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Effects of CaENO1, CaREP5 and CaREP6 Null Mutations in Candida
albicans

Student Hui-Ching Ko AdvisofDr. Yun-Liang Yang

Department of Biological Science and Technology
National Chiao Tung University

ABSTRACT

Enolase (2-phospho-D-glycerate hydrolasen enzymatic component of
the glycolytic pathway and has been well consetheoughout evolution. It
Is encoded byCaENOL in Candida albicans, the most frequently isolated
human fungal pathogen. The protein product can lés found on the cell
surface and bind host plasminogen in associatidh wgsue invasion. In
order to understand the role other than that icajigic pathway,CaENO1
was subjected tmmutagenesis analysis by the construction of nuliamis via
gene-replacement with tHeAT1 flipping cassette. Strains lackiri@aENO1
were not able to grow on glucose or fructose analsd failed to grow on
Difco-yeast nitrogen base medium without amino acid was also observed
that null mutations affected the susceptibility somphotericin B and
miconazole, in addition to the resistance to Ndf@ss. HenceZaENO1 was
involved in drug susceptibility in addition to itele in carbon utilization.
And it may also be involved in regulation of cefinaolarity or ion channels.
Furthermore, th&€€aENOL1 null mutant was avirulent when tested in a mouse
model for systemic infection, and also exhibitededBve hyphal formation.

These results may help to design new and moretefeantifungal agents.



In addition, CaREP5 (Regulator of Efflux Pump) an€aREP6 were
isolated fromC. albicans genomic library due to its ability to increase the
B-galactosidase activity o€DRlywgagog promoterkacZ fusion construct in
Saccharomyces cerevisiae in the presence of miconazoleCDRL is a drug
resistance gene. And just lik€aENO1, it is known to affect the
pathogenesis o€C. albicans. In this study, these genes were subjected to
genetic and functional studies. And the resultswsd there were no
significant differences in the phenotypes betweke wild type and the
Carep5b/Carep5 or theCarep6/Carep6 under the conditions tested.
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General Introduction

Clinical significance of Candida albicans

Candida albicans belongs to Ascomycota, Saccharomycetales and
mitosporic Saccharomycetales. It is a polymorptpportunistic pathogenic
fungus (Odds, 1985), which forms symbiotic relasiop with mammalian hosts
to colonize the gastrointestinal, vulvovaginal,tiegiial surfaces, oropharyngeal
and oesophageal muscosal of most healthy indivddual'he high risk groups
for infections are immunosuppressed persons, organsplant recipients,
chemotherapy patients, HIV-infected patients, aod-birth weight infants
(Pfaller and Diekema, 2007; Schelenz, 2008). Syistecandidiasis is the
major source of morbidity and mortality in the imnacompromised patients.
Candida albicans perhaps is the most common causal agent of surféeions
and life-threatening systemic candidiasis (Fradimale 2003). In the clinical
context, vulvovaginal candidiasis was quite prewvaiamong females that above
75% of them were infected once in the life time aonde of them experience
repeated occurrences of this infection (Sobel, 199@bel et al., 1998;

Monroy-Pérez et al., 2012).

M or phogenesisin Candida albicans

Candida albicans is a morphological diverse fungus. It has attléasr
kinds of morphological forms so far, including yeaslls, flamentous hyphae,
pseudohyphae, and chlamydospores (Merson-Davieddd, 1989; Berman
and Sudbery, 2002; Biswas et al., 2007; WhitewalyBachewich, 2007). The
fungus is a diploid pathogen whose life cycle cosgabof transition between
yeast and filamentous hyphal forms. In generdlihe cells grow as yeasts
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essentially under appropriate nutritional condiiobut several other conditions
may induce hyphae growth. The transition from ae®nsal to a pathogen
may involve changes in environmental conditions gity 2012). The
reversible morphogenetic conversions triggered dryous environmental cues
such as serum, pH, temperature, N-acetylglucosamo®motic stress,
undernourishment were rapid (Hazan et al., 2008w8s et al., 2007; Kabie et
al., 2012).

Yeast form cells disseminate within hosts easitytlee other hand, hyphal
form perhaps responsible for breaching barrierbiasft defenses to microbial
invasion (Hazan et al., 2002). The yeast to hypkhidch regulates expression
of cell wall proteins (Bailey et al., 1996; Argimat al., 2007; Walker et al.,
2009), and promotes the dissemination and permtrg@ow et al., 2002; Gow
et al., 2003). It was the expressions of some @idb@nd secreted proteinases
as well the coordination with yeast-hypha transitibat allow the filamentous
form to be involve in adhesion and invasion of st tissue (Hube et al., 1994;
Staab et al., 1996; Argimon et al., 2007). Lo apdwvorkers provided direct
evidence that the ability to change between yeast layphal forms was
significant for virulence (Lo et al., 1997). Centatudies have shown thét
albicans yeast growth pattern mimié cerevisiae; but long filamentous hyphal
growth pattern mimicsAspergillus nidulans and Neurospora crassa (lrazoqui
and Lew, 2004; Whiteway and Bachewich, 2007).

Pathogenicity of Candida albicans

Candida albicans was the most common fungal pathogen of humans.
Under normal environment, it exists as commensaaious body locations and
did not usually cause diseases. But conversiogeakt form to hyphae to
invade the deeper tissue and bloodstream could tleddtal organ infection

accompanying a mortality rate approaching 50%. US hospital patients, the
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infection prolonged hospitalization and increasestlital expenses (Gow et al.,
2002; Casadevall and Pirofski., 2003; Gudlaugsdaal.22003; Zaoutis et al.,
2005; Perlroth et al., 2007; Pfaller and Diekem&07). The cellular
morphogenesis concerns with the changes in cell @amhposition as well as
structure, which are relevant to pathogenesis astlimmune response (Shibata
et al., 2007; Biswas et al., 2007; Gow et al., 3048 the pathogenicity depends

upon the immune status of the hosts.

Kinetics of phar maceutical

Currently available antifungal drugs for clinicaéatment can be divided
into five main classes including (1) polyenes, @j)oles, (3) fluorinated

pyrimidine, (4) allylamines, and (5) echinocandins.

1. Polyenes

Amphotericin B, amphotercin B lipid complex, ampérotin B cholesteryl
sulfate, amphotericin B liposomal, and nystatin dne clinically useful
members of this class. The polyene antifungal slrage derived from
fermentation production ofSreptomyces species. They are a group of
macrolide lactones.

The fungicidal effect of the polyenes results fridrair interaction with the
cell membrane sterol, ergosterol. It acts on thgosterol within the cell
membrane ofC. albicans to form pores or channels so as to change the
permeability of the cell membrane. It also leadstle precipitation of
potassium ion and other cytoplasmic compositiontaedxidative damage, and
finally, cell death (Vanden et al., 1994; Sangland Bille, 2002).

Amphotericin B has long been used to treat invagimgal infection. It
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provides a similarly broad spectrum of activityt wias isolated by Gold et al.
in 1956 and the first patent of amphotericin B vgsDutcher et al. in 1959.
Unfortunately, the clinical use is limited by neptaxicity or dose-dependent
adverse effects.

White et al. have isolate@andida strains treated with amphotericin B for
long period of time and they have observed obvimduction of ergosterol
content within cell membrane that associated wpbc#icity of drug (White et
al., 1998). This led to the later development ggimphotericin B as treatment
for fungal infection.

Furthermore, nystatin has been used as an antifaggat more than 50
years, but the clinical usage is hindered by istdntoxicity and solubility

problems (Larson et al., 2000).

2. Azoleantifungal agents

The first therapy of systemic fungal infections #ego emerge with the
introduction of azole drugs in the 1980s, whichalegs into the most widely
used fungistatic (Chakrabarti, 2011). There am ¢gnoups in clinical use: the
imidazoles including clotrimazole, econazole, ketwazole and miconazole, and
the triazoles including fluconazole, itraconazg@esaconazole and voriconazole.
They inhibit the cytochrome, B 14a-lanosterol demethylase, which is encoded
by theERG11 gene (White et al., 1998; Lamping et al., 2007)he inhibitory

effect of the azoles results from interfering wetigosterol biosynthesis.

3. Fluorinated pyrimidine
The fluorinated pyrimidine analogue flucytosinefl{terocytosine) is an
antimetabolite type of antifungal drugs. It isieated by deamination within

4



the target cells to 5-fluorouracil, and causes ra@n¢ron both protein and DNA
synthesis (Bennett, 1977; Sanglard and Bille, 2@B&ll et al., 2003; Akins,
2005). Flucytosine in treating infections caused Gandida species was
effective.  However, treatment with flucytosine rado can lead to the
development of drug-resistance easily. Hence #sge is limited to
combination with other drugs, especially in clinigasolated Candida strains

which were resistance to azoles (but still sersity flucytosine) (Harder and

Hermans, 1975; Samra et al., 2010).

4. Allylamines

The allylamines, such as terbinafine, acts by imihidp squalene epoxidase,
an early step in ergosterol biosynthetic pathwagv(€é and Ryder, 1996). In
Candida albicans, some azole-resistant strains due to the overesgmn of
CDR1 or MDR1 are found to have the cross-resistant charactetasterbinafine,
andCDR1 mutant is hypersusceptible to azoles and terbadfsanglaard et al.,

1996; Vanden-Bossche et al., 1998).

5. Echinocandins
Caspofungin is the first one to be licensed fonicliapplication among

such new antifungal agents; in addition, therenaicafungin and anidulafungin.
They have the functions to inhibit tBel,3 glucan polysaccharides synthesis on
the cell wall of fungi (Kurtz et al., 1996). Untiécently, there are very few
cases of echinocandin resistance, toxic effectsdang interactions (Denning,

2003), but the cost of treatment usually is expensi



Drug resistance

Resistance to antifungal agents has been obsanvdthical isolates ofC.
albicans and is a major clinical challenge.

Candida albicans obtained resistance to azoles through multiple
mechanisms, including alteration of the drug tard®tpassing pathways,
upregulation of multidrug transporters; cellularess responses; chromosomal
aneuploidy or isochromosome, and biofilms (Sangkrdl., 1996; Sanglard et
al., 1997; Lamb et al., 2000; Coste et al., 2006bid and Mitchell, 2006;
Chakrabarti, 2011; Shapiro et al., 2011). The majechanisms for the
generation of drug resistance were due to the expressions of major
facilitator superfamily drug pump Mdrlp or ATP-bing cassette pumps Cdrlp
or Cdr2p, which in turn lead to the difficulty of@mulation of azoles drug and
decreased drug concentration@n albicans (White et al., 1998; Perea et al.,
2001; Lamping et al., 2007; Chakrabarti, 2011). urtffermore, the drug target
encoded by thé&&RG11 gene has been overexpressed and/or point mutated t
reduce azoles binding (White et al., 1998; Lamal ¢2000; Sanglard and Bille,
2002; Akins, 2005). In addition, the sterol compos change within cell
membrane also leads to the reduction of permealofitcell membrane for
drugs.

The mechanisms for the generation of polyenesteesie were related to
the reduced ergosterol at the target sites anéased catalase activity (Loeffler
and Stevens, 2003). Moreover, the reason towahth@tandins resistance
was correlated with drug target site alteration. lini€ally separated
flucytosine-resistant strains are usually related the mutation of uracil

phosphoribosyltransferase, which prevent the camerof 5-fluorouracil into
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5-fluorouridine monophosphate (Dodgson et al., 2004

The capacity oC. albicansto acquire resistance to antifungal drugs rapidly,
such as amphotericin B, flucytosine, and a seriesazmles, arguing that
continued development of new antifungals remainsimaportant focus for
clinicians and pharmaceutical companies. In mylstd tried to study the

functions of three genes, which were potential daugets.



Chapter |

Study ofCaENO1 Null Mutants on Drug Susceptibility, Hyphal

Formation, and Virulence @andida albicans

1.1 Introduction

1.1.1 Featureof ENO1

The taxonomic group oENOL exists in eukaryotes, including animals,
fungi, plants, diatoms, apicomplexans and bacteneuding proteobacteria,
actinobacteria and firmiccutes.

Enolase (2-phospho-D-glycerate hydrolyase; EC 4L2)1 encoded by
ENOL1, is a phyllogentically conserved enzyme. It imaal in both glycolysis
pathway (Fig. 1) and gluconeogenesis anabolic sea=e(Fig. 2), catalyzes the
conversion of 2-phosphoglycerate to give phosphipgnavate and the reverse
reaction (Dinovo and Boyer, 1971; Stubbe and Ahdl880).

1.1.11 ENOLlin vertebrate

Enolase of vertebrate is a dimer composed of 3rstdyualpha, beta and
gamma. o-Enolase is present in the liver as well as imnstargans and
localized to cytoplasm and cell membrane, wiBHenolase is found in muscle
tissue and the isozyme is neuronal-specific (Rider and Taylor74;9Fletcher
et al., 1976; Jgrgensen and Centervall, 1982; CGoeipal., 1984; Oliva et al.,
1989). a-Enolase is encoded BNO1. It can act as a plasminogen receptor
to concentrate plasmin activity on the cell surféddes et al., 1991).

Diaz-Ramos et al. have demonstrated thatnolase regulates the



recruitment of inflammatory cells in tissue, ande thformation of
satellite-cell-dependent new myofiber (Diaz-Ramialg 2012). Interestingly,
Wistow et al. showed-enolase was present in embryonic duck lens, aad th
the cDNA encodes botl-enolase and lens-crystallin structural proteins
(Wistow et al., 1988).

Giallongo et al. have addressed that the regulatfdmuman a-enolase in
response to heat shock induction and mitogenicusdition of peripheral blood
lymphocytes (Giallongo et al., 1986), and they dtsmd the putative promoter
region of a-enolase exist several SP1 binding sites and haogtteat of G+C
(Giallongo et al.,, 1990). The posttranslational difioations of a-enolase
related to Alzhemer’s disease through multiple fioms have been reported,
and upregulation od-enolase has been found in cardiac infarction (ilrekal.,
1991; Nakajima et al., 1994; Castegna et al., 280&erfield and Lange, 2009;
Diaz-Ramos et al.,, 2012). a-Enolase detected on the cell surface of
cholangiocarcinoma may associate tumor cell invag¥onglitthipagon et al.,
2012).

1.1.1.2 ENOLlin plant

The literature pictured enolase in plant as followb castor bearRjcinus
communis cv. Hale), induction of enolase was unaffecteddtyberellin A
(Gonzélez and Delsol, 1981). In tomato, the ar@ermduced was low in
enolase activity that may be less in response éerabic stress, and enolase is
not a heat shock inducible protein (Van der Straet¢ al., 1991). In
Arabidopsis thaliana plants, Van der Straeten et al. suggested a sitdsinuttle
replaced enolase for glycolysis in chloroplastsn\der Straeten et al., 1991).
Parbhakar et al. suggest&NO1 might be the only missing enzyme for a
complete glycolysis withirArabidopsis plastids (Prabhakar et al., 2010). The

salt stress induced increase in enolase activity eqpression of mRNA, and
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enolase transcripts increased during the inductidn Crassulacean acid
metabolism by temperature and anaerobic stressellesembryanthemum
crystallium L. (Forsthoefel et al., 1995). Fox et al. suggésthat enolase
expression may be related during later acclimagpemods of anaerobic stress in
Echinochloa phyllopogon, but higher enolase activity is in response to the
anoxic in Echinochloa crus-pavonis (Fox et al., 1995). Lal et al. pictured
enolase involves iZea mays roots during anaerobic stress (Lal et al., 1998).
Voll et al. supposed that reduce enolase activitgcts shikimate branch of
aromatic amino acid biosynthesis pathway withingleestid in enolase antisense
Nicotiana tabacum (Voll et al., 2009).

1.1.1.3 ENOL in Saccharomycetales

ENOL in Saccharomycetales has been investigated inrieingcetaceae
and Dipodascaceae. Among them @andida species include€. albicans,
Candida dubliniensis and Candida orthopsilosis etc. Enolase its. cerevisiae
Is expressed as isozymes by two geriedO1 and ENO2 (McAlister and
Holland, 1982; Entian et al., 1987).

1.1.1.4 ENOL1lin Candida albicans

CaENOL1 loci exist on chromosome 1 i@. albicans (Candida Genome
Database; CGD, http://www.candidagenome.org), tlystesatic name is
orf19.395; and the second allele was orf19.802%e Pprotein sequence of
CaENOL is 64.7% homologous to thdomo sapiens alpha-enolase (Fig. 3),
which is highly associated with tumor invasion dbangiocarcinoma patients
(Yonglitthipagon et al., 2012).

The identified CaENO1 protein sequence within fungal genomes show
98.0% similarity with Cd36_08010Candida dubliniensis CD36, 90.7%
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similarity with CTRG_03163Candida tropicalis MYA-3404, 86.2% similarity
with CPAR2_207210Candida parapsilosis CDC317, 86.0% similarity with
PGUG_04391 Candida quilliermondii ATCC6260, 85.6% similarity with
CLUG_03897 Candida lusitaniae ATCC 42720, 85.9% similarity with
CORT_0A06360 Candida orthopsilosis Co 90-125, 77.1% similarity with
CAGL0102486g Candida glabrate CBS138, 85.8% similarity with
LELG_00641Lodderomyces elongisporus NRLL YB-4239, and 84.2% similarity
with DEHA2G14058 Debaryomyces hansenii CBS767. The Multiple
alignment result and phylogenetic tree view aligot@n sequences &NO1
relate toHomo sapiens and Saccharomycetales species by COBALT multiple
aligment tool showed in Fig. 4 and Fig. 5. T@e albicans enolase also
showed 76.4% sequence identity wigh cerevisae YGR254W ENO1, and
74.5% with YHR174WENO2.

The 1323 bp cDNA encoding 440 amino acidsCaENOL was similar to
that of S. cerevisiae, and both have been found to be the most abumdatdins
in the cell of which the expression was controldtranscriptional modulators
of controlling multiple genes (Maitra et al., 198yndstrom and Aliaga, 1992).
Sundstrom and Aliaga presented the structural réifflees betwee@. albicans
and S. cerevisae, where the CaEnol contain no cysteine residued, an
two-amino-acid insertion in the main domain (Suraistand Aliaga, 1992).

Early studies have shown that there are abundasiasnin the blood of
candidiasis patients and it is useful as a markaternal infection (Walsh et al.,
1991). Sundstrom and Aliaga indicated that ceffaets comprised 0.7% and
2.0% of enolase in the yeast and hyphal formo#lbicans, respectively.
Further, CaENO1 is a marker for disseminated candidiasis and nmaythe
antigen to the selective stimulation of host resgsmwhen the host encounters
fungal infection (Sundstrom and Aliaga, 1992; Surus and Aliaga, 1994).
Postlethwait and Sundstrom showed that the carborcss for propagating the

cell perhaps modulat€aENO1 mRNA levels and suggested enolase or other
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glycolytic enzymes might be useful antifungal tasggPostlethwait and
Sundstrom, 1995). Martinez-Gomariz et al. showadENOL expression is
reduced after both ethanol and glucose are useckllnlar respiration, and
CaENOL1 less is abundant in the planktonic yeast cells tia hyphae and
biofilms (Martinez-Gomariz et al., 2009). In aduit, Shirtliff et al.
demonstrated that enolase is down-regulated whealbicans is exposed to
farnesol (Shirtliff et al., 2009). Bharucha et aliggested thaCaENOL in
RAM (Regulation ofAce2 and Morphogenesis) pathway mutantsk{/CBK1
efgl/efgl) was mediated by the cAMP-dependent protein kidapathway inC.
albicans (Bharucha et al., 2011). Ramirez-Garcia et aiwsd a higher rate of
synthesis ofCaENOL related to the increase in melanoma cell adhasietiro,

hence, involved in the pro-metastatic effect (RazvGarcia et al., 2013).

1.1.2 Previousworks

In C. albicans, the cphl/cphl efgl/efgl mutant strains show defect in
filament formation, and are avirulent in a moustecstion model (Lo et al.,
1997). Previous studies have screened the expreddgferences between the
wild type strain anaphl/cphl efgl/efgl double mutant strain by Suppression
Subtractive Hybridization (SSH), and efforts hawet made to find specific
genes associated with filamentous growth or vircge(Kuo, 2002; Hsu, 2004).
The levels ofCaENO1 expression are different betweephl/cphl efgl/efgl
double mutant and wild-type parental strain€aENO1 has been demonstrated
to be required for growth in the presence of glecosand the
TR-CaENO1/Caenol strain does not grow on solid media containingcgbe
(Yang et al.,, 2006). The tetracycline-controllegression system is able to
control gene expression among variety of eukaryos#is. In the absence of
tetracycline, the target gene is capable of agtiesiressed by the binding of

the tetracycline-regulatable transactivator to amtcline operator. On the
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contrary, the target gene is able to suppress ssiore by the binding of
tetracycline (Resnitzky et al., 1994; Weinmannlgtl®94; Kistner et al., 1996,
Baron et al., 1997; Nakayama et al., 1998). Howee role ofCaENOL in

filamentous growth and virulence requires furtharification.

1.1.3 Specificaimsof the study

To obtain more information on the regulation of lase gene expression in
C. albicans, the gene disruption usesAT1 flipper cassette that contains the
nourseothricin-resistance marker (Reuss et al.,4P0@as performed to
investigate physiological properties GBENO1. The rationale behind those
studies was to determine whether there is any ledive between the knock-out
of CaENO1 and change in cellular characters and virulendeetells.

