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Abstract
It has been difficult to develop molecular tools for studying the fungal pathogen
Candida albicans because this species uses a non-standard genetic code and is
diploid without a complete sexual cycle. Vector systems with regulatable promoters
to produce conditional mutants, epitope tags for protein detection and recyclable
selection markers are useful for functional study of genes. However, most currently
available vectors contain only a subset of desired properties, which limits their
application. To combine several useful properties in one vector, the vector pTET25
was initially modified into pTET25M, so that the URA3 gene flanked by dpl200
could be used repetitively. To enable more choices for cloning, a multiple cloning site
was introduced at both ends of GFP in pTET25M. GFP expression was induced by
doxycycline in a dose- and time-dependent manner when the plasmid was introduced
into C. albicans with or without URA3. The applicability of the vectors was verified
by constructing strains capable of expressing either the N-terminal GFP fusion of
Cdc10 or the C-terminal GFP fusion of Cdc11. Additionally, by replacing the GFP
gene of pTET25M with DNA sequence encoding Cdc10 with an epitope tag of six
histidine residues at the C-terminus, doxycycline-induced expression of CDC10 was
achieved when the expression vector was introduced into C. albicans. This new system
allows for inducible expression of a desired C. albicans gene with the advantage of
convenience of cloning. It also allows the presence of a recyclable URA3 marker and
the detectable expression of fusion or epitope-tagged protein. Copyright  2010 John
Wiley & Sons, Ltd.
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Introduction

The yeast Candida albicans is a member of the
normal microflora on the mucosal surfaces of the
gastrointestinal and genitourinary tracts in healthy
humans. However, it is also the primary fungal
pathogen in humans (Magee, 1998). In particu-
lar, C. albicans triggers systemic candidiasis in
immunocompromised patients. Molecular analy-
sis of C. albicans has been hindered because it

is diploid in nature, does not have a complete
sexual cycle and uses non-standard codons. How-
ever, many approaches have been undertaken to
facilitate the functional study of C. albicans. To
date, several gene disruption strategies have been
developed for C. albicans (Berman and Sudbery,
2002), the most common of which is the use of
a Ura-blaster cassette (Wilson et al., 2000) that
allows the reuse of the auxotrophic C. albicans
URA3 selection marker. The Ura-blaster cassette
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has also been incorporated into vector systems to
sequentially introduce or delete genes to assess
their functional interactions.

In addition, a number of gene expression vec-
tors have been established, including repressible
systems using the MET3 promoter with methio-
nine and cysteine (Care et al., 1999), the MAL2
promoter with glucose (Backen et al., 2000) or
the tetracycline operator (TetO) with tetracycline
(Nakayama et al., 2000) and inducible systems
such as the tetracycline-inducible gene expression
(Tet-on) system (Park and Morschhauser, 2005).
Regulatable expression systems are especially use-
ful for assessing the consequences of the presence
or absence of gene expression. Gene function can
be determined by either inducing the overexpres-
sion of a specific gene that disturbs the regulatory
mechanism of its normal function, or repressing
the expression of a gene of interest that reveals the
functional consequence of depletion of the gene
product.

Epitope tagging has become a common tool for
detecting, purifying and studying the function of
proteins (Fritze and Anderson, 2000). Several sin-
gle epitope tags, such as glutathione S -transferase
(Smith and Johnson, 1988), green fluorescent pro-
tein (GFP) (Cubitt et al., 1995; Heim et al., 1995),
haemagglutinin (HA) (Field et al., 1988), six histi-
dine residues (6×His) (Hagan and Stirling, 1998),
human c-Myc (Evan et al., 1985) and FLAG tags
(Brizzard et al., 1994; Overholt et al., 1997; Prick-
ett et al., 1989), as well as double epitope tags,
such as 6×His–FLAG (Huang et al., 2001; Robeva
et al., 1996), are widely used in a variety of
organisms. In C. albicans, tagging vectors have
recently been developed for the HA epitope of
Tet-off (Nakayama et al., 2000), GFP (Cormack
et al., 1997), FLAG (Umeyama et al., 2002), and
6×His–FLAG systems (Kaneko et al., 2004).

