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Background: Mycoses are a growing threat to human health, and systemic candidiasis caused by Candida parapsilosis and Candida 
tropicalis is frequent in immunocompromised patients. Biofilm formation is a virulence factor found in these organisms, as sessile cells 
adhere to surfaces, the stratification and production of extracellular matrix provides protection and resistance to antifungal drugs. 
Previous evidence indicated that the N-linked mannosylation pathway is relevant to C. albicans biofilms, but its contribution to other 
species remains unknown.
Methods: C. parapsilosis and C. tropicalis och1∆ mutants, which have a disrupted N-linked mannosylation pathway, were used to 
form biofilms. In addition, wild-type and mutant cells were also treated to remove N-linked mannans or block this pathway. Biofilms 
were analyzed by quantifying the included fungal biomass, and extracellular matrix components. Moreover, gene expression and 
secreted hydrolytic enzymes were also quantified in these biofilms.
Results: The och1∆ mutants showed a reduced ability to form biofilms in both fungal species when compared to the wild-type and 
control strains. This observation was confirmed by trimming N-linked mannans from walls or blocking the pathway with tunicamycin 
B. According to this observation, mutant, and treated cells showed an altered composition of the extracellular matrix and increased 
susceptibility to antifungal drugs when compared to control or untreated cells. The gene expression of secreted virulence factors, such 
as aspartyl proteinases and phospholipases, was normal in all the tested cells but the secreted activity was reduced, suggesting a defect 
in the secretory pathway, which was later confirmed by treating cells with brefeldin A.
Conclusion: Proper N-linked mannosylation is required for biofilm formation in both C. parapsilosis and C. tropicalis. Disruption of 
this posttranslational modification affected the secretory pathway, offering a link between glycosylation and biofilm formation.
Keywords: secretion, virulence factor, phospholipase, aspartyl proteinase, antifungal drug resistance

Introduction
Fungal infections constantly threaten our health and have increased in recent years, particularly those affecting deep- 
seated organs and immunocompetent patients.1–3 These infections are a growing threat because of the limited number of 
antifungal drugs currently available for treatment, the increasing frequency of antifungal drug resistance, the emergence 
of new species as etiological agents of mycosis, and the lack of antifungal vaccines.3–7 The members of the Candida 
genus are responsible for both superficial and systemic candidiasis, the latter associated with high morbidity and 
mortality rates.8 Traditionally, Candida albicans has been regarded as the main etiological agent of candidiasis; however, 
this paradigm is no longer valid, as other Candida species have frequently been isolated from candidiasis cases. These 
include Candida tropicalis, Candida parapsilosis, Pichia kudriavzevii, Nakaseomyces glabrata, members of the Candida 
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haemulonii complex, and Candida auris.6,9 In fact, the World Health Organization published for the first time a fungal 
priority pathogen list in which C. albicans, C. auris, N. glabrata, C. parapsilosis, and C. tropicalis are included.10

C. tropicalis is ubiquitous, being found in nature, and as part of human microbiota found in the skin, oral cavity, and 
digestive tract.11 It is frequently associated with nosocomial infections, and it is the second most frequently isolated 
species after C. albicans.11 Similarly, C. parapsilosis has significant relevance in the clinical setting, being the second or 
third most frequently isolated Candida species in intensive care units, and the neonatal ward.12 Like C. albicans and 
other Candida species, both species have virulence factors that facilitate the establishment and damage to the host’s 
tissues. These include thermotolerance, the ability to undergo dimorphism, the production and secretion of hydrolytic 
enzymes, and biofilm formation, among others.11,12

Catheter-related bloodstream infection is one of the most frequent nosocomial infections and is associated with high 
morbidity and mortality rates.13 Candida spp. is the third most common etiological agent after coagulase-negative 
staphylococci and Staphylococcus aureus and is responsible for approximately 8% of episodes. The main cause of 
catheter-related candidemia is the ability of some Candida strains—mainly C. albicans and C. parapsilosis—to produce 
biofilms.13

A fungal biofilm is an organized and stratified community of cells attached to an inert material or living tissue, 
embedded in an extracellular matrix.14 The inert material may be catheters and other indwelling materials, thus, biofilms 
represent a risk of developing systemic infections. Moreover, sessile cells included in biofilms show higher resistance to 
antifungal drugs when compared to planktonic cells.15 The stratification degree, the cell morphologies associated with 
biofilms, the extracellular matrix composition, and the regulatory network that controls biofilm formation have been 
studied in C. tropicalis and C. parapsilosis,14 and are different from those described in C. albicans, stressing the fact that 
despite these three species form biofilms, these have species-specific traits and are subject to distinct genetic 
regulation.12,14,16