Hence, this study would focus on the functionaldgtwf CaENOL,
especially its involvement in growth repercussiowl @rug susceptibility irC.
albicans. Upon the completion of constructing the null amis, germ tube
formation assay was conducted to examine the mdarg¥ho variations.
Secondly, the strains were tested on various casbarces to examine the state
of growth and cultured with drugs or chemicals tdr@ss the effects of
CaENO1 on drug susceptibility. Finally, the focal pointould be on

understanding the involvement GA&ENOL for virulence in mice.
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1.2 Materialsand Methods

1.2.1 Strainsand growth conditions

Candida albicans strains used in this study were listed in Table The
CaENO1 mutant strains were necessarily grown in YPGE mad{1% yeast

extract, 2% Bacto-peptone, 3% (v/v) glycerol, 2%)ethanol) at 30°C.

1.2.2 Construction of the Caenol/Caenol null mutant strain

The oligonucleotides used in the studiere listed in Table 2, and the
plasmids in Table 3.

The sequence afaENOL1 is based on the information obtained from the
Candida Genome Database, which provides the sequence afmba8s
contig4-3031_0010 o€. albicans. The C. albicans SC5314 genomic DNA
was used as a template for polymerase chain rea@GR) amplification using
the primers HJLO0980 (5'-ggtaccATTAAGCCGTGGGTTCTCGAA and
HJLO0981 (5'-ctcgagAAAAAGGGAGAAAAGGAAAGAAA-3).  Amplified
fragments contain sequence@ENOL from -578 to -50 (529 bp) upstream of
transcription starting site. A fragment containthg downstream sequence of
CaENO1 from +1308 to +1884 was amplified by primers HJ28P
(5'-GGCTTCTCAATTGTAAGTTTGC-3") and HJLO00983
(5'-CAGGATCTATTGACGAATTCCA-3") from wild type strai SC5314
genomic DNA. The PCR products were cloned into the pGEM-T Easy

plasmid (Promega, Madison, WI, USA). The downstresequence was
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excised from purified plasmid DNA using thetl restriction endonuclease, and
the upstream sequence was excised ukprg and Xhol. The upstream and
downstream fragments @aENO1 were cloned into 5' and 3' respectively of the
SAT1 flipper cassette in plasmid pSFS2A to create LOB®lasmid. The
DNA of LOB317 was subjected pnl and Sacl digestion to produce the DNA
fragment containing th&AT1 flipper cassette flanked by the upstream and
downstreamCaENO1 sequence for the transformation of SC5314. The
wild-type SC5314 strain ofC. albicans was transformedoy replacing the
corresponding genomi€aENO1 sequence with the LOB31%AT1 flipper
through a double cross-over in a 2-step procedubdier transformed with the
LOB317 fragment, the transformants were plated oD containing 200
ng/mL of nourseothricin.  The nourseothricin-remmtcolonies were grown on
YP with 2% maltose for 48 hours to induce the Fleeombinase-mediated
excision of theSAT1 flipper cassette to obtain the nourseothricin isiees
heterozygouS€aENO1/Caenol mutant strain YLO365 and YLO366.

The homozygou€aenol/Caenol null mutant strain YLO367 and YLO368
were constructed by repeating the procedure foligwihe excision of the
second wild-typeCaENOL allele from the YLO365 and YLO366 strain, except
that the selection was performed on YP agar witltegbl and nourseothricin
(Fig. 6). The homozygous knock-out mutantsCofalbicans SC5314 strains
are obtained after two rounds of insertion and sani of theSAT1 cassette by
growing in yeast extract with peptone medium pld &haltose to generate
Caenol/Caenol transformants YLO00367 and YLOO00368 (Fig. 7).

The CaENOL gene was reintroduced into tkiaenol/Caenol null mutant
genome to obtain the rescued strain. PCR amgpgldicaf CaENOL using the

HJL980 primer (5'-ggtaccATTAAGCCGTGGGTTCTCAA) andet HIL983
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primer (5'-CAGGATCTATTGACGAATTCCA), nucleotide pdgns -578 to
1884 was conducted, and the PCR product was clotethe pGEM-T plasmid.
The wild-typeCaENO1 gene sequence were excised from pGEM-T as a single
fragment usingKpnl and Xhol, and was cloned into LOB317 through tKpnl
and Xhol sites, replacing the upstream fragment to geaethe LOB318
plasmid. The DNA of LOB318 was cleaved wikpnl and Sacl, and the
resulting fragment that contained GaENOL and theSAT1 flipper cassette was
transformed into YLO367 and YLO368. The transfontsawere plated on
YPD with nourseothricin. The nourseothricin-resitcolonies were cultured
on YP with 2% maltose for 48 hours to induce th&fhediated excision of the
SAT1 flipper cassette to generate tGaenol/Caenol::CaENOL rescued strain

YLO369 and YLO370 (Fig. 8).

1.2.3 Southern blot analysis of CaENO1 mutants

The genomic DNA from different strains was isolateg MasterPurg”
yeast DNA purification kit (Epicentre, catalog nd4PY80010 and 80200), and
digestion withAccl then the digested genomic DNA were resolved 204
agarose gel, next transferred to a nylon membrafer southern blotting
analysis, the DNA fragment between the 1308th ArdlB84th nucleotides (the
A of the translation initiation site ATG as +1) wased as a probe, which was
PCR amplified and DIG-labeled using plasmid LOB8&b&tainCaENOL with a
pair of primer HJLO0982 and HJLO0983. The expentmeas performed
according to the instruction from the manufacturer.

Southern blot analysis was carried out with the MMSA Labeling and

Detection Kit (Roche, catalog no. 1 093 657) actwydo the manufacturer’s
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recommendations. First, the plasmid DNA fragmemése generated by the
PCR process, subsequently the PCR products lavetadPCR DIG probe
synthesis kit (Roche, catalog no. 11 636 090 91@) ased as hybridization
probe.

A total of 10ug of genomic DNA were digested with restriction y@mes
and size-fractionated by the suitable agaroselgetrephoresis on Sub-Cell GT
system (BioRad, catalog no. 170-4404). To assesguality, the DNA was
electrophoresised and by stained in ethidium brenaidd then destained with
sterile water. The DNA transferred to a Nytran &@harge membrane by
capillarity (TurboBlotter Rapid Downward Transfeystem, Schleicher &
Schuell, Item no. 10416328) and fixed to the membrdy UV light in
autocrosslinker (120 mj/pulse).

The DIG Easy Hyb (10 ml/100 énmembrane) preheated to hybridization
temperature (42°C). The blot was incubated for Bidwutes with gentle
agitation. The DIG-labeled DNA probe (2@/ml hybridization buffer) was
denatured by boiling for 10 minutes and rapidlylledi on ice. It was then
added to preheat DIG Easy Hyb (3.5 ml/10G amembrane) and mixed properly
before the addition to the membrane. The reactias incubated with gentle
agitation at 42°C for overnight.

The membrane was first washed under high-stringeoaogitions with 2X
wash solution (2X SSC, 0.1% SDS) twice at room teraure for 5 minutes
each, then washed with 0.5X wash solution (0.5X SB5C% SDS) twice under
constant agitation at 65°C for 15 minutes each.e Mbridized signals were
detected with the DIG luminescent detection kit¢Re catalog no. 11 363 514
910). Rinsing the membrane briefly for 1 to 5 mesuin washing buffer (0.1
M maleic acid, 0.15 M NaCl; pH 7.5; 0.3% (v/v) twe20), and the membrane
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was incubated for 30 minutes in 100 ml blockingusoh and 20 ml
anti-digoxigenin antibody solution sequentially. ubSequently, the membranes
were washed in 100 ml washing buffer twice for liButes each, followed by
addition of 20 ml detection buffer twice for 2 tondinutes each. Next, the
membrane was placed with DNA side up on a developnielder (or
hybridization bag) and applied 2 ml diluted CSPIuson in detection buffer
(1:100). Afterward the reaction was incubated withair bubbles over the
membrane for 5 minutes. Excess liquid was squeeaednd the edge of the
development folder was sealed. The damp membraseincubated at 37°C
for 5 to 15 minutes to enhance the luminescenttimgcand then exposed to

imaging instrument.

1.24 Morphology test of CaENO1 mutants with germ tube analysis

The test strains were inoculated by aseptic tookispinto YPG (1% yeast
extract + 2% Bacto-peptone + 2% (v/v) glycerol) med with or without 10
mM N-acetyl-glucosamine (GIcNAc) or 10 mM NaBlO The reaction was
incubated at 37°C for 2 to 4 hours and then thee sihgerm tube formation

observed under microscope.

1.25 Growth assay of CaENO1 mutants on different media

The different strains were spread on YPGE agarengdate. The plate
was incubated for 1 to 2 days at 30°C and thencaplated onto various plates.
The following solid media were employed. YP adié(yeast extract (Bacto),
2% Bacto-peptone, 2% agar), YPD agar (1% yeasa&xt2% Bacto-peptone,
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0.1% or 2% or 4% glucose, 2% agar), YPDE (1% yeadract, 2%
Bacto-peptone, 2% glucose, 2% (v/v) ethanol, 2%r)agéPDG (1% yeast
extract, 2% Bacto-peptone, 2% glucose, 3% (v/ivi@lgl, 2% agar), YPDGE
(1% yeast extract, 2% Bacto-peptone, 2% glucose(\3% glycerol, 2% (v/v)
ethanol, 2% agar), YPDP (1% yeast extract, 2% Bpefuione, 2% glucose, 100
mM sodium pyruvate (Sigma, P2256), 2% agar), YREPS yeast extract, 2%
Bacto-peptone, 2% fructose), YPE (1% yeast extri2{fi, Bacto-peptone, 2%
(v/iv) ethanol, 2% agar), YPG (1% yeast extract, Bé&6to-peptone, 2% (v/v)
glycerol, 2% agar), YPGala (1% yeast extract, 2%t&@eptone, 2% galactose,
2% agar), YPGE (1% yeast extract, 2% Bacto-peptd#e (v/v) glycerol, 2%
(v/v) ethanol, 2% agar), YPP (1% yeast extract,B26to-peptone, 2% pyruvate,
2% agar), SA (0.67% Difco-yeast nitrogen base whina acid, 2% agar), SE
(0.67% Difco-yeast nitrogen base w/o amino acid, (%) ethanol, 2% agar),
SDE (0.67% Difco-yeast nitrogen base w/o amino ,a2¢d glucose, 2% (v/v)
ethanol, 2% agar), SP (0.67% Difco-yeast nitrogasebw/o amino acid, 2%
Bacto-peptone, 2% agar), SPE (0.67% Difco-yeastgein base w/o amino acid,
2% Bacto-peptone, 2% (v/v) ethanol, 2% agar), S67/@ Difco-yeast nitrogen
base w/o amino acid, 2% (v/v) glycerol, 2% agaiBES(0.67% Difco-yeast
nitrogen base w/o amino acid, 3% (v/v) glycerol, R#v) ethanol, 2% agar),
SG-CSM (0.67% Difco-yeast nitrogen base w/o amiaid,&2% (v/v) glycerol,
0.55 g/L CSM-HIS-LEU-LYS-TRP-URA, 2% agar), SG-GIW0.67%
Difco-yeast nitrogen base w/o amino acid, 2% (glykerol, 100 mg/L glutamic
acid, 2% agar), SG-His (0.67% Difco-yeast nitrodpaise w/o amino acid, 2%
(viv) glycerol, 20 mg/L histidine, 2% agar), SG-L€0.67% Difco-yeast
nitrogen base w/o amino acid, 2% (v/v) glycerolQ X8g/L leucine, 2% agar),
SG-Lys (0.67% Difco-yeast nitrogen base w/o amicid,&2% (v/v) glycerol, 50
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mg/L lysine, 2% agar), SG-Trp (0.67% Difco-yeadtragen base w/o amino
acid, 2% (v/v) glycerol, 50 mg/L tryptophan, 2% ggaSG-Ura (0.67%

Difco-yeast nitrogen base w/o amino acid, 2% (\gl)cerol, 20 mg/L uracil,

2% agar), SY (0.67% Difco-yeast nitrogen base wiona acid, 1% yeast
extract, 2% agar), SYE (0.67% Difco-yeast nitrogpase w/o amino acid, 1%
yeast extract, 2% (v/v) ethanol, 2% agar), SYPA@&®ifco-yeast nitrogen base
w/o amino acid, 1% yeast extract, 2% Bacto-pept@fe,agar), SYPE (0.67%
Difco-yeast nitrogen base w/o amino acid, 1% yeastact, 2% Bacto-peptone,
2% (v/v) ethanol, 2% agar), SYPG (0.67% Difco-yeasbgen base w/o amino
acid, 1% yeast extract, 2% Bacto-peptone, 2% @/erol, 2% agar). After

incubation for 1 to 2 days at 30°C, the plates vebiecked for growth.

1.2.6 Antifungal susceptibility assay of CaENO1 mutants by Etest

Etest (AB Biodisk, Solna, Sweden) is an antimicabsusceptibility testing
method ofCandida species. The Etest strips contained a gradieftGif6 to
256 ug of fluconazole per ml, the others such as ampicoieB, caspofungin,
fluorocytosine and voriconazole ranging in dilutivam 0.002 to 32ug of per
ml and were stored at -20°C until use.

The Etest method was performed by modifying the ufesturer’s
instructions (AB Biodisk, 1998). The media usedsvé® ml of YPGE (1%
yeast extract, 2% Bacto-peptone, 3% (v/v) glyce2éh (v/v) ethanol) agar in
150-mm-diameter Petri plates. The inoculants pegpan 0.85% NaCl were
adjusted VITEC colorimeter to the optical densityquiralent of a
0.5-McFarland turbidity standard (Thermo scientifiemel™ colorimeter

standard set, catalog no. R20343), then using gtiasotton swab dipped into
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the inoculums suspension and smeared whole agéacsuevenly in three
directions. The drug strips tested amphotericincBspofungin, fluconazole,
5-fluorocytosine and voriconazole were determinedd the plates were

incubated at 35°C until good growth was observed.

1.2.7 Chemicals and antifungal agents susceptibility test of CaENO1

mutantswith agar dilution assay

The agar dilution method was used to determihether enolase involved
in susceptibility to chemicals and antifungal agerfor C. albicans.
Individually, the agar plates prepared were con@ih% HO, 0.1 % DMSO
(dimethyl sulfoxide), 0.21g/ml amphotericin B, 2fig/ml fluconazole, 2ig/ml
itraconazole, 21g/ml ketoconazole, Lig/ml miconazole, 21g/ml and Sug/ml
voriconazole, 1 M and 2 M NaCl, 2@/ml calcofluor white, 10Qug/ml congo
red, 20 mM, 30 mM and 40 mM NaN@0.25% and 0.5% cholate, 0.25% and
0.5% NaDOC, 0.25% SDS, 1% tween 20, 1% NP-40, 1#éntX-100, 0.5
ug/ml and lug/ml 4-nitroquinoline 1-oxide (abbreviated 4NQO).

First of all, test strains were inoculated on ggate and allowed to grow at
30°C for one day. Next 0.85% NaCl solution wasduse adjust the cells
concentration to OF, of 2 (approximately 2x1@ml) and the diluted cells used
for 10-fold series dilution. 300l of cells of each concentration was placed in
a separate well of the seed tray of replicator. e dgar plates were incubated at

30°C or 35°C for 24 to 72 hours and before subgefde observation.
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1.2.8 Broth microdilution susceptibility assay of CaENO1 mutants

For broth microdilution testing, the antifungal atgestock solution were
prepared in dimethyl sulfoxide and further diluiedYPGE (1% yeast extract,
2% Bacto-peptone, 3% (v/v) glycerol, 2% (v/v) etbdnrmedium. The drugs
and chemical used were kanamycin (concentratiogera@.39 to 20Qug/ml),
amphotericin B (concentration range, 0.0078 to ud/ml), fluconazole
(concentration range, 0.125 to @d4y/ml), miconazole (concentration range,
0.0039 to 2ug/ml), voriconazole (concentration range, 0.00392tpg/ml),
4NQO (concentration range, 0.0039 taqug@/ml), triron-X-100 (concentration
range, 0.039 to 20 mg/ml), sodium chloride (Na©@haentration range, 0.0156
to 80 mg/ml), sodium deoxycholate (abbreviated N&DConcentration range,
0.156 to 80 mg/ml), NaN©O (concentration range, 0.078 to 40 mg/ml),
calcofluor white (concentration range, 1.25 to 64§/ml), and congo red
(concentration range, 0.625 to 320 mg/ml). Aliquqd00 pul) of drug
containing serial twofold dilutions were dispensetb 96-well trays. The
different strains were cultured on YPGE agar pladesl the inoculants prepared
in 0.85% NaCl were adjusted spectrophotometricadlythe optical density
equivalent of a 2 McFarland standard, then addedrigs and incubated at
35°C for 24, 48 and 72 hours. The method wasifreddfrom National
Committee for Clinical Laboratory Standards (NCCL@)idelines M27-A2
(National Committee for Clinical Laboratory Standsr2002).

1.2.9 Murine model virulence assay of CaENO1 mutants

Thein vivo virulence assay was modified from the previousrep(Chen
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et al., 2006; Lo et al., 1997). The wild type stré5C5314), YLO00367 and
YLOO00368 Caenol/Caenol), YLOO00369 and YLOO00370

(Caenol/Caenol::CaENO1) and the HLC54 gphl/cphl efgl/efgl ; Table 1)

strains were grown on YPGE agar plates at 30°C2fatays. Cells were
cultured in YPGE medium and resuspend in 0.85% absaline, then cell
number counted by a hemocytometer.

Groups of 9-week-old male BALB/c mice (18 to 20wgre obtained from
the National Laboratory Animal Center (Taipei, Tainy and used fomn vivo
experiment. 70 mice per cage were housed andgedwith nonallergic and
nontoxic of sterile food, water, and bedding in thiehazardous isolate suite.
All procedures were performed in accordance with ghidebook for the care
and use of laboratory animals and standard opergtrocedure for humane
handling, care at the Laboratory Animal Center @ftibhal Health Research
Institutes in Taiwan.

Different strains of C. albicans were injected (@%/10.5 ml) via lateral tail
veins. Mice were observed once daily until dayafi@r infection. The dying
mice were euthanized and recorded as having diedfdhowing day; we
gathered the kidney from 2, 3 and 10 mice on tliel tiourth and 20 day.
Slide with histological specimen staining was perfed to confirm that mice
death associated with fungal infection. The lédinky was determined fungal
burden by plating dilutions onto YPGE plates, whasr¢he right kidney was
fixed in 10% formaldehyde and embedded in paraffiSections were taken
and stained with Grocott Methenamine Silver (GMBHematoxylin and Eosin

(H&E) method to examine hyphal by light microscopy.
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1.2.10 Growth curve analysis of CaENO1 mutants

Bioscreen C analyzer (Oy Growth Curves AB Ltd, s Finland) was
used to monitor the growth kinetics of the diffdresolates, and approximately
1x10" C. albicans cells were cultured on the appropriate media mduireen
plates. In this method, we formulated YPD (1% yeadract (Bacto), 2%
Bacto-peptone, 0.1% or 2% glucose), YPE (1% yedsad, 2% Bacto-peptone,
2% (v/v) ethanol), YPGala (1% yeast extract, 2%t8geptone, 2% galactose),
YPG (1% yeast extract, 2% Bacto-peptone, 2% (Myeagol), YPGE (1% yeast
extract, 2% Bacto-peptone, 3% (v/v) glycerol, 2%)ethanol), YPP (1% yeast
extract, 2% Bacto-peptone, 100 mM sodium pyruvat®DP (1% yeast extract,
2% Bacto-peptone, 2% glucose, 100 mM sodium pyaug@igma, P2256), YPS
(1% yeast extract, 2% Bacto-peptone, 10% or 50%inser SD (0.67%
Difco-yeast nitrogen base w/o amino acid, 0.1% @ @lucose), SE (0.67%
Difco-yeast nitrogen base w/o amino acid, 2% (wthanol), SGala (0.67%
Difco-yeast nitrogen base w/o amino acid, 2% gakef, SG (0.67%
Difco-yeast nitrogen base w/o amino acid, 2% (wglgcerol), SGE (0.67%
Difco-yeast nitrogen base w/o amino acid, 3% (glykerol, 2% (v/v) ethanol),
SP (0.67% Difco-yeast nitrogen base w/o amino adid) mM sodium
pyruvate), SDP (0.67% Difco-yeast nitrogen base awono acid, 2% glucose,
100 mM sodium pyruvate (Sigma, P2256), SS (0.67%dyeast nitrogen base
w/o amino acid, 10% or 50% serum) as medium. Afteubation at 30°C for

24, 48 and 72 hours, cells were observed undetrimggtroscope.
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1.3 Results

1.3.1 Constructing the mutant and rescue strain of CaENO1

To verify the results of genomic DNA from the SC83Xtrain,
heterozygous, homozygous mutants and the rescrad stere analyzed using
southern blotting (Fig. 9). Southern transfer€Co#lbicans SC5314 genomic
DNA digested with the restriction endonucleasecl, which cut within the
CaENO1 open reading frame, showed a single DNA fragmeghtitized to the
molecular weight slightly higher than the 2.3-kbleanlar weight standard (Fig.
9), which is consistent with the 2.4-KERENO1 genomic fragment. The blot
of the heterozygous knockout strain showed thekB.€aENO1 band and the
1.7-kb fragment of theCaenol knockout construct. The blot of the
homozygous knockout strai@aenol/Caenol showed a single 1.7-kb band.
The blot of the rescued strain showed a band thaesponded to a molecular
weight between 2.3 and 4 kb, which was consisterth whe 3-kb

Caenol/Caenol::CaENOL1 rescue allele.