To facilitate the detection, purification and func-
tional studies of C. albicans gene products, we
constructed expression tag vectors that can be used
in C. albicans. The vectors allow proteins to be
ectopically expressed in a doxycycline-dependent
manner with either a C-terminal or N-terminal GFP
tag or a C-terminal 6×His epitope. The vectors
also possess a Ura-blaster cassette to allow a URA3
marker to be reintroduced. The function and appli-
cability of the vectors were assessed using Cdc10
and Cdc11 proteins, members of the septin family
that are components of the septum complex at

the bud neck between mother and daughter cells
(Sudbery, 2001).

Materials and methods

Strains, growth conditions and DNA
manipulation

The auxotrophic C. albicans strain BWP17 (Wilson
et al., 1999), shown in Table 1, was used in strain
construction. The C. albicans strains used and gen-
erated in this study are also shown in Table 1.
All strains were grown in either a complete rich
medium of yeast extract–peptone–glucose (YEPD)
or in a synthetic minimal medium with or without
50 µg/ml uridine, as previously described (Tseng
et al., 2010). The strains were stored as frozen
stocks in 20% glycerol at −80 ◦C. Transformants
were selected on synthetic minimal medium with-
out uridine and screened for integrants by yeast
colony PCR (Wang et al., 1996), using the oligonu-
cleotide primers pNIM-inte detect F and pNIM-inte
detect R, listed in Table 2.

The Escherichia coli strain DH5α was used
as a host for plasmid DNA construction and
routine plasmid maintenance and amplification.
Bacterial cultures were grown in L-broth or
L-broth supplemented with 50 µg/ml ampicillin,
as required. Plasmid DNA was purified using the
Gene-Spin-V2 Miniprep Purification Kit (Protech,
Taipei, Taiwan). The oligonucleotide primers used
for vector construction are listed in Table 2.

Generation of the Ura-blaster cassette

To introduce a Ura-blaster cassette, the DNA frag-
ment of the C. albicans URA3 marker from the
doxycycline-inducible pTET25 vector (Park and
Morschhauser, 2005) was removed by digestion
with PstI and Sal I and cloned into the pUC19
vector to generate pUC19-URA3. The DNA frag-
ment of dpl200 in URA3 was amplified by PCR
from pUC19-URA3 using the primers CaURA3-
dpl200-XhoI and CaURA3-dpl200-BamHI (Table
2), digested with XhoI and BamHI, and cloned into
pUC19-URA3 to generate pUC19-URA3-dpl200.
To introduce the Bgl II cloning site downstream
of C. albicans GFP to pTET25, a DNA frag-
ment containing partial TetO, GFP with Sal I and
Bgl II sites, and the ACT1 transcription termination
sequence (ACT1t) from pNIM1 was amplified with
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Table 1. C. albicans strains used in this study

Name of strain
Parental

strain Genotype Plasmid
Protein
expressed Reference

BWP17 ura3::imm434/ura3:imm434
his1::hisG/his1::hisG
arg4::hisG/arg4::hisG

None None (Wilson et al., 1999)

JSCA0050 BWP17 ADH1/adh1::Ptet-GFP : URA3 pTET25 GFP This study
JSCA0051 BWP17 ADH1/adh1::Ptet-GFP : URA3-

dpl200
pTET25M GFP This study

JSCA0051F JSCA0051 ADH1/adh1::Ptet-GFP : dpl200 pTET25M GFP This study
JSCA0052 BWP17 ADH1/adh1::Ptet-GFP : URA3-

