Together, these
tools allow for an easy and efficient genetic manip-
ulation of laboratory, industrial and wild-type
yeast strains.
The ever-decreasing costs for de novo DNA syn-

thesis in combination with efficient assembly
methods will facilitate the construction of new cus-
tomized vector systems. Genome engineering tools
might substitute classical shuttle vectors in the fu-
ture in some experiments. However, yeast vectors
will remain important tools for example for tran-
sient gene delivery in screening experiments and
genome engineering.
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