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Targeted gene disruption in Candida parapsilosis
demonstrates a role for CPAR2_404800 in

adhesion to a biotic surface and in a murine
model of ascending urinary tract infection

Alessia Bertini1, Marina Zoppo1, Lisa Lombardi1, Cosmeri Rizzato1, Elena De Carolis2, Antonietta Vella2, Riccardo Torelli2,
Maurizio Sanguinetti2, and Arianna Tavanti1,*
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Candida parapsilosis is an emerging opportunistic pathogen, second in frequency only to C. albicans and commonly
associated with both mucosal and systemic infections. Adhesion to biotic surfaces is a key step for the development of
mycoses. The C. parapsilosis genome encodes 5 predicted agglutinin-like sequence proteins and their precise role in the
adhesion process still remains to be elucidated. In this study, we focused on the putative adhesin Cpar2_404800, in
view of its high homology to the most important adhesion molecule in C. albicans. Two independent lineages of C.
parapsilosis CPAR2_404800 heterozygous and null mutants were obtained by site-specific deletion. CPAR2_404800
mutants did not differ from wild-type strain in terms of in vitro growth or in their ability to undergo morphogenesis.
However, when compared for adhesion to a biotic surface, CPAR2_404800 null mutants exhibited a marked reduction in
their adhesion to buccal epithelial cells (>60% reduction of adhesion index). Reintroduction of one copy of
CPAR2_404800 gene in the null background restored wild type phenotype. A murine model of urinary tract infection
was used to elucidate the in vivo contribution of CPAR2_404800. A 0.5 and 1 log10 reduction in colony forming unit
numbers (per gram) was observed respectively in bladder and kidneys obtained from mice infected with null mutant
compared to wild-type infected ones. Taken together, these findings provide the first evidence for a direct role of
CPAR2_404800 in C. parapsilosis adhesion to host surfaces and demonstrate its contribution to the pathogenesis of
murine urinary candidiasis.

Introduction

Molecular characterization of virulence properties of fungal
pathogens through gene knock out strategies have led to a deeper
understanding of the complex yeast – pathogen interaction. This
has been particularly evident for the most common fungal patho-
gen of humans, Candida albicans 1-3. Nevertheless, this approach
has been successfully extended to other clinically relevant non-
albicans Candida species. 4-6 Among these, C. parapsilosis has
emerged as a common opportunistic pathogen, responsible for
both mucosal and systemic infection, second in frequency only
to C. albicans and commonly associated with catheter-related
infections in intensive care units. 7-10 The entire genomic
sequence of C. parapsilosis (strain CDC 317) has been published
in 2009. 11 This event permitted the direct analysis of a vast
number of putative gene sequences, obtained from a comparative
genomic investigation. Some virulence-associated genes in C.
parapsilosis have already been identified and characterized.

Among these, secreted aspartyl protease (SAP) gene family12,
lipases 6,13, fatty acid synthase genes14, biofilm and cell wall regu-
lator (BCR1) gene5 and acid threalase (ATC1) gene. 15

The ability to adhere to biotic and/or abiotic surfaces repre-
sents an essential trait that enables microorganisms to colonize
and eventually infect the host. The stable presence of a microbe
within the host, especially on skin or mucosal surfaces, is often
related to the strong interaction between molecules that act as
receptors and their ligands. This interaction can contribute to the
unsuccessful clearance of the microorganism by the host and pro-
mote fungal stable colonization of human surfaces. Despite the
clinical relevance that C. parapsilosis has gained in the past few
decades, little is known on the molecular mechanisms underlying
adhesion of this yeast to biotic surfaces.

In silico analysis of the genomic sequence of C. parapsilosis
indicated the existence of 5 potential homologues of CaALS
genes.11 Homology studies revealed that Cpar2_404800 shared
the highest sequence homology with CaAls3p, which is
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considered one of the most important adhesin in C. albicans.16-20

However, according to the Candida Gene Order Browser data-
base (http://cgob3.ucd.ie/), CPAR2_404800 is synthenic with
C. albicans ALS7. The function of this gene, named CpALS7
according to its synteny with C. albicans gene, was investigated
by targeted gene deletion, performed with the SAT1-flipper cas-
sette system. 2,5,6 The aim of the present study was to evaluate
the effect of the deletion of one or both the CpALS7 alleles in 2
independent lineages of mutant strains, each including a hetero-
zygous ALS7/als7D and a null als7D/als7D strain. The panel of
mutant isolates was characterized for phenotypic traits such as
growth rate, ability to grow in the presence of cell wall perturbing
agents, cytotoxicity and ability to adhere to human buccal epithe-
lial cells. Pathogenicity of the mutant collection was also assessed
in 2 different experimental models, including intra-hemocelic
infection of Galleria mellonella larvae 21,22 and a murine model
of urinary infection. 23

Results

In silico analysis of ALS-like genes and selection of
CPAR2_404800 as first target for site-specific mutagenesis

According to the Candida Genome Database (CGD) (http://
www.candidagenome.org) annotation, Candida parapsilosis pos-
sesses 5 potential homologues of CaALS genes (CPAR2_500660;
CPAR2_404770; CPAR2_404800; CPAR2_404790; CPAR2_
3j404780).

The protein sequences were aligned using Clustal Omega,
analyzed with InterPro 45.0 24 and a phylogenetic tree was
obtained with Mega6 program 25 (data not shown). A quick anal-
ysis of the tandem repeat regions was performed with an on-line
tool T-REKS 26, confirming the adhesin-like conserved features
for all 5 proteins. Among these, CPAR2_404800 (gene length
4152 nucleotides, amino acid number 1383) shared the highest
sequence homology with C. albicans ALS3, one the most impor-
tant adhesion molecules in this species. 17,19

Pairwise identity scores, obtained with Clustal Omega and
based on the alignment of CaAls and CpAls protein sequences,
indicated an identity score of 43.36% between Cpar2_404800
and CaAls3, while the majority of the alignment values were
below 35%. Since CPAR2_404800 is synthenic with C. albicans
ALS7, according to the Candida Gene Order Browser database
(http://cgob3.ucd.ie/) CPAR2_404800 was named CpALS7 and
selected as first target for site specific mutagenesis to evaluate its
role in C. parapsilosis adhesion to biotic surfaces.