dpl200
pTET25M-N GFP This study

JSCA0053 BWP17 ADH1/adh1::Ptet-GFP : URA3-
dpl200

pTET25M-NC GFP This study

JSCA0063 BWP17 ADH1/adh1::Ptet-GFP-
CDC10:URA3-dpl200

pTET25M-GFP-
CDC10

N-terminal GFP
fusion Cdc10

This study

JSCA0063F JSCA0063 ADH1/adh1::Ptet-GFP-
CDC10:dpl200

pTET25M-GFP-
CDC10

N-terminal GFP
fusion Cdc10

This study

JSCA0064 BWP17 ADH1/adh1::Ptet-CDC11-
GFP : URA3-dpl200

pTET25M-
CDC11-GFP

C-terminal GFP
fusion Cdc11

This study

JSCA0064F JSCA0064 ADH1/adh1::Ptet-CDC11-
GFP : dpl200

pTET25M-
CDC11-GFP

C-terminal GFP
fusion Cdc11

This study

JSCA0073 BWP17 ADH1/adh1::Ptet-
CDC10:URA3-dpl200

pTET25M-
CDC10-CH

C-terminal 6×His
tag Cdc10

This study

Table 2. Synthetic oligonucleotide primers used in this study

Name Primer sequence

CaURA3-dpl200 BamHI AATGGATCCCCAGATATTGAAGGTAAAAGG
CaURA3-dpl200 XhoI ATTCTCGAGCTAGAAGGACCACCTTTGAT
TET25M KpnI CAAGGTACCGAACCATCGTGAGTGTAA
TET25M BamHI GAAGGATCCCGACATTTTATGATGGAA
CaGFP-N-MCS AATTGTCGACTCGAGATATCCAGCTAGCGGCCGCGTGACCATGAGTAAGGGAGAAGAAC
CaGFP-C-MCS CCGTGATCATTATGCAGGCCTAGATCTTAAGCTGACGTCCGGACCTTTGTATAGTTCATCCATGCC
CaGFP-MCS-R CTCTAGTTTTGACGCTCG
pNIM1-inte detect F CATGTCAAAGGATTCAAC
pNIM1-inte detect R GTATGGTGCCTATCTAAC
CaCDC10 AatII ATCAGACGTCATGTCCATCGAAGAACCTAGT
CaCDC10 BglII ACGCAGATCTTTATCTAGCAGCAGCAGTACC
CaCDC11 NheI CTACTAGCTAGCGATTACTTTTACTTCATTTTCTG
CaCDC11 XhoI CCGCCGCTCGAGATGAATTATTCTACTGAAAATGT
CaCDC10-Tag-SalI AAAGTCGACGTCAGCGGCCGCATGTCCATCGAAGAACCTAGTAC
CaCDC10-6xHis-BclI CGATGATCATTAATGGTGATGATGGTGATGCCCGGGAGATCTTCTAGCAGCAGCAGTACCTGTAG

Sequences in bold italics donate sites of restriction enzymes.

the primers TET25M-KpnI and TET25M-BamHI
(Table 2) by PCR. It was then digested with
KpnI and BamHI and cloned into pUC19-URA3-
dpl200 to generate pUC19-TET25M. A DNA frag-
ment containing GFP, ACT1t and partial URA3
was cut out of pUC19-TET25 by digestion with
Sal I and EcoRI and cloned into pTET25 to
generate pTET25M (Figure 1), the sequence of
which was deposited into GenBank (Accession No.

HM776584). Importantly, the coding sequence of
GFP in pTET25M has been modified to allow
for CUG-codon adaptation (Morschhauser et al.,
1998).

Introduction of the multiple cloning sites

To enable the expression of a desired protein
as a GFP fusion protein, restriction cloning sites
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Figure 1. Maps of the pTET25M vector and its derivatives. Only the KpnI/SacII DNA cassettes, which are based on the
pBluescript, used to integrate into the ADH1 locus of C. albicans, are shown. The restriction sites shown on pTET25M
are those that are relevant to its construction. The sequences shown under pTET25M-NC and pTET25M-CDC10-CH
are relevant multiple cloning sites, featuring the unique restriction sites, the reading frames and the flanking sequences.
The gene name followed by a small letter ‘p’ represents a promoter, whereas that followed by a small letter ‘t’ denotes
a transcription termination sequence. URA3-dpl200 contains a functional C. albicans URA3 gene with an extra downstream
sequence upstream of the URA3 gene. GFP and rTetR genes use the C. albicans-adapted codons. TetO contains a fusion of the
minimal promoter of the OP4 gene and an operator sequence capable of binding the rTetR-encoded protein in the presence
of doxycycline to induce gene expression