1.3.2 Mutation of CaENOL1 affected germ tube formation of Candida

albicans

Different strains were inoculated by aseptic toatkp into YPG medium
that contains 1% yeast extract, 2% Bacto-peptone28f glycerol, with either
10 mM N-acetyl-glucosamine (Sigma, A8625) or 10 mMENG, (Sigma, S2252)
to YPG medium. Different strains df. albicans may induce germ tube
responsiveness by GIcCNAc medium (Mattia et al.,2)98 The hyphal form of
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C. albicans is more susceptible than the yeast form in thesgee of nitric
oxide (Heilman et al., 2013). The chemisity nasuseéGIcNAc and NaN@are
as Table 4.

The germ tube formation was abnormal on @aenol mutant and caused
defect on hyphal formation. The phenotype Ghenol/Caenol mutant
exhibited reduced germ tube formation when comparighl SC5314 strain in
YPG media (Fig. 10), consistent with the previoegart that glycerol induces
hyphal growth (Arglelles et al., 1999).

The contribution of enolase to hyphal growth was alsodent on
examination of the colony morphology. Along thegedof the SC5314
colonies, hyphal were clearly visible, whereas naas observed for the null
mutant colonies. The re-introduction of t@AENOL allele restored hyphal

formation (Fig. 10).

1.3.3 Mutation on CaENOL1 inhibit Candida albicans growth on solid

medium of yeast nitrogen base w/o amino acid in growth assay

Different tested strains including wild type straifSC5314),
CaENO1/Caenol-1 (YLOO00365), Caenol/Caenol-1 (YLOO00367),
Caenol/Caenol::CaENO1-1 (YLOO00369), CaENO1/Caenol-2 (YLOO00366),
Caenol/Caenol-2 (YLOO00368), Caenol/Caenol:.:CaENO1-2 (YLOO00370)
were patched onto the YPGE media, then cells wepkca-plated onto various
media after incubation at 30°C for 1 to 2 days. e TAENO1 null mutant cells
were unable to grow on solid media of Difco-yeasbgen base w/o amino acid

containing different carbon source excluded SYP@G. (EL).
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1.3.4 Mutation on CaENOL inhibit Candida albicans growth on yeast
extract and peptone with glucose or fructose carbon sources in

growth assay

Seven strains including wild type strain (SC531@3ENO1/Caenol-1
(YLOO00365), Caenol/Caenol-1 (YLOO00367), Caenol/Caenol::CaENO1-1
(YLOO00369),CaENO1/Caenol-2 (YLO00366),Caenol/Caenol-2 (YLOO0368),
Caenol/Caenol::CaENO1-2 (YLOO00370) were patched onto the YPGE media,
then cells were replica-plated onto various mefter ancubation at 30°C for 1
to 2 days. TheCaENOL1 null mutant cells were unable to grow on YPD and
YPF solid media containing glucose or fructose, als inhibited to a lesser
extent on the YP media compared with the SC531dinstibut not in the
presence of glycerol, ethanol or pyruvate (Fig. 12ljhe results correlated with

growth curve analysis in liquid medium (Fig. 14).

1.3.5 Mutation on CaENO1 inhibit Candida albicans growth in liquid
medium of yeast nitrogen base w/o amino acid by growth curve

assay

Different tested strains including wild type straifSC5314),
CaENO1/Caenol-1 (YLOO00365), Caenol/Caenol-1 (YLOO00367),
Caenol/Caenol::CaENO1-1 (YLOO00369) were cultured on the appropriate
media in bio-screen plates at 30°C by time schedti24", 48" and 72° for
observation. Th&€aENOL null mutant cells inhibit growth in liquid medid o
Difco-yeast nitrogen base w/o amino acid contairdifferent carbon source as

glucose, ethanol, glycerol, galactose, pyruvatessamdm (Fig. 13).
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1.3.6 Mutation on CaENOL inhibit Candida albicans growth on yeast

extract and peptone with glucose in growth curve assay

Several tested strains including wild type straifSC%314),
CaENO1/Caenol-1 (YLOO00365), Caenol/Caenol-1 (YLOO00367),
Caenol/Caenol::CaENO1-1 (YLOO00369) were cultured on the appropriate
media in bio-screen plates at 30°C by time schedti24", 48" and 72° for
observation. Th€aENO1 mutant cells were grown on media in the presence
of ethanol, glycerol or pyruvate. The growth @&enol/Caenol strain was
inhibited in liquid media of yeast extract and e with glucose or serum, and
mutation onCaENOL1 causes the growth rate in yeast extract and pepton

medium with galactose less than SC5314 strain (HEY.

1.3.7 CaENO1 mutantsincrease the drug susceptibility in Etest

At first the susceptibilities to multiple antifurigagents incurred by
CaENO1 mutants were investigated by Etest performed oGE Pnedium with
modifications of the instruction from the Etest mtacturer. The plates were
incubated at 35°C and examined after 24, 48 andoits. TheCaENO1
mutant was characterized by notably raised Etedpa@nts, and clear zones of
inhibition were shown for amphotericin B, fluconé&zoand voriconazole

sensitivity at 48 hours of incubation (Fig. 15).

28



1.3.8 Mutations on CaENOL increase the susceptibility to chemicals in

Candida albicans by agar dilution analysis

To determine whether enolase involved in suscéyilto antifungals and
chemicals for C. albicans, amphotericin B, fluconazole, itraconazole,
ketaconazole, voriconazole, NaCl, calcofluor whatengo red, NaNg) cholate
and NaDOC were used in this experiment. The nstofréhese compounds are
as Table 4. The number @faenol/Caenol null mutant cells that grew on
media containing 0.2g/ml amphotericin B, 2ng/ml miconazole or 1 M NaCl

was significantly less than that of the SC5314 msdued strains (Fig. 16).

1.3.9 Mutations on CaENOL increase the susceptibility to antifungal

agentsin Candida albicans by broth microdilution analysis

In vitro susceptibilities to antifungal agents were evadaby broth
microdilution method. The readings f6GaENO1 mutants were taken at 24, 48
and 72 hours for 35°C incubation, and the growtlkeaxth strain in the presence
of the various drugs was normalized to that in #esence of drugs. The
natures of these compounds are as Table 4. Tl typle endpoints were
higher thanCaENO1 mutants for amphotericin B, fluconazole, miconazol
voriconazole, 4NQO and NaCl in this study (Fig..17)

The antifungal susceptibility results for the Eteshen compared with
broth microdilution testing were in agreement inng®l susceptibility of
CaENO1 mutants to amphotericin B, fluconazole and vorezmwile. Hence, the
results obtained in a broth microdilution assayfeored the findings of the
Etest (Fig. 15).
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CaENO1 mutants increased the susceptibility to NaCl stremd the
CaENO1 may be involved in hyperosmotic signaling pathwayson channels,
in addition to influence for high-osmolarity glyocéresponse (HOG) pathway

(Albertyn et al., 1994).

1.3.10 CaENO1 mutantsexhibit diminished virulent in the murine modéel

The CaENOL null mutants exhibited diminished virulence, comgghto
both the wild type SC5314 strain and eenol/Caenol::CaENO1L strain when
tested in a murine model for systemic infectiono détermine fungal burden in
the mice, the left mouse kidneys were harvestedgradnd with buffer, then
plated onto YPGE plates for incubation. The casrfiormed were quantified
and the mouse kidneys were free fr@aENO1 mutant (Fig. 18 and 19). In
accordance with previous report thgahl/cphl efgl/efgl mutants strain was
nonlethal (Chen et al., 2006). The histopatholofynouse kidney afteC.
albicans infections were displayed filamentous growth wite wild-type
SC5314 strain andaenol rescued strain (YLOO00369 and YLOO00370), but
Caenol null mutants andphl/cphl efgl/efgl strains fail to form filaments (Fig.
20). The above-mention€&hENOL null mutants affected germ tube formation
and its growth was inhibited when glucose was mtessonsistent with the
outcome of virulent assay. These findings may heldesign new and more
effective antifungal agents for preventing and tinga bloodstream fungal
infection since serum also contains 62-175 mg/dglatose (Lunsford et al.,

2008).
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1.4 Discussion

The construction of the mutants @ albicans usually utilizes nutritional
markers from auxotrophic strain, but this mightenfidre with the mutant
phenotypes and affect virulence related traits r{Bsi al., 2001; Cheng et al.,
2003; Staab and Sundstrom, 2003). Traditionalbnegreplacement in the
autotrophic-defective strain was performed usingrithon-based selective
markers (Lo et al., 2005; Yang et al., 2006; Cheal.e 2009). However, there
are growing concerns regarding the effects of suowwkers on mutant
phenotypes (Chibana et al., 2005; Sharkey et@5R And in the study using
tet-off strains, the regulation of gene expressemuired doxycycline promoter
system, which may affect fungal growth, especiailty the presence of
fluconazole (Miceli et al., 2009). Hence, tRRAENO1 mutant strains were
generated with th&AT1 flipping method in SC5314 to avoid above possible
pitfalls with the genetic analyses.

First question is the role of enolase on utilizatiof carbon source.
Growth assay on solid medium and growth curve expets in liquid medium
were used to address the question. After glucesmnverted to pyruvate by
glycolysis pathway, the fermentation TCA cycle, aoéc repiration or amino
acid biosynthesis may be implemented. Therefdre, éffect of glucose for
Caenol/Caenol must be considered. Different amino acid in medionay
affect growing ofCaenol/Caenol also needs to be considered. The result
shows that glucose inhibits the growthGdenol mutant cells (Fig. 11 and 12)
Is consistent with the result of growth curve asay(Fig. 13 and 14). Figures
11 and 13 show that medium with Difco-nitrogen base not support the
growing of Caenol/Caenol with or without amino acids (Fig. 11). And
mutations onCaENO1 inhibit growth on yeast nitrogen base media with
different carbon sources except in SYPG (Fig. 11).

The Caenol null mutant was capable of growth on YP, even ¢foat a
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slower rate than the parental strain (Fig. 12). uslhthe YP medium was
enough to provide energy for glycolysis and gluam®nesis for the null mutant.
However, the growth of the null mutant on YP wamptetely inhibited when
glucose was present (Mason et al., 1993).

Caenol/Caenol null mutant affect carbohydrate metabolisnCiralbicans,
it was also found that mutations @@aENO1 inhibited cell growth within
fructose (Fig. 12). That is not clear h@andida albiccans generated energy
by using carbon source without glycolysis and ghemgenesis, and it is also
not clear any other pathway be affected.

However, glycolysis and gluconeogenesis pathwayevieterrelated with
starch and sucrose metabolism, pentose phosphatevgya propanoate
metabolism, pyruvate metabolism, citrate cycleboarfixation and amino acid
metabolism (Fig. 21).

The whole of pentose phosphate pathway participatedrine, pyrimidine
and histidine metabolism (Appendix 2), and carbration pathway partaken in
phenylalanine, tyrosine and tryptophan biosynth@spgpendix 3). The whole
citrate cycle network identify with valine, leucirand isoleucine degradation,
alanine, aspartate, glutamate, tyrosine, argimmeline, glutamate, glutamine
metabolism (Appendix 4). CaENO1 may be involved in the complex
metabolic network and affect other pathway.

This result is inconsistent with previous repohattthe null mutant could
utilize glycerol as a carbon source through sedalentonversion to
glycerol-3-phosphate, glycerone phosphate, andtdseel,6-phosphate by
aldolase (Porter et al., 2001), or conversion &y 0A as a substrate for the
tricarboxylic acid cycle (Sorger and Daum, 2003Jhe results in this study are
consistent with that of Postlethwait and Sundstweho studied the effect of
carbon source oifaENO1 mRNA levels, and found that the growth Gf
albicans was minimal on ethanol and no growth on glyceRbgtlethwait and
Sundstrom, 1995).
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In the series experiment, ti@&@enol null mutant failed to grow in media
contains 0.1% glucose (Fig. 12 and 14), sugge#tiagtheCaenol null mutants
were avirulent in the mouse model because gluckisésen blood. The blood
glucose concentrations are 0.075% to 0.1% in hunazas0.1% to 0.12% in
mice (Keren et al., 2000; Tsuneki et al., 2004)urtfiermore, in a mouse model
of invasive candidiasisandida filamentation was only observed in the kidney
but not in the spleen or liver, and the larger rdistion of neutrophils
accumulated in the kidney than brain, spleen avet I{Lionakis et al., 2010).
According to above factors, the observation of alngfection condition on
kidney of murine had been selected. However, G&\h anethod used to
demonstrate fungus infection in tissue effect ddmlown to black by
deparaffinzation, stain and dehydration (McGregoale 1980). Then vivo
experiments showed that no null mutant cell wagaet in the kidneys of
inoculated mice (Fig. 18 and 19), indicating the hull mutant were unable to
proliferate in the mouse body, an observation fihffiers from cphl/cphl
efgl/efgl in C. albicans (Chen et al., 2006; Yang et al., 2009).

In the study of the relationship betwe€aENO1 and drug susceptibility,
the Caenol mutant strain showed significant increased sugmept to
fluconazole and vorinazole by Etest. It was alserbfound that th€aenol
mutant strain was more sensitive than parentahsB@5314 to amphotericin B.
Finally, affect of drug and chemicals f6aENO1 mutants in liquid medium is
evaluated. The Caenol/Caenol is involved in drug sensitivity to
amphotericine B (0.2 ug/ml), miconazole (1 ug/ndphd sensitivity to high
concentration of NaCl (1 M) stress (Fig. 16 and Eig).

In addition, despite its ability to form colonigbe CaENOL null mutant is
defective in germ tube formation in contrast to SGhin YPG medium. Thus,
its inability to form germ tubes in liquid mediaigF 10) was not due to cell
death. However, morphogenesis @ albicans can be induced by several

mechanisms that are activated by various envirotethénggers which might
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have different effects on the fungal cell surfaBes\yas, 2007).
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1.5 FutureWork

The results of this study provide the informatidrattCaENO1 is an
essential gene for glycolysis and gluconeogenegtsyay inC. albicans. It is
not clear whethe€aENOL1 is involved in other metabolism pathways where it
may also affect other molecules. It should be meet that theCaENOL null
mutant was avirulent in mice. The result can besmered for the new
antifungal drugs or vaccine development. It mayph® break out the
limitations of fungal resistance. The result ttret CaENO1 null mutant more
susceptible to antifungal agent and NaCl showet @&NO1 maybe related
with membrane permeability.

Glycolysis and gluconeogenesis pathwaysCinalbicans are correlated
with different carbohydrate metabolism and aminal anetabolism pathway
(Appendix 1, 2, 3 and 4). The following items danthe study subject. How
does theCaENOL null mutant survive in YPD? What kind of energyda
carbon sources can be use by @a&ENO1 null mutant in YPD? Does amino
acid affect the growing o€aENO1 null mutant cells? Is there interaction of
enolase with other proteins necessary for postadosal modification which
helps the null mutant to survive in YPD?

As for the researches on the involvemen€aENOL in drug susceptibility,
one can attempt to determine the expressiorCatDR1, CaCDR2 of the
ATP-binding cassette (ABC) transporter family (Rwet al., 1995; Sanglard et
al., 1995) or other genes known to involve in deugceptibility by real-time
PCR to determine whether there is a corelation.r éxample, one can study
how CaENOL1 affect or involve the transportation and metalolsf antifungal
agents.
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The action ofCaenol mutants increased the susceptibility to NaCl may
have relation with membrane permeability. Membrpeemeability may also
affect the drug uptake, so the following subjectsyrbe studied. Does NacCl
stress affect morphogenesis and drug absorption®w Ean the membrane

permeability be affected by NaCl stress?
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Chapter 11

Study ofCaREP5 andCaREP6 on Morphology and Drug Resistance

in Candida albicans

2.1 Introduction

2.1.1 Antecedentsof CaREP5

At first, the lab named the ge@aREPS (Regulator of Elux Pump) (Chi,
2004), which is now also calle@aWOR1 (White-Opaque_Rgulator),CaEAP2
(Enhanced_Alhesion to_Blystyrene) orCaTOS9, encoding by o0rf19.4884
(contig19-10215) and 0rf19.12348 on chromosome Id. Candida albicans,
the ORF ofCaWORL1 is 2358 nucleotides, encodeing 785 amino acidsad A
Worlp is similar to S cerevisae transcriptional regulator Mitlp of
pseudohyphal growth.

The multiple alignments of CaRep5 protein sequences
Saccharomycetales are shown in Fig. 22. The iikohtCaREPS protein
sequence within fungal genomes show 98.7% simjlamith CAWG_00418
Candida albicans WO-1, 61.3% similarity with Cd36-09540Candida
dubliniensis CD36, 49.3% similarity with CTRG_0334%andida tropicalis
MYA-3404, 50.5% similarity with CPAR2_80500@andida parapsilosis
CDC317, 51.0% similarity with CORT_0A0502Candida orthopsilosis Co
90-125, 46.2% similarity with Debaryomyces hansenii CBS/67, 70.1%
similarity with Lodderomyces elongisporus NRLL YB 4239, 59.2% similarity
with CLUG_00578Candida lusitaniae ATCC 42720, 63.1% similarity with
CAGLOL02453g Candida glabrata CBS138, 64.1% similarity withCandida
guilliermondii ATCC 6260 and 43.5% similarity witfPTH2 in Candida albicans

37



SC5314 (Fig. 23).

Li and Palecek suggested that this gene activagedxpression of adhesins
and was involved in regulating mating (Li and Pakc2005). Zordan et al.
showed CaWorlp was required for establishing andttaiaing the opaque
state. It accumulates to high levels in opaquks,cbut not in the white form
(Zordan et al., 2006). Huang et al. speculated fdeslback regulation of
CaWORL1 transcription that could be used commonly in plgpio switching
(Huang et al.,, 2006). Srikantha et al. indicatéattTos9p involved in
white-opaque switch, and Tos9p misexpression blbdeeperature-induced

mass conversion from opaque to white (Srikantred. e2006).

2.1.2 Antecedents of CaREP6

CaREP6 (Chi, 2004) also known aSaRMEL, is encoded by 0rf19.4438
(contig19-10205) and 0orf19.11918 at chromosome Chndida Genome
Database). Th€aREP6 mRNA was 1524 nucleotides that encodes 507 amino
acids. RMEL participate in meiosis and endocytosis pathwayCandida
albicans (Appendix 5 and 6).

The multiple alignments of CaRep6 protein sequém&@accharomycetales
iIs shown in Fig. 24. The identifie@aREP6 protein sequence within fungal
genomes show 98.0% similarity with CAWG_0068éndida albicans WO-1,
86.8% similarity with Cd36_06830Candida dubliniensis CD36, 43.8%
similarity with CTRG_03993Candida tropicalis MYA 3404, 44.4% similarity
with LELG_ 01054 Lodderomyces elongisporus NRLL YB 4239, 41.0%
similarity with  CORT_0A11970Candida orthopsilosis Co 90-125, 39.7%
similarity with CPAR2_212670 Candida parapsilosis CDC317, 39.2%
similarity with DEHA2F19778g Debaryomyces hansenii CBS767, 34.9%
PGUG_00281Candida guilliermondii ATCC 6260, 28.7% similarity with
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CAGLOKO04257g Candida glabrata CBS138, 27.9% similarity with
CLUG_05819 Candida lusitaniae ATCC 42720 and 28.3% similarity with

RMEL/YGR044CSaccharomyces cerevisiae S288C (Fig. 25).
In Candida albicans, RME1 was expressed in a andvhite cells (Tsong et

al., 2003), and this gene encodes a zinc fingeteprasimilar toS. cerevisiae
meiosis regulator Rmelp (Kassir and Simchen, 19#ing et al.,, 2001).
Rmel was a repressor of meiosis and sporulatidh oerevisiae (Kassir and
Simchen, 1976; Mitchell and Herskowitz, 1986). HKhuyveromyces Lactis,
RME1 was a regulator of mating-type switching, and gplatted by starvation
Is cause upregulation of the heterotrimeric G pnstéBarsoum et al., 2010;
Booth et al., 2010). Rmel protein involved witle tiecycling of endocytic in
mammals andCaenorhabditis elegans (Lin et al., 2001; Grant and Caplan,
2008).

2.1.3 Previousworks

Although little is known about regulatory factors @DR1 in C. albicans,
previous study in the lab has us€®Rl1p-lacZ fusion plasmid constructs to
screen genomic DNA library of. albicans for the regulatory factors i%.
cerevisiae in the presence of miconazole (10§/ml). CDR1 was initially
iIsolated by complementation of thmlr5 mutant, which was susceptible to
cycloheximide, chloramphenicol and azole drugs.icesevisiae (Prasad et al.,
1995). CDR1 is an ATP-binding cassette transporter identifeesdan efflux
pump contributing to drug resistance @ albicans (Prasad et al., 1995;
Lopez-Ribot et al., 1998; Yang and Lo, 2001), &R1 has been connected to
azole resistance and translocated lipi€imlbicans (Shukla et al., 2007).

The CaREP5 andCaREP6 have been identified for their ability to increase
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the expression ofCDRlp-lacZ in S cerevisiae (Chi, 2004). Four other
candidate open reading frames (ORFs) have alsoibekated in the same study.
They wereCaREP1, CaREP2, CaREP3, and CaREP4, all of which increased
the B-galactosidase activity dEDR1p-lacZ in S cerevisiae. CaREP1 turned
out to be a negative regulator MDR1 (Chen et al., 2009). CaREP2 was
renamedCaNDT80, a positive regulator o€CDR1 and a major regulator of

pathogenesis i@andida albicans (Chen et al., 2004).

2.1.4 The purposesof the study

Although previous study result shown tisREPS andCaREP6 may have
the ability to regulat€€DR1, the direct relation betwedbaREP5 and CaREP6
with drug resistance is not clear. The studyGaREP5 on white-opaque
switch had been done, but studies the functiolCaREP5 and CaREP6 on
CDR1 are none.

