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Célia F. Rodrigues and Jesus A. Romo

Fungal Biofilms 2020
Reprinted from: J. Fungi 2021, 7, 603, doi:10.3390/jof7080603 . . . . . . . . . . . . . . . . . . . . . 1
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Fungal Quorum-Sensing Molecules: A Review of Their Antifungal Effect against
Candida Biofilms
Reprinted from: J. Fungi 2020, 6, 99, doi:10.3390/jof6030099 . . . . . . . . . . . . . . . . . . . . . . 103

v



Lı́via S. Ramos, Thaı́s P. Mello, Marta H. Branquinha and André L. S. Santos
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Fungal infections are an important and increasing global threat, carrying not only
high morbidity and mortality rates, but also extraordinary healthcare costs. Without
an effective response, it is predicted that 10 million people will die per year because of
multidrug-resistant pathogens. A high percentage of the mortalities caused by fungi are
known to have a biofilm etiology [1–4]. In fact, biofilms are the predominant mode of
fungal growth. They have several ecologic benefits, for example higher nutrient availability,
metabolic cooperation, protection from the environmental stresses, and acquisition of
new and advantageous features. Besides, single-species and mixed-species biofilms are
particularly problematic to eradicate, being, thus, the foundation of chronic infections,
particularly if medical devices are existent [5].

A total of ten papers were published in this Special Issue including three reviews
and six original articles. These cover a wide range of topics with original research on
polymicrobial biofilms of fungi and bacteria, small molecule screening, characterization
of the impact of current antifungals on biofilms of non-albicans species, characterization
of non-albicans species biofilm matrix, and biofilms of Aspergillus fumigatus. Additionally,
review articles cover the antifungal effect of quorum sensing molecules on Candida biofilms,
sexual biofilms of Candida albicans, and a compilation of plant derived compounds and
their activities against biofilms formed by Candida species.

The reports describe original research in the area of antimicrobials and include work
involving individual and combinatorial efficacy of compounds with specific activity against
fungi, bacteria, or both within polymicrobial biofilms [6], a screen of a small molecule
library alone or in combination with current antifungals in search of compounds with anti-
biofilm and pre-formed biofilm activities [7], characterization of the effect of echinocandins
against planktonic and biofilm lifestyles of clinical isolates from the Candida haemulonii
complex [8], and the use of a membranotropic peptide to disrupt polymicrobial biofilms of
Candida albicans and Klebsiella pneumoniae [9]. Additional reports phenotypically charac-
terized colonies from Candida parapsilosis clinical isolates as a way to predict their biofilm
formation capabilities [10], conducted analyses of the biofilm matrix composition from
the Candida haemulonii species complex [11], and investigated the virulence and biofilm
capabilities of an Aspergillus fumigatus environmental isolate with interest in the role of this
isolate in the textile industry [12].

The reviews in this Special Issue covered recent developments in the area of
Candida albicans sexual biofilms specifically focusing on how they are formed, their phys-
ical characteristics, and their role in Candida biology [13], the properties of the quorum
sensing molecules farnesol and tyrosol secreted by Candida and their effect as anti-biofilm
agents [14], and an extensive compilation of plant derived compounds with activities
against biofilms of distinct Candida species [15]. Overall, this Special Issue is a great
resource highlighting novel work on fungal biofilms.
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Abstract: Fungi from the genus Candida are very important human and animal pathogens. Many
strains can produce biofilms, which inhibit the activity of antifungal drugs and increase the tolerance
or resistance to them as well. Clinically, this process leads to persistent infections and increased mor-
tality. Today, many Candida species are resistant to drugs, including C. auris, which is a multiresistant
pathogen. Natural compounds may potentially be used to combat multiresistant and biofilm-forming
strains. The aim of this review was to present plant-derived preparations and compounds that
inhibit Candida biofilm formation by at least 50%. A total of 29 essential oils and 16 plant extracts
demonstrate activity against Candida biofilms, with the following families predominating: Lami-
aceae, Myrtaceae, Asteraceae, Fabaceae, and Apiacae. Lavandula dentata (0.045–0.07 mg/L), Satureja
macrosiphon (0.06–8 mg/L), and Ziziphora tenuior (2.5 mg/L) have the best antifungal activity. High ef-
ficacy has also been observed with Artemisia judaica, Lawsonia inermis, and Thymus vulgaris. Moreover,
69 plant compounds demonstrate activity against Candida biofilms. Activity in concentrations below
16 mg/L was observed with phenolic compounds (thymol, pterostilbene, and eugenol), sesquiterpene
derivatives (warburganal, polygodial, and ivalin), chalconoid (lichochalcone A), steroidal saponin
(dioscin), flavonoid (baicalein), alkaloids (waltheriones), macrocyclic bisbibenzyl (riccardin D), and
cannabinoid (cannabidiol). The above compounds act on biofilm formation and/or mature biofilms.
In summary, plant preparations and compounds exhibit anti-biofilm activity against Candida. Given
this, they may be a promising alternative to antifungal drugs.