Copyright  2010 John Wiley & Sons, Ltd. Yeast (2010)
DOI: 10.1002/yea



Candida albicans Tet-on tagging vectors with a Ura-blaster cassette

were introduced at both ends of the GFP coding
sequence in the pTET25M vector. A DNA frag-
ment was amplified from pTET25M by PCR with
a forward primer, CaGFP-N-MCS (Table 2), con-
taining the restriction sites for Sal I, XhoI, EcoRV,
NheI and NotI and a reverse primer, CaGFP-C-
MCS (Table 2), containing the restriction sites for
BspE I, AatII, AflII, Bgl II, StuI and Bcl I. A stop
codon was also included. The PCR amplicon con-
taining GFP was sequentially digested with Sal I
and Bcl I and cloned into the pTET25M vector
that had been digested with Sal I and Bgl II to
cut out its copy of GFP to generate pTET25M-
NC (Figure 1), which contains multiple cloning
sites at both ends of the GFP coding sequence.
Another DNA fragment was amplified by PCR with
the primers CaGFP-N-MCS and CaGFP-MCS-R
(Table 2), digested with Sal I and Bgl II, and cloned
into pTET25M to generate pTET25M-N, with mul-
tiple cloning sites at one end of the GFP coding
sequence that allows the generation of a C-terminal
GFP fusion protein.

Generation of the 6×His epitope and GFP
fusion proteins

The coding sequence of either CaCDC10 or
CaCDC11 was amplified by PCR with the primer
pairs of either CaCDC10-AatII and CaCDC10-Bgl
II or CaCDC11-NheI and CaCDC11-XhoI (Table
2). The two PCR amplicons were digested with
either AatII and Bgl II or NheI and XhoI. The
digested products were subsequently cloned into
pTET25M-NC to generate pTET25M-GFP-
CDC10, which is capable of encoding an N-
terminal GFP fusion of Cdc10, and pTET25M–
CDC11–GFP, which is capable of encoding a C-
terminal GFP fusion of Cdc11. To incorporate a
6×His epitope at the C-terminus of a protein, a new
reverse primer, CaCDC10-6×His-Bcl I (Table 2),
which is capable of encoding 6×His, was intro-
duced. In addition, the reverse primer was incorpo-
rated into the XmaI and Bgl II restriction sites. A
new forward primer, CaCDC10-Tag-Sal I (Table 2),
was incorporated into the AatII and NotI sites. A
DNA fragment of CaCDC10-CH was amplified by
PCR from pTET25M-GFP-CDC10 with the new
pair of primers. Subsequently, the CaCDC10-CH
PCR amplicon was digested with Sal I and Bcl I
and cloned into pTET25M to generate pTET25M-
CDC10-CH (Figure 1). The C. albicans CDC10 in

the pTET25M-CDC10-CH vector can be replaced
by coding sequences of other genes with several
restriction sites of choice (Figure 1).

Candida albicans transformation and selection

Transformation of C. albicans cells and selection
of transformants were performed as previously
described (Shieh et al., 2005). Briefly, the DNA
fragment of the Tet-on part containing the gene of
interest was removed from the plasmid by digestion
with SacII and KpnI, purified using the G-M Gel
Extraction System (Viogene, Taipei, Taiwan) and
then introduced into C. albicans cells by the LiAc-
PEG-ssDNA method (Gietz and Woods, 2006)
with some modification (Walther and Wendland,
2003). The DNA was specifically integrated into
the ADH1 locus of the C. albicans genome as a
stable integrant; the Ura+ prototrophs on minimal
medium plates lacking uridine (Shieh et al., 2005)
and the integrants were determined by colony PCR,
using the diagnostic primers pNIM1-inte detect F
and pNIM1-inte detect R (Table 2). To recycle the
C. albicans URA3 cassette, the Ura+ prototrophs
were grown on a plate with 5-FOA (1 mg/ml)
and uridine (50 µg/ml), and the Ura− auxotrophs
were selected. Correct insertion of the URA3 gene
and removal of the URA3 gene after 5-FOA
selection were verified by PCR with the specific
primers CaURA3-dpl200 BamHI and CaURA3-
dpl200 XhoI (Table 2).