Generation of the CpALS7 null mutant and reconstituted
strain with the SAT1 flipper cassette

To evaluate the role of CpALS7, both alleles were deleted in C.
parapsilosis wild type strain ATCC 22019 as background, using
the SAT1 flipper cassette as disruption strategy. 2,5,6 Plasmid
p35ALS7 (Table S1), containing the CpALS7 disruption cassette
was sequenced and results obtained indicate the absence of mis-
matched bases (Table S2 and Table S3A).

Two separate rounds of transformation, followed by FLP-
mediated CaSAT1 resistance marker recycling, gave rise to 2
independent lineages of heterozygous (H) and null strains (KO)
lacking one or both copies of CpALS7, respectively (Fig. 1A and
B). Genomic DNA from wild type (WT) and the panel of
mutant strains was extracted and used to verify the correct inte-
gration/excision of the cassette by targeted PCRs (data not
shown). Southern blot based restriction analysis with BsmI
enzyme was also used to confirm that the appropriate mutagene-
sis has occurred in each strain, using a 520 bp fragment of the 30

homology region as a probe. Figure 1 illustrates a scheme of
CpALS7 locus in the different strains obtained in this study and
shows the Southern blot pattern obtained for each isolate (Line-
age b, Fig. 1B). To demonstrate that the phenotype of the null
mutant strain was linked to the deletion of CpALS7 only, a func-
tional copy of the gene was reintroduced into the original locus
in the null mutant background, using the SAT1 flipper cassette.
Transformants were screened by PCR and the correct excision of
the cassette was assessed (Fig. 1C). In addition, a fragment con-
taining the complete CpALS7 ORF was amplified in the reconsti-
tuted strain (R) and the 50 and 30 regions of the gene were
sequenced, demonstrating complete homology with the wild
type sequence (Table S3B). All strains containing SAT1 flipper
cassette integrated in genome (HC and KOC strains) were resis-
tant to nurseothricin (NTC) and were maintained on YPD plates
supplemented with 100 mg/ml NTC. All the other strains were
sensitive to NTC and were maintained on YPD plates (Fig. 1D).

Effect of CpALS7 deletion on C. parapsilosis growth rate on
conventional medium or in the presence of cell wall perturbing
agents

Growth rate in YPD liquid medium was evaluated in the
panel of CpALS7 mutant strains. As shown in Figure 2, panel A,
no difference was observed in the growth rate in liquid medium
at 37�C. The effect of CpALS7 deletion on cell wall integrity was
also evaluated in terms of ability to grow on solid YPD media
supplemented with different cell wall perturbing agents, includ-
ing, congo red, calcofluor white, or other compounds such as flu-
conazole and caffeine. 27-29 In all experiments, stressing agents
were tested at sub-fungicidal concentration. At both the tempera-
tures tested (30�C and 37�C), the mutant collection showed a
similar growth, compared to the wild type strain in all conditions
tested (Fig. S1 and Fig. 2B, respectively).

These results indicate that the lack of CpALS7 does not alter
the ability of C. parapsilosis to grow under these experimental
conditions.

Ability to undergo morphogenesis in vitro
The ability to form pseudohyphae, a virulence trait that may

be involved in tissue and cell invasion 30, was also assessed in the
mutant collection. C. parapsilosis is not able to produce true
hyphae, as observed in C. albicans, but under inducing conditions
budding cells do start to elongate, forming filaments with con-
strictions at the cell-cell junctions. As shown in Figure 2, panel
C, in the presence of serum, pseudohyphae were observed in C.
parapsilosis wild type strain as well as in the mutant strains,
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Figure 1. CpAls7 disruption strategy based on SAT1 flipper cassette (A). Upstream and downstream homology sequences from C. parapsilosis ref-
erence strain ATCC 22019 were amplified and inserted at the ApaI/XhoI and SacII/SacI sites surrounding the SAT1 flipper cassette. The disrup-
tion cassette integrated in the CpALS7 allele by homologous recombination. (B). Southern blot hybridization analysis of genomic DNA isolated
from the mutants collection and digested with BsmI restriction enzyme. The probe used to verify the correct construction of the mutant collec-
tion was amplified by PCR from the downstream homology fragment (schematized by the black bar). M: Roche Dig Labeled Marker VII; 1: wild
type (WT); 2: heterozygous with cassette (HC); 3: heterozygous (H); 4: null mutant with cassette (KOC); 5: null mutant (KO); 6: disruption cas-
sette. The expected sizes were 6.4 Kb, 1.9 Kb, 2.9 Kb, and 5.3 Kb for the wild type allele, the allele with the integrated cassette, the deleted
allele and the cassette, respectively. (C). The entire coding sequence of CpALS7 was amplified and cloned at the 50 end of the SAT1 flipper cas-
sette. The reintegration cassette integrated in one of the 2 null mutant alleles by homologous recombination. Primers OM4UPF2 and
OM4DWR1 (Table S2) were used to verify the presence of the entire copy of CpALS7 integrated in the correct locus in reconstituted strain (R).
Expected fragment lengths: 4.2 Kb for WT and R, 852 bp for KO strains. M: 1Kb DNA ladder (Invitrogen), 1: WT; 2: KO; 3: R; CN: negative control.
(D). WT and mutant strains (HC, H, KOC, KO, reconstituted strain with cassette (RC), R) grown for 48 h at 30�C on YPD or nourseothricin (NTC)
supplemented YPD plates.
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indicating that the deletion of CpALS7 did not affect the transi-
tion to a filamentous morphology. As expected, C. albicans (con-
trol strain SC5314) produced true hyphae. The same result was
obtained when morphogenesis was evaluated on solid medium.