Keywords: Candida; biofilm; treatment; antifungals; natural compounds; essential oil; extract; mini-
mal inhibitory concentration (MIC)

1. Introduction

The genus Candida contains about 150 species; however, most are environmental
organisms. The most medically important is Candida albicans, which accounts for about 80%
of infections. C. albicans causes more than 400,000 cases of bloodstream life-threatening
infections annually, with a mortality rate of about 42% [1]. Candida non-albicans species that
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are mainly responsible for infections are C. glabrata, C. parapsilosis, C. tropicalis, C. krusei,
and C. dubliniensis [2]. Less frequently identified are C. guilliermondii, C. lusitaniae, C. rugosa,
C. orthopsilosis, C. metapsilosis, C. famata, C. inconspicua, and C. kefyr [3].

C. albicans is a member of the commensal microflora. It colonizes the oral mucosal
surface of 30–50% of healthy people. The rate of carriage increases with age and in persons
with dental prostheses up to 60% [4–6]. Opportunistic infection caused by Candida species
is termed candidiasis. At least one episode of vulvovaginal candidiasis (or thrush) concerns
50 to 75% of women of childbearing age [7]. Candidiasis can also affect the oral cavity,
penis, skin, nails, cornea, and other parts of the body. In immunocompromised persons,
untreated candidiasis poses the risk of systemic infection and fungemia [5,8]. Candida can
be an important etiological factor in the infection of chronic wounds that are difficult to
treat; this is mainly related to the production of biofilm [9].

Treatment of candidiasis depends on the infection site and the patient’s condition.
According to guidelines, vulvovaginal candidiasis should be treated with oral or topical
fluconazole; however, regarding C. glabrata infection, topical boric acid, nystatin, or flucyto-
sine is suggested. In oropharyngeal candidiasis, the treatment options include clotrimazole,
miconazole, or nystatin, and in severe disease, fluconazole or voriconazole. In candidemia
and invasive candidiasis, the drugs of choice are echinocandins (caspofungin, micafungin,
anidulafungin), fluconazole, or voriconazole; in resistant strains, amphoteticin B is used.
In selected cases of candidemia caused by C. krusei, voriconazole is recommended [10–12].
More details can be found in the Guidelines of the Infectious Diseases Society of Amer-
ica [12] and the European Society of Clinical Microbiology and Infectious Diseases [11].
Increasingly, Candida species are becoming resistant to drugs. Marak and Dhanashree [13]
tested the resistance of 90 Candida strains isolated from different clinical samples, such
as pus, urine, blood, and body fluid. Their study revealed that about 41% of C. albicans
strains are resistant to fluconazole and voriconazole. Simultaneously, about 41% of C.
tropicalis strains are resistant to voriconazole and about 36% of strains to fluconazole. In
strains of C. krusei, about 23% are resistant to fluconazole and about 18% to voriconazole.
Rudramurthy et al. [14] studied resistance in C. auris, which is considered a multiresistant
pathogen. Among 74 strains obtained from patients with candidemia, over 90% of strains
were resistant to fluconazole and about 73% to voriconazole. Virulence factors of Candida
species include the secretion of hydrolases, the transition of yeast to hyphae, phenotypic
switching, and biofilm formation [15,16]. All microorganisms in biofilm form are more
resistant to antimicrobial and host factors, which leads to difficulties in eradication [17]. It
has also been shown that resistance to drugs increases significantly in the case of Candida
biofilm occurrence. Biofilm prevents the spread of antifungals; moreover, fluconazole is
bound by the biofilm matrix [18]. The formation of a Candida biofilm during infection
increases mortality, length of hospital stay, and cost of antifungal therapy [19].