This study focused on the functional study @AREP5 and CaREP6,
especially their involvement in drug resistancedn albicans. The study
started by analyzing the effect of gene knockouthmrphogenesis and drug
susceptibility. CaREP5 and CaREP6 involved in drug resistance will be
identified by agar dilution analysis and real-tiR€ER. The germ tube assay

was used to analyze the effectGaHREPS andCaREP6 mutants on morphology.
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2.2 Methodsand Materials

2.21 DNA method

QIAprep spin miniprep kit (Qiagen Inc., catalog r&7106) was used to
extract plasmid DNA within colibacillus and the Qfep gel extraction kit
(Qiagen Inc., catalog no. 28706) was used to parisplation and purification
from gel. The protocols were provided by the manturer. Restriction
enzyme digestion was performed for one hour. DiAtion reaction was at

4°C for overnight with ligase.

2.2.2 Preparing Escherichia coli competent cell using calcium chloride

Escherichia coli DH50 was inoculated in 3 ml LB medium at 37°C with
150 rpm shaking overnight. The 100 ml (1:100) & medium were added
into the overnight culture and then incubated &C3With shaking to O of

0.4to 0.6. The subsequent culture was placedtbetace prior to transferring
to sterile tubes, for centrifugation at a speed,600 rpm at €€ for 10 minutes.

The upper clear solution was then removed and 16fnde-cold 0.1 M CaGl
added to suspend the pellet. The cells were éaged with a speed of 4,000
rom at 4°C and then the upper clear solution wasoved. Next, 2 ml of
ice-cold Ca( solution added to suspend the pellet. The sugueoells were
divided into 200ul fraction each in eppendorff to be stored at -7@3Cfuture

use.
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2.2.3 Escherichia coli transformation using calcium chloride prepared

competent cells

Plasmid DNA was added into 2Q0of competent cell and the mixture kept
on the ice for 30 minutes before placed at 42°Cfarinutes. Next, one ml of
rich medium (1.6% tryptone, 1% yeast extract, 0.8&I) was added to the
mixture that maintained on ice to chill, then inatdd on a shaker at 37°C for
one hour. After that, appropriate amount of thetare was transferred and
spread on LB agar plate that contains ampicilliihe plates were incubated at

37°C for overnight.

2.24 Construct the plasmids and strains of CaREPS5 and CaREP6

Genetically engineere@. albicans strains used in this study are listed in
Table 1. Primers used in this study are liste@able 2, and plasmids used in

this study are listed in Table 3.

2241 pHCL A region-pSFS2-SAT1 (CaREP5)

In this study, plasmid pSFS2 carrying the dominamurseothricin
resistance marke6QT1) along with several unique restriction sites wssdifor
construction and recombination (Reuss et al., 2004)

The C. albicans SC5314 genomic DNA was used as a template for PCR
amplification of a 300 bp DNA fragment ofaREP5 using the primer
HJLO0840 (5'-ggtaccAGAAAGAGAGAGAGGGAACG-3)and HJL00841
(5'-ctcgagGTGCGGCGTAAATGGTCTTC-3"), containingkpnl and Xhol
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restriction sites respectively at the 5' end. @&mplified fragment starts 529 bp
upstream to the predicted start codon of @&REP5. The PCR product was
cloned into pGEM-T Easy vector. Aftepnl andXhol digestion, the fragment
was ligated to a binary vector (pSFSZT) that had been digested wkpnl and
Xhol to create pHC1.

2242 pHC2: A fragment-pSFS2-SAT1-B fragment (CaREP5)

The C. albicans SC5314 genomic DNA was used as a template for PCR
amplification of a 444 bp DNA fragment ofaREP5 using the primer
HJL00863 (5'-gcggccgcTTGAATTAATACGGTGATTC-3") and JHD0864
(5'-gagctcTTTATCTATTTGTTGCGGC-3'), containingNotl and Sacl
restriction sites respectively at the 5' end. &hwplified fragment started 2359
bp downstream to 2802 bp of tkaREP5. The PCR product was cloned into
pGEM-T Easy vector. AfteNotl and Sacl digestion, the fragment was ligated
with pHC1 to produce pHC2.

2243 pHC3: A region-pSFS2-SAT1 (CaREPS)

The C. albicans SC5314 genomic DNA was used as a template for PCR
amplification of a 525 bp DNA fragment ofaREP6 using the primer
HJL00842 (5'-gggcccTATCATCACCACTACCTCC) and HJLOG34
(5'-ctcgagAAGGAGAGGAAATGGAAGG), containing Apal and Xhol
restriction sites respectively at the 5' end. @&hwlified fragment started 528
bp upstream to the predicted start codon of GaBEP6. The PCR product
was cloned into pGEM-T Easy vector. AftApal and Xhol digestion, the
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fragment was ligated to a binary vector (pSF82) to create pHC3.

2.24.4 pHC4: A fragment-pSFS2-SAT1-B fragment (CaREP6)

The C. albicans SC5314 genomic DNA was used as a template for PCR
amplification of a 556 bp DNA fragment ofaREP6 using the primer
HJL00865  (5'-gcggccgcTTCCTTTCGTCCTCCAAC)  and  HJIL66S
(5'-gagctcTTCTTTGGTTCTTCTCTTC), containingotl and Sacl restriction
sites respectively at the 5 end. The amplifiedgfnent started 1525 bp
downstream to 2080 bp of teaREP6. The PCR product was cloned into
pGEM-T Easy vector. AfteNotl and Sacl digestion, the fragment was ligated
with pHC3 to produce pHC4.

2.2.5 Transformation of Candida albicans by electroporation

The protocol for yeast transformation by electrgpion was modified
from the previous report (Kéhler et al., 1997 andida albicans cells were
grown overnight in YPD medium on a shaker at 30°The culture was diluted
into fresh YPD medium in 1/10,000 ratio (@pof 1.6 to 2.2) and incubated at
30°C with shaking. The cells were centrifuged abm temperature and
re-suspended in 8 ml sterile water followed by agddlL ml of 10X TE buffer
and 1 ml of 1 M lithium acetate (pH=7.5). Then028 of 1 M DTT was
added and the mixture shook at 30°C for 30 mintdbswed by incubation at
30°C for 1 hour. The cells were then mixed withmlOof sterile water before
centrifugation. The pellet was washed once withrtsterile water, and 5 ml

of 1 M ice-cold sorbitol, sequentially. Subseqlenthe cell pellet was
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re-suspended in 5@ of 1 M sorbitol and kept on ice.

Transformation mixtures contained aboytgLof the linear DNA and 40l
of competent cells. The Elektroporator Gene puls@Bio-Rad) was set at 25
uF, 1.8 kV and 20@, then electroporation was carried out in a childe?l cm
electroporation cuvette.

The transformation mixture was added with 1 ml of ML sorbitol
immediately before the re-suspension of the cells ml YPD medium. The
suspension was transferred to a 15 ml centrifuge &ind incubated at 30°C for
1 hour with shaking. The cells were spread on Yji&tes containing 100
ug/ml of nourseothricin and incubated at 30°C fadlaly to be selected for the
nourseothricin-resistant cells. = The resistant me® were picked and

inoculated in YP with 2% maltose liquid medium tppout theSAT1-cassette.

2.2.6 Replica-plating

The SAT1 flipper excised transformants were plated on YHBXgs at
several dilutions in order to obtain about 100 nae on each plate to be used
as the master plate. Cells were replica-plated oetv YPD plates containing
100 ug/ml of nourseothricin.  The colonies which wereirsgothricin sensitive
colonies were identified by their inability to gromn the YPD/nourseothricin

plates and rescued from the primary plate for aealy

2.2.7 Morphology test of CaREP5 and CaREP6 mutants with germ tube

analysis

The different strains were inoculated by aseptithpicks into Brain Heart
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Infusion medium (Difco) that contains 10% fetal bwv serum (JRH
BIOSCIENCES, Australia). The cells were incubas¢@®7°C for 2 to 4 hours

and then the states of germ tube formations wesergbd under microscope.

2.2.8 White-opaque switching assay of CaREP5

The mating type-like a (MTLa) andstrains were isolated on YEPS (yeast
extract-peptone plus 2% sorbose) plates. Thenstraere streaked on 2%
Bacto-agar containing the nutrient components efdéfined medium of Lee et
al. (Lee et al., 1975), and colonies were resusgeemuto Lee’s liquid medium.
5x10 cells were resuspended into 50 ml double-distieder then transferred
to Petri dish for UV treatment with 124 Jm Each Lee’s media plate plus 5
ug/ml phloxine B with 34ug/ml chloramphenicol, and contained a density
between 500 and 1000 colonies roughly. Plates viecabated at room
temperature for at least 7 days. The procedurdtefjration refer to literature
from Huang et al., Zordan et al., and srikanthal dHuang et al., 2006; Zordan
et al., 2006; and srikantha et al., 2006), and Meret al. demonstrated that UV
irradiation induces white-opaque switchingGnalbicans WO-1 (Morrow et al.,

1989).

2.2.9 Quantitative analysis of the CaREP5 and CaREP6 mRNA level by

real-time PCR (real-timepolymerase chain reaction)

The first day, strains were grown in centrifugeeutontaining 3 ml SD
(0.67% Difco-yeast nitrogen base w/o amino acidh\2f% dextrose) medium at

30°C overnight. The second day, gDculture were resuspended in 10 ml
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fresh SD medium at 30°C overnight and the cellsewsluted in 250 ml flask
containing 50 ml fresh SD to QB of 0.2. After 5 hours at 30°C with shaking
incubation, 22 ml culture were transferred into n#ask containing final
miconazole concentration of 100 ug/ml dissolved MSO or without
miconazole but equal amount of DMSO added as clsntra’he cells were
harvested 1 hour after incubated at 30°C with sitaki

Total RNAs were isolated by QIAGEN RNeasy Mini Kitatalog no.
74106) and Baseline-ZERY DNase (catalog no. DB0711K). The modified
procedures is as follows: the cell pellet was loesethoroughly by flicking the
tube, then adding 60@l buffer RLT (containingp-mercaptoethanol), and
vortexing to resuspend the cell pellet. The acadied glass beads (~30)
were added to the sample. The cells were disruptedigh FastPrep®-24 (4.5
M/s, 30 seconds 4 times, cooling intervals 30 sdspn The lysate (usually
350ul) was then transferred to a new microcentrifudgeetand centrifuged for 2
minutes at full speed. The supernatant was thensferred to a new
microcentrifuge tube. One volume of 70% ethanolswadded to the
homogenized lysate, and the mixture was mixed Wwgllpipetting (do not
centrifuge). The sample (usually 7Q0 was transferred to an RNeasy spin

column placed in a 2 ml collection tube. After tdagation for 15 seconds at
=8000 g, the flow-through was discarded. 7{0®uffer RW1 was added to

the RNeasy spin column. The column was centrifuf@dl15 seconds at
= 8000 g to wash thgpin column membrane. 5@0buffer RPE was added to
the RNeasy spin column. The column was centrifuf@dl15 seconds at
= 8000 g to wash the spin column membran&nother 50Qul buffer RPE was

added to the RNeasy spin column. The column wasifteged for 2 minutes

a7



at = 8000 g to wash the spin column membranEane RNeasy spin column was
placed in a new 2 ml collection tube and centritlgeé full speed for 1 minute.
The RNeasy spin column was placed in a new 1.5aftéction tube and 3Ql
RNase-free water was added directly to the spimonl membrane. After
incubation for 10 minutes, the column was centefidor 1 minute a2 8000 g
to elute the RNA. 3@l RNase-free water was added to elute the RNA again
6.5 ul of 10X Baseline-ZER®" DNase reaction buffer and 2 (2 MBU) of
Baseline-ZER(®" DNase were added to the sample and the mixture was
incubated at 37°C for 60 minutes. 2@IORNase-free water was added to the
RNA sample. The mixture was kept on ice. One m&au200ul) of 4 M
LiCl-buffer (in DEPC water) and the mixture was fetat least 1 hour at -20°C
before centrifugation at max speed for 30 minuteg°®€. The pellet was
washed twice with 70% ethanol and air dried. Thlkepwas dissolved in 30
to 35ul of RNase-free water.

Reverse transcription was carried out by the ImPHIth reverse
transcription system (Promega, catalog no. A38@gpmling to the technical
manual of manufacturer. The primer pairs used asréollows: forCaACT],

HJLO0693 (5-AGTGCTGAAAGAGAAATTGT-3) and HJL00694

(5-AGCAGCTTCCAAACCTA-3Y); for CaCDR1, HJLO0315
(5-GTGCTGAACGTGAATATGT-3") and HJLO0316
(5-CTCTCTGTTACCCTTTGG-3"); for CaCDRz, HJLO0395
(5'-GTTTACACATCAACTATGGGAC-3") and HJLO0396
(5-GCAGCTTCGGTATAAGG-3"); for CaCPH1, HJLO0538
(5'-GCTACCACCTTGACCG-3") and HJLO0539
(5'-GCATAACTTCCTGCCTGA-3Y); for CaEFGl1, HJLO0540

(5-GTGGTGCAGGAACTAGA-3") and HJL00541
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(5'-TGGATTTGGGAGAAGATTATG-3"); for  CaNDTB80, HJLO0319

(5-AGAGTTGCCTGACCAC-3) and HJL00320
(5-ATCTGCAAGTCCTCGT-3); for CaREP5, HJL00586
(5-gAACAACTGTCgggAAT) and HJL00587
(5'-CagTgTgAgTgATACTACCT-3Y; CaREPS, HJL00588
(5-gCAACggTACTTACTgT-3) and HJL00589
(5'-gATgAgCAACCACTTQT-3); Cas\F3, HJL00338
(5-ACATTCAGCAACGTATCG-3) and HJL00339

(5'-TGTTCCACCACCACTT-3"). The mRNA levels of sampbenes were
measured by real-time PCR using Rotor-Gene RG-Z06flification system
(Corbett Research) with CAS-1200 robotic liquid dlarg system (Corbett
Research), which allows amplification and measurthg binding of the
FastStart Universal SYBR Green Master (ROX) (Rocat¢galog no. 04 913 850
001) to double-stranded DNA. The condition for lHttmae PCR was:

denaturation (120 seconds at 95°C), 35 cycles péaked amplification (20
seconds at 95°C, 20 seconds at 65°C and 20 se@dnf?’°C) and detected
amplicon’s fluorescence signal at 80°C. The expoes of CaACT1 and

CaSN\F3 were used to normalize the mRNA expression levelarget geness.
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2.3 Results

2.3.1 Construction and confirmation of the heterozygous CaREP5 null

mutant

The 2358 bp genomic DNA sequence GHREPS is obtained from The
Candida Genome Database, which provides the sequence afmba8s
contigl9-10215 ofC. albicans. TheC. albicans SC5314 genomic DNA was
used as a template for PCR amplification using gheners HJL00840 and
HJL00841, and the amplified fragment containedsirguence o€aREPS from
-529 to -230. AfteKpnl and Xhol digestion, the 300 bp fragment was ligated
to pSFS2 to create pHC1. A fragment containing $bquence oCaREP5
from +2360 to +2803 was PCR amplified by primerd #0B63 and HJL00864
from SC5314 genomic DNA. AfteNotl and Sacl digestion, the 444 bp
fragment was ligated to pHC1 to create pHC2. Kpsl-Sacl DNA fragment
containing the constructed A and B fragments in$iSwas integrated into the
wild type SC5314 strain to generadBaREP5/Carep5 (Fig. 26) transformants
YLOO00324 and YLO00325. Using YLO00324 and YLOO0032& template,
yeast colony PCR with primers HJL00814
(5'-CTCAACATGGAACGATCTAGC-3) and HJLO0881
(5'-CCTATCTTTATCTTTCTATCT-3') generated a 1034 lbpgment due to the

integration bySAT1 cassette. The HJL00840 and HJLO0881 primers gtater
an 861 bp fragments that pop-out 8481 cassette already (Fig. 26).
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2.3.2 Construction and confirmation of the homozygous CaREPS null

mutant

Homozygous knock-out mutants &. albicans SC5314 strains were
obtained after two rounds of insertion and exciéithe SAT1 cassette. The
Kpnl-Sacl DNA fragment containing th&AT1 flipper cassette of pHC2 was
integrated into the CaREP5 heterozygous mutant strain to generate
Carep5/Carep5 (Fig. 27) transformants YLO00326 and YLOO00327. In
contrast, using the HJL00934 (5'-CATCAAGAATCCAAGGEYL and
HJL00935 (5'- GGTGTTGTTGTTGTTGTTG) primer set in R@ith the wild
type chromosome as templates produced a 693 bp fidgment, whereas the
mutated chromosomes did not generate any produdte strains of both
heterozygous and homozygous null mutants were rroafi by southern blot
analysis (Fig. 28) that the procedure was as sara&bave-mentioned in 1.2.3

(Page 16).

2.3.3 Construction and confirmation of the Carep5/Carep5::CaREPS

rescued strains

The pHC2 was digested wipnl and Xhol to excise the 5' fragment of
CaREP5, and then ligated with the fragment containing gexjuence of
CaREPS5 from -529 to +2804 which was amplified by prime3ll90840 Kpnl)
and HJL00959Xhol) (5-CTCGAGCATTTATCTATTTGTTGCGGC) from wild
type strain SC5314 genomic DNA to generate pHC5he gHCS5 digested with
Kpnl-Sacl was integrated into th€arep5/Carep5 mutants (YLO00326 and
YLOO00327) to create th€arepS/Carep5::CaREPS (Fig. 29) rescued strains

51



YLOO00352 and YLOO00353. Using the HJL00943 (5'-
ACAACAAGAACAAAGAAGCOC) and HJLO0947 (5'-
GCTGTTGATGATGATTCTGT) primer set, the rescued simaiproduced a
1794 bp DNA fragment, and the HIL01071 (5'- CTTCAMTZCAACCACTTC)
and HJL 00881 primer set generated a product 03 b6

2.34 Germ tubetest results of CaREP5 mutants

To analyze the effect of mutations on morphogenedsie germ tube
analysis was performed on tRarep5 mutant. It appeared that the germ tube
formation was normal in th€arep5 mutant with no defect on hyphal formation
in the presence of serum. The phenotypeCarfepS/Carep5 mutant or the
Carep5/Carep5::CaREPS rescued strain did not have significant difference
compared with the wild type strain (Fig. 30).

2.3.5 Agar dilution assay results of CaREP5 mutants

The agar dilution procedure was as same as abomg@emed in 1.2.7
(Page 21) and performed to examine antifungal gakdey on SD or YPD
plates. The natures of these compounds are a® Pabl All tested strains
including wild type strain (SC5314)CaREPS/Carep5-1 (YLO00324),
Carep5/Carep5-1  (YLO00326), Carep5/Carep5::CaREP5-1  (YLO00352),
CaREP5/Carep5-2 (YLOO00325), Carep5/Carep5-2 (YLOO00327),
Carep5/Carep5::CaREP5-2  (YLOO00353) showed the same level of
susceptibility to drugs indicated that tl@&aREPS is not involved in drug
resistance (Fig. 31) in the tested conditions. fEseilts also indicated that the
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Carep5 mutant was not sensitive to bile salts and comdetargents (Fig. 32).

2.3.6 White-opaque switching assay of CaREP5

The tested strains including the SC53145C5314 aCaREPS5/Carep5 a,
CaREP5/Carep5 a, CarepS/Carep5b::CaREPS a, Carep5/Carepb::CaREPS a
have not significant switch. Th€arep5/Carep5 o and CarepS/Carep5 a

strains have not significant blocked opaque foramafFig. 33).

2.3.7 Comparison of the genes expression level of Carep5/Carep5 mutants

by real-time PCR

The expression levels @@aACT1 and CaSNF3 used as loading control
genes were not significantly induced by the treatnaé 100ug/ml miconazole.
There is noCaREP5 mRNA could be detected iGarep5/Carep5 at real-time
PCR result (Fig. 34). The results of real-time P&ZRwed that the expression
levels of CaCDR1, CaCDR2, CaNDT80, CaCPH1 and CaEFG1 were not
significantly by different in the cells treated kvitor without 100 pg/ml
miconazole (Fig. 35, 36, 37, 38 and 39).

2.3.8 Construction and confirmation of the heterozygous CaREP6 null

mutant

The 1524 bp sequence GAREPG is obtained from Th€andida Genome
Database, which provides the sequence of assenuifigit9-10205 ofC.

albicans. TheC. albicans SC5314 genomic DNA was used as a template for
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PCR amplification using the primers HILO084%4l) and HJLO0843 Xhol),
and the amplified fragment contained the sequeh€&aBEP6 from -528 to -4.
After Apal and Xhol digestion, the 525 bp fragment was ligated to $Eko
create pHC3. A fragment contains the sequenc€al®EP6 from +1526 to
+2081 and was amplified by primers HILOO8®¥®t() and HILO0866 Facl)
from wild type strain SC5314 genomic DNA. AftBotl and Sacl digestion,
the 556 bp fragment was ligated to pHCS3 to crebit€4 TheApal-Sacl DNA
fragment containing th&8AT1 flipper cassette of pHC4 was integrated into the
wild type SC5314 strain to generadBaREP6/Carep6 (Fig. 40) transformants
YLO00348 and YLOO00349. The HJLO0814 and HJLO0882
(5'-CGCAGAACAAAGAGAAGGA) primers generated a 121p ragment in
PCR due to the integration I8AT1 cassette (Fig. 40). The HJLO0866 and
HJL00944 (5'-TGCTGAATCAACACAATATC) primers generatea 1308 bp
fragments due to the pop-out of tB&T1 cassette already (Fig. 40).