As expected, biofilms, like all fungal processes, depend on cell metabolism. Thus, the carbon source used for biofilm 
formation differently affects Candida species, being C. albicans capable of forming biofilms in galactose-based 
medium.17 In addition, saliva positively affects C. albicans biofilm formation but not in the case of those generated 
by C. tropicalis or C. parapsilosis.18 Furthermore, using tunicamycin B, an inhibitor of the early steps of the N-linked 
mannosylation pathway,19 it was shown that cells with truncated N-linked mannans are not capable of forming biofilms,20 

indicating this metabolic pathway is essential for the formation of this organized cell community.
The N-linked mannosylation pathway begins with the elaboration of the N-linked mannan core in the 

endoplasmic reticulum, then it is transferred to the asparagine residues of the sequon Asp-X-Ser/Thr (where 
X can be any amino acid excepting Pro) contained in recently translocated proteins to the endoplasmic reticulum 
lumen, and then the glycoprotein is subjected to trimming by glycosidases and elongation by mannosyltrans-
ferases, steps that occur in the endoplasmic reticulum and the Golgi complex, respectively.21,22 This protein 
modification is important for sorting proteins and transport to lysosomes and for the quality control of secretory 
protein folding.23 The latter controls that only well-folded proteins transit the whole secretory pathway in 
a mechanism named endoplasmic reticulum-associated degradation.24 Moreover, it is essential for proper cell 
wall composition and fitness.25–27

Here, using null mutant stains and inhibitors of the N-linked mannosylation pathway, we assessed the contribution of 
N-linked mannosylation to C. parapsilosis and C. tropicalis biofilm formation.

Materials and Methods
Strains and Culturing Conditions
The strains used in this work are listed in Table 1. Wild-type, null mutants, and reintegrant control strains have been 
molecularly characterized previously.28,29 Cells were maintained and propagated at 30°C in Sabouraud medium [1% (w/ 
v) mycological peptone, 4% (w/v) glucose] with shaking at 200 rpm when required. Solid plates were prepared by adding 
2% (w/v) agar.
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Biofilm Formation
Biofilm formation and analysis were performed as previously reported.20,32,33 Aliquots containing 1×106 cells in 100 
µL PBS were placed in flat-bottom Nunc polystyrene 96-microtiter plates (Thermo Fisher Scientific, Waltham, MA, 
USA), and cell adhesion was allowed for 4 h at 30°C. Then, wells were washed three times with room temperature 
PBS to remove non-adherent cells, 100 µL RPMI-1640 medium supplemented with L-glutamine (Sigma-Aldrich, Saint 
Louis, MO, USA) were added to each well, and plates were incubated for 24 h at 37°C. At the end of the incubation 
time, wells were washed five times with room temperature PBS, and cells were fixed with 100 μL absolute methanol 
for 15 min at room temperature. The alcohol was removed, the plates were air-dried, and 100 μL of 0.02% (w/v) 
crystal violet was added to each well and incubated for 20 min at room temperature. Plates were washed three times 
with deionized water to remove the excess dye, 150 μL of 33% (v/v) acetic acid was added to each well, and the 
absorbance at 590 nm was measured. Optical densities higher than 1.0 were diluted with deionized water, and 
absorbance was measured again.

For experiments where cells were preincubated with peptide-N-glycosidase F (PNGase F), 1×109 cells in PBS 
were incubated with 25 U of the enzyme (Sigma-Aldrich) for 3 h at 37°C and then cells were washed three times 
with PBS and cell concentration adjusted. For treatment with tunicamycin B (Sigma-Aldrich), a stock solution of 
40 mgmL−1 was prepared in DMSO, and from this, a working solution at 2.0 µM in deionized water was prepared 
and added to 1×109 cells in 10 mM Tris-HCl, and incubated 3 h at 37°C.20 At the end of the incubation, cells were 
washed three times, concentration adjusted, and immediately used for biofilm formation. Alternatively, biofilm 
formation was performed in the presence of 50 U PNGase F, 2 µM tunicamycin B, or 0.6 µg mL−1 brefeldin 
A (Sigma-Aldrich),34 which were included in the RPMI-1640 medium added to the wells.

Analysis of Biofilm Extracellular Matrix
The biofilm extracellular matrix was isolated as previously described using chitinase and sonication.35 Once the biofilms were 
formed, the culture medium was removed and replaced by 200 µL of 50 µg mL−1 chitinase from Streptomyces griseus (Sigma- 
Aldrich), and plates were incubated at 25°C for 2 h. Then, wells were sonicated for 5 min with a Q700 Sonicator (Thomas 
Scientific, Swedesboro, NJ, USA), and the supernatants were collected and centrifuged to pellet cells. The supernatant was 
concentrated in an Amicon Ultra centrifugal filter with Ultracel-3K (Sigma-Aldrich) and kept at −20°C until used. The 
presence of glucose and glucosamine in the extracellular matrix was analyzed by High-Performance Anion-Exchange 
Chromatography with Pulsed Amperometric Detection (HPAEC-PAD) with a Dionex system (Thermo Fisher Scientific) as 
previously described.36 For this purpose, samples were previously acid hydrolyzed with 2 M trifluoroacetic acid.37 Total 
protein content was analyzed with the Pierce BCA Protein Assay (Thermo Fisher Scientific). The pelleted cells from detached 
biofilms were serially diluted and grown on YPD plates at 28°C for 24 h for colony-forming units quantification.