All C. parapsilosis strains produced filamentation to a similar
extent following 7-day incubation at 37�C on spider agar, while
C. albicans SC5314 strain gave rise to a more pronounced pheno-
type (Fig. 2D).

Figure 2. Phenotypic analysis of C. parapsilosis strains. (A). Growth curve of wild type strain (WT, ATCC22019), CpALS7 heterozygous (H), null (KO) and
reconstituted (R) strains in YPD medium at 37�C. (B). Susceptibility to cell wall perturbing agents of the C. parapsilosis strains was evaluated by spot assay,
on YPD agar supplemented with the following compounds: fluconazole (0.5 mg/l), congo red (1 mg/l), caffeine (5 mM); calcofluor white (20 mg/l).
Approximately 1 £ 106 cells and 10 fold dilutions were spotted on different media. Plates were incubated at 30�C (Fig. S1) or 37�C for 48 h, and visually
inspected. Experiments were performed in duplicate, with similar results. (C). Production of pseudohyphae by CpALS7 mutant strains. C. albicans SC5314
was also included as positive control. Morphogenesis was induced in YPD broth in presence of 10% FBS. Following 24 h of incubation at 37�C, 10 ml of
each culture was directly observed with an optical microscope at 400 £magnification. (D). The ability to produce filaments was also visualized on colony
borders grown on spider agar. Photographs were taken following 7-day incubation at 37�C. C. albicans SC5314 represented a positive control for
morphogenesis.
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Epithelial cell damage assay
The potential cytotoxic activity exerted by CpALS7 mutant

panel on the immortalized epithelial cell line A549 was also eval-
uated. Since C. parapsilosis is considered less pathogenic than C.
albicans, a more virulent strain, C. albicans reference strain
SC5314, was included in the assay as a positive control.31 No
cytotoxic effect was observed with any of the C. parapsilosis
strains, at all time points tested, while a progressive increase in
cell damage was observed in A549 co-incubated with C. albicans
over time (1.7%, 1.8%, 4.3% and 44.9% at 4, 6, 8 and 16 hour
incubation respectively). Different MOI were also tested with an
increasing number of C. parapsilosis ATCC 22019 yeast cells
(data not shown) but no effect was detected, even with a doubled
MOI (32 yeast cells per human cell).

Real time –RT PCR analysis
Quantitative expression of CpALS-like genes was determined

from late-exponential phase cultures of C. parapsilosis wild type
and mutant strains. As evidenced by the heat map depicted in
Figure 3A, all 5 genes were expressed under basal growth condi-
tions, even though CPAR2_ 500660 expression was barely detect-
able in all the strains, with transcripts appearing more than 10
cycles later than the reference gene (actin). Conversely, CPAR2_
404790 expression was the highest among the ALS-like genes, as
indicated by negative values observed for all strains, with tran-
scripts detectable between 2.57 and 3.92 cycles before actin
(Fig. 3A). As expected, no CpALS7 transcript was observed in
the null mutant strain (KO, Fig. 3A and B), while comple-
mented strain (R) showed the presence of CpALS7 mRNA. No
significant changes in other ALS-like gene expression were
observed in mutant strains, in these experimental conditions
(Fig. 3A-E).

In vitro adhesion assay to human buccal epithelial cells
In this study, an adhesion assay was set up to evaluate the

adhesion ability of the CpALS7 mutant strains to human buccal
epithelial cells (HBECs). 32 As illustrated in Figure 4 (data pre-
sented for lineage b only), a significant reduction in the adher-
ence to HBECs was observed for both lineages of null mutants,
compared to the wild type strain, with more than 60% drop in
the adhesion index (0.40 and 0.33 for lineage a and b, respec-
tively; P<0.001). Reintegration of a CpALS7 allele restored the
wild type phenotype, confirming the role of CpALS7 in adhesion
to HBECs (Fig. 4). In fact, the adhesion properties of the com-
plemented mutant did not significantly differ from wild type
(Fig. 4).

Galleria mellonella intra-hemocelic infection
The pathogenic potential of the strain collection was also

assessed in an in vivo infection of the non-conventional host
model Galleria mellonella. Dead larvae were differentiated from
alive ones by a simple visual analysis: death was associated with a
black pigmentation due to a strong melanization and sclerotiza-
tion of the tissue and with the absence of response to physical
pressure22,33 (Fig. 5A). Inoculum standardization was established
by a preliminary experiment in which different numbers of wild

type strain yeast cells were inoculated in groups of larvae (unpub-
lished results). The highest dose (4 £ 106 yeast per larva) resulted
in a high rate of death within the first 2 days of infection, which
could eventually prevent an adequate comparison of C. parapsilo-
sis strains killing ability. An inoculum of 8 £ 105 colony forming
units (CFUs) per larva resulted in approximately 50% mortality
after 2 days of infection. This infecting dose was then chosen to
monitor the infection outcome up to 10 days post infection.
Healthy larvae were injected with wild type strain and with the
CpALS7 mutant strains (lineage b), obtained in this study. All C.
parapsilosis strains were able to cause death in G. mellonella, with
comparable median survival values: 4 days for wild type; 2 for
heterozygous strain; 3.5 for null mutant strain; 2 for CpALS7
reconstituted strain (Fig. 5A). The survival curves of larvae
infected with C. parapsilosis strains were also compared by the
Log-rank (Mantel-Cox) test. No significant differences were
observed (P D 0.44) in the median survival rates of infected lar-
vae. After 5 days post infection, 35% larvae infected with wild
type and heterozygous strains were still alive. A 30% survival rate
was observed for reconstituted strain and 45% for the null
mutant. At the end of the time course (10 days), the wild type
strain caused 85% mortality in the infected larvae, similar to the
heterozygous/reconstituted strain (80% of dead larvae) and null
mutant (60%).