Western blot analysis

To detect expression of the tagged CaCdc10 and
the CaCdc10 and CaCdc11 fusion proteins, C.
albicans strains were grown at 30 ◦C in YEPD
overnight, diluted (1 : 10) into fresh YEPD, grown
to log phase before addition of 40 µg/ml doxycy-
cline (Sigma) and then grown for 3 h, unless oth-
erwise stated. Total protein was extracted from the
cultured cells as previously described (Shieh et al.,
2007). The proteins were resolved by SDS–PAGE
and electrophoretically transferred onto PVDF
membranes (Perkin-Elmer, Boston, MA, USA).
The membranes were probed with an anti-6×His
epitope monoclonal antibody (Novagen) or an
anti-GFP polyclonal antibody (Abcam). Proteins
were detected using either a peroxidase-conjugated
goat anti-mouse IgG (Millipore) or a peroxidase-
conjugated donkey anti-goat IgG (Santa Cruz).

Copyright  2010 John Wiley & Sons, Ltd. Yeast (2010)
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The signal was visualized using the SuperSignal
West Pico Chemiluminescent Substrate Kit (Pierce,
Rockford, IL, USA) according to the manufac-
turer’s instructions.

Microscopy

C. albicans cells were grown at 30 ◦C in YEPD
overnight, diluted (1 : 10) into fresh YEPD, grown
to log phase prior to addition of 40 µg/ml doxy-
cycline (Sigma) and then grown for 3 h before
being analysed by microscopy. The cells were col-
lected and washed with sterile PBS prior to anal-
ysis. Both DIC and the green fluorescence images
were assessed using a ZEISS Axioskop 2 micro-
scope (Zeiss, Jena, Germany). Digital images were
acquired using a MicroFirr digital camera (Olym-
pus, Melville, NY, USA) and processed using
the imaging software Optronics PictureFrame 2.1
(Optronics, Goleta, CA, USA). The micrographs
were digitized and processed using Adobe Photo-
shop software.

Results and discussion

Modification of a tetracycline-inducible gene
expression system

The tetracycline-inducible gene expression system
introduced in C. albicans in the current study
originated from the system developed by Park
and Morschhauser (2005), in which a reverse
tetracycline-controlled transactivator (rtTA) (Park
and Morschhauser, 2005) and GFP (Morschhauser
et al., 1998) were adapted to the codon usage of
C. albicans. The pTET25 plasmid with a URA3
selection marker and the pNIM1 plasmid with a
dominant SAT1 selection marker were obtained
from Park and Morschhauser. However, the inabil-
ity to reuse the markers in the same system lim-
its the functional analysis of genes. To make the
URA3 selection marker in pTET25 recyclable, a
Ura-blaster cassette (Wilson et al., 2000) was intro-
duced into pTET25, which allows 5-FOA-induced
intrachromosomal recombination. To facilitate fur-
ther cloning procedures, subsequent cloning was
made to generate pTET25M (Figure 1). This is the
initial product of the modified version of pTET25.
The pTET25M vector possesses Sal I and Bgl II
restriction sites flanking the GFP coding sequence,

which allow for the introduction of other restriction
sites.

To verify the preservation of doxycycline-
inducible GFP expression in pTET25M, both
pTET25M and pTET25 were linearized by SacII
and KpnI and introduced into the C. albicans
strain BWP17 for Ura+ prototrophs. Stable inte-
grants with either pTET25 or pTET25M targeting
the ADH1 locus were verified by colony PCR
with specific primers. Importantly, the level of
doxycycline-induced GFP expression was compa-
rable between the integrant of pTET25 (JSCA0050)
and that of pTET25M (JSCA0051), as shown by
the western blot results (Figure 2A). To deter-
mine whether doxycycline-inducible GFP expres-
sion in cells with URA3 removed from the Ura-
blaster cassette of pTET25M was preserved, the
strain JSCA0051F without URA3 was obtained
from the strain JSCA0051 by 5-FOA treatment.
It was then verified by yeast colony PCR. The
ability of doxycycline-inducible GFP expression in
JSCA0051F was verified (Figure 2A). Importantly,
the induced GFP expression levels in JSCA0051
and JSCA0051F were comparable (Figure 2A). In
addition, GFP expression levels were similar in
both cells of the integrants, as observed by fluores-
cence microscopy (Figure 4). These results suggest
that no significant alteration in the regulation of
GFP expression occurs in cells with the pTET25M
vector in the absence of URA3.