Determination of Antifungal Susceptibility
Antifungal susceptibility of sessile cells was performed as previously described.38 After forming biofilms as described 
above, the culture medium was removed by pipetting, and wells were washed three times with sterile PBS. The 

Table 1 Strains Used in This Work

Strain Organism Origin Genotype Reference

CLIB-214 C. parapsilosis Clinical isolate Type strain [30]

CPL2H1 C. parapsilosis Derived from CLIB-214 leu2Δ::FRT/leu2Δ::FRT, his1Δ::FRT/his1Δ::FRT [31]

CPRI C. parapsilosis Derived from CPL2H1 leu2Δ::FRT/leu2Δ::FRT, his1Δ::FRT/his1Δ::FRT, FRT::CmLEU2/FRT::CdHIS1 [31]

AP-1 C. parapsilosis Derived from AP leu2Δ::FRT/leu2Δ::FRT, his1Δ::FRT/his1Δ::FRT, och1Δ::CmLEU2/ och1Δ::CdHIS1 [29]

AP-2 C. parapsilosis Derived forma AP-1 As AP-1 but RPSI/rps1∆::pTDH3-OCH1-caSAT1 [29]

MYA-3404 C. tropicalis ATCC Wild type ATCC

HMY181 C. tropicalis Derived from HMY179 As ATCC MYA-3404, but och1Δ::sat1/och1Δ::sat1 [28]

HMY205 C. tropicalis Derived from HMY181 As ATCC MYA-3404, but och1Δ::sat1/och1Δ::sat1-OCH1 [28]
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antifungal drugs were added in double-diluted concentrations, and plates were incubated for 48 h at 37°C. Sessile 
minimal inhibitory concentrations (SMICs) were determined at 80% metabolic cell inhibition, which was assessed with 
the XTT [2,3-bis(2-methoxy-4-nitro-5-sulfo-phenyl)-2H-tetrazolium-5-carboxanilide]-reduction assay (Sigma-Aldrich). 
Wells only with RPMI-1640 medium and where no antifungal drug was added were included as controls.

For planktonic cells, they were exponentially grown in Sabouraud medium, washed three times with PBS, and 
suspended in RPMI-1640 medium with MOPS and L-glutamine, without sodium bicarbonate (Sigma-Aldrich). MIC 
values were determined following the M27-A3 and M27-S4 protocols39 after incubating plates for 48 h at 37°C.

In both sessile and planktonic cells, the drugs used were amphotericin B, fluconazole, and caspofungin (all from 
Sigma-Aldrich). For fluconazole, the dilutions tested were from 1024 to 1 μg mL−1, while for amphotericin B and 
caspofungin were from 32 to 0.125 μg mL−1.

Gene Expression Analysis
After biofilms were formed and cells detached by treatment with chitinase and sonication, cell pellets were used for total 
RNA extraction as described.40 cDNA preparation and cleaning was performed as reported elsewhere,41 and used in RT- 
qPCR reactions to analyze the expression of C. parapsilosis SAPP1, SAPP2, SAPP3, LIP1, and LIP2, and the putative 
functional orthologs found in C. tropicalis. Expression analysis was performed using a thermocycler StepOne Plus (Life 
Technologies, Carlsbad, CA, USA), the SYBR Green PCR Master Mix (Life Technologies), and using ACT1 expression 
for data normalization. Relative quantification was determined by calculating 2−∆∆Ct.42 Primer pairs used for 
C. parapsilosis genes are 5’- CGAAGCCCAATCAAAGAGAGG and 5’- GGCAATGAGAAACCGGCATA for ACT1, 
5’- TGCCTTGGACTTTGATGTGC and 5’- TTACCCCATGTACCTTGCGA for SAPP1, 5’- TTGCTTTGT 
TTGCCCAAGGT and 5’- TGAGGTTGAGCTATGTGGGT for SAPP2, 5’- GCTCAAGGTGC 
TGCTATTCC and 5’-AGGTTGAGGTGTCTGGATCG for SAPP3, 5’- TTCAAGGAGTTTTC 
vGCAGCC and 5’- CACCTTGTCAGAAGTTGCGT for LIP1, and 5’- ACCCAAACGCCATAGTCACT and 5’- 
GCTCTTCCTGATTGCAACCC for LIP2. Primer pairs for C. tropicalis genes are 5’- TTTGCTGGT 
GATGATGCTCC and 5’-CGGTCAACAAAACTGGGTGT for ACT1, 5’- TGCTTTGTTT 
GCTCAAGGTCT and 5’- CGGCATCGGTATCAACAACC for SAP1, 5’- GCTTATGCGGCCGAGATAAC and 5’- 
TCCAATTCCCATGACTCCCT for SAP2, 5’- ATCCACTCCCAAGCCAATCA and 5’- ACCTTCGTAATCTGG 
CACCA for LIP1, and 5’- CTATGGGATGCAATGGGGTG and 5’- CCTGATGCCAAAGAACCACC for LIP2.