Due to the above, new antifungal drugs are sought that could effectively combat not
only planktonic fungi but also fungal biofilms. The natural compounds offer promise, with
many acting on Candida species or biofilms in vitro [20].

The aim of this review was to present plant-derived natural compounds that have an
effect against biofilms formed by Candida species.

2. Materials and Methods

In this review, publications available in PubMed and Scopus databases and through the
Google search engine were taken into account. The following keywords and their combina-
tions were used: “antifungal,” “Candida,” “anti-biofilm,” “biofilm,” “plant,” “compound,”
“extract,” and “essential oil.” The principal inclusion criterion was the inhibition of biofilm
formation by at least 50%. We focused on biofilm inhibition assays, in which the time of
culture allowed for Candida biofilm maturation was at least 24 hours. Articles from the year
2000 to the present were taken into account. All articles published in predatory journals
were rejected.
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3. Results and Discussion

3.1. Plant Preparations That Display Activity against Candida Biofilms

The present review includes 60 articles in which Candida biofilm formation was
inhibited by at least 50%. It has been shown that preparations from 34 plants demonstrate
activity against Candida biofilms. Among them were 29 essential oils and 16 extracts. The
plants from the following families dominated: Lamiaceae (6 species in 5 genera), Myrtaceae
(5 species in 4 genera), Asteraceae (4 species in 4 genera), Fabaceae (4 species in 3 genera),
and Apiacae (4 species in 2 genera).

Plants from the Lamiaceae family had the best antifungal activity, including Lavandula
dentata (0.045–0.07 mg/L) [21], Satureja macrosiphon (0.06–8 mg/L) [22], and Ziziphora tenuior
(2.5 mg/L) [23]. Artemisia judaica (2.5 mg/L) from the Asteraceae family [24], Lawsonia
inermis (2.5–12.5 mg/L) from the Lythraceae family [25], and Thymus vulgaris (12.5 mg/L)
from the Lamiaceae family [26] likewise exhibited good antifungal activity (Table 1). All
preparations were essential oils, with the exception of Lawsonia inermis, which was an
extract. Most of the plant preparations presented in Table 1 acted on biofilm formation
and/or mature biofilms.

Table 1. Antifungal (MICs) and anti-biofilm (inhibition >50%) activity of plant preparations (essential oils or extracts).

Name of Plant
(Family)

Main Compounds Presented
in the Reference

(EO: Essential Oil)

Targeted
Species of
Candida

MICs
(mg/L; mL/L)

Inhibition of Biofilm
Formation by at
Least 50% (mg/L;

mL/L)

Inhibited Stage of
Biofilm; Method of
Biofilm Detection

Ref.

Acorus calamus var. angustatus
Besser = A. tatarinowii Schott

(Acoraceae)

EO: asaraldehyde, 1-(2,4,5-
trimethoxyphenyl)-1,2-propanediol,
α-asarone, β-asarone, γ-asarone,

acotatarone C

C. albicans 51.2 50–200
Mature biofilm; crystal
violet and fluorescence

microscopy
[27]

Allium sativum L.
(Amaryllidaceae) Extract: allicin C. albicans 400 60 Biofilm formation; XTT [28]

Aloysia gratissima (Aff &
Hook).Tr

(Verbenaceae)

EO: E-pinocamphone (16.07%),
β-pinene (12.01%), guaiol (8.53%),

E-pinocarveol acetate (8.19%)
C. albicans 15 500 Biofilm formation;

crystal violet [29]

Artemisia judaica L.
(Asteraceae)

EO: piperitone (30.4%), camphor
(16.1%), ethyl cinnamate (11.0%),

chrysanthenone (6.7%)

C. albicans 1.25 2.5

Mature biofilm; XTT [24]
C. guillermondii 1.25 2.5

C. krusei 1.25 2.5

C. parapsilosis 1.25 2.5

C. tropicalis 1.25 2.5

Buchenavia tomentosa Eichler
(Combretaceae)