Murine model of urinary infection
Since G. mellonella infection experiments did not show a

reduction in virulence for the CpALS7 deleted strain, it was also
tested in a mammalian model of urinary infection. 23 With the
aim to address the effect of CpALS7 deletion on the ability of C.
parapsilosis to induce urinary tract infections (UTIs), we com-
pared the pathogenic potential of null mutant, wild type and
complemented strains in a mouse model of ascending infection.
Preliminary experiments were conducted to test the optimal inoc-
ulum useful for BALB/c mice infection via intraurethral catheter-
ization and the time point at which mice would be sacrificed. In
particular, 4 different inoculum concentrations (from 106 to 109

yeast cells) and 2 time points (4 and 7 days post infection; PI),
were tested. Based on the mean CFUs recovered from kidney
and bladders, an inoculum of 108 C. parapsilosis cells and 4 days
PI for sacrifice were chosen to conduct the subsequent in vivo
experiments (data not shown).

As shown in Figure 5B, the log10 CFUs (per gram of tissue)
of C. parapsilosis obtained from mice infected by null mutant was
significantly lower with respect to those recovered from wild type
strain, 1.1 £ 103 vs 4.4 £ 103 (P D 0.0093), and 8 £ 104 vs 9.7
£ 105 (PD0.0342), from bladder and kidneys, respectively.
Results obtained by injection of CpALS7 reconstituted strain
showed no significant difference compared to wild type strain for
bladder and kidneys.

Discussion

Information on virulence and pathogenic traits collected over
the past decade for C. albicans, have prepared the path for a better
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understanding of the molecular mechanisms underlying C. para-
psilosis virulence. Colonization and infection are tightly related to
adhesion, a common trait shared by most of the pathogenic
microorganisms. In fungi, cell wall proteins mediate primary
interactions with the host surfaces. 16,20,34,35 C. albicans possesses
different cell wall proteins, called adhesins, which are usually
anchored to the cell wall structure via a GPI anchor residue. The
most studied adhesion molecules belong to CaALS gene family,
which is composed of 8 members: ALS1-7 and ALS9. 16 Differ-
ent studies, including binding assays, targeted gene deletion, in

vitro and in vivo infection models have highlighted the impor-
tance of CaALS3 in the adhesion process to host surfaces. 18,20,36

C. parapsilosis possesses 5 putative homologues of CaALS, identi-
fied by in silico homology studies. 11 Actually, little information
on the role of ALS genes in C. parapsilosis adhesion to biotic sur-
faces and pathogenicity is available.

Phenotypic analysis of wild type, heterozygous and null
mutants confirmed that the deletion of CpALS7 did not affect
the growth rate of the yeast in YPD medium. Moreover, growth
and colony morphology of mutant strains were not altered by the

Figure 3. Basal transcriptional profiles of all 5 putative ALS like genes in C. parapsilosis wild type (WT), CpALS7 heterozygous (H), null (KO) and reconsti-
tuted (R) mutant strains grown in YPD medium to late exponential-phase. (A). Relative expression heat map of ALS-like genes normalized on actin expres-
sion levels. (B-F). Relative expression of each gene in mutant strains normalized on actin and wild type transcripts. At least 3 biological replicates were
analyzed. Error bars represent standard error of means of 3 independent experiments.
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presence of cell wall-perturbing
agents, with results comparable to
those observed for the wild type
strain. These findings suggest that
deletion of CpALS7 did not cause a
marked upheaval in the cell wall
arrangement under the experimental
conditions used. Further studies,
including the use of different stress
conditions and a deeper analysis of
the cell wall proteome will be required
to exclude any effect of CpALS7 dele-
tion in the cell wall organization.

The role of CpALS7 in the adhe-
sion process was assessed in an in vitro
model, which involves the co-incuba-
tion of yeast cells in the presence of
human buccal epithelial cells
(HBECs). Even though epithelial
monolayers represent continuous
layers of cells, resembling the physical
structure of a human epithelium, they
are not colonized with bacteria.
Microbial flora takes an active part in
the infectious process, competing
with the pathogen and even binding
Candida cell adhesins, as demon-
strated by Hoyer and colleagues. 37

For this reason, we chose adhesion to
primary buccal cell as the experimen-
tal setting for testing Candida spp. adhesive properties, mimick-
ing the in vivo conditions where the interaction between yeast
and host cell microflora occurs as also reported elsewhere. 38-40

Despite the extent of experimental variability associated with the
use of primary cells, we previously demonstrated that adhesion
values obtained in different experiments maintain a common
trend, which is conserved even when cells from different donors
are used. 32 The adhesion assay to HBECs revealed a significant
reduction in the adhesion ability of the CpALS7 null mutant.
Similar data were observed for the 2 independent lineages of
mutants. Moreover, re-integration of a functional copy of
CpALS7 in the knock out background restored the adhesion
capacity, with values comparable to the wild type ones. These
findings demonstrated a role of CpALS7 in the adhesion to buccal
epithelial cells, as previously demonstrated for C. albicans Als3. 20

Adhesins have also been shown to play a key role in biofilm
formation in C. albicans. 20 However, the role of CpALS7 in bio-
film production by C. parapsilosis could not be fully assessed,
since the wild type reference strain ATCC 22019 used to gener-
ate mutants failed to produce biofilm at both 30� and 37�C. 41

The cytotoxicity of the mutant collection toward the tumoral
epithelial cell line A549 was also evaluated, but no cytotoxic
effect was observed in cells after incubation with CpALS7 mutant
strains, or wild type strain. This finding supports the conclusion
of a previous study in which C. parapsilosis did not demonstrate a
significant ability to invade and damage immature enterocytes

(H4 cells), compared to C. albicans.31 In addition, in other Can-
dida species, a different degree of damage was observed, accord-
ing to the cell line type used in the assay. For example, a clinical
isolate of C. tropicalis was able to reach a 14% cytotoxicity against
TCC-SUP cells, 6 % in Caco-2 cell and only 1% with HeLa cell
line.31 Viable cells of C. albicans caused a high level of damage to
TR-146 cells (oral type cells) 12 h after incubation, with more
than 90 % cytotoxicity, while the incubation in the presence of
Caco-2 cells (intestinal cells) resulted in a 20 % cytotoxicity. 42

In this respect, other immortalized cell lines could be more useful
to investigate this aspect of C. parapsilosis pathogenicity.