Determination of Enzyme Activity
Secreted protease activity was measured by quantifying the degradation of bovine serum albumin (BSA) as described.43 

Biofilms were formed in flat-bottom Nunc polystyrene 24-microtiter plates (Thermo Fisher Scientific), then 300 µL 5.0% 
(w/v) BSA (Sigma-Aldrich) in 50 mM sodium citrate, pH 3.2, were added and plates incubated for 30 min at 37°C. The 
reaction was stopped by precipitating proteins with 100 µL 2 M perchloric acid and incubating for 15 min at 4°C. Plates 
were centrifuged to pellet precipitated proteins; the supernatant was saved and used to read the absorbance at 280 nm. 
Control wells where only sodium citrate and perchloric acid were added were used to determine the basal absorbance at 
280 nm. The change in absorbance between the test and control well per minute was defined as one enzyme unit.

For lipolytic activity, once biofilms were formed in the 24-well plates, 100 µL of 40 mM 4-methylumbelliferyl 
palmitate (Sigma-Aldrich) in 50 mM MES-Tris buffer, pH 6.0 were added, and plates incubated for 30 min at 37°C. 
Reactions were stopped by adding 200 µL 50 mM glycine-NaOH buffer, pH 11.0; plates were centrifuged, supernatants 
collected and used to quantify the released 4-methylumbelliferone in an LS-5B luminescence spectrofluorometer (Perkin- 
Elmer, Waltham, MA, USA) with excitation and emission set at 350 nm and 440 nm, respectively.44 One nmole 
4-methylumbelliferone in 1 min was defined as one enzyme unit.

To determine intracellular enzyme activities, cells were treated with chitinase and sonicated as described above. The 
cell pellet was saved and disrupted in a Precellys homogenizer (Bertin Technologies, Montigny-le-Bretonneux, France). 
Cell homogenates were used to measure acid protease and lipolytic activity as mentioned.
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Statistical Analysis
The GraphPad Prism 6 software was used for data analysis, using the Mann–Whitney U-test with a significance set at P< 
0.05. All experiments were performed in triplicates. Results are shown as the mean and standard deviation.

Results
Proper N-Linked Glycosylation Pathway is Relevant for Candida parapsilosis and 
Candida tropicalis Biofilm Formation
The OCH1 gene encodes for a Golgi-resident α-1,6-mannosyltransferase that adds the first mannose residue of the 
N-linked outer-chain backbone.45 As a consequence, the N-linked mannans are truncated, displaying only the mannan 
core at the protein surface.28,29,45 In C. tropicalis and C. parapsilosis, this gene fulfills the same function as that 
described in C. albicans, and null mutants have been previously generated by our group.28,29 When the ability of 
C. tropicalis or C. parapsilosis och1∆ null mutants to form biofilms was compared with the parental strains, this was 
significantly reduced in both species, and this observation was reverted in the reintegrant control strains (Figure 1). For 
the case of C. tropicalis, the parental strain is a clinical isolate with no genetic modification previously reported,46 but for 
the case of C. parapsilosis, the och1∆ null mutant parental strain is a mutant with previously generated auxotrophies to 
allow genetic manipulation,29,31 which might make the phenotype handicapped under our experimental conditions. 
Therefore, we also included two additional control strains for this species, the clinical isolate CLIB-214,30 used as 
background to generate the auxotrophic strain CPL2H1,47 the och1∆ null mutant parental strain. These two control 
strains, along with the parental strain with the auxotrophies genetically complemented (strain CPRI),29 showed a similar 
phenotype (Figure 1). Both null mutant strains have been previously reported with defects in the growth rate, with 
increased doubling times.28,29 Thus, this observation could explain the lower levels of biofilms associated with the och1∆ 
null mutants. To explore this possibility, all strains were preincubated with PNGase F, an enzyme that removes the 