Extract: gallic acid, kaempferol,
epicatechin, ellagic acid, vitexin,

and corilagin
C. albicans 625 312.5

Biofilm formation
and mature

biofilm; culture
[30]

Chamaecostus cuspidatus
(Nees & Mart.) C.Specht &

D.W.Stev.
(Costaceae)

Extract: dioscin,
aferoside A, aferoside C C. albicans 250 15.62 Biofilm formation and

mature biofilm; MTT [31]

Cinnamomum verum J. Presl
(Lauraceae)

EO: eugenol (77.22%), benzyl benzoate
(4.53%), trans-caryophyllene (3.39%),
acetyl eugenol (2.75%), linalool 2.11%

C. albicans 1000 150
Biofilm adhesion; XTT [32]

C. dubliniensis 1000 200

C. tropicalis 1000 350

Citrus limon (L.) Osbeck
(Rutaceae)

EO: limonene (53.4%), neral (11%),
geraniol (9%), trans-limonene oxide

(7%), nerol (6%)

C. albicans 500 2000

Biofilm formation and
mature biofilm; XTT [33]

C. glabrata 250 1000

C. krusei 500 125

C. orthopsilosis 500 1000

C. parapsilosis 500 2000

C. tropicalis 250 2000

Copaifera paupera
(Herzog) Dwyer

(Fabaceae)

Extract: galloylquinic acids, quercetrin,
afzelin C. glabrata 5.89 46.87 Biofilm formation and

mature biofilm; XTT [34]

Copaifera reticulata Ducke
(Fabaceae)

Extract: galloylquinic acids, quercetrin,
afzelin C. glabrata 5.89 46.87 Biofilm formation and

mature biofilm; XTT [34]

Coriandrum sativum L.
(Apiaceae)

EO: 1-decanol (33.91%), E-2-decen-1-ol
(23.59%), 2-dodecen-1-ol (13.06%),

E-2-tetradecen-1-ol (5.46%)
C. albicans 7 250 Biofilm formation;

crystal violet [29]

EO: decanal (19.09%), trans-2-decenal
(17.54%), 2-decen-1-ol (12.33%),

cyclodecane (12.15%)

C. albicans 15.6 62.5–125

Biofilm adhesion;
crystal violet [35]

C. dubliniensis 31.2 62.5–125

C. rugosa 15.6 62.5

C. tropicalis 31.2 31.25–250
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Table 1. Cont.

Name of Plant
(Family)

Main Compounds Presented
in the Reference

(EO: Essential Oil)

Targeted
Species of
Candida

MICs
(mg/L; mL/L)

Inhibition of Biofilm
Formation by at
Least 50% (mg/L;

mL/L)

Inhibited Stage of
Biofilm; Method of
Biofilm Detection

Ref.

Croton eluteria (L.) W.Wright
(Euphorbiaceae)

EO: α-pinene (29.37%), β-pinene
(19.35%), camphene (10.31%),

1,8-cineole (9.68%)
C. albicans 4000 5–500

Biofilm formation;
confocal laser
microscopy

[36]

Cupressus sempervirens L.
(Cupressaceae)

EO: sabinene (20.3%), citral (20%),
terpinene-4-ol (15.4%), α-pinene (8%)

C. albicans 250 1000

Biofilm formation and
mature biofilm; XTT [33]

C. glabrata 31.25 250

C. krusei 62.5 62.5

C. orthopsilosis 31.25 125

C. parapsilosis 62.5 500

C. tropicalis 250 500

Cymbopogon citratus
(DC.) Stapf
(Poaceae)

EO: no composition C. albicans 180–360 22.5–180 Biofilm formation; XTT [37]

Cymbopogon martini (Roxb.)
W.Watson
(Poaceae)

EO: no composition C. albicans 16,800 800 Biofilm formation; XTT [38]

Cymbopogon nardus (L.)
Rendle

(Poaceae)

EO: citronellal (27.87%),
geraniol (22.77%), geranial (14.54%),
citronellol (11.85%), neral (11.21%)

C. albicans 1000 2500–5000
Biofilm adhesion; XTT [39]C. krusei 250–500 2500

C. parapsilosis 500–1000 5000–10,000

Cyperus articulatus L.
(Cyperaceae)