To further analyse GFP expression in cells with
pTET25M, two aspects of doxycycline inducibil-
ity, namely dose and time, were examined. Cells
capable of expressing GFP, either with URA3
(JSCA0051) or without URA3 (JSCA0051F), were
grown in YEPD with 40 µg/ml doxycycline, and
GFP expression was assessed at various time
points up to 36 h. GFP expression in both strains
gradually increased until 24 h, after which time
levels remained by and large the same until
36 h (Figure 2B), suggesting that the doxycycline-
induced GFP expression in cells with pTET25M
with or without URA3 is controlled in a time-
dependent manner. In addition, cells capable of
expressing GFP (JSCA0051) were grown in YEPD
with various amounts of doxycycline, and GFP
expression was assessed at 3 h. The GFP expres-
sion in JSCA0051 cells exhibited a dose-dependent
response, with a peak at 40 µg/ml and a dip at
2.5 µg/ml doxycycline (Figure 2C). Therefore, we

Copyright  2010 John Wiley & Sons, Ltd. Yeast (2010)
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Figure 2. Western blotting analysis to assess protein expression of C. albicans strains based on the cassette of the pTET25M
vector. (A) The doxycycline-induced expression of GFP in the strain with (JSCA0051) or without (JSCA0051F) URA3. The
cells were grown in YEPD to log phase, and the protein was induced by adding 40 µg/ml doxycycline for 3 h before western
blot analysis. The strain JSCA0050 carrying the original cassette of the pTET25 vector was used as a positive control.
+, doxycycline-induced state; −, non-induced state. Two independent isolates (JSCA0051F11 and JSCA0051F22) of the
strains without URA3 were examined. (B) Demonstration of the time-dependent manner of doxycycline-induced protein
expression. Both the JSCA0051 and JSCA0051F (without URA3) strains were examined in parallel. (C) Demonstration
of the dose-dependent manner of doxycycline-induced protein expression. JSCA0051 cells were grown in YEPD to log
phase before adding the indicated concentration of doxycycline to induce protein expression for 3 h. Arrows indicate the
predicted positions to which the GFP proteins migrated

concluded that the pTET25M vector carrying the
Ura-blaster cassette was successfully established.

Verification of the efficacy of the modified
tetracycline-inducible gene expression system
To enhance the application of a vector that lacks
an adequate number of restriction sites, multi-
ple restriction sites were introduced flanking the
GFP coding sequence in the pTET25M vector
to generate pTET25M-NC (Figure 1). In addi-
tion, by introducing multiple cloning sites at only
one end, an accompanying plasmid, pTET25M-
N, was also generated. To examine the preser-
vation of doxycycline-inducible GFP expression
in pTET25M-N and pTET25M-NC, both plas-
mids were linearized by SacII and KpnI and
introduced into the C. albicans strain BWP17
for Ura+ prototrophs. The stable integrants with
either pTET25M-N (JSCA0052) or pTET25M-
NC (JSCA0053) targeting the ADH1 locus were

verified by colony PCR with specific primers. The
ability of doxycycline-inducible GFP expression
was verified (Figure 3A) and was found to be com-
parable to that of the JSCA0051 strain carrying
pTET25M (Figure 2A).