Figure 1 Biofilm formation of Candida parapsilosis and Candida tropicalis och1∆ null mutant and control strains. Cells were placed in polystyrene 96-microtiter plates, and cell 
adhesion was allowed for 4h at 30°C. Then, non-adherent cells were removed, and biofilms were allowed to generate by adding RPMI-1640 medium and incubating for 24 
h at 37°C. Cells were stained with crystal violet, and absorbance at 590 nm was measured. No treatment refers to biofilms generated under the above-described conditions; 
Preincubated with PNGase F (peptide-N-glycosidase F), biofilms formed with cells preincubated with 25 U of PNGase F; + PNGase F, biofilms were formed in the presence 
of 50 U PNGase; Preincubated with Tunicamycin B, biofilms formed with cells preincubated with 2 µM tunicamycin B; + Tunicamycin -B, biofilms formed in the presence of 2 
µM tunicamycin B. *P < 0.05 when compared with the No Treatment condition. Data are shown as means ± SD from three experiments performed by duplicate. For the 
case of Candida parapsilosis, Parental, och1∆, and Reint (reintegrant) are CPRI, AP-1, and AP-2, respectively. For Candida tropicalis, Parental, och1∆, and Reint are MYA-3404, 
HMY181, and HMY205, respectively.
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N-linked mannans from the asparagine residue.48 When the PNGase F-treated cells were allowed to form biofilms, these 
showed lower cell staining with crystal violet, suggesting a defect in the ability to form biofilms. This effect was 
observed in the parental and reintegrant control strains but not in the null mutants (Figure 1). Moreover, when PNGase 
F was added to the microdilution plates and the biofilms were allowed to establish in the presence of this compound, 
a significant reduction in crystal violet staining was observed for all the strains except the null mutant strains (Figure 1). 
In all the cases, readings were similar to those observed with the och1∆ null mutant strains (Figure 1). As mentioned, 
tunicamycin B has been previously used to demonstrate the contribution of N-linked glycosylation to biofilm formation 
in C. albicans.20 Here, we used a similar strategy to support our observations on the phenotype of the och1∆ null mutant 
cells and the effect of PNGase F on biofilms. When cells were preincubated with tunicamycin B, we observed a similar 
effect to that when cells were preincubated with PNGase F, decreasing the staining levels with crystal violet in all the 
strains except for the null mutant strains (Figure 1). When the biofilms were formed in the presence of this compound, 
the effect was even more pronounced in the parental and reintegrant control strains but not in those where OCH1 was 
disrupted (Figure 1). The number of fungal cells contained in the biofilms did not significantly change upon incubation 
with PNGase F or tunicamycin B, indicating that the concentrations used did not affect cell viability and the effect was 
indeed because the N-linked glycosylation disruption (Figure 2). Since both mutant cells had increased duplication 

Figure 2 Analysis of cell number and biofilm extracellular matrix of Candida parapsilosis and Candida tropicalis och1∆ null mutant and control strains. Biofilms were prepared 
as described in the materials and methods section and then were disrupted by adding chitinase and sonication. Cells were pelleted by centrifugation and used for 
quantification of colony-forming units by serial dilutions and incubation on YPD plates. The supernatants were used for the quantification of glucose and glucosamine by 
High-Performance Anion-Exchange Chromatography with Pulsed Amperometric Detection or protein concentration by a colorimetric assay. No treatment refers to biofilms 
generated under the above-described conditions; Preincubated with PNGase F (peptide-N-glycosidase F), biofilms formed with cells preincubated with 25 U of PNGase F; + 
PNGase F, biofilms were formed in the presence of 50 U PNGase; Preincubated with Tunicamycin B, biofilms formed with cells preincubated with 2 µM tunicamycin B; + 
Tunicamycin -B, biofilms formed in the presence of 2 µM tunicamycin B. *P < 0.05 when compared with the No Treatment condition. Data are shown as means ± SD from 
three experiments performed by duplicate. For the case of Candida parapsilosis, CLIB, Parent, och1∆, and Reint (reintegrant) are CLIB-214, CPRI, AP-1, and AP-2, 
respectively. For Candida tropicalis, Parent, och1∆, and Reint are MYA-3404, HMY181, and HMY205, respectively.
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times,28,29 the cell number contained in their biofilms was significantly reduced when compared to wild-type and control 
cells (Figure 2).

Next, we hypothesized that the defects in biofilm formation would have a direct impact on the components of the 
biofilm extracellular matrix. The composition of this matrix has been partially characterized in both C. tropicalis and 
C. parapsilosis,12,35 and among the main components are glucose and glucosamine, which form the polymers glucan and 
chitin, respectively, and proteins.35 Here, these three components were also found in the extracellular matrix of biofilms 
generated with the wild-type and control strains of both C. tropicalis and C. parapsilosis, and these were significantly 
reduced when cells were preincubated with either PNGase F or tunicamycin B or when biofilms were established in the 
presence of any of these compounds (Figure 2). Interestingly, the glucose, glucosamine, and protein content in the 
biofilms extracellular matrix of the null mutant cells were lower when compared with the parental strains and did not 
change in the presence of PNGase F or tunicamycin B (Figure 2). It is worthy of note that the glucose levels in the 
C. parapsilosis cells were lower than those observed in C. albicans, but the glucosamine content was higher, indicating 
a species-specific composition of the biofilm extracellular matrix. Collectively, these data indicate that N-linked 
glycosylation is relevant for proper biofilm formation in both C. parapsilosis and C. tropicalis.