The pathogenic potential of wild type and mutant strains
was first assessed by intra-hemocelic infection of the non-con-
ventional host Galleria mellonella. The use of an invertebrate
host offers several advantages, compared to mammalian host,
such as the possibility to collect an extensive quantity of data
over a short period of time by large screenings, without the
use of specialized equipment and with limited bioethical
issues. The use of G. mellonella larvae is considered a good
choice in the strategy to optimize the infection system and
could help reducing the number of further experiments per-
formed on mice. 21,22 Survival curves of G. mellonella larvae
infected with WT, H and KO strains did not significantly
differ. These findings suggested that CpALS7 did not affect
the virulence of C. parapsilosis during the dissemination and
the invasion of host tissues in a systemic infection. This result

Figure 4. The adhesion ability of C. parapsilosis wild type (WT), heterozygous (H), null (KO) and reconsti-
tuted (R) mutant strains was tested on human buccal epithelial cells obtained from a healthy donor not
colonized with Candida spp. Bars represent adhesion index mean § standard error of mean. At least 3
biological replicates were used. ***P < 0.001. Micrographs below bars show representative Gram-stained
C. parapsilosis blastoconidia from each of the strains adhered to a buccal cell observed at a magnification
of 1000 £. Scale bar denotes 10 mm.
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can be explained by considering
that adhesins are usually involved
in the first stages of the infection,
when attachment to the host sur-
faces is critical to prevent micro-
bial eradication by the natural
defenses. The direct injection of
the pathogen in the hemocelic
cavity of the larvae somehow
bypassed the colonization process.
Optimization of the oral infection
by C. parapsilosis in G. mellonella
could be considered an alternative
approach to compare the pathoge-
nicity of the CpALS7 mutant
family.

Alternatively, a murine model
of urinary infection was used to
test the pathogenic potential of the
mutants in a mammalian host. As
we recovered CFUs in both kid-
neys and bladder of mice infected
with wild type strain and null
mutant we could conclude that
both strains are capable of causing
bladder infections and to ascend
into kidneys. However, a statisti-
cally significant reduction in CFUs
for BALB/C mice infected with
KO strain was observed in compar-
ison with those infected with the
WT. This indicates that deletion
of CpALS7 results in a reduced
ability of the yeast to infect the
entire mouse urinary tract and that
this gene does influence the patho-
genesis of C. parapsilosis in vivo.
Nevertheless, other adhesins could
be involved in the adhesion to epi-
thelial tissue of bladder and in the
migration to kidney, since only an
attenuation in the ability of null
mutant to cause infection was
observed. Whether CpALS7 is
involved in other virulence mecha-
nisms beside adhesion remains to
be determined.

Overall, this study provides the
first evidence for a direct role of
CpALS7 in C. parapsilosis adhesion
to host surfaces and demonstrated a
contribution of this gene to the
pathogenesis of murine urinary
candidiasis.

Figure 5. Effect of deletion of CpALS7 on C. parapsilosis pathogenicity. (A). Intra-hemocelic infection of Gal-
leria mellonella larvae with CpALS7 wild type (WT) and CpALS7 mutant strains (heterozygous, H; null, KO;
and reconstituted, R). Survival curves of G. mellonella infected with CpALS7 wild type and lineage b mutant
strains (20 larvae per group) with 8£105 CFUs per larva. Photographs represent typical pigmentation of
alive and dead larvae. (B). Murine model of urinary tract infection. Groups of 17 BALB/c mice were transur-
ethrally challenged with approximately 1 £ 108 C. parapsilosis cells for each of the indicated strains. Data
are expressed as the log10 colony-forming units (CFUs)/g of yeast cells recovered from kidney and urinary
bladder homogenates 4 days after the challenge. The log10 CFUs from both kidneys were combined and
averaged. A value of 0 was assigned to uninfected organs. Horizontal bars represent median. Log10 counts
were compared for statistical significance by non-parametric Wilcoxon rank sum tests. A P value < 0.05
was considered to be statistically significant.
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Materials and Methods

Strains and growth conditions
Candida parapsilosis strains used in this study are listed in the

Table S4. Strains were maintained in 30% glycerol stock frozen
at ¡20�C and ¡80�C and sub-cultured on YPD agar plates
(10 g yeast extract, 20 g peptone, 20 g dextrose, 15 g agar per
liter). Yeast strains were routinely grown in YPD liquid medium
at 30�C with shaking. For the selection of NTC–resistant trans-
formants, 100 mg ml¡1 of NTC (Werner BioAgents, Jena, Ger-
many) was added to YPD agar plates.

Escherichia coli strains used in this study were: E.coli DH5a
(genotype F-, endA1, hsdR17 [rk-, mk-], supE44, thi-1, recA1,
gyrA96, relA1,D[argF-lac]U169,l-,F80dlacZDM15), kindly pro-
vided by Joachim Morschh€auser, and E.coli DH10b (F-, mcrA,D
[mrr-hsdRMS-mcrBC],F80dlacZDM15,DlacX74, endA1, recA1,
deoR,D[ara,leu]7697, araD139, galU, galK, nupG, rpsL,l-).
Strains were maintained in 15% glycerol stock frozen at ¡20�C
or ¡80�C and were routinely grown in Luria Bertani (LB) liquid
medium or agar plates, under selection pressure when required
(100 mg/ml Ampicillin). E. coli cells were grown at 37�C for 16-
18 hours with shaking.

Construction of the als74/als74 null mutant strain
Candida parapsilosis reference strain ATCC 22019 was

selected as parental strain for the generation of 2 independent lin-
eages of mutants, each including a CpALS7 heterozygous strain
and a null mutant strain. To generate CpALS7 mutants we used
the SAT1-flipper cassette contained in pSFS2 plasmid
(Table S1). 2 This method relies on the use of a cassette that con-
tains a C. albicans-adapted NTC resistance marker (CaSAT1)
under the control of a C. albicans actin promoter (CaACT1) for
the selection of integrative transformants. C. albicans adapted
FLP gene (CaFLP), whose expression is driven by a C. albicans
maltose inducible promoter (CaMAL2), is responsible for cassette
excision from the genome. Integration into the target locus
occurs with high specificity due to the presence of flanking
homologous sequences on both sides of the cassette.