2.3.9 Construction and confirmation of the homozygous CaREP6 null

mutant

The Apal-Sacl DNA fragment containing theéSAT1 flipper cassette of
pHC4 was integrated into tHeéaREP6 heterozygous mutant strain to generate
Carepb/Carep6 (Fig. 41) transformants YLOO0350 and YLOO0351. In
contrast, using the HIL00936 (5'-TCATCATCATAGCCGTCpand HJIL00937
(5-CCGTTTGTGTGGAGATTC) primer set in PCR, the wiighe chromosome
produced an 814 bp DNA fragment, whereas the naitgiteomosomes did not
generate any product. Furthermore, the results of southern blot analysis

verified the heterozygous and homozygous mutargtoacts (Fig. 42).
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2.3.10 Germ tubetest results of CaREP6 mutants

The germ tube formation was normal on B&rep6 mutant and did not
cause defect on hyphal formation in the presencenfm. The phenotype of
Carep6/Carep6 mutant did not have significant difference to tlétthe wild
type SC5314 strain (Fig. 43).

2.3.11 Agar dilution assay results of CaREP6 mutants

The agar dilution was performed to examine antiéirgusceptibility on
SD or YPD plates, and the natures of these commoanel as Table 4. Four
tested strains including the wild type strain (SCH3 CaREP6/Carep6-1
(YLOO00348),Carep6/Carep6-1 (YLOO00350),CaREP6/Carep6-2 (YLO00349),
Carep6/Carep6-2 (YLO00351) had the same result indicated thaCHREPS is
not involved in drug resistance (Fig. 44) in thstéd conditions. The results
also indicated that th@arep6 mutant was not sensitive to bile salts and common

detergents (Fig. 45).

2.3.12 Comparison of the genes expression level of Carep6/Carep6 mutants

by real-time PCR

The expression levels @aACT1 and CaS\F3 used as loading control genes
were not significantly induced by the treatment 160 ug/ml miconazole.
There is noCaREP6 mMRNA could be detected iGarep6/Carep6 at real-time
PCR result (Fig. 46). The results of real-time P&ZRwed that the expression
levels of CaCDR1, CaCDR2, CaNDT80, CaCPH1 and CaEFG1 were not
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significantly by different in the cells treated kvitor without 100 pg/ml
miconazole (Fig. 35, 36, 37, 38 and 39).
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2.4 Discussion

Previous studies in the lab indicated that CaRepbg CaRep6p can
increase thep-galactosidase activity 0ofCDRlywgg034g8 PromotertacZ in S
cerevisiae in the presence of miconazole. However, the tesal this study
showed the germ tube formation and filamentous tra the Carep5/Carep5
and Carep6/Carep6 mutants were similar to the wild-type. A possibdason
Is that the experiment condition of germ tube asialyas not suitable to induce
germ tube formation and/or filament growth.

Deletion of CaREP5 and CaREP6 have no effect on the antifungal and
chemical susceptibility, and the mRNA expressionfims of CaCDRI,
CaCDR2, CaNDT80, CaCPH1 and CaEFG1 were not change significantly
following miconazole treatment. The results did meeet the anticipation.
One reason is that previous experiments were céoedweith theCDR1p-lacZ
in S cerevisiae but not inC.albicans.  Or, there is no direct relation between
CaREP5/CaREP6 and drug susceptibility. The regulation needs the
involvement of other genes.

Deletion of CaREPS5 failed to show defects in white-opaque switch. isTh
IS unexpected. In the literature, many studiesehshowed tha€CaREPS5 is a
regulator of white-opaque switching and is opaguecsic (Huang et al., 2006;
Sirkantha et al., 2006 and Zordan et al., 2006)ccofding to these literatures
about 0rf19.4884, WO-1 is the common strain usedhrte-opaque switching
assays. WO-1 iMITLa genotype that high-frequency switching betweentavhi
and opaque phenotypes (Slutsky et al., 1987; Latlkdtal., 2002). But in this
study, SC5314 used as the strain to implement detetion and a/a and/a

strains construction. In addition, the conditioh white-opaque switching
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experiment may be inappropriate, and the reconfiomaor adjustment is

necessary.
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2.5 FutureWork

In this study, the understanding of the relatiopshbetween
CaREP5/CaREP6 with CaCDR1 and drug susceptibility is the key point.
However, the result of agar dilution and real-tiP€R showedCaREP5 and
CaREP6 unaffected drug susceptibilitfaREP5 and CaREP6 mutants also not
affect the morphogenesis. The function GHREP5 and CaREP6 unable to
understood by these results.

Later, the confirmation of the relationship betw&aREPS5/CaREP6 with
morphology is appropriate to investigate the expernt condition of germ tube
growing. In the more recent studies suggest ®aREPS is required for

establish and maintain the opaque edilt CaREP6 is expressed in the white

cell (Tsong et al., 2003). The new experiment &hbte designed for the role
of CaREP5 and CaRep6 in mechanisms of white-opaque switch, and the
experiment condition may need to be res€faREP5/CaREP6 of Parental
strain SC5314 can compare with parental strain W@1white-opaque
switching assay. The biological significance aalhtonship toCaREP5 and
CaREPS6 is not clear,CaREP5 and CaREP6 interactive with other genes may
investigated by microarray or quantitative PCR Hart  Furthermore,
implementing the selection {@. albicans system for finding out the gene which

can regulat€DR1 in C. albicans anew.
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Tablel. Bacteria (Escherichiacoli) and Candida albicans strains used in this study

Strain Relevant genotype Source

Bacteria

_ Fy80dacZAM15 A(lacZYA-argF) U169 endAl recAl hsdR17 (k-m+)deoR _
E. coli DH5a Lo Lab. collection

thi-1 phoA supE44. gyrA96 relAl

Candida albicans

Lo Lab. collection

SC5h314 Wild type strain; pathogenic strain _
(Gillum et al., 1984)

ura3A::Aimma34/ ura3A::himma34 hisl::hisG/ hisl::hisG arg4::hisG/arg4::hisG
YLO00133 Candt80:: GFP-Arg4/Candt80:: URA3-dpl 200 (Chen et al., 2004)
ENO21/enol::ENO1-tetR-ScHAP4-3xHA-HIS1

ura3A::Aimma34/ ura3A::Aimma34 hisl::hisG/ hisl::hisG
YLOO00137 arg4::hisG/arg4::hisG Candt80::GFP-Arg4/ (Chen et al., 2004)
Candt80::URA3-dpl200::CaNDT80::HISL

(Continuous)
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Strain Relevant genotype Source
YLO00324 CaREP5/Carep5/A\::FRT-1 This study
YLO00325 CaREP5/Carep5/\::FRT-2 This study
YLO00326 Carep5/\::FRT/Carep5/\::FRT-1 This study
YLO00327 Carep5/\::FRT/Carep5/\::FRT-2 This study
YLO00348 CaREPG6/Carep6A\::FRT-1 This study
YLO00349 CaREPG6/Carep6 A\ ::FRT-2 This study
YLOO00350 Carep6/\::FRT/Carep6/\::FRT-1 This study
YLOO00351 Carep6/\::FRT/Carep6/\::FRT-2 This study
YLOO00352 CaREP5::FRT/Carep5/\::FRT-1 This study
YLOO00353 CaREP5::FRT/Carep5/\::FRT-2 This study
YLOO00365 CaENOY/Caenol A\ ::FRT-1 This study
YLO00366 CaENO1/Caenol/\::FRT-2 This study
YLOO00367 Caenol/\::FRT/CaenolA\::FRT-1 This study
YLOO00368 Caenol/\::FRT/CaenolA\::FRT-2 This study
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Strain Relevant genotype Source
YLOO00369 CaENOL1.::FRT/Caenol/\::FRT-1 This study
YLOO00370 CaENOL::FRT/CaenolA\::FRT-2 This study
HLCEA Ura3::1 imm434/ura3::1 imm4d34 cphl::hisG/cphl::hisG (Lo et al., 1997)

efgl::hisG/efgl::hisG-URA3-hisG
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Table2. Oligonucleotidesused in the study

Primer Sequence Position
HJLO0315 5-GTGCTGAACGTGAATATGT CaCDR1: +4205 ~ +4223
HJLO0316 5-CTCTCTGTTACCCTTTGG CaCDR1: +4471 ~ +4488
HJLO0319 5-AGAGTTGCCTGACCAC CaNDT80: +1080 ~ +1095
HJL00320 5-ATCTGCAAGTCCTCGT CaNDT80: +1382 ~ +1367
HJLO0338 5'-ACATTCAGCAACGTATCG CaSNF3: +1866 ~ +1883
HJLO0339 5-TGTTCCACCACCACTT CaSNF3: +2207 ~ +2192
HJLO0395 5-GTTTACACATCAACTATGGGAC CaCDR2: +3973 ~ +3994
HJLO0396 5-GCAGCTTCGGTATAAGG CaCDR2: +4280 ~ +4264
HJLO0538 5-GCTACCACCTTGACCG CaCPH1: +643 ~ +658
HJLO0539 5-GCATAACTTCCTGCCTGA CaCPH1: +965 ~ +948
HJL00540 5-GTGGTGCAGGAACTAGA CaEFG1: +1520 ~ +1536
HJLO0541 5-TGGATTTGGGAGAAGATTATG CaEFG1: +1815 ~ +1795
HJLO0586 5'-gAACAACTgTCgggAAT CaREP5: +172 ~ +188
HJLOO0587 5'-CagTgTgAgTgATACTACCT CaREP5: +453 ~ +472
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Primer Sequence Position
HJLO0588 5'-gCAAcggTACTTACTQT CaREP6: +1185 ~ +1201
HJLO0589 5'-gATgAgCAACCACTTgT CaREP6: +1473 ~ +1489
HJLO0693 5-AGTGCTGAAAGAGAAATTGT CaACT1: +1268 ~ +1287
HJL00694 5-AGCAGCTTCCAAACCTA CaACT1: +1477 ~ +1461
HJL00814 5'-CTCAACATGGAACGATCTAGC SAT1 flipper cassette: +3710 ~ +373
HJL00840 5'-ggtaccCAGAAAGAGAGAGAGGGAACG CaREP5: -510 ~ -529
HJLO0841 5'-ctcgagGTGCGGCGTAAATGGTCTTC CaREPS5: -230 ~ -249
HJL0O0842 5'-gggcccTATCATCACCACTACCTCC CaREP6: -528 ~ -510
HJL0O0843 5'-ctcgagAAGGAGAGGAAATGGAAGG CaREP6: -4 ~ -22
HJLO0863 5'-gcggccgcTTGAATTAATACGGTGATTC CaREP5: +2359 ~ +2378
HJL00864 5'-gagctcTTTATCTATTTGTTGCGGC CaREP5: +2784 ~ +2802
HJL00865 5'-gcggccgc TTCCTTTCGTCCTCCAAC CaREP6: +1515 ~ +1532
HJLO0866 5'-gagctcTTCTTTGGTTCTTCTCTTC CaREP6: +2062 ~ +2080
HJLO0881 5-CCTATCTTTATCTTTCTATCT CaREP5S: +2864 ~ +2884
HJL0O0882 5'-CGCAGAACAAAGAGAAGGA CaREP6: +2213 ~ +2231
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Primer

Sequence

Position

HJLO0934 5'-CATCAAGAATCCAAGGTCG CaREP5: +221 ~ +239
HJLO0935 S-GGTGTTGTTGTTGTTGTTG CaREPS5: +895 ~ +913
HJLO0936 S5'-TCATCATCATAGCCGTCAC CaREPG6: +45 ~ +63
HJLO0937 5'-CCGTTTGTGTGGAGATTC CaREPG: +841 ~ +858
HJL00943 5'-ACAACAAGAACAAAGAAGCC CaREP5: -673 ~ -654
HJLO0944 5'-TGCTGAATCAACACAATATC CaREPG: -721 ~ -702
HJLO0947 5'-GCTGTTGATGATGATTCTGT CaREP5: +1102 ~ +1121
HJLO0959 S-CTCGAGCATTTATCTATTTGTTGCGGC CaREPS: +2784 ~ +2804
HJLO0980 5'-ggtaccATTAAGCCGTGGGTTCTCAA CaENO1: -578 ~ -559
HJLO0981 5'-ctcgagAAAAAGGGAGAAAAGGAAAGAAA CaENOL: -72 ~ -50
HJL00982 5-GGCTTCTCAATTGTAAGTTTGC CaENO1: +1308 ~ +1329
HJLO0983 5'-CAGGATCTATTGACGAATTCCA CaENO1: +1863 ~ +1884
HJLO1071 5'-CTTCAACACCAACCACTTC CaREPS: +916 ~ +934
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Table3. Plasmidsused in thisstudy

Plasmid Description Source

The plasmid containing A region from -578 ~ -503aENO1 of C. albicans, and B
region from +1308 ~ +1884 &@@aENO1 were cloned on both sides of the pSF$2A

LOB317 This study
backboneCaSAT1, Cap
(A: Kpnl-Xhol; B: Notl-Notl)
The plasmid containing full length @aENOL in the pSFS2A backbon€aSAT1,

LOB318 Capt This study
(0rf19.395: -578 ~ +1884)
The plasmid containing A region from -529 ~ -230GaREP5 of C. albicans was|

pHC1 _ _ = This study
cloned intoKpnl-Xhol site of the pSFS2 backbor@aSAT1, Amp
The plasmid containing B region from +2359 ~ +280ZCaREPS5 of C. albicans _

pHC?2 _ _ R This study
was cloned intdNotl- Sacl site of the pHC1 backbon€aSAT1, Amp
The plasmid containing A region from -528 ~ -4@dREP6 of C. albicans was|

pHC3 _ _ . This study
cloned intoApal-Xhol site of the pSFS2 backbor@aSAT1, Amp
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Plasmid Description Source

The plasmid containing B region from +1525 ~ +2@8@aREP6 of C. albicans

pHC4 _ _ R This study
was cloned intdNotl-Sacl site of the pHC3 backbon€aSAT1, Amp

The plasmid containing A region ai@hREPS from -529 ~ +2804 o€C. albicans
pHC5 was cloned int&Kpnl andXhol site of the pHC2 backbone that excised A region. This study
Used to rescu€aREP5 function inCarep5/Carep5 mutant straingCaSAT1, Amp®

The plasmid contains &. albicans-adapted nourseothricin resistance mark®Yirsching et al.,

pSFS2 .
CaSAT1, Amp™ backbone. 2000)

The plasmid contains &. albicans-adapted nourseothricin resistance mark®YVirsching et al.,

PSFS2A
CaSAT1, Cag backbone. 2000)

Note. Am&, ampicillin resistant
CaJf5, chloramphenicol resistant
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Table4. Chemicalsused in thisstudy

_ Catalog _ o
Chemical Properties Description
no.
DNA damage-induced carcinogensis and induce
ANQO Sigma, | 4-nitroquinoline 1-oxide intracellular production of oxidative stress (Nagaod
N8141 CoHgN>O4 Sugimura, 1976; Nunoshiba and Demple, 1993; Ramotar
et al., 1998).
_ _ Cell wall binding dye, used as a viability stainr fo
_ Sigma, | fluorescent brightener 28 _ _
calcofluor white cellulose in fungi (Elorza et al., 1983; Roncerod an
F3543 C40H4aN12010S, ;
Duréan, 1985).
S Bile salts, non-denaturing detergent used for ekitra of
igma,
cholate C19254 sodium cholate hydrate membrane proteins (Nicchitta and Blobel, 1990; Bens
2006).
Sigma, Used as a stain for amyloid and polysaccharidetfibea
congo red C32H22NsN2O6S, ,
c6767 and Wood, 1982; Roncero and Duran, 1985).
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Catalog

Chemical Properties Description
no.
Induction of hyphal morphogenesis, induce expressio
| Sigma, virulence gene (Naseem et al, 2011), ind
N-acetyl-glucosamine CgH1sNOg _ S o _
A8625 white-to —opaque switching i€. tropicalis (Xie et al.,
2012).
Merck, _ _ _
NaCl sodium chloride Osmotic and salt stress (Park.gp@l1).
106404
NADOC Sigma, | sodium deoxycholate Bile salts, anionic detergent used for extractioh
a
D6750 CosH3oNaO, membrane proteins (Janssen et al., 1997).
Sigma, . . .
NaNG; - sodium nitrite Used as a precursor for nitrous acid (Misko et1&93).
Sigma, | octylphenyl-polyethylene
NP-40 J YIPnEnyFpOERy Non-ionic detergents (Nakagawa et al., 2003).
18896 glycol
Merck, _ Anionic surfactant (Nakagawa et al., 2003; Nakad
SDS dodecyl sulfate sodium salt _
113760 Halldin, 2013).
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Catalog

Chemical Properties Description
no.
_ Merck, Non-ionic detergents (Nakagawa et al., 2003; Lyoal.e
triton-X-100 (C16H250)300H
108643 2013).
Merck, 72
tween 20 CsgH11406 Non-ionic detergents (Sagong et al., 2013).
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Fig. 1 Schematic diagram of the glycolysis pathway in Candida albicans.

The pathway is modified from Candida

genome

database

(http://pathway.candidagenome.org/CALBI/NEW-IMAGE=PATHWAY &

object=GLYCOLYSIS&detail-level=2).
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Fig. 2 Schematic diagram of the gluconeogenesis pathway in Candida
albicans. The pathway is modified fromCandida genome database
(http://pathway.candidagenome.org/CALBI/NEW-IMAGE=PATHWAY&
object=GLUCONEO-PWY &detail-level=2).
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Candida albicans orf19.395 | MSYATKIHARYVYDSRGNPTVEVDFTTDKGLFRSIVPSGASTGVHEALELRDGDKSKWLGKGVLKAVANVNDITAPALIK 80
Homo sapiens ENO1 MSIL-KIHAREIFDSRGNPTVEVDLFTSKGLFRAAVPSGASTGIYEALELRDNDKTRYMGKGVSKAVEHINKTIAPALVS 79
Homo sapiens ENO2 MSIE-KIWAREILDSRGNPTVEVDLYTAKGLFRAAVPSGASTGIYEALELRDGDKQRYLGKGVLKAVDHINSTIAPALIS 79
Homo sapiens ENO3 MAMQ- KIFAREILDSRGNPTVEVDLHTAKGRFRAAVPSGASTGI YEALELRDGDKGRYLGK - - - = = = = == = = === == - - 60
Candida albicans orf19.395 | AKIDVVDQAKIDEFLLSLDGTPNKSKLGANATLGVSLAAANAAAAAQGIPLYKHIANISNAKKGKFVLPVPFQNVLNGGS 160
Homo sapiens ENO1 KKLNVTEQEK I DKLMIEMDGTENK SKFGANATLGVSLAVCKAGAVEKGVPLYRHIADL - - AGNSEVILPVPAFNVINGGS 157
Homo sapiens ENO2 SGLSVVEQEKLDNLMLELDGTENKSKFGANATLGVSLAVCKAGAAERELPLYRHIAQL - -AGNSDLILPVPAFNVINGGS 157
Homo sapiensENO3 | cccomomiiaaaa AKFGANATLGVSLAVCKAGAAEKGVPLYRHIADL- - AGNPDLILPVPAFNVINGGS 114
Candida albicans orf19.395 | HAGGALAFQEFMIAPTGVSTFSEALRIGSEVYHNLKSLTKKKYGQSAGNVGDEGGVAPDIKTPKEALDLIMDAIDKAGYK 240
Homo sapiens ENO1 HAGNKLAMQEFMILPVGAANFREAMR IGAEVYHNLKNVIKEKYGKDATNVGDEGGFAPNILENKEGLELLKTAIGKAGYT 237
Homo sapiens ENO2 HAGNKLAMQEFMILPVGAESFRDAMRLGAEVYHTLKGVIKDKYGKDATNVGDEGGFAPNILENSEALELVKEAIDKAGYT 237
Homo sapiens ENO3 HAGNKLAMQEFMILPVGASSFKEAMR IGAEVYHHLKGVIKAKYGKDATNVGDEGGFAPNILENNEALELLKTATQAAGYP 194
Candida albicans orf19.395 | GKVGIAMDVASSEFYKDGKYDLDFKNPESDPSKWLSGPQLADLYEQLISEYPIVSIEDPFAEDDWDAWVHFFERVGDKIQ 320
Homo sapiens ENO1 DKVVIGMDVAASEFFRSGKYDLDFKSPD - DPSRYISPDQLADLYKSFIKDYPVVSIEDPFDQDDWGAWQKFTASAG--1Q 314
Homo sapiens ENO2 EKIVIGMDVAASEFYRDGKYDLDFKSPT - DPSRYITGDQLGALYQDFVRDYPVVSIEDPFDQDDWAAWSKEFTANVG--1Q 314
Homo sapiens ENO3 DKVVIGMDVAASEFYRNGKYDLDFKSPD - DPARHI TGEKLGEL YKSFIKNYPVVSTEDPFDQDDWATWTSFLSGWN--1Q 271
Candida albicans 0rf19.395 | IVGDDLTVINPTRIKTAIEKKAANALLLKVNQIGTLTESIQAANDSYAAGWGVMVSHRSGETEDTFIADLSVGLRSGQIK 400
Homo sapiens ENO1 VVGDDLTVTNPKR I AKAVNEKSCNCLLLKVNQIGSVTESLQACKLAQANGWGVMVSHRSGETEDTFIADLVVGLCTGQIK 394
Homo sapiens ENO2 IVGDDLTVTNPKRIERAVEEKACNCLLLKVNQIGSVTEAIQACKLAQENGWGVMVSHRSGETEDTFIADLVVGLCTGQIK 394
Homo sapiens ENO3 IVGDDLTVTNPKR I AQAVEKKACNCLLLKVNQIGSVTESIQACKLAQSNGWGVMVSHRSGETEDTFIADLVVGLCTGQIK 351
Candida albicans orf19.395 | TGAPARSERLAKLNQILRIEEELGSEAIYAGKDFQKASQL 440