A Proper N-Linked Glycosylation Pathway is Required for the Increased Resistance of 
Candida parapsilosis and Candida tropicalis Biofilm to Antifungal Drugs
It is known that C. parapsilosis and C. tropicalis biofilms have increased resistance to antifungal drugs when compared 
to planktonic cells.49 Thus, the removal of N-linked mannans or the treatment with tunicamycin B could affect the 
susceptibility to antifungal drugs of sessile fungal cells. The wild-type and control C. parapsilosis planktonic cells 
showed similar minimal inhibitory concentrations (MICs) to amphotericin B (1 µg mL−1), and this was increased in 
sessile cells included in biofilms (Table 2). For the case of the och1∆ null mutant, both planktonic and sessile cells 
showed a MIC of 2 µg mL−1 (Table 2). However, when biofilms were generated in the presence of either PNGase F or 
tunicamycin B, the MICs were reduced to levels comparable to those observed with the null mutant strain (Table 2). For 
the case of C. tropicalis planktonic cells, the wild type and control strains showed a MIC 0.5 µg mL−1 for amphotericin 
B, and this increased in sessile cells to 4 µg mL−1 (Table 2). The och1∆ null mutant strain showed a MIC of 1 µg mL−1 

for both planktonic and sessile cells (Table 2). Similar to C. parapsilosis, the removal of N-linked mannans by PNGase 
F or the disruption of the glycosylation pathway with tunicamycin B affected the susceptibility of C. tropicalis wild-type 
and reintegrant control cells to amphotericin B, with reduced MICs, similar to those observed in the null mutant strain 
(Table 2). When experiments were performed with fluconazole or caspofungin, similar results were observed, ie, low 
MICs for the null mutant strains or cells treated with PNGase F or tunicamycin B (Tables 3 and 4). In these cases, the 

Table 2 Amphotericin B Susceptibility in Candida parapsilosis and Candida 
tropicalis Biofilms

Strain Biofilm  
SMIC80 (µg mL−1)

+ PNGase F*  
SMIC80 (µg mL−1)

+ Tunicamycin B*  
SMIC80 (µg mL−1)

C. parapsilosis
CLIB-214 8 2 4

CPL2H1 16 2 2

CPRI 8 2 2
AP-1 2 2 2

AP-2 8 2 4

C. tropicalis
MYA-3404 4 1 2

HMY181 1 1 1

HMY205 4 1 1

Notes: *Biofilms were formed in the presence of 50 U peptide-N-glycosidase F (PNGase F) or 2 µM 
tunicamycin B.
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MIC of planktonic cells for fluconazole was 1 µg mL−1 for C. parapsilosis wild type and control strains and 2 µg mL−1 

for the och1∆ null mutant strain: 2 µg mL−1 for C. parapsilosis wild type and control strains and 8 µg mL−1 for the 
och1∆ null mutant strain. In the case of caspofungin, the MIC for C. parapsilosis wild-type and control strains was 2 
µg mL−1 and for the och1∆ mutant 4 µg mL−1; and for the C. tropicalis wild-type and control strains was 1 µg mL−1 and 
for the och1∆ mutant 2 µg mL−1. Thus, these data indicate that disruption of N-linked glycosylation positively impacts 
the susceptibility of C. parapsilosis and C. tropicalis biofilms to antifungal drugs.

Defects in the N-Linked Glycosylation Pathway Affect the Secretion of Proteins in 
Sessile Cells
Some C. parapsilosis and C. tropicalis genes have been reported to encode virulence factors that are upregulated and 
required for biofilm formation.11,12,50,51 Members of the SAP gene family encode aspartyl proteinases, and thus far, it has 
been demonstrated that C. parapsilosis SAPP1, SAPP2, and SAPP3 are dispensable for biofilm formation.51 On the 
contrary, C. parapsilosis LIP1, and LIP2 are required for biofilm formation, as the null mutants failed to generate 
biofilms.50 In C. tropicalis, only putative functional orthologs for SAPP1 and SAPP2 have been identified, and currently, 
there is no available information about the role of SAP and LIP genes in biofilm formation. The C. parapsilosis SAPP1, 

Table 3 Fluconazole Susceptibility in Candida parapsilosis and Candida tropicalis 
Biofilms

Strain Biofilm  
SMIC80 (µg mL−1)

+ PNGase F*  
SMIC80 (µg mL−1)

+ Tunicamycin B*  
SMIC80 (µg mL−1)

C. parapsilosis
CLIB-214 >1024 8 8
CPL2H1 >1024 8 8

CPRI >1024 4 8

AP-1 4 4 4
AP-2 >1024 8 4

C. tropicalis
MYA-3404 >1024 8 16

HMY181 16 16 16

HMY205 >1024 16 8

Notes: *Biofilms were formed in the presence of 50 U peptide-N-glycosidase F (PNGase F) or 2 µM 
tunicamycin B.

Table 4 Caspofungin Susceptibility in Candida parapsilosis and Candida tropicalis 
Biofilms

Strain Biofilm  
SMIC80 (µg mL−1)

+ PNGase F*  
SMIC80 (µg mL−1)

+ Tunicamycin B*  
SMIC80 (µg mL−1)

C. parapsilosis
CLIB-214 >32 8 8
CPL2H1 >32 8 16

CPRI >32 8 8

AP-1 8 8 8
AP-2 >32 8 4

C. tropicalis
MYA-3404 >32 4 8
HMY181 4 4 4

HMY205 >32 8 4

Notes: *Biofilms were formed in the presence of 50 U peptide-N-glycosidase F (PNGase F) or 2 µM 
tunicamycin B.
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SAPP2, SAPP3, LIP1, and LIP2 expression in biofilms formed with wild-type and control strains treated with PNGase 
F or tunicamycin B was 3.5-fold higher than that observed in untreated cells; however, in the och1∆ null mutant cells, the 
expression of the five genes was upregulated in 4-fold regardless of the presence of PNGase F or tunicamycin B. In the 
case of C. tropicalis, SAP1, SAP2, LIP1, and LIP2 expression was similar in wild-type and control strains, and this 
increased 6-fold in biofilms treated with PNGase F or tunicamycin B. The och1∆ null mutant cells showed an 8-fold 
upregulation of the four genes, which was similar in untreated, PNGase F- or tunicamycin B-treated biofilms.