The upstream and downstream CpALS7 homology regions
(50ALS7, 564 bp, from nucleotide ¡25 to C539, and 30ALS7,
520 bp, from nucleotide C4006 to C4526) were amplified
from ATCC 22019 genome using primers OM3UPF/
OM3UPR and OM3DWF/OM3DWR, containing engineered
ApaI, XhoI and SacII, SacI restriction sites, respectively
(Table S2). The amplified fragments were purified from PCR
mixtures with the Wizard SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA), following the manufacturer’s
instructions. Plasmid pSFS2 was used as backbone for the first
round of ligation, producing plasmid p3ALS7 (Table S1). Plas-
midic DNA (pDNA) was isolated with small-scale plasmid
DNA isolation (Miniprep) assay. The purified downstream
homology region and the pSFS2 plasmid were digested with the
combination of SacII/SacI restriction enzymes (New England
Biolabs, Ipswich, MA, USA) and then ligated together with T4
DNA ligase (Promega) in order to create plasmid p3ALS7
(Table S3). This plasmid was propagated in E. coli DH10b

cells made competent by calcium chloride method. 43 p3ALS7
and the purified upstream homology region of CpALS7 were
digested with ApaI and XhoI restriction enzymes (New England
Biolabs). Ligation of the backbone (p3ALS7) and the insert
(50ALS7) led to the creation of p35ALS7 (Table S1). Plasmid
p35ALS7 was sequenced by Eurofins MWG Operon, using
M13 forward sequencing primer (¡20), 17-mer and M13
reverse sequencing primer (¡26), 17-mer and primer But237
(Table S2). Plasmid p35ALS7 was propagated in E. coli
DH10b as well and pDNA was isolated. The double digestion
with ApaI and SacI produced a linearized fragment of about 5.3
Kb containing the SAT1 flipper disruption cassette flanked by
the upstream and downstream CpALS7 sequences.

Construction of the reintegration cassette
To show that the mutant phenotype was caused by the

CpALS7 gene deletion, a wild type copy of CpALS7 gene was
reintroduced into the als74/als74 null mutant strain. p3ALS7
plasmid was used as backbone for the construction of the reinte-
gration cassette. Primers 5COM3F and 5COM3R (Table S2),
containing ApaI and SacI sites respectively were used in order to
amplify the entire coding sequence of CpALS7 (C4439 bp, com-
prehensive of ¡26 upstream and C261 downstream bp) using
Q5� High-Fidelity DNA Polymerases by New England Biolabs
Inc.. The PCR product and p3ALS7 were digested with ApaI
and SacI restriction enzymes and ligated together. The plasmid
obtained was named p3RALS7 (Table S1). Since CpALS7 gene
contains a restriction site for SacI, it was not possible to perform
double digestion of the plasmid. Therefore, p3RALS7 was linear-
ized by ApaI single digestion and directly used to electroporate
the null mutant.

Preparation and transformation of C. parapsilosis competent
cells

C. parapsilosis strains were transformed by electroporation as
previously described, 5,6 with some modifications. Overnight cell
cultures were diluted 1:100 in 50 ml of fresh YPD broth and
incubated at 30�C until the OD600nm reached approximately
1.6-2.0. Cell pellets were suspended in 8 ml of double distilled
(DD) H2O, 1 ml of 10 £ TE (100 mM Tris-Cl pH7.5, 10mM
EDTA 10mM, pH 7.5) and 1 ml of 1 M lithium acetate (pH
7.5) and incubated for 1h at 30�C with gentle shaking. After
addition of 100 ml of 1M DTT the incubation was extended for
a further 30 min. Candida cultures were washed twice, first with
40 ml of ice-cold DD H2O and then with 25 ml of ice-cold
H2O. Finally, cells were washed with 5 ml of 1 M sorbitol and
the pellet was suspended in the remaining sorbitol (100 ml) with
a tip by gentle swirling. Approximately 1 mg of the purified dis-
ruption cassette or the reintegration construct was mixed with 40
ml of C. parapsilosis competent cells, maintained on ice and trans-
ferred into a 0.2 cm electroporation cuvette. A negative control,
represented by competent cells electroporated with H2O, was
added in each experiment. The electroporation system (Gene
Pulser, Bio-Rad, Milan, Italy) was set with the following parame-
ters: 2.5 kV, 25 mF, 200 V. After the electroporation, 1 ml of
YPD supplemented with 1M sorbitol was added to the sample
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and incubated at 30�C for 4 h to allow cell recovery. 200 ml of
the culture and the remaining pellets were then plated on YPD
agar supplemented with 100 mg/ml NTC. Negative control pel-
let was spread on YPD NTC agar plate as well, while 200 ml
were plated onto YPD agar plates in order to check cell viability.
Plates were grown at 30�C for 2-3 days.

Screening of recombinant colonies of C. parapsilosis
Screening of recombinant colonies of C. parapsilosis was per-

formed by colony PCR. Different primer sets were used to select
clones (among heterozygous, null mutants or reintegrated strains,
with or without the cassette integrated in the genome) for South-
ern blot analysis. Primers used are listed in Table S2. Correct
construction of the mutant collection was confirmed by Southern
blot analysis performed according to the guideline of DIG Appli-
cation Manual for Filter Hybridization (www.roche-applied-sci
ence.com, Roche Diagnostic, Milan, Italy). Total genomic DNA
was isolated from WT, HC, H, KOC and KO strains and 1 mg
was digested with BsmI restriction enzyme (New England
Biolabs). The 30ALS7 downstream homology region (520 bp)
was selected as hybridization probe for Southern blotting
experiments.