Homo sapiens ENO1 TGAPCRSERLAKYNQLLRIEEELGSKAKFAGRNFRNPLAK 434

Homo sapiens ENO2 TGAPCRSERLAKYNQLMR I EEELGDEARFAGHNFRNPSVL 434

Homo sapiens ENO3 TGAPCRSERLAKYNQLMR I EEALGDKATFAGRKFRNPKAK 391

Fig. 3 Sequence alignment of CaEnol and Homo sapiens enolase. The

protein sequences dfaENO1 compared withHomo sapiens alpha-enolase
isoform 1 ENO1), gamma-enolase isoform ENO2), and beta-enolase isoform
3 (ENO3) by
(http://www.ncbi.nlm.nih.gov/tools/cobalt/cobaltieink loc=BlastHomeLink).

multiple alignment tool
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ENCIYGR254W Saccharamyees cerevisivre S2880C

ENOZIYHRI174W Saccharomyces cerevisiae

CLUG_03897 Candida lusitaniae ATCC 42720

DEHA2G14058g Debaryemyces hansenii CBS767

I'GUG_04391 Candida guilliermondii ATCC 6220

—I: CORT_0AMGST Candide orthopsilosis Co 90-125

CTPAR2 207210 Candide parapsilosis CDC317

LELG_ (641 Lodderomyces elongisporus NRLL YB-4239

CIRG_U3163 Candida tropicalis MY A-3404

= Cd_08010 Candidu dubiinicnsis CD36

ENOI1/or[19.395 Candida albicans SC3314

CAWG_ 00576 Candida albicans W0O-1

ENCOifor[19.8025 Candida athicans SC5314

Fig. 4 The phylogenetic tree view approach for Saccharomycetales species
of which the genome alike to CaENO1. The phylogenetic tree view align

protein sequences by fast minimum evolution of CQBAnultiple aligment.
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Candida albicans orf19.395 MSYATK IHARYVYDSRGNPTVEVDFTTDKGLFRSIVPSGASTGVHEALELRDGDK SKWLGKGVLKAVANVNDI IAPALIK 80

Candida albicans orf19.8025 MSYATK IHARYVYDSRGNPTVEVDFTTDKGLFRSIVPSGASTGVHEALELRDGDK SKWLGKGVLKAVANVNDI IAPALIK 80

Cd36_08010 Candida dubliniensis CD36 MSYITKIHARYVYDSRGNPTVEVDLTTDKGLFRSIVPSGASTGVHEALELRDGDK SKWLGKGVLKAVANVNDI TAPALVK 80

CTRG_03163 Candida tropicalisMYA-3404  MSFATKVHARSVYDSRGNPTVEVDLTTEKGLFRAIVPSGASTGIHEALELRDGDKSKWLGKGVLKAVANVNDI TAPALVN ~ 80

Saccharomyces cerevisiae ENOL/YGR254W  MAV- SKVYARSVYDSRGNPTVEVELTTEKGVFRSIVPSGASTGVHEALEMRDGDK SKWMGKGVLHAVKNVNDVIAPAFVK 79

Sacchar omyces cerevisiae ENO2/'YHR174W  MAV-SKVYARSVYDSRGNPTVEVELTTEKGVFRSIVPSGASTGVHEALEMRDEDK SKWMGKGVMNAVNNVNNVIAAAFVK - 79

Candida albicans orf19.395 AKIDVVDQAKIDEFLLSLDGTPNKSKLGANAILGVSLAAANAAAAAQGIPLYKHIANI SNAKKGKFVLPVPFQNVLNGGS 160
Candida albicans orf19.8025 AKIDVVDQAKIDEFLLSLDGTPNKSKLGANAILGVSLAAANAAAAAQGIPLYKHIANI SNAKKGKFVLPVPFQNVLNGGS 160
Cd36_08010 Candida dubliniensis CD36 AKIDVVDQAKVDEFLLSLDGTPNKSKLGANAILGVSLAAANAAAAAQGIPLYKHIANI SNAKKGKFVLPVPFQNVLNGGS 160
CTRG_03163 Candida tropicalisMYA-3404  AKIDVNDQAKVDEFLLSLDGTPNK SKLGANATLGVSLAAANAAAASQGIPLYQHIANISKAKKGKFVLPVPFQNVLNGGS 160
Saccharomyces cerevisiae ENOL/YGR254W  ANIDVKDOKAVDDFL I SLDGTANK SKLGANATLGVSLAASRAAAAEKNVPLYKHLADLSKSKTSPYVLPVPFLNVLNGGS 159
Sacchar omyces cerevisiae ENO2/YHR174W  ANLDVKDQKAVDDFLLSLDGTANKSKLGANATLGVSMAAARAAAAEKNVPLYQHLADLSKSKTSPYVLPVPFLNVLNGGS 159
Candida albicans orf19.395 HAGGALAFQEFMIAPTGVSTFSEALRIGSEVYHNLKSLTKKKYGQSAGNVGDEGGVAPDIKTPKEALDLIMDAIDKAGYK 240
Candida albicans orf19.8025 HAGGALAFQEFMIAPTGVSTFSEALRIGSEVYHNLKSLTKKKYGQSAGNVGDEGGVAPDIKTPKEALDLIMDAIDKAGYK 240
Cd36_08010 Candida dubliniensis CD36 HAGGALAFQEFMIAPTGVSTFSEALRIGSEVYHNLKSLTKKKYGQSAGNVGDEGGVAPDIKTPKEALDL IMDAIEKAGYK 240
CTRG_03163 Candida tropicalisMYA-3404  HAGGALAFQEFMIVPSGVDTFSEAMRIGSEVYHNLKSLAKKTYGQSAGNVGDEGGVAPDIKTPKEALDLIVTAIEQAGHT 240
Saccharomyces cerevisiae ENOLYGR254W  HAGGALALQEFMIAPTGAKTFAEALRIGSEVYHNLKSLTKKRYGASAGNVGDEGGVAPNIQTAEEALDLIVDAIKAAGHD 239
Sacchar omyces cerevisiae ENO2YHR174W  HAGGALALQEFMIAPTGAKTFAEAMRIGSEVYHNLKSLTKKRYGASAGNVGDEGGVAPNIQTAEEALDLIVDAIKAAGHD 239
Candida albicans orf19.395 GKVGIAMDVASSEFYKDGKYDLDFKNPESDPSKWLSGPQLADLYEQLISEYPIVSIEDPFAEDDWDAWVHFFERVGDKIQ 320
Candida albicans orf19.8025 GKVGIAMDVASSEFYKDGKYDLDFKNPESDPSKWLSGPQLADLYEQLISEYPIVSIEDPFAEDDWDAWVHFFERVGDKIQ 320
Cd36_08010 Candida dubliniensis CD36 GKVGIAMDVASSEFYKDGKYDLDFKNPESDPSKWLSGPQLADLYEQLISEYPIVSIEDPFAEDDWDAWVHFFQRVGDKIQ 320
CTRG_03163 Candida tropicalis MYA-3404  GKVNIAMDVASSEFYKDGKYDLDFKNPNSDSSKWLTGPQLADLYEQLIAEYPIVSTEDPFAEDDWDAWVHFYQKVGDKIQ 320
Saccharomyces cerevisiae ENOLYGR254W  GKIKIGLDCASSEFFKDGKYDLDFKNPNSDKSKWLTGPQLADLYHSLMKRYPIVSTEDPFAEDDWEAWSHFFKTAG- -1Q 317
Sacchar omyces cerevisiae ENO2YHR174W  GKVKIGLDCASSEFFKDGKYDLDFKNPESDKSKWLTGVELADMYHSLMKRYPIVSTEDPFAEDDWEAWSHFFKTAG- -1Q 317
Candida albicans orf19.395 IVGDDLTVINPTRIKTAIEKKAANALLLKVNQIGTLTESIQAANDS YAAGWGVMVSHRSGETEDTFIADLSVGLRSGQIK 400
Candida albicans orf19.8025 IVGDDLTVINPTRIKTAIEKKAANALLLKVNQIGTLTESIQAANDS YAAGWGVMVSHRSGETEDTFIADLSVGLRSGQIK 400
Cd36_08010 Candida dubliniensis CD36 IVGDDLTVINPLRIKTAIEKKAANALLLKVNQIGTLTESIQAANDS YAAGWGVMVSHRSGETEDTFIADLSVGLRSGQIK 400
CTRG_03163 Candida tropicalis MYA-3404  [VGDDLTVINPIRIKTAIEKKAANALLLKVNQIGTLTES IQAANDSYAAGWGVMVSHRSGETEDTFIADLSVGLRSGQIK 400
Saccharomyces cerevisiae ENO1/Y GR254W IVADDLTVTNPKRIATATEKKAADALLLKVNQIGTLSES IKAAQDSFAAGWGVMVSHRSGETEDTFIADLVVGLRTGQIK 397

Sacchar omyces cer evisiae ENO2/YHR174W

IVADDLTVINPARTATAIEKKAADALLLKVNQIGTLSESIKAAQDSFAANWGVMVSHRSGETEDTFIADLVVGLRTGQIK

Candida albicans orf19.395 TGAPARSERLAKLNQILRIEEELGSEAIYAGKDFQKASQL 440
Candida albicans orf19.8025 TGAPARSERLAKLNQILRIEEELGSEAIYAGKDFQKASQL 440
Cd36_08010 Candida dubliniensis CD36 TGAPARSERLAKLNQILRIEEELGPDAIYAGKDFQKASQL 440
CTRG_03163 Candida tropicalis MYA-3404 TGAPARSERLAKLNQILRIEESLGADATIYAGKDFHTAHQL 440
Saccharomyces cerevisiae ENOLYGR254W  TGAPARSERLAKLNQLLRIEEELGDNAVFAGENFHHGDKL 437
Sacchar omyces cerevisiae ENO2YHR174W  TGAPARSERLAKLNQLLRIEEELGDKAVYAGENFHHGDKL 437

Fig. 5 The multiple alignment result for ENO1. The protein sequences of
CaENO1 compared with Cd36 _0801@. dubliniensis, CTRG_03163C.
tropicalis, S cerevisae ENO1 and ENO2 by multiple alignment tool

(http://www.ncbi.nim.nih.gov/tools/cobalt/cobaltiegnk loc=BlastHomeLink).
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Fig. 6 Schematic diagram of construction CaENO1 heter ozygous mutant
plasmid by SAT1 flipper method. Structure of the deletion cassette from
plasmid LOB317 (top), in which th€aENOL coding region is replaced by
SAT1 flipper cassette, and genomic structure ofGRENOL1 alleles in the parent
strain SC5314 (bottom).CaENO1-1 and CaENO1-2 represent the two alleles
of CaENOL in the genome, in whicltaENO1-1 was replaced with th8AT1

flipper cassette to obtain heterozygous mutant instraYLO00365 and
YLOO00366.
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Fig. 7 Schematic diagram of construction CaENO1 homozygous mutant

by SAT1 flipper method. Schematic maps show the deletion cassette from
plasmid LOB317 (top), and one disrupted allelesCaENOL1 (bottom). The
second allele o€aENO1 was replaced with th8AT1 flipper cassette to obtain
homozygous mutant strains YLO00367 and YLOO0368.
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Fig. 8 Schematic diagram of construction CaENOL rescued strain by
SAT1 flipper method. Structure of th&SAT1 cassette from LOB318 used for

reintegration of an intad€aENOL allele into the inactivate@aenol locus to

produce th&CaENOL rescued strains YLO00369 and YLOO00370.

93



Acel probe Acel

or{19.395 SC5314
o
=0 D Caenol/Caenol
o R
é i5kb
-o—@:> 5 Caenol/Caenol::CaENOI
e —
M1234
(kb) (kb)
23.1- .
9.4-1 -
6.6-
4.4-1 W

w -3.0  M: marker

4 1: WT (SC5314)
23- - b ' 2: CaENO1/Caenol

2.0-1 . 3: Caenol/Caenol
_ 17 4: Caenol/Caenol::CaENO1

Fig. 9 Southern blot analysis to verify the CaENOL1 mutant derivatives in
Candida albicans. Genomic DNA from heterozygous mutant strain and
homozygous mutant strain were digested withl and probed with the 577 bp
PCR fragment of theCaENO1 downstream. The sizes of the hybridizing
fragments were given on the right side of the blot.
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SC5314 YLO00365 YLO00367 YLO00369

Fig. 10 Mutations on CaENOL affected germ tube formation of Candida
albicans. The morphology of four strains, include@aENO1/CaENO1
(SC5314, CaENOLl/Caenol (YLO00365), Caenol/Caenol (YLO00367) and

Caenol/Caenol::CaENO1 (YLOO00369), were incubated in (A) YPG medium
(1% yeast extract, 2% Bacto-peptone and 2% glygei®) YPG medium plus
10 mM N-acetyl-glucosamine or (C) YPG medium pl@sM NaNQ for 3
hours at 37°C. Scale bar, gon.
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SC5314

YLO00365

YLO00367

YLO00369

SGE CSM Glu His

SYPE SYPG

Fig. 11 Growth assay in yeast nitrogen base media of Caenol mutants.

SA, Difco-yeast nitrogen base w/o amino acid + a§&t, Difco-yeast nitrogen
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base w/o amino acid + ethanol + agar; SDE, Difcasyenitrogen base w/o
amino acid + dextrose + ethanol + agar; SP, Difeasy nitrogen base w/o
amino acid + Bacto-peptone + agar; SPE, Difco-yadstigen base w/o amino
acid + Bacto-peptone + ethanol + agar; SG, Difcasyenitrogen base w/o
amino acid + glycerol + agar; SGE, Difco-yeastagtn base w/o amino acid +
glycerol + ethanol + agar; SG-CSM, Difco-yeastagen base w/o amino acid +
glycerol + CSM-HIS-LEU-LYS-TRP-URA + agar; SG-GluDifco-yeast
nitrogen base w/o amino acid + glycerol + glutaramd + agar; SG-His,
Difco-yeast nitrogen base w/o amino acid + glycerbistidine + agar; SG-Leu,
Difco-yeast nitrogen base w/o amino acid + glycerdeucine + agar; SG-Lys,
Difco-yeast nitrogen base w/o amino acid + glycerdysine + agar; SG-Trp,
Difco-yeast nitrogen base w/o amino acid + glycetolryptophan + agar;
SG-Ura, Difco-yeast nitrogen base w/o amino aciglyeerol + uracil + agar;
SY, Difco-yeast nitrogen base w/o amino acid + yeadract + agar; SYE,
Difco-yeast nitrogen base w/o amino acid + yeastaek+ ethanol + agar; SYP,
Difco-yeast nitrogen base w/o amino acid + yeastaek + Bacto-peptone +
agar; SYPE, Difco-yeast nitrogen base w/o aminal aciyeast extract +
Bacto-peptone + ethanol + agar; SYPG, Difco-yed@sbgen base w/o amino
acid + yeast extract + Bacto-peptone + glycerolgara The strains were
YLOO00365: CaENO1/Caenol, YLOO00367: Caenol/Caenol, YLOO0369:
Caenol/Caenol::CaENO1 and parental strain SC5314.
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YPD, YPDE YPDG YPDGE

SC5314

YLO00365

YLO00367

YLO00369

Fig. 12 Growth assay in yeast extract-peptone based media of Caenol
mutants. YP, yeast extract and Bacto-peptone plus agal, Weast extract +
Bacto-peptone + dextrose (0.1% or 2% or 4%) + agebE, YPD + ethanol +
agar; YPDG, YPD + glycerol + agar; YPDGE, YPD +agyol + ethanol + agar;
YPDP, YPD + pyruvate + agar; YPE, YP + ethanol arayPF, YP + fructose
+ agar; YPG, YP + glycerol + agar; YPGala, YP +agadse + agar; YPGE, YP
+ glycerol + ethanol + agar; YPP, YP + pyruvategara The strains were
YLOO00365: CaENO1/Caenol, YLOO00367: Caenol/Caenol, YLOO0369:
Caenol/Caenol::CaENO1 and parental strain SC5314. TRaENO1 null
mutant inhibits growth to YP media in the presenteglucose or fructose but
not other carbon sources in the assay.
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Fig. 13

20X in 0.67% Difco-yeast nitrogen base w/o amino base with 0.1%% dextrose
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20X in 0.67%0 Difco-yeast nitrogen base w/o aminoe base with 100 mM pyruvate
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20X in 0.67% Difco-yeast nitrogen base w/'o amino base with 2% dextrose + 100 mM pyruvate

L5

Lo

0.5

o e O e O e e O e e O e O O e O R O e O e P O O e O e O s O R e e O e e S e e R I e O e O e e Y O I O e e e e P e e e e B o By

0.0

012345678 9101112131415161718192021 222324252627 28203031 3233 343536373830 40 41 4243444546 474849505152 53 54555657 58 59 60 61 62 63 64 65 66 6768697071 7273 4

Time

—&— 20X SC5314 + SDPyruvate —— 20X YLOO0(0365 + SDPyruvate —=— 20X YLO00367 + SDPyruvate —f8— 20X YL 000369 + SDPyruvate

( Continuous

101



20X in 0.67%0 Difco-yeast nitrogen base w/o amino base with 10%% serum
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20X in 0.67%b Difco-yeast nitrogen base w/o amino base with 50% serum
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Fig. 13 Growth curve analyses of Caenol mutants in yeast nitrogen based liquid media. The strains were
YLOO00365: CaENO1/Caenol, YLOO00367: Caenol/Caenol, YLOO00369: Caenol/Caenol::CaENOL1 and parental strain
SC5314.
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Fig. 14

20X in 1% yeast extract + 2% peptone with 0.1% dextrose
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20X in 1% yeast exiract + 2% peptone with 2% galactose
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oDn.

on.

20X in 1% yeast extract + 2% peptone with 100 mM pyruvate
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20X in 1% yeast extract + 2% peptone with 10% serum

oDn.
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Fig. 14 Growth curve analyses of Caenol mutants in yeast extract-peptone based liquid media. The strains were
YLOO00365: CaENO1/Caenol, YLOO00367: Caenol/Caenol, YLOO00369: Caenol/Caenol::CaENOL1 and parental strain
SC5314.
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Fig. 15
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Fig. 15 Etest for CaENO1 mutants on drug susceptibility. Antifungal
susceptibility test was performed inYPGE agar plai¥o yeast extract, 2%
Bacto-peptone, 3% glycerol and 2% ethanol) withsEstrips (AB BIODISK,
Solna, Sweden). The strains were YLOO03B&ENO1/Caenol, YLOO0367:
Caenol/Caenol, YLOO00369: Caenol/Caenol::CaENO1 and parental strain
SC5314. The plates were incubated at 35°C forot8sh
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amphotericin B

DMSO 0.2 ug/ml
1. SC5314
2. YLO00365
3. YLO00367
4. YLO00369
fluconazole itraconazole ketoconazole miconazole

25 ug/ml 2 ug/ml 2 ug/ml 1 ug/ml

calcofluor white
20 ug/ml

voriconazole voriconazole
2 ug/ml S ug/ml

congo red
100 ug/ml

40 mM NaNO,

0.25% cholate 0.5% cholate 0.25% NaDOC 0.5% NaDOC

Fig. 16 Agar dilution assay for CaENO1 mutants on drug susceptibility.
The strains were YLO00365aENO1/Caenol, YLOO00367: Caenol/Caenol,
YLO00369:Caenol/Caenol::CaENO1 and parental strain SC5314.
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Fig. 17
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Fig. 17 Broth microdilution assay for CaENO1 mutants on compound
susceptibility. The compounds tested are kanamycin, triton-X-taofluor
white, congo red, amphotericine B, fluconazole, anazole, voriconazole,
ANQO, NaCl, NaDOC and NaNO The strains were YLOO0OO0365:
CaENO1/Caenol, YLOO0367: Caenol/Caenol, YLOO00369:
Caenol/Caenol::CaENO1 and parental strain SC5314.
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Fig. 18 Caenol mutants of Candida albicans are avirulent. The BALB/c
mice were injected with the 2x3@ells of SC5314 W), YLO00367 [ J;

Caenol/Caenol-1), YLOO00368(<> ; Caenol/Caenol-2), YLOO0O0369 (A;
Caenol/Caenol::CaENO1-1), YLOO00370 (4; Caenol/Caenol::CaENQ1-2)
and HLC54 (O; cphl/cphl efgl/efgl).
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Fig. 19 Fungal loads of the infected kidneys. C. albicans cells in the
left-side kidneys from the infected mice were sdoreThe strains were parental
strain SC5314, YLO00367aenol/Caenol-1, YLOO00368:Caenol/Caenol-2,
YLOO00369: Caenol/Caenol::CaENO1-1, YLOO00370:
Caenol/Caenol::CaENO1-2 and HLC54:cphl/cphl efgl/efgl. The CaENO1

null mutants were avirulent when tested in a mousdel of systemic infection.
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Fig. 20 The histopathology of mouse kidney after Candida albicans
infections by Gomori Methenamine Silver (GMS) stain. The strains were
wild-type parental strain SC5314, YLO0038Zaenol/Caenol-1, YLOOO0368:
Caenol/Caenol-2, YLOO0369: Caenol/Caenol::CaENO1-1, YLOO00370:
Caenol/Caenol::CaENO1-2 and HLC54: cphl/cphl efgl/efgl. The
histopathology of mouse kidney aft@:. albicans infections were displayed
filamentous growth with the wild-type SC5314 straimdCaenol rescued strain
(YLOO0369 and YLOO00370), but fail to form filamentgith Caenol null
mutants anaphl/cphl efgl/efgl mutant strains. Scale bar, 2.
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Fig. 21 Schematic diagram of the carbohydrate metabolism in Candida
albicans. The glycolysis and gluconeogenesis pathwayCinalbicans is
modified from KEGG cal00010
(http://www.genome.jp/kegg-bin/show_pathway?cal@01
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orf19.4231 PTH2 Candida albicans SC5314