EO: α-pinene (5.72%), mustakone
(5.66%), α-bulnesene (5.02%),

α-copaene (4.97%)
C. albicans 125 250 Biofilm formation;

crystal violet [29]

Eucalyptus sp.
(Myrtaceae) EO: no composition C. albicans 8 8 Mature biofilm;

luminescence [40]

Eucalyptus globulus Labill.
(Myrtaceae)

EO: 1,8-cineole (75.8%), p-cymene
(7.5%), α-pinene (7.4%), limonene

(6.4%)

C. albicans 219 11,250–22,500
Mature biofilm; atomic

force microscopy [41]C. glabrata 219 11,250–22,500

C. tropicalis 885 11,250–22,500

EO: no composition C. albicans 8400 500 Biofilm formation; XTT [38]

Eugenia brasiliensis Lam.
(Myrtaceae) Extract: no composition C. albicans 15.62–31.25 156

Mature biofilm;
scanning electron

microscopy
[42]

Eugenia leitonii Legrand nom.
inval.

(Myrtaceae)
Extract: no composition C. albicans 15.62–250 156

Mature biofilm;
scanning electron

microscopy
[42]

Helichrysum italicum (Roth)
G.Don

(Asteraceae)

EO: α-pinene (27.64%), γ-elemene
(23.84%), β-caryophyllene (13.05%),

α-longipinene (11.25%)
C. albicans 6000 10–500

Biofilm formation;
confocal laser
microscopy

[36]

Laserpitium latifolium L.
(Apiaceae) Extract: laserpitine C. albicans 1250 6300 Mature biofilm;

luminescence
[43]

C. krusei 1250 6300

Laserpitium ochridanum
Micevski

(Apiaceae)

Extract: isomontanolide,
montanolide, tarolide

C. albicans 5000 10,000 Mature biofilm;
luminescence

[43]
C. krusei 5000 10,000

Laserpitium zernyi Hayek = L.
siler subsp. zernyi (Hayek)

Tutin
(Apiaceae)

Extract: isomontanolide,
montanolide, tarolide

C. albicans 7500 15,000 Mature biofilm;
luminescence

[43]
C. krusei 7500 37,500

Lavandula dentata L.
(Lamiaceae)

EO: eucalyptol (42.66%), β-pinene
(8.59%), trans-α-bisabolene (6.34%),

pinocarveol (6.3%)
C. albicans 0.15–0.18 0.045–0.07 Mature biofilm; XTT [21]

Lawsonia inermis L.
(Lythraceae) Extract: no composition C. albicans 10 2.5–12.5 Mature biofilm; MTT [25]

Lippia sidoides Cham.
(Verbenaceae)

EO: thymol (65.76%), p-cymene
(17.28%), α-caryophyllene (10.46%),

cyclohexanone (6.5%)
C. albicans 250 500 Biofilm formation;

crystal violet [29]

Litsea cubeba (Lour.) Pers.
(Lauraceae)

EO: limonene (37%), neral (31.4%),
citral (12%), linalool (4%)

C. albicans 500 2000

Biofilm formation and
mature biofilm; XTT [33]

C. glabrata 250 2000

C. krusei 62.5 250

C. orthopsilosis 250 2000

C. parapsilosis 500 1000

C. tropicalis 1000 2000

Mentha × piperita L.
(Lamiaceae)

EO: menthol (32.93%), menthone
(24.41%), 1,8-cineole (7.89%) C. albicans 1–10 10 Biofilm formation; MTT [44]

EO: no composition C. albicans 11,600 800 Biofilm formation; XTT [38]

Mikania glomerata Spreng
(Asteraceae)

EO: germacrene D (38.29%),
α-caryophyllene (9.49%),

bicyclogermacrene (7.98%),
caryophyllene oxide (4.28%)

C. albicans 250 500 Biofilm formation;
crystal violet [29]
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Table 1. Cont.

Name of Plant
(Family)

Main Compounds Presented
in the Reference

(EO: Essential Oil)

Targeted
Species of
Candida

MICs
(mg/L; mL/L)

Inhibition of
Biofilm Formation

by at Least 50%
(mg/L; mL/L)

Inhibited Stage of
Biofilm; Method of
Biofilm Detection

Ref.