The C. albicans genes CDC10 and CDC11 were
chosen to validate the preservation of functional
GFP fusion proteins expressed from pTET25M-
NC. The CDC10 gene was cloned into pTET25M-
NC at the AatII and Bgl II sites to obtain pTET25M-
GFP-CDC10, capable of encoding an N-terminal
GFP fusion Cdc10 protein. The CDC11 gene was
cloned into pTET25M-NC at the NheI and XhoI
sites to obtain pTET25M-CDC11-GFP, capable of
encoding a C-terminal GFP fusion Cdc11 protein.
The two plasmids were then linearized by SacII
and KpnI and introduced into the C. albicans strain
BWP17 for Ura+ prototrophs. The stable integrants
with either pTET25M-GFP-CDC10 (JSCA0063) or
pTET25M-CDC11-GFP (JSCA0064) targeting the

Copyright  2010 John Wiley & Sons, Ltd. Yeast (2010)
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Figure 3. Western blotting analysis to assess protein expression in C. albicans strains based on the cassettes of
plasmids derived from pTET25M. (A) Assessment of ability of the JSCA0063 and JSCA0064 strains to express N-terminal
GFP-tagged Cdc10 and C-terminal GFP-tagged Cdc11, respectively. The strains JSCA0052 and JSCA0053 carrying cassettes
from plasmids pTET25M-N and pTET25M-NC, respectively, from which the plasmids for the strains JSCA0063 and
JSCA0064 were derived were also assessed. (B) Assessment of the JSCA0073 strain in expressing C-terminal 6×His
epitope-tagged Cdc10, along with the wild-type strain BWP17. The cells were grown in YEPD to log phase, and protein
expression was induced by adding 40 µg/ml doxycycline 3 h before western blot analysis. Arrows indicate predicted
positions to which the relevant proteins migrated

ADH1 locus were confirmed by colony PCR with
specific primers. Significantly, the expression of
both the N- and C-terminal GFP fusion proteins
was doxycycline-dependent (Figure 3A).

To assess the preservation of doxycycline-
inducible expression of GFP fusion proteins in
cells with URA3 removed from the Ura-blaster
cassette of pTET25M-NC, the JSCA0063F and
JSCA0064F strains, which had URA3 removed,
were obtained from the JSCA0063 and JSCA 0064
strains by treatment with 5-FOA and were verified
by yeast colony PCR. The ability of doxycycline-
inducible expression of GFP fusion proteins in the
JSCA0063F and JSCA0064F strains was verified
and was comparable to that of the parental strains
with URA3 (data not shown). This suggests that
the doxycycline-inducible expression of either N-
terminal or C-terminal GFP fusion proteins is not
affected by the absence of URA3.

To extend the application of pTET25M, the
vector system expressing an epitope-tagged pro-
tein rather than a GFP fusion protein was devel-
oped. The GFP coding sequence on pTET25M was
replaced by DNA sequence encoding Cdc10 with a
6×His tag at the C-terminus to obtain pTET25M-
CDC10-CH (Figure 1). Several restriction sites, in
addition to the cloning sites of Sal I and Bgl II,

were also introduced at either end of CDC10
(Figure 1) for future application to other genes.
The pTET25M-CDC10-CH plasmid was linearized
by SacII and KpnI and introduced into the C.
albicans strain BWP17 for Ura+ prototrophs. The
stable integrant with pTET25M-CDC10-CH target-
ing the ADH1 locus (JSCA0073) was confirmed
by colony PCR with specific primers. The ability
of doxycycline-inducible expression of Cdc10 with
a C-terminal 6×His tag in JSCA0073 cells was
confirmed by western blot (Figure 3B). Hence, we
concluded that the modified pTET25M was capable
of expressing a C-terminal 6×His protein.

To assess the functionality of the GFP fusion
proteins, the localization of the N-terminal GFP
fusion of Cdc10 (GFP-Cdc10) in JSCA0063 cells
and C-terminal GFP fusion of Cdc11 (Cdc11-
GFP) in JSCA0064 cells was examined by flu-
orescence microscopy. Green fluorescence was
observed in the cytoplasm of JSCA0051 cells
expressing GFP alone (Figure 4). In contrast,
green fluorescence was clearly present at the sep-
tum between two cells and in the cytoplasm of
JSCA0063 and JSCA0064 cells expressing GFP-
Cdc10 and Cdc11-GFP, respectively (Figure 4). In
addition, the absence of URA3 in JSCA0063F and
JSCA0064F cells did not significantly alter the
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Figure 4. Assessment of protein expression of the representative C. albicans strains by fluorescence microscopy. Cells
of the strain expressing N-terminal GFP fusion Cdc10 (JSCA0063) and C-terminal GFP fusion Cdc11 (JSCA0064) with
those expressing GFP with or without URA3 (JSCA0051 or JSCA0051F) were grown in YEPD to exponential phase before
adding 40 µg/ml doxycycline to induce protein expression for 3 h. The emission of green fluorescence alongside the DIC
images was examined microscopically. The representative cells in which the GFP fusion proteins are localized to the septin
complex at the mother–daughter junctions are indicated with white arrows. Bar = 10 µm