CLUG_00578 Candida lusitaniae ATCC 42720

CAGLOL02453g Candida glabrata CBS138

MITI Saccharomyeces cerevisiae S288C

CPAR2_805000 Candida parapsilosis CDC317

CORT_0A05020 Candida erthopsilosis Co 90-125

DEHA2B12452¢g Debaryomyces hansenii CBS767

PGUG_01781 Candida guilliermondii ATCC 6260
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Cd36_09540 Candida dubliniensis CD36

CAWG_00418 Candida albicans WO-1

Candida albicans orf19.4884
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Candida albicans orf19.12348 —r

Fig. 22 The phylogenetic tree view approach for Saccharomycetales
species of which the genome alike to CaREPS (orf19.4884/0rf19.12348).
The phylogenetic tree view align protein sequermpefast minimum evolution

of COBALT multiple aligment.
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HDVLSGKLTRPTQGN - LAHIDVSRRLSDSVGCSSLGGKTPSGD- - - EAQYFLDSSYQLSDMSVF[ 13 1SADHSNL[10]S
SDVQEKKILSPKHIPi FNEVTPSGELIKAMENTTLGNVKTSSSgg- - - - - === === -=------

DDVLNGFLTRPSEDD- LKDLTISEGLWNAVKDTQLVGKIPIED- - -EAYYFLDINYQLQNMS--  ALEDIDH[10]Q

- - -QHQPLLHHSSSVAGSTTSIVNNSLS ISNGGYGNNYSKNLSRSYN -KYSNSQ- VSQLSYMLPP- q t ESSSTATIASG-
- - -QHQPLLHHSSSVAGSTTSIVNNSLS ISNGGYGNNYSKNLSRSYN -KYSNSQ- VSQLSYMLPP- q t ESSSTATIASG-
- - -QHQPLLHHSSSVAGSTTSIVNNSLS ISNGGYGNNYSKNLSRSYN -KYSNSQ- VSQLSYMLPP- q t ESSSTATIASG-
HQhQHQPLLHHSPSVIGSTTSIVNNNSSISNGSYGNSYSKNMSRSYN - KYSNSQ- VSQLSYSLPPsqsDSLITINSIGT -

SQqQQQPTHQQRQPLSTSGAGVGGGASTATKLSYGKYGGP - -L.- SQQPQQ- - -F-QPRLGQQLPM- - -GMGPQNQHQS - -
QQqQQQPTQQRQQP-PAPTANVTGAALNNAKLSYGKYGGP - -LPQQQQQQ- - - F-QPRMGHQLAV - - - APLTQNDNS - - -

) NRFNQSLLSQPQYHAPPQNPNQQPQQLSLY - -QQQQQQMHQ- - -RQGSPQYFANE-
QEt ASMMHYLQPPAAAAAAAGVSHLAQGPFSSSLPPYFPT - - LHQPQKYASSGQ- LDYLSLQLPQ- - -QMHTLHSHASMI
SShKHSPLDSHEKQ- - - - -- - -~ -- - TSIAYGNYNAPVSTNSLSMGNPVPNNSShYFYSANGLOA- - - - YGSNGTAYQG-

SPqSHYNVPQQQKFIPQGSSGPQGLHMLPIPIQTPSFMYN - -NHKDENIP- - - Y-QP- - - YRVPR- - -KESSEGNHGS - -

ASVSVKREDDT[ 4 INAPTGNENqYVNAINHSHTSS - - - YGGQGYATD- -
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ASVSVKREDDT[ 4 INAPTGNENqYVNAINHSHTSS - - - YGGQGYATD--  ATGTATPAYNSYSQANTSI - - -NTSSQQ
TSTNVKREDDS[ 5 INSSSGNENqY INALGHSHTLS - - - YGGQGYTTDTT[ 8 JGTGMATPAYNNYSQTTTNT - - -NITTPL
--VSGGPGDDN[ 4 ]EVP- - - - - - FINPF-HQHSSStnpYASQVYTNA--  ----SVSPYNTYQQQTLST- - -TSSSPQ

ATGTATPAYNSYSQANTSI - - -NTSSQQ

EMLLVKRDEED ~ NAPAAVND- -LNFINP- -- --- -~ FSGTQQQVPIY ~ GSSLGFMSNN- - - -GNTY- - - -N-YSMQ
---LVKREEDE ~ SGPTGTSD--LNFINP- -~ ----- FSGTQQQVPIY ~ GASLGFMINN-- - -GNAY - - - -N-YSIQ
-TQSIKREDDN ~ ------- SeDVNFINPFGNHQgn - TGGNGYPENNT[3] - - - - - - - NHNPYFVHGQHQ! - - - - - - 0]

QPPMQQVPEQS ~ THVSQMLT- -QQFPTPEDLHTpg -FHASPYSSETL ~ PFPLGSPTLNA-VQGSQFLs rpSLYARS
-QPYVHLSNNN[ 5 ]NSNEMHSS - - LNSHNSAGVINs g - - LSSGQKIPGF[ 1 JGGGSYYYTYSSSSGKPQDMs - - - - SSTS
GPPIVG----- - - -SAISD- -VNFGGP- - - - - - - - YGA------ IH  GGST- - -TNNSGQPGSYY - - - -NSYMIP

QQ---
QQ---
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QQINL[ 7]SQQQQQYGQYTQYTTIPPQVITITL---  TSGN[ 9]-PPDLYSNQYATFPPPQAGSVYGP[12]TINT
GQGQP[ 5]GYPQSQYNQFLQHNPSQMNNTPDGYPQH[ 1]----[ 2]------- GYPQSQSQPQSQSQPQS  -QSQ
SQGSL[ 5 1GYTPSQYNQYLQHNTLQM-NPHEGYPQH[ 1]----[ 2]------- SL--------S0000Q -0
QQVLQ - -QQQQHNHHHHQNQRQQQQQQPHLPPH[ 5]SSSN[ 1]IPQ----------- QPQFNQEVQP[ 10]QDIY
AQONL[ 5JATDHSDRDSSDHYYA- - - - - - - -~~~
PRPLL[ 7] SNNNTGYVDHIQQSGGPASLNANTSLGN[ 3]SSGS[ 4]IPPLNTPYYYSSTATPNNMSNPHF
PQUKS 5JGSSLQGLNHPLYLYPQPLESYYQGPQQQ[ 4]----[ 7]------- SY--NYVVPSTESGSLP ~ -TMN
QUKQ  ---sessssssssmmsssssssssens sees seeeeeeeeeeeeeeeeeee B -0
NNINN[ 1] - - - -NNVNNAGNGNNPNRFHNASFAYN[ 9]QQGQ[ 9]IPINNPNYYTTQPPNPVINASTNE  NQGY
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Candida albicans orf19.4884

Candida albicans or{19.12348

CAWG_00418 Candida albicans WO-1
Cd36_09540 Candida dubliniensis CD36
CTRG_03345 Candida tropicalisMY A-3403
CPAR2_805000 Candida parapsilosis CDC317
CORT_0A05020 Candida orthopsilosis Co 90-125
DEHA2B12452g Debaryomyces hansenii CBS767
CLUG_00578 Candida lusitaniae ATCC 42720
CAGL 0L 02453g Candida glabrata CBS138
PGUG_01781 Candida guilliermondii ATCC 6260
orf19.4231 PTH2 Candida albicans SC5314

MIT1 Saccharomyces cerevisiae S288C

Candida albicans orf19.4884

Candida albicans or{19.12348

CAWG_00418 Candida albicans WO-1
Cd36_09540 Candida dubliniensis CD36
CTRG_03345 Candida tropicalisMY A-3403
CPAR2_805000 Candida parapsilosis CDC317
CORT_0A05020 Candida orthopsilosis Co 90-125
DEHA2B12452g Debaryomyces hansenii CBS767
CLUG_00578 Candida lusitaniae ATCC 42720
CAGL 0L 02453g Candida glabrata CBS138
PGUG_01781 Candida guilliermondii ATCC 6260
orf19.4231 PTH2 Candida albicans SC5314

MIT1 Saccharomyces cerevisiae S288C

Candida albicans orf19.4884

Candida albicans or{19.12348

CAWG_00418 Candida albicans WO-1
Cd36_09540 Candida dubliniensis CD36
CTRG_03345 Candida tropicalisMY A-3403
CPAR2_805000 Candida parapsilosis CDC317
CORT_0A05020 Candida orthopsilosis Co 90-125
DEHA2B12452g Debaryomyces hansenii CBS767
CLUG_00578 Candida lusitaniae ATCC 42720
CAGL 0L 02453g Candida glabrata CBS138
PGUG_01781 Candida guilliermondii ATCC 6260
orf19.4231 PTH2 Candida albicans SC5314

MIT1 Saccharomyces cerevisiae S288C

Candida albicans orf19.4884

Candida albicans or{19.12348

CAWG_00418 Candida albicans WO-1
Cd36_09540 Candida dubliniensis CD36
CTRG_03345 Candida tropicalisMY A-3403
CPAR2_805000 Candida parapsilosis CDC317
CORT_0A05020 Candida orthopsilosis Co 90-125
DEHA2B12452g Debaryomyces hansenii CBS767
CLUG_00578 Candida lusitaniae ATCC 42720
CAGL 0L 02453g Candida glabrata CBS138
PGUG_01781 Candida guilliermondii ATCC 6260
orf19.4231 PTH2 Candida albicans SC5314

MIT1 Saccharomyces cerevisiae S288C

TNAAN-HQYHS- ~ NNTTSSANNNSSSRTTG-VGSKRKPSIVSNSTS- - - - - GSVSGG- -NGNGNNYGYNSNSST
TNAAN-HQYHS- ~ NNTTSSANNNSSSRTTG-VGSKRKPSIVSNSTS- - - - - GSVSGG- -NGNGNNYGYNSNSST
TNAAN-HQYHS- ~ NNTTSSANNNSSSRTTG-VGSKRKPSIVSNSTS- - - - - GSVSGG- -NGNGNNYGYNSNSST

TNSINHHQYHSTT 11 JNNNNNNNNNNSFSRTTG- VGSKRKSSVISNSNS - - - - - NSTSGGgnNNNNNNYSYSSNSSI
TTSSSNDQYGVMI 11]SHTPNTGPTNSSSATNGZTPSSSSTNVTSNSTSVNNNK [ 6 TGYSYG- nNNNNNNNNNNSNTNH
SQHSFGHQHQST[ 10 JPLPQGSTTKPSTSMQMGmVSGTNAPSTNASMNPVSHYR[ 3 ]GS-SVD-qYSIGNNNSVSSITSG
QLHSHGHQHQTGI 11 JPLPPNSASKSSTTMGINnTPGTSI SENNSGGNTAPQYR[ 3 ]GS - SVD-qYSVGNNNSVSSINS -
QTHYQPQQY-NV[ 11 JPMPQGQPNHSLQYGSIG- - - - - STSTSTSSSDHYPHGTT 3 1SAGSGG- - -PIQHSGSIGTSMSG
SVVQQGTPYHAI =~ ------ EGNTSMSSFQGQKATNSTVPYLSSANGNPIYQ[ 2] - - - - - ---- -~ SRNYSGADTSMS
SISSNYNQSQKN[ 6]------ TQGAGNGHSLGnYPTFPVPGHLTHGGGQSHNS[ 3 JAQPSIG- pQAVPNLPGEEQITS -
TEQLRQQSY---  =----emcmccmcmcccnanes SPATLPNSNNNPVSLI 2] -NPGAG- - - ISSNLYSLMNQTST
STSSTQHPY---[ 1]GHPTESQSASAAAGATGtPGTAENVLPVSSMQPLLHQA =~ ------------ NNNSASSATST

STNRPPAVSTNTT - - - - sSTTSGGSSFSGPSSNI
STNRPPAVSTNTT - - - - sSTTSGGSSFSGPSSNI
STNRPPAVSTNTT - - - - sSTTSGGSSFSGSSSNI

TINSMSNNPWENSSTNM- AVNSNYITSSG- - - -GGNSHG- - - -
TINSMSNNPWENSSTNM- AVNSNYITSSG- - - -GGNS]
TINSMSNNPWENSSTNM- AVNSSYITSSG- - - -GGNS]
STTRPSIISTNTTTT tnsTTTGNSSFSGSSNNI ~ TTNSLMNNPWFNSATNM-GLNSNY I TSSNNNs TSGGNHGGGGG
STVR------ NSTGS-naTTTSTSSISGPSGMT ~ PVNG- -GNSWFANSGN- - - - - GGYITSSS- - - TNGTVHS- - - -
GMHPGGLSNTTSTSS - - - VLTANSSFSGPAGSR[ 12  TMKHLKPSNEF - - - - TPM-GQGFGATSNNSNTvTPSASLSGVST
GMYQGSLSNTTSTSS - - - VLTINSSFSVPAGSR[ 12 JTVRNLKSNNY - - - - TSL - SQGYGATNSSSNTvTPSASLNGASA
APTLGSSASSIPTVS-- - -- SAGTSISGSNRKL[ 12 ] TTSTLAHSNSFGGAGSVs GAGIGTGNNAGNNwFGNNSAGSIPT

PLNHTSFQGYQSQVGi - - - - -- NSSAALMNGNL[ 2] - -NHLNKQGSSVTHQNL- - - SEQHAPQNQQL i GSFSSQGLPHS
SENPSNYASSN- - - - = === === m o

APYPVYSMNVNVPYY- - - - - - - NSSASAYKRAQ[ 2]TTSNINAEPSGATS----------- TNSGTMI SNPAYANSQYT
-GIG-NNEYEPMPMINN- - - - - - - - - SASIPAYY  QQHVPSHVGSAQQHQSQQQV ~ AGVGAPHIIHN  HPYL-
-GIG-NNEYEPMPMINN- - - - - - - - - SASIPAYY  QQHVPSHVGSAQQHQSQQQV ~ AGVGAPHIIHN  HPYL-
-GIG-NNEYEPMPMINN- - - - - - - - - SASIPAYY  QQHVPSHVGSAQQHQSQQQV ~ AGVGAPHIIHN  HPYL-

IGIG-NNEYEPMPLTNSNTTTTAGaGAANIPGYY[ 4 JQQHIPSHVGSITQQQQQQVV ~ SGVITSHIIHN  HPYLh
- - -G-NSDYDNGNSSTSNGTSIGG-GGGSSGAHN - - -LPSFSNGVSGLQPQGQV[ 11 JAGVSSNHHHHQ[ 4 JHPHSh
BG------ ASATPQASSSDSDATLVHPGQFMNQY ~ ------- PQQQH-HQSPQQL[ 10] - -PQHPHQAHY [ 6 JQLQK -
ES------ AQTTPAAASSEIEPSQVHSGQFIGQY - - - -PHQPQSQHQHHSPQHS[ 8] - -HHHPSIYHY[6]YFQK-
ISEGfSNQATPAPNALNSGTSSIGALNSSSTSIV - - - -PSVAQNQNSQHDSQLA[ 11 JPPR-QPH- -HQ[ 6] TIYT-

TFTLqKAGPQNRQQRANHPLTLQP1SKISQLSQT[ 4 INNNNTGITNDYDSRTVSALN[ 5]-----------
PSQV- - -YYQGFPQYAMA- - - - - - - - SAQNPSMY [ 4 JQHPLPTVYPIATPQQNIMSS[ 5]TIGSDPQHHHY[ 6 JHKNF-
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haYNVNGGTSVGT - - - - - T- -GVTTGDESGGNTSTGPY - - - - - - - - - - YTTAN---- --
------ WSNS - - PQQNQSPh 1 QQSGNGNGNGHGTNGAGfEDVINSTAGGTAGQQSSY([ 8]RF
------ WSNS - -PQQ- - - - - - - - - - - - SGNGNGSNGAGfEDVSNSTPSGLSGQQSSY[ 8]RF
------ SASSLPPQQQKWT - - - - - - -GGFNAPPPAPPRpPSHLPSSSSLOQQQQQHQ[ 8]AA[43]

637

666

582
582
584
688
554
566
551
1784

450
500
269
503

645
645
647
763
609
646
631
1867

517
511
334
563

703
703
705
836
686
715
702
1946

601

397
636

121




Fig. 23 Themultiple alignment of CaRep5 protein sequences. The protein
sequences dCaREP5 compared with CAWG_00418. albicans, Cd36_09540
C. dubliniensis, CTRG_03345C. tropicalis, CPAR2_805000C. parapsilosis,
CORT_0A05020C. orthopsilosis, DEHA2B12452gDebaryomyces hansenii,
CLUG_00578C. lusitaniae, CAGL0OL02453gC. glabrata, PGUG_01781C.
guilliermondii, C. albicans PTH2 and Saccharomyces cerevisae MIT1 by
multiple alignment tool

(http://www.ncbi.nim.nih.gov/tools/cobalt/cobaltiegnk loc=BlastHomeLink).
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CPAR2_212670 Candida parapsiiosis CDC317

CORT_0A11970 Candida orthopsilosis Co 90-125

CAGLOK04257g Candida glabrata CBS138

RMEIIYGRUO44C Saccharomyces cerevisiae S288C

PGUG_00281 Candida guilliermondii ATCC 6260

DEHA2F19778g Debaryomyces hansenii CBS767

LELG_01054 Lodderomyces elongispornus NRLL YB_4239

CTRG_03993 Candida tropicaiis MYA_3404

= Cd36_06830 Candida dubliniensis CD36

CAWG_00686 Candida albicans WO-1

RME1/orf19.4438 Candida albicans SC3314

0.4 subs/site
RME1/0rf19.11918 Candida albicans SC5314

Fig. 24 The phylogenetic tree view approach for Saccharomycetales
species of which the genome alike to CaREP6 (orf19.4438/0rf19.11918).
The phylogenetic tree view align protein sequernmpefast minimum evolution

of COBALT multiple aligment.
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Fig. 25