To confirm the expression results of these two kinds of secreted virulence factors, the enzyme activity of secreted 
aspartic acid proteinase and phospholipase was measured in the formed biofilms. Both enzyme activities were detected in 
the extracellular component of the biofilm of C. parapsilosis and C. tropicalis wild-type and reintegrant control cells, but 
both enzyme activities were significantly reduced in biofilms formed with och1∆ null mutant cells (Figure 3). 
Surprisingly, when biofilms were formed in the presence of either PNGase F or tunicamycin B, both secreted protease 
and phospholipase activity was reduced in biofilms formed by C. parapsilosis or C. tropicalis wild-type and control 
strains (Figure 3). This effect was not observed in PNGase F- or tunicamycin B-treated och1∆ null mutant cells 

Figure 3 Quantification of secreted protease and phospholipase activity in biofilms of Candida parapsilosis and Candida tropicalis och1∆ null mutant and control strains. 
Biofilms were prepared as described in the materials and methods section, and protease and phospholipase activities were measured in the extracellular component of 
biofilms. No treatment refers to biofilms generated in the presence of culture medium; + PNGase F, biofilms were formed in the presence of 50 U peptide-N-glycosidase 
F (PNGase); + Tunicamycin -B, biofilms formed in the presence of 2 µM tunicamycin B. *P < 0.05 when compared with the No Treatment condition. Data are shown as 
means ± SD from three experiments performed by duplicate. For the case of Candida parapsilosis, Parental, och1∆, and Reint (reintegrant) are CPRI, AP-1, and AP-2, 
respectively. For Candida tropicalis, Parental, och1∆, and Reint are MYA-3404, HMY181, and HMY205, respectively.
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(Figure 3). When these enzyme activities were measured in the intracellular compartment, these were significantly higher 
in PNGase F- or tunicamycin B-treated wild-type or control strains in both species (5763.7 ± 412.4 U vs 2878.5 ± 258 
U protease activity and 858.3 ± 96.45 U vs 498.8 ± 102.4 U lipolytic activity in average for PNGase F- or tunicamycin 
B-treated wild-type and untreated wild-type strains in both species, respectively).

These results suggested that in och1∆ null mutant cells, along with the control strains treated with PNGase F or 
tunicamycin B, there is a blockage of the secretory pathway, or at least of these two analyzed enzyme activities. To test 
this, cells were treated with brefeldin A, a well-known secretory pathway inhibitor.52 Under the presence of this 
compound, the wild-type and control C. parapsilosis and C. tropicalis strains showed reduced ability to form biofilms 
and reduced secretion of both protease and phospholipase activities (Figure 4). In the case of the och1∆ null mutant cells, 
the brefeldin-A-treated cells showed a similar ability to form biofilms and to secrete both enzyme activities that the 
untreated cells (Figure 4). Therefore, these data suggest a defect in the secretory pathway in the och1∆ null mutant cells 
that may be linked to their poor biofilm formation ability.

Figure 4 Effect of brefeldin A on Candida parapsilosis and Candida tropicalis biofilms formation and secreted proteinase and phospholipase activity. Cells were placed in 
polystyrene 96-microtiter plates, and cell adhesion was allowed for 4h at 30°C. Then, non-adherent cells were removed, and biofilms were allowed to generate by adding 
RPMI-1640 medium and incubating for 24 h at 37°C. Cells were stained with crystal violet, and absorbance at 590 nm was measured. No treatment refers to biofilms 
generated under the above-described conditions; + brefeldin A; biofilms were formed in the presence of 60 µg mL−1 brefeldin A. In the lower panel, after biofilms were 
formed, protease and phospholipase activities were measured in the extracellular component of biofilms. *P < 0.05 when compared with the No Treatment condition. Data 
are shown as means ± SD from three experiments performed by duplicate. For the case of Candida parapsilosis, Parental, och1∆, and Reint (reintegrant) are CPRI, AP-1, and 
AP-2, respectively. For Candida tropicalis, Parental, och1∆, and Reint are MYA-3404, HMY181, and HMY205, respectively.
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Discussion
Protein N-linked mannosylation is a metabolic pathway that is relevant not only to fungal or human cells but to all 
eukaryotic cells.23,53 In fungal cells, this has been studied since decades ago, and Saccharomyces cerevisiae is the model 
where it has been dissected in detail, identifying the basic components, the mechanisms for mannan transference to 
proteins, and the elongation in the Golgi complex.23,54,55 C. albicans is one of the model organisms for fungal 
pathogenesis where the N-linked mannosylation pathway has also been thoroughly studied,21,22,56 and in addition to 
the housekeeping functions already identified in S. cerevisiae, this model has been useful to demonstrate that N-linked 
mannosylation is relevant for proper immune sensing, and production of virulence factors.56,57 The N-linked mannans 
mask the highly immunogenic cell wall β-1,3-glucan and are recognized by mannose receptor, dectin-2, and DC-SIGN, 
promoting cytokine production and phagocytosis.58–64 Among the virulence factors affected by disruption of N-linked 
mannosylation are those associated with hypha, as dimorphism is affected in mutants with defects in this posttranslational 
modification and adhesion to epithelial cells.56