distribution and intensity of the green fluorescence
(data not shown). Therefore, we concluded that
pTET25M-NC enables doxycycline-inducible
expression of functional GFP fusion proteins.

Potential applications
The pTET25M-NC vector allows the construc-
tion of strains expressing either N- or C-terminal

fluorescence fusion proteins for purification,
detection and localization studies. The ability to
express both N- and C-terminal GFP fusion pro-
teins can be critical. In many cases, GFP fusion
at one terminus disrupts proper localization of
the protein of interest, while a GFP tag at the
other terminus maintains proper localization. In
addition, numerous restriction sites at either end
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of GFP on the pTET25M-NC vector provide
multiple options for gene cloning. Furthermore,
the doxycycline-inducible system can overexpress
protein at a higher level compared to other regula-
tory expression systems (Park and Morschhauser,
2005). Hence, this newly-developed doxycycline-
inducible system enables visualization of the fusion
protein when protein expression levels from the
native promoter are too low to be detected. One
extension of this system is that the GFP can be
replaced by the C. albicans-adapted CFP and YFP
(Gola et al., 2003), mCherry (Keppler-Ross et al.,
2008), DsRFP (Gerami-Nejad et al., 2009) or other
fluorescent protein-encoding genes developed in
the future.

To fully explore the application of this newly
developed system, pTET25M-CDC10-CH was con-
structed, in which Cdc10 is expressed as a
C-terminal 6×His-tagged protein when the vec-
tor is introduced into C. albicans with doxycy-
cline induction. The presence of several cloning
sites flanking the CDC10 coding sequence on
pTET25M-CDC10-CH allows CDC10 to be
replaced by other genes. Such tagged proteins can
also be used for isolation, detection and localization
studies in concert with the GFP fusion proteins. The
epitope-tagged proteins may reflect the function
of the non-tagged native proteins more accurately
than GFP fusion proteins, because the relatively
larger size of GFP compared to the 6×His epitope
makes it more likely to interfere with the protein
function. Moreover, the system allows titration of
doxycycline to monitor protein expression in con-
junction with the phenotypes of either the physio-
logical behaviour of proteins when expressed near
the native level or the perturbed performance of
proteins when significantly overexpressed. Further-
more, the system includes a recyclable mini Ura-
blaster cassette (Wilson et al., 2000). The presence
of the Ura-blaster cassette in the plasmid allows
it to be introduced into C. albicans consecutively
with another plasmid carrying a URA3 selection
marker, facilitating the functional assessment of
protein–protein interactions.

We believe that there is room for further
improvement in this system. For example, an N-
terminal 6×His epitope and other epitope tags on
either the N- or C-terminus should be introduced
to make the system universally applicable in terms
of assessing protein–protein interactions. More-
over, in the current system, the ADH1 locus is the

sole integration site from which constitutive rtTA
expression is driven. It is desirable to have an addi-
tional gene locus for integration and for constitu-
tively driving rtTA expression. A system capable of
targeting two loci combined with the doxycycline-
inducible expression of two proteins that are fused
with different fluorescent markers or epitope tags
could be used to reveal protein–protein interac-
tions. Furthermore, because the Ura-blaster cassette
can only be used to recycle the URA3 marker, it is
worth introducing more common systems, such as
FLP /FRT (Reuss et al., 2004) or Cre/loxP (Den-
nison et al., 2005), into the current plasmid with
different selection markers to allow excision of dif-
ferent selection markers for the functional analysis
of several gene products simultaneously.
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