Candida albicans or{19.4438 M FSYNLESNNAGyLNHHHSRHHLNSNSNSNNNNNNNNNNSIAISNNNK ~ AHLQE-QKQRQSQEHE ~ QNPRNPQ 70
Candida albicans or{19.11918 M FSYNLESNNAGyLNHHHSRHHLNSNSNSNNNNNNNNNNSIAISNNNK ~ AHLQE-QKQRQSQEHE ~ QNPRNPQ 70
Cd36_06830 Candida dubliniensis M FSYNLESNNAGyLNNHHSLHH-HHHHNNNNNNNNNNTSSITINNKSK ~ AHLQE-QKQRONQEHE ~ QNPRNPQ 69
CAGL 0K 042579 Candida glabrata M[9 JFLYSNSKSDNDi IAFPSSFNVLTELQRKQPYDSNDYFDMEYTGSNGL[ 9 JPNFTTiDIAIDNEDDE[4]QNTICSN 93
CPAR2_212670 Candida parapsilosis M[2]LTAILQSYHAK - VEDESSIYHLLKKSGSQPSLSIDEVVVRVPSVG-E ~ PSFTC-QSAMLLNELL ~ AKASNHQ 70
RMEL/Y GR044C SaccharOmyCeS CEIEVISIAB | = <o oo oo oo oo iiiciciiin eeeedecen ol
CAWG_00686 Candida albicans WO-1 M FSYNLESNNAGyLNHHHSRHHLNSNSNSNNNNNNNNN-STAISNNNK ~ AHLQE-QKQRQSQEHE ~ QNPRNPQ 69
PGUG_00281 Candida guilliermondii m e emmmmmeeemmmmmee mmmmmmmmmmmemmn e
CORT_0A11970 Candida orthopsilosis M[2]LAAILQSYHAK - VEEKNPIYHPVKKSGSLTSLSIDEVVVRVPSVSND ~ QNFTC-QSAILLNEML ~ AQTPKPQ 71
CTRG-03993 Candida tropicalis M VGY-memmm oo NLIESNSINL ~ AHIQD------ NEQHQ EPNSHSH 31
LEL G_01054 L odderomyces elongisporus e MNINNGS[2]MVNNYSN 16
DEHAZ2F19778g Debaryomyces hansenii B e e EEEnEEEE LR
Candida albicans orf19.4438 VYQNY - - HFIQQQQHFQYLQNALAN- - TMSQLQHHP ~ ----- PYH-GHAVFKPNYMQDV ~ FLNDSCSLGSPVNSI 133
Candida albicans orf19.11918 VYQNY - - HFIQQQQHFQYLQNALAN- - TMSQLQHHP ~ ----- PYH-GHAVFKPNYMQDV ~ FLNDSCSLGSPVNSI 133
Cd36_06830 Candida dubliniensis VYQNY - - HFIQQQQHFQYLQNALAN- - TMSQLQHHP ~ ----- PYH-GHAVFKPNYMQDV ~ FLNDSCSLGSPVNSI 132
CAGL 0K 04257g Candida glabrata TLRRTcsAYNTNSKDGLCSGDQONCMggMNMMLMQF - [ 101 SRANVPQQQONDNTFDYDEQHY [ 3 JLPTPTESAGIIRSCL 178
CPAR2_212670 Candida parapsilosis SIEGIgtTQIRPVSALFGAKDRIADnsTIELVNHHY ~ SQLSTSYPDKSTGFMVYGKCEI[3]LLHDPETLRNPSSSS 146
RMEL/Y GR0O44C SaccharOmyCes CEreViSiae | - - - -oocoommooo oo oot it e
CAWG_00686 Candida albicans WO-1 VYQNY - - HFIQQQQHFQYLQNALAN- - TMSQLQHHP ~ ----- PYH-GHAVFKPNYMQDV ~ FLNDSCSLGSPVNSI 132
PGUG_00281 Candida guilliermondii =~ | <ccmmm ool e ieiiiiien oo MEF 3
CORT_0A11970 Candida orthopsilosis FNDDAv1SHVRPVSVLFGAKDWLTDkvTIGFANHHC ~ PQLSTSYPPNSSGFKFSNECDT[4 INGQKPETSRNPSSTS 148
CTRG-03993 Candida tropicalis LYHHY - -QFVQQQQHFQYLQNALAS - -TMSQQQQQQ[ 12 ]SQSPSPYHPSSAVFKPNYMQDV ~ LLNETCILNSPMNSM 112
LEL G_01054 L odderomyces elongisporus IFNHSd- - - -KLISPSNFTQNFNSK - - TLKLNPYNL[ 12 ] TNALAPAVDQLPECFEKENNNI  NIEHNEVTKQPIKQQ 95
DEHA2F19778g Debaryomyces hansenii | <= -ccocoomomama o MSSFIQGFM[ 10 JRELNFDIEPENVGYYNSFGDIY[ 3 1YGGIEER- - - THASI 56
Candida albicans or f19.4438 EN- - SGCTTTKTTPI ISPMSLND-NVLPP  PNHHDFDTF- - - - - MGNNFVDYTSS ~ YNPEHTLPS  -PSS 191
Candida albicans orf19.11918 EN- - SGCTTTKTTPI ISPMSLND-NVLPP  PNHHDFDTF- - - - - MGNNFVDYTSS ~ YNPEHTLPS  -PSS 191
Cd36_06830 Candida dubliniensis EN- -SGCTTTKTTPIIPPMSLND-NVLPP ~ PNHHDFETF- - - - - MGNNEVDYTST YNPEHALPS ~ -PSS 190
CAGL 0K 042579 Candida glabrata TSp1DFAATIKTEPYVNNTTLLLSQSGPP[ 4 ] SNMPDLLHRERSHT([ 2] - - -NITPISLS[ 4]DDSYFTATV[6]IPMV 258
CPAR2_212670 Candida parapsilosis SM- - SSANTVLSSSPVSQMYQNPDKAIEQ ~ SRLSQIQTNSELYS ~ LVEQDLRFTPA[12]VD-DHVEES  FPHS 222
RMEL/Y GR0O44C Saccharomyces CEreviSiae | ---------mmmmmmommomococcon cmemiiilil oo oo [11SPCY 5
CAWG_00686 Candida albicans WO-1 EN- -SGCTTTKTTPIISPMSLND-NVLPP  PNHHDFDTF- - - - - MGNNFVDYTSS YNPEHTLPS ~ -PSS 190
PGUG_00281 Candida guilliermondii VS- -DLNWTY - -EPELDPMLACPVNPAP- - - -GRLGGPFGFY- ~ ----- VDFESN[ 4]DNINLNLKL[6]SPVR 66
CORT_0A11970 Candida orthopsilosis SL- - SSANTVVSSIPVSKLYQNPHKAIEQ ~ SQLNQIQTDNDLYS = LVEQNLRFTPT[12]FSIDDTQET CPLS 225
CTRG-03993 Candida tropicalis DT- - SACTTTKTTPLMHPISVHEFDQLPL ~ NNNHHLHHYHFPHE[4]AARSDSITTLN  EDKKCILPS  -PSS 180
LEL G_01054 L odderomyces elongisporus LNnvTPQRLYTTYDLFPNYYDIDHGNVMN[ 1]-NQIFINNDNNNYN[ 3] IGSSGSSSTGN[ 1]YNRHRILPN[SIRCVT 171
DEHA2F19778g Debaryomyces hansenii SG- -NVAGNI - -ESSSGNVVACGNISGTV[ 2 MNYGSIGAPGDIHG[ 2] - - -RGVDHHQS[ 4]YGFKYGLGY[6]QTYM 130
Candida albicans orf19.4438 PLTMVCNDGRR - HDDHMNFASTFSVHPASSKC - ATQHYGNSNQELTKGYP- - - -NPNSLVYNTINNCI - - - - - - - - - - N- 254
Candida albicans orf19.11918 PLTMVCNDGRR - HDDHMNFASTFSVHPASSKC - ATQHYGNSNQELTKGYP- - - -NPNSLVYNTINNCI - - - - - - - - - - N- 254
Cd36_06830 Candida dubliniensis PLTMVGSDSRR - HEDYMNFASTFSVHPASSKC - ATQPNANSNQEFTKGYP- - - -NPNSLVYNTINNCVinRnsNTTDAN- 263
CAGL 0K 04257g Candida glabrata NTRGVIKKEEP- - - DYSVLQ- - - PQHAHIDDV - - - SGYGEISA- - - -G-TSSYrNMVSQWTSGTEP- - - -TfnDAVSV-- 318
CPAR2_212670 Candida parapsilosis ICPWQLQSNNI - - - - - - TYSQPTPVHLKLKRG]LENIQDVFNLTIDDDDDKGV - S-EYHEGSTIQDCImcM- - SVSPSI- 291
RMEL/Y GR044C Saccharomyces cerevisiae | GONSATAKGSW- - -NREVLQEVQPT YHWHDFG- - - QNMKEYSASPLEG-DSS - - - LPSSLPSSTEDCL1 1S1eNTITVIa 75
CAWG_00686 Candida albicans WO-1 PLTMVCNDGRR - HDDHMNFASTFSVHPASSKC - ATQHYGNSNQELTKGYP- - - -NPNSLVYNTINNCI - - - - - - - - - - N- 253
PGUG_00281 Candida guilliermondii GSPMTIDTATF- - -EPHPLG- - - - - - - - LGID- - - YSGDQMASSELD- -HATY fDIYSRLTESSSS- - - - - - - DSLFSM- 122
CORT_0A11970 Candida orthopsilosis ICPWQLQPNKI - - - - - - NYSQPTPTHLKLKRG1LENIQDVFNQTVDDDDEGIL -NLDQQEGSGFHDCImeM- - SVPPST- 295
CTRG-03993 Candida tropicalis PMTV- - TDGKQpHDEYLNFVTTFSIHPQSTSS -LV- - - - - - - - - - FRNHH- - - -HINSAVRHASYDLG- - - - - - - - - Cs- 233
LEL G_01054 L odderomyces elongisporus PSSSITSPEDDpDLDLYKFSIVKI I SPKRNVTpALCHHSRNT IQLENRPPMLK sHSESQILKTSPYDLenTwsEHNDTE- 250
DEHA2F19778g Debaryomyces hansenii E- - -TYDDYGQ- - -EYSHYS- - - - - - - - VPVK - - -QGQQQMQGMMLDKHHDSDrDVEYDSGSRRSS - - - - - - - NAMYSQ- 185
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Fig. 25 Themultiple alignment of CaRep6 protein sequences. The protein
sequences ofCaREP6 compared with Cd36_06830C. dublinienss,
CAGLOK04257g C. glabrata, CPAR2 212670 C. parapsloss,
RMELYGR044C Saccharomyces cerevisae, CAWG_ 00686 C. albicans,
PGUG_ 00281 C. qguilliermondii, CORT_0A11970 C. orthopsilosis,
CTRG-03993 C. tropicalis, LELG 01054 Lodderomyces elongisporus and
DEHA2F19778g Debaryomyces hansenii by multiple alignment tool

(http://www.ncbi.nim.nih.gov/tools/cobalt/cobaltiegnk loc=BlastHomeL.ink).
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Fig. 26 Schematic diagram of construction CaRE5 heter ozygous mutant

by SAT1 flipper method.

(A) Structure of the deletion cassette from plasmid

pHC2 (top), in which the€CaREPS5 coding region is replaced [AT1 flipper
cassette, and genomic structure of ®P&REP5 alleles in the parent strain

SC5314 (bottom). CaREP5-1 and CaREP5-2 represent the two alleles of
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CaREPS5 in the genome, in whicBaREP5-1 was replaced with th8AT1 flipper
cassette to obtain YLO00324 and YLOO0032%B) Lane M: 1 kb Plus DNA
ladder maker. Lane 1. Assessing Bl cassette integrated in@aREPS5 by
PCR,and the fragment approximate sizes were 1034 bpe PaThe excision of
the SAT1 cassette iCaREPS heterozygous strain, and the fragment approximate

sizes were 861 bp.
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Fig. 27 Schematic diagram of construction CaREP5 homozygous mutant

by SAT1 flipper method. Schematic maps show the deletion cassette from
plasmid pHC2 (top), and either one disrupted alelCaREPS (bottom). The
second allele o€aREPS was replaced with th8AT1 flipper cassette to obtain
homozygous mutant strains YLO00326 and YLO00327.
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Fig. 28 Southern blot analysis to verify the Carep5 mutant derivatives in
Candida albicans. Genomic DNA from four heterozygous mutant straind a
eight homozygous mutant strains were digested Bgthl and probed with the
525 bp PCR fragment of th€aREP5 downstream. The sizes of the
hybridizing fragments were given on the right safethe blot. Lane 1 to 2
were wild-type SC5314, predicted almost 9.5 kb;elaB to 6 were
CaREP5/Carep5 heterozygous mutants, predicted almost 7.0 kiQabh#b; lane

7 to 14 wereCarep5/Carep5 homozygous mutants, predicted almost 7.0 kb;
land M was about 0.4 ug of 1 kb plus DNA ladder.
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Figu. 29 Schematic diagram of construction CaREPS rescued strain by
SAT1 flipper method. Structure of theSAT1 cassette from pHC5 used for
reintegration of an intadCaREPS allele into the inactivate@€arep5 locus to
produce th&CaREPS5 rescued strains YLO00352 and YLOO00353.
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Fig. 30 Mutations on CaREP5 do not affecting germ tube formation of
Candida albicans. The morphology of five strains, (AfaREP5/CaREP5
(SC5314), (B) CaREP5/Carep5-1 (YLOO00324), (C) CaREPS5/Carep5-2
(YLOO00325), (D) Carep5/Carep5-1 (YLOO00326), and (E)Carep5/Carep5-2
(YLOO00327), were incubated in YPD medium containib@ fetal bovine

serum for 4 hours at 37°C. Scale barpft
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Amphotericin B Fluconazole
H,O DMSO 0.1 g g/ml 25 pg/ml

L] - - L] - -
- . - - .
. . . L .
s s . . 4 .
\ . . - » - . .
\.__‘ s o . ™
Cells: 104 1(° 107 10

Itraconazole Ketoconazole NMiconazole Voriconazole
2 pg/ml 2 pg/ml 1 pg/ml 2 pg/ml

Fig. 31 Mutations on CaREP5 do not affect the antifungal susceptibility of
Candida albicans. The agar dilution was performed to analyze antifiing
susceptibility on SD agar plates. DMSO angDHwvere used to prepare the
control plates. Cells including, (1XaREP5/CaREP5 (SC5314), (2)
CaREP5/Carep5-1 (YLOO00324), (3) Carep5/Carep5-1 (YLOO00326), (4)
Carep5/Carep5::CaREP5-1 (YLOO00352), (5)CaREPS/Carep5-2 (YLO00325),
(6) Careps/Careps5-2  (YLOO00327), (7) Carep5/Carep5s::CaREPS-2
(YLOO00353). The results were photographed aften@@s of growth at 30°C.
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Fig. 32 Mutations on CaREP5 are not sensitive to bile salts and common
detergents. The agar dilution was performed to analyze antiéling
susceptibility on SD agar plates. DMSO angDHwvere used to prepare the
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control plates. Cells included, (1XaREPS5/CaREPS (SC5314), (2)
CaREP5/Carep5-1 (YLOO00324), (3) Carep5/Carep5-1 (YLOO00326), (4)
Carep5/Carep5::CaREP5-1 (YLO00352), (5)CaREPS/Carep5-2 (YLO00325),
(6) Carep5/Careps5-2  (YLOO00327), (7) CarepS/Carep5s::CaREPS-2
(YLOO00353). The results were photographed aftena@@s of growth at 30°C.
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Fig. 33 White-opaque switching assay of CaREP5 strains. The plates

were incubated at room temperature for 14 days.
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Fig. 34 Carep5/Carep5 is confirmed by real-time PCR analysis. Total
RNAs were isolated from cells with or without 1@§/ml miconazole treatment
at 30°C for 1 hour. The transcript levels of diffiet samples as follow:
parental strain SC5314, Candt80/Candt80 (YLOO00133),
Candt80/Candt80::CaNDT80 (YLO00137), Carep5/Carep5-1 (YLO00326),
Carep5/Carep5::CaREP5-1 (YLOO00352),Carep6/Carep6-1 (YLOO00350) were
normalized with the level ad€aSNF3 mRNA isolated from the same conditions.
The primer pairs used were HJL00586 and HJL00587.
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Fig. 35 Confirmation of the miconazole-induced change in CDR1
expression. Carepb/Carep5 messenger RNA expression observed by real-time
PCR. Total RNAs were isolated from cells afteateel with or without 100
ug/ml miconazole at 30°C for 1 hour. The transciigtels of different
samples as follow: parental strain SC53LC§ndt80/Candt80 (YLO00133),
Candt80/Candt80::CaNDT80 (YLO00137), Carep5/Carep5-1 (YLO00326),
Carep5/Carep5::CaREP5-1  (YLO00352), Carep6/Carep6-1  (YLOO0350).
Signals from experimental samples were normalizedthe CaACT1 gene

expression level. The primer pairs used were H3LBGand HIJLO0316.
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Fig. 36 Confirmation of the miconazole-induced change in CDR2
expression. Carep5/Carep5 messenger RNA expression observed by real-time
PCR. Total RNAs were isolated from cells afteateel with or without 100
ug/ml miconazole at 30°C for 1 hour. The transciligtels of different
samples as follow: parental strain SC53L§ndt80/Candt80 (YLO00133),
Candt80/Candt80::CaNDT80 (YLOO00137), Carep5S/Carep5-1 (YLOO00326),
Carep5/Carep5::CaREP5-1  (YLO00352), Carep6/Carep6-1  (YLOO0350).
Signals from experimental samples were normalizedthie CaACT1 gene
expression level. The primer pairs used were H3R6Gand HJL00396.
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SC5314 YLO00133 YLO00137 YLO00326 YLO00352 YLOO00350

Fig. 37 Confirmation of the miconazole-induced change in CaNDT80
expression. Carep5/Carep5 messenger RNA expression observed by real-time
PCR. Total RNAs were isolated from cells afteateel with or without 100
ug/ml miconazole at 30°C for 1 hour. The transciigtels of different
samples as follow: parental strain SC53L§ndt80/Candt80 (YLO00133),
Candt80/Candt80::CaNDT80 (YLO00137), Carep5/Carep5-1 (YLO00326),
Carep5/Carep5::CaREP5-1  (YLOO00352), Carep6/Carep6-1  (YLOO00350).
Signals from experimental samples were normalizedthe CaACT1 gene

expression level. The primer pairs used were H3LOGand HJL0O0320.
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Fig. 38 Confirmation of the miconazole-induced change in CPH1
expression. Carep5/Carep5 messenger RNA expression observed by real-time
PCR. Total RNAs were isolated from cells afteateel with or without 100
ug/ml miconazole at 30°C for 1 hour. The transciigtels of different
samples as follow: parental strain SC53LC§ndt80/Candt80 (YLO00133),
Candt80/Candt80::CaNDT80 (YLOO00137), Carep5/Carep5-1 (YLOO00326),
Carep5/Carep5::CaREP5-1  (YLO00352), Carep6/Carep6-1  (YLOO0350).
Signals from experimental samples were normalizedthe CaACT1 gene

expression level. The primer pairs used were H3B8Gand HJL00539.
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Fig. 39 Confirmation of the miconazole-induced change in EFG1
expression. Carepb/Carep5 messenger RNA expression observed by real-time
PCR. Total RNAs were isolated from cells afteateel with or without 100
ug/ml miconazole at 30°C for 1 hour. The transciligtels of different
samples as follow: parental strain SC53LC§ndt80/Candt80 (YLOO00133),
Candt80/Candt80::CaNDT80 (YLO00137), Carep5/Carep5-1 (YLO00326),
Carep5/Carep5::CaREP5-1  (YLOO00352), Carep6/Carep6-1  (YLOO00350).
Signals from experimental samples were normalizedthe CaACT1 gene
expression level. The primer pairs used were H340Gand HJL00541.
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Fig. 40 Schematic diagram of construction CaREP6 heter ozygous mutant
by SAT1 flipper method. Structure of the deletion cassette from plasmid

pHC4 (top), in which the€CaREP6 coding region is replaced BAT1 flipper
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cassette, and genomic structure of (P&REP6 alleles in the parent strain
SC5314 (bottom). CaREP6-1 and CaREP6-2 represent the two alleles of
CaREP®6 in the genome, in whicBaREP6-1 was replaced with th8AT1 flipper
cassette to obtain YLO00348 and YLO00349. (B) Ladhel kb Plus DNA
ladder maker. Lane 1: Assessing 8#/d1 cassette integrated in@aREP6 by
PCR, and the fragment approximate sizes were 1215 bp) Léane M: 1 kb
Plus DNA ladder maker. Lane 1: Assessing 3A&1 cassette integrated into
CaREP6 by PCR and the fragment approximate sizes were 1308 bp.
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Fig. 41 Schematic diagram of construction CaREP6 homozygous mutant

by SAT1 flipper method. Schematic maps show the deletion cassette from
plasmid pHC4 (top), and either one disrupted aleleCaREP6 (bottom). The
second allele o€aREP6 was replaced with th8AT1 flipper cassette to obtain
homozygous mutant strains YLO00350 and YLOO00351.
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Fig. 42 Southern blot analysisto verify the CaREP6 mutant derivativesin
Candida albicans. Genomic DNA from three heterozygous mutant ssraind
six homozygous mutant strains were digested Rethand probed with the 556
bp PCR fragment of th€aREP6 downstream. The sizes of the hybridizing
fragments were given on the right side of the bldtane 1: wild-type allele
(SC5314), predicted almost 8 or 13 kb; lane 2 t€aREP6/Carep6, predicted
almost 8/11.5 kb or 13/6.5 kb; lane 5 to Tarep6/Carep6, predicted almost
6.5/11.5 kb.
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(E)

Fig. 43 Mutations on CaREP6 do not affect germ tube formation of
Candida albicans. The morphology of five strains, (AfaREP6/CaREP6
(SC5314), (B) CaREP6/Carep6-1 (YLOO00348), (C) CaREP6/Carep6-2
(YLOO00349), (D) Carep6/Carep6-1 (YLOO00350), and (E)Carep6/Carep6-2
(YLOO00351), were incubated in YPD medium containib@% fetal bovine

serum for 4 hours at 37°C. Scale barpft
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Fig. 44 Mutations on CaREP6 do not affect the antifungal susceptibility of
Candida albicans. The agar dilution was performed to analyze antifiing
susceptibility on SD agar plates. DMSO angDHwvere used to prepare the
control plates. Cells tested included, (@aREP6/CaREP6 (SC5314), (2)
CaREP6/Carep6-1  (YLOO00348), (3) Carepb/Carep6-1 (YLOO00350), (4)
CaREP6/Carep6-2 (YLOO00349), (5) Carepb/Carep6-2 (YLOO00351), (6)
Candt80/Candt80 (YLO00133), (7)Candt80/Candt80::CaNDT80 (YLO00137).
The results were photographed after 48 hours oftirat 30°C.
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Fig. 45 Mutations on CaREP6 are not sensitive to bile salts and common
detergents. The agar dilution was performed to analyze antiéing
susceptibility on SD agar plates. DMSO angDHwvere used to prepare the
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control plates. Cells tested included, (@aREP6/CaREP6 (SC5314), (2)
CaREP6/Carep6-1  (YLOO00348), (3) Carepb/Carep6-1 (YLOO00350), (4)
CaREP6/Carep6-2 (YLOO00349), (5) Carepb/Carep6-2 (YLOO00351), (6)
Candt80/Candt80 (YLO00133), (7)Candt80/Candt80::CaNDT80 (YLO00137).
The results were photographed after 48 hours ofviiroat 30°C. CFW
indicates the cell wall binding dye calcofluor vehit 4NQO: 4-nitroquinoline
1-oxide; NaDOC: sodium deoxycholate; NP-40: octgimyi-polyethylene
glycol; SDS: sodium dedocyl sulfate.
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Ow/o 100 ug/ml miconazole @ with 100 ug/ml miconazole

relative mRNA leave of CaREPH
-

8C5314 YLO00133 YLO00137 YLO00326 YLO00352 YLO00350

Fig. 46 Carep6/Carep6 is confirmed by real-time PCR analysis. Total
RNAs were isolated from cells with or without 1@§/ml miconazole treatment
at 30°C for 1 hour. The transcript levels of diffiet samples as follow:
parental strain SC5314, Candt80/Candt80 (YLOO00133),
Candt80/Candt80::CaNDT80 (YLOO00137), Carep5/Carep5-1 (YLOO00326),
Carep5/Carep5::CaREP5-1 (YLO00352),Carep6/Carep6-1 (YLO00350) were
normalized with the level d€aSNF3 mRNA isolated from the same conditions.
The primer pairs used were HJL00588 and HJL00589.
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Appendix 4. Citrate cyclein Candida albicans from KEGG cal00020 pathway.
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Appendix 5. Endocytosisin Candida albicans from KEGG cal04144 pathway.
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Appendix 6. Meiosisin Candida albicansfrom KEGG cal04113 pathway.
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