Sequencing of CpALS7 gene fragments in the complemented
strain

CpALS7 gene sequence from CpALS7R strain was sequenced
using primers UP4F2/A4REV2 (1405 bp, from nucleotide
¡416 to C989), CPAG_05056F/A4REV8 (779 bp, from nucle-
otide C3207 to C3985) and A4FOR9/A4REV9 (442 bp from
nucleotide C3785 to C4226) (Table S3B).

Separate pre-mix samples containing CpALS7 gene fragments
and appropriate primers were sequenced using the cycle sequenc-
ing technology (dideoxy chain termination/cycle sequencing) on
ABI 3730XL sequencing apparatus (Eurofins Genomics Ebers-
berg, Germany)

Growth assays
Growth rate of the mutant collection was analyzed in liquid

YPD media. A single colony of each strain was inoculated in
20 ml of YPD broth and incubated overnight at 30�C or 37�C
with shaking. Cells were diluted 1:100 in 100 ml of fresh YPD
and incubated at 30� or 37�C with shaking. Spectrophotometric
readings (OD600nm) were taken every 2 hours for the first
6 hours and then every hour up to 24 h. Cell viability was
assessed by plating a diluted aliquot on YPD agar plates. The
number of CFU was counted after 24 h incubation at 30�C.

The susceptibility to compounds that interfere with the
cell-wall architecture was tested in solid media. C. parapsilosis
strains were grown in YPD medium at 30�C or 37�C over-
night. Cells were enumerated using a hemocytometer and
diluted to a concentration of 107 cells/ml. Serial dilution
were set up from 107 cells/ml to 10 cells/ml) in sterile water
and 10 ml of each dilution was spotted on YPD agar plates
supplemented with cell-wall perturbing agents: 1 mg/l congo
red (Sigma Aldrich, Milan, Italy), 0.5 mg/l fluconazole
(Sigma Aldrich) 20 mg/l calcofluor white (Sigma Aldrich)

and 5 mM caffeine (Merck, Darmstadt, Germany). After
incubation at 30�C or 37�C for 24 h or 48 h, plates were
photographed.

Filamentation assays
A single colony of each C. parapsilosis strain was inoculated in

10 ml of YPD broth and incubated overnight at 30�C with shak-
ing. C. albicans SC5314 strain was included in the morphogene-
sis experiments as a positive control. Following incubation, a 106

cells/ml suspension for each strain was prepared in YPD medium
supplemented with 10% Fetal Bovine Serum (FBS). Cells were
inoculated at the concentration of 6 £ 105 cells/ml in 1ml of
YPD C 10% FBS in polystyrene 24-well micro titer plates (BD
Biosciences) and incubated at 30�C without shaking for 24 h. At
the end of the incubation period, 10 ml of each suspension was
observed at 400 £ magnification in order to evaluate pseudohy-
pha formation.

Morphogenesis was also evaluated on spider agar. From cell
suspensions, 10 ml was spotted on the surface of Spider medium
(1% nutrient broth, 1% mannitol, 0.2% K2PO4, 2.5% agar,
pH 7.2; 44). Plates were incubated at 30�C for 7 days and then
colonies were observed. This assay was performed in triplicate.

Real Time RT-PCR analysis
Quantitative expression of CpALS genes was determined by

real-time reverse transcription (RT)-PCR starting from total
RNA of C. parapsilosis strains. Each strain was inoculated in
10 ml of YPD and grown ON at 30�C with shaking. An aliquot
(500 ml) of the pre-inoculum was then inoculated in 20 ml of
fresh YPD broth and incubated for further 24 h at 30�C. Total
RNA was extracted with the Nucleospin RNA (Macherey Nagel,
D€uren, Germany) according to manufacturer’s instructions and
stored at ¡80�C. The quality and quantity of the extracted
RNA were spectrophotometrically determined in an UVette�

220-1600 (10 mm path length, 100 ml of sample volume,
Eppendorf, Milan, Italy). 1 mg of total RNA in a 20 ml reaction
volume was converted into cDNA with random primers, using
the Reverse Transcription System kit (Promega), following man-
ufacturer’s instructions. Gene expression levels were analyzed by
real-time PCR. Primer sequences used for amplification of spe-
cific genes are shown in Table S2. Real time PCR mixture (20
ml) contained 1 ml of cDNA, 10 ml of SsoAdvancedTM universal
SYBR� Green supermix, 1 ml each of primers (final concentra-
tion 0.2 mM) and 7 ml of sterile MilliQ water. Real time PCR
was performed in 96 well plates on CFX96 Touch Real-Time
PCR Detection System (BioRad) (95�C incubation for 60 s, fol-
lowed by 40 cycles of 95�C incubation for 5 s and 58�C for
15 s). Each primer pair produced a single amplicon with a uni-
form melting curve. A standard curve was constructed with a
series of purified PCR products and the absolute copy number of
amplicons was quantified (amplification efficiency >90%, and
<105%). Actin was used as a housekeeping gene for reference
(Table S2). The transcription level of detected genes was calcu-
lated using the formula of 2¡DDCt.
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Adhesion assay to human buccal epithelial cells
Adhesion ability of the mutant collection was evaluated on

human buccal epithelial cells (HBECs). HBECs were collected
from one healthy donor by gently rubbing the inside of the
cheeks with sterile swabs, which were then suspended in 5 ml of
PBS pH 7.4. Epithelial cells were washed twice in 5 ml of PBS,
counted using a hemocytometer, and adjusted to a density of 1.0
£ 105 cells/ml in PBS. Yeast cells were grown in 10 ml of YPD
broth at 30�C overnight. A volume of 500 ml of the pre-inocu-
lum was then inoculated in 20 ml of fresh YPD broth and incu-
bated for a further 24 h at 30�C. At the end of the incubation
period cells were collected, washed twice in PBS, and suspended
in 5 ml of PBS. Culture concentration was evaluated using a
hemocytometer and a suspension of 1 £ 108 cells/ml was pre-
pared. A volume of 200 ml of fungal suspension and an equal
volume of HBECs suspension were mixed in sterile glass vials
and co-incubated for 45 min at 37�C with gentle shaking. A neg-
ative control represented by HBECs and PBS was added in order
to check the absence of yeast cells in the oral cavity. Cells were
then collected by filtration onto polycarbonate filters (pore diam-
eter of 12 mm, Millipore) and filters were then washed twice in
order to remove unbound yeasts cells. Filters were air-dried and
then Gram stained. Each filter was examined by a light micro-
scope at 1000 £ magnification and number of yeast adherent to
100 HBECs was counted for each C. parapsilosis analyzed strain.
The adhesion index was obtained by dividing the mean number
of yeast adherent to 100 HBECs by the mean number of wild
type yeast adherent to 100 HBECs. The mean adhesion index
obtained for 4 independent experiments was then calculated.