Myrtus communis L.
(Myrtaceae)

EO: α-pinene (39.8%), 1,8-cineole (24.8%),
limonene (10.7%), linalool (6.4%)

C. albicans 1250–10,000 None or 1250

No data; no data [45]C. parapsilosis 1250 to
>16,000 1250

C. tropicalis 1250–16,000 1250

Ononis spinosa L.
(Fabaceae)

Extract: kaempherol-O-dihexoside,
kaempherol-O-hexoside-pentoside,

kaempherol-O-hexoside,
quercetin-O-hexoside-pentoside,

acetylquercetin-O-hexoside

C. albicans 620 10,000

Mature biofilm;
luminescence

[46]C. krusei 620 5000

C. tropicalis 310 10,000

Pelargonium graveolens L’Hér.
(Geraniaceae)

EO: geraniol (42.3%), linalool (20.1%),
citronellol (11.1%), menthone (8.0%) C. albicans 125 4000–8000 Mature biofilm; XTT [47]

Piper claussenianum (Miq.) C.
DC.

(Piperaceae)
EO: nerolidols C. albicans 4100–9600 2400–12,600 Mature biofilm; MTT [48]

Portulaca oleracea L.
(Portulacaceae) Extract: no composition C. albicans 10 12.5 Mature biofilm; MTT [25]

Punica granatum L.
(Lythraceae) Extract: ellagic acid C. albicans 1000 100–750

Biofilm formation and
mature biofilm; crystal

violet
[49]

Santolina impressa Hoffmanns.
& Link

(Asteraceae)

EO: β-pinene (22.5%), 1,8-cineole (10.0%),
limonene (9.1%), camphor (8.1%),

β-phellandrene (8.0%)
C. albicans 540 70–1050 Biofilm formation; XTT [50]

Satureja hortensis L.
(Lamiaceae)

EO: thymol (45.9%),
gamma-terpinen (16.71%), carvacrol

(12.81%), p-cymene (9.61%)
C. albicans 200–400 400–4800

Biofilm adhesion,
formation, and mature

biofilm; MTT
[51]

Satureja macrosiphon (Coss.) =
Micromeria macrosiphon Coss.

(Lamiaceae)

EO: linalool (28.46%), borneol (16.22%),
terpinene-4-ol (14.58%), cis-sabinene

hydrate (12.96%)

C. albicans 0.06–4 0.06–8 Biofilm formation; XTT [22]
C. dubliniensis 0.25–4 2–8

Syzygium aromaticum (L.)
Merr. & L.M.Perry = Eugenia

caryophyllus (Spreng.)
Bullock & S.G.Harrison

(Myrtaceae)

EO: no composition C. albicans 100–200 50 Biofilm formation; XTT [37]

EO: no composition C. albicans 48,000 3300 Biofilm formation; XTT [38]

Thymus vulgaris L.
(Lamiaceae)

EO: thymol (54.73%), carvacrol (12.42%),
terpineol (4.00%), nerol acetate (2.86%),

fenchol (0.5%)

C. albicans 1.56–25 12.5 Biofilm formation;
absorbance, crystal

violet, and scanning
electron microscopy

[26]
C. tropicalis 25–50 12.5

Warburgia ugandensis Sprague
(Canellaceae)

Extract: ugandenial A, warburganal,
polygodial, alpha-linolenic acid ALA

C. albicans Lack of data 1000 Biofilm formation and
mature biofilm; XTT

and confocal laser
microscopy

[52]
C. glabrata Lack of data 1000

Ziziphora tenuior L.
(Lamiaceae)

EO: pulegone (46.8%),
p-menth-3-en-8-ol (12.5%),

isomenthone (6.6%),
8-hydroxymenthone (6.2%),

isomenthol (4.7%)

C. albicans 1.25 2.5 Mature biofilm; XTT [23]

Zuccagnia punctata L.
(Fabaceae) Extract: no composition C. albicans 400 100

Biofilm formation and
mature biofilm; XTT

and crystal violet
[53]

Legend: MIC—minimal inhibitory concentration; XTT—reduction assay of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[carbonyl(phenylamino)]-
2H-tetrazolium hydroxide; MTT—reduction assay of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide [54,55].