Because of the taxonomical classification, it is easy to hypothesize that observations generated in C. albicans should 
be similar in other Candida species, such as C. parapsilosis and C. tropicalis. However, the species belonging to this 
fungal genus have significant differences in terms of the genome,65 proteome,66,67 and phenotypical traits,11,12 stressing 
the mistake of extrapolating information from C. albicans to other fungal species. Therefore, it is not redundant to assess 
the relevance of metabolic pathways already studied in C. albicans in other fungal species, like the N-linked mannosyla-
tion pathway.

Besides the already mentioned report of the effect of tunicamycin B on C. albicans biofilm,20 ALG13 disruption 
affected the ability of C. albicans cells to undergo dimorphism and biofilm formation,68 providing additional evidence of 
the relevance of the N-linked mannosylation for the formation of this kind of cell community. Here, we expanded these 
observations and provided evidence generated by genetic means and the use of specific compounds, indicating that 
disruption of the N-linked mannosylation pathway affects biofilm formation in C. parapsilosis and C. tropicalis, 
representing one of the few reports that assess the relevance of a metabolic pathway in the ability to form biofilms of 
these species.

One interesting observation generated in this study is the fact that disruption of the N-linked mannosylation pathway 
or removal of cell wall N-linked mannans positively affected the susceptibility to antifungal drugs. Antifungal drug 
resistance and the emergence of intrinsically resistant fungal strains and species to conventional drugs is a concerning 
threat that has been growing in recent years,69 and the development of new antifungal drugs is paramount.70 Based on our 
results, it is tempting to speculate that the combination of antifungal drugs with inhibitors of the N-linked mannosylation 
pathway may affect both biofilm formation and susceptibility to antifungal drugs. Currently, some drugs that inhibit 
enzymes of the protein N-linked glycosylation pathway in humans have been experimentally used, such as inhibitors of 
endoplasmic reticulum glycosidases.71 It remains to address whether this hypothesis is correct and the potential side 
effects of combining both antifungal drugs and inhibitors of the N-linked glycosylation pathway.

Protein glycosylation and the conventional secretory pathway occur in the same intracellular compartments, the 
endoplasmic reticulum and the Golgi complex, so it is not a surprise that both pathways are interconnected.72 The KEX2, 
ROT2, and CWH41 disruption affected the secretory pathway,37,73 suggesting that in the case of OCH1 disruption, 
a similar situation is occurring. However, there is also a glycosylation-independent secretion pathway, as demonstrated 
by Hex1, which is secreted despite the status of the N-linked mannosylation pathway.45,47,61 So, it is likely that the 
secretory pathway is not fully blocked in the och1∆ null mutant strains. Due to the nature of the biofilm extracellular 
matrix composition, it is easy to link the need for proper protein secretion for the establishment and maturation of 
biofilms. Biofilms contain cell wall polysaccharides, proteins, and nucleic acids, some of them likely transported by 
conventional pathways. Moreover, the extracellular matrix also contains a significant amount of cell wall components, 
which may be detached from live cells, arise from the debris of dead cells or are actively secreted by sessile cells. In this 
last scenario, it is easy to understand the impact of proper secretion for biofilm formation. Since our results indicated 
a strong effect of protein glycosylation and secretion on biofilm formation, we suggest that active secretion is important 
for the formation of biofilms in C. parapsilosis and C. tropicals. It is worthy of mention that our results do not rule out 
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the possibility of cell wall detachment or debris of dead cells hypotheses are nullified. In addition, it is known that 
Candida species have non-canonical secretory pathways. Even though our results suggest that they do not have 
a significant contribution to biofilm formation in these species, it remains to be addressed their relevance to biofilm 
formation.

Finally, it is relevant to mention that defects in the protein glycosylation pathway usually affect different proteins and 
as a consequence different metabolic pathways.57 Thus, it is possible that defects associated with disruption of the 
N-linked glycosylation affect adhesins, which are relevant components in biofilm formation.14 This is an aspect that 
remains to be addressed.

Conclusion
The results of this study indicate that a proper N-linked mannosylation pathway is required for biofilm formation in both 
C. parapsilosis and C. tropicalis. Disruption of this posttranslational modification affected the secretory pathway, 
offering a link between glycosylation and biofilm formation.
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