LDH assay
A549 human cells were grown in Dulbecco’s Modified Eagle

Medium (DMEM, Gibco, Monza, Italy) supplemented with
10% FBS (Aurogene, Rome, Italy), 2 mM L-glutamine (Lonza,
Basel, Switzerland) and 100 U/ml penicillin-streptomycin
(Lonza). Lactate dehydrogenase release (LDH) from cells into
medium was monitored as a measure of cell damage using Cyto
Tox 96� Non-Radioactive Cytotoxicity Assay (Promega) accord-
ing to manufacturer’s instructions with minor modifications.
A549 cells were seeded in a 96 well polystyrene microplate
(round bottom) with a density of 10,000 cells/each well. Cells
were incubated for 24 h at 37�C, 5% CO2 in order to create a
confluent monolayer. WT, H, KO and R strains were inoculated
in YNB medium (Becton Dickinson, Milan, Italy) supplemented
with 2% dextrose and incubated at 30�C overnight. We used C.
albicans SC5314 strain as a positive control and it was inoculated
under the same growth conditions used for C. parapsilosis strains.
Following incubation, Candida cultures were washed with D-
PBS, suspended in assay medium (DMEM supplemented with
2 mM L-glutamine, 0.5 % FBS) and applied to confluent A549
monolayers in a 150 ml volume containing 2.4 £ 105 yeast cells.
Different plate incubation times were tested (4, 6, 8 or 16 h) at
37�C and 5% CO2. Maximum LDH release was obtained after
adding 15 ml of lysis solution in a control set of wells 45 minutes
before the end of each incubation period. An aliquot of 50 ml of
supernatant was transferred to a 96 well flat-bottom plate and

analyzed with a Microplate Reader (Model 550, Bio-Rad) at a
wavelength of 490 nm. The percentage of cytotoxicity was then
calculated according to the manufacturer’s protocol.

Galleria mellonella infection model
The Galleria mellonella larvae (Mous Livebait R.J., The Neth-

erlands) used for experiments were selected to be similar in size
(about 0.4 g) and without gray markings. To determine a suit-
able fungal inoculum a pilot experiment was set up. Different
suspensions of yeast cells (4 £ 108 cells/ml, 5 £ 107 cells/ml and
1 £ 107 cells/ml) were used to infect 5 larvae per group by intra-
hemocelic infection. 8 £ 107 cells/ml was selected as the optimal
infection dose in order to monitor the progress of the infection
over 10 days. Groups of 20 larvae were injected with WT, H,
KO and R (lineage b); 20 larvae were not injected (untreated
control) and 20 larvae were injected with an equal volume of ster-
ile PBS. C. parapsilosis strains were grown in YPD medium over-
night at 30�C. At the end of the incubation time, cells were
collected by centrifugation, washed with sterile PBS (pH 7.4)
and counted with a hemocytometer. Larvae were inoculated with
10 ml of a Candida suspension containing 8 £ 107 cells/ml by
injection in the last pro-leg using a Hamilton syringe (ga26S/
51mm/pst2). Prior use and following each injection, the syringe
was cleaned with 10 % hypochlorite, 70% ethanol and PBS.
Before injection, the last pro-leg was washed as well with a swab
soaked with 70% ethanol. Larvae were incubated at room tem-
perature for 10 days and the number of dead larvae was scored
daily.

Murine model of urinary infection
In vivo mice experiments were conducted following the

ethical protocol approved by the institutional Animal Use
Committee (Catholic University of the Sacred Heart, Rome,
Italy). For urinary infection, cultures of the CpALS7 null
mutant, wild type and reconstituted strains were grown over-
night at 30�C in YPD broth (Sigma). Cells were harvested
by centrifugation, washed tree times in sterile PBS, and
counted by microscopic B€urker chamber. Dilutions were
made in order to inoculate 50 ml of physiological solution of
yeast cells (108 C. parapsilosis blastoconidia) directly in the
bladder of female 10-week-old BALB/c mice (20 to 25 g) by
a poly-ethylene catheter (Becton Dickinson). For each strain
17 mice were infected and the number and the vitality of
inoculum were confirmed by plate counts in YPD agar
(Sigma Aldrich). After 4 days, mice were sacrificed by CO2,
and bladder and kidney were excised aseptically, weighed and
homogenized in sterile saline by using a Stomacher 80 device
(VWR International PBI, Milan, Italy) for kidneys and by a
glass pestle for bladders. Organ homogenates were diluted
and plated in YPD agar and incubated at 30�C. Following a
48 h incubation, colonies were counted and CFU/g tissue
were calculated.

Statistical analysis
Statistical analysis of mean adhesion index data was performed

using GraphPad Prism software (version 6.05 for Windows,
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La Jolla, CA USA). One-way ANOVA followed by Bonferroni’s
post-hoc test was used to evaluate differences in mean adhesion
among different C. parapsilosis strains. Survival curves of G. mel-
lonella larvae were plotted using Kaplan-Meier curve and differ-
ences in survival curves of treated larvae were evaluated by the
Log-rank (Mantel-Cox) test. Statistical significance for murine
experiments was determined by nonparametric Wilcoxon rank
sum tests using. A P value <0.05 was considered statistically
significant.
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