Antibiofilm activity may vary between plants in the same family. For example, in the
Lamiaceae family, essential oil from Lavandula dentata acted against C. albicans biofilm at
concentrations of 0.045–0.07 μL/mL [21], while essential oil from Satureja hortensis acted
against the same biofilm at concentrations of 400–4800 mg/L [51]. There may also be large
differences within the same species, due to various reasons. This may be influenced by,
for example, different research methodologies, the use of different strains of fungi, and
different chemical compositions depending on the plant variety, country, and season of
harvest. A notable example of such a difference is observed with Mentha × piperita. In
studies by Benzaid et al. [44], essential oil of M. piperita acted against Candida biofilm at
a concentration of 10 μL/mL. However, the work of Agarwal et al. [38] showed that the
same essential oil was active at 800 μL/mL.

Changes in the content of active substances were described by Gonçalves et al. [56].
They showed that in essential oil from Mentha cervina collected in August, the amount of
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isomenthone was 8.7% and pulegone was 75.1%. However, in essential oil collected in
February, the ratio of the two compounds reversed and amounted to 77.0% for isomenthone
and 12.9% for pulegone. The method of obtaining the compounds likewise had an influence
on their content in the final essential oil. In a study by Ćavar et al. [57], the composition of
essential oils of Calamintha glandulosa differed depending on the extraction method. The
level of menthone was 3.3% using aqueous reflux extraction, 4.7% using hydrodistillation,
and 8.3% using steam distillation, while the concentration of shisofuran was only 0.1%
using hydrodistillation and steam distillation, while aqueous reflux yielded 9.7%.

3.2. Plant Compounds That Display Activity against Candida Biofilm

It has been shown that 69 compounds obtained from plants demonstrate activity
against Candida biofilms (Table 2). Among these, the most common are monotherpenes
(20), followed by sesquiterpene lactones (7) and sesquiterpenes (6). Another big group is
also phenolic compounds, including phenols (6), phenolic acids (5), phenolic aldehydes (2),
polyphenols (2), and phenolic alcohol (1).

In terms of activity, large differences were found, depending on the authors cited.
Eugenol and thymol serve as good examples. Both compounds exhibited excellent activity
in some studies (from 12.5 mg/L for eugenol [58] and 1.56 mg/L for thymol [26]), and in
other studies, the activity was very poor (up to 80,000 for both [59]). These differences may
be related, for example, to a different purity of the compound, a different fungal suspension
density, or even to the use of other Candida strains with different sensitivities to chemical
substances. A number of other factors, such as the type of culture medium, pH of the medium,
incubation time, and temperature may likewise influence the antimicrobial activity [20].

According to the European Committee on Antimicrobial Susceptibility Testing (EU-
CAST), the antifungal clinical breakpoints are between 0.001 mg/L and 16 mg/L [60]. Using
EUCAST guidelines in this review, the most active compounds that inhibit (>50%) Candida
biofilm formation are lichochalcone A (from 0.2 mg/L) [61], thymol (from 3.12 mg/L) [26],
dioscin (from 3.9 mg/L) [31], baicalein (from 4 mg/L) [62], warburganal (4.5 mg/L) [52],
pterostilbene, waltheriones and riccardin D (both from 8 mg/L) [63–65], polygodial
(10.8 mg/L) [52], cannabidiol and eugenol (both from 12.5 mg/L) [58,66], and ivalin
(15.4 mg/L) [67]. It is interesting that monotherpenes, which represent the highest per-
centage of substances listed in Table 2, are not the most active compounds. The two
larger groups with the best activity are phenolic compounds (thymol, pterostilbene, and
eugenol), and sesquiterpene derivatives (warburganal, polygodial, and ivalin). Single
compounds with the highest observed activity belong to chalconoids (lichochalcone A),
steroidal saponins (dioscin), flavonoids (baicalein), alkaloids (waltheriones), macrocyclic
bisbibenzyls (riccardin D), and cannabinoids (cannabidiol). Most of the compounds pre-
sented in Table 2 acted on biofilm formation and/or mature biofilm.

Table 2. Antifungal and antibiofilm activity of plant compounds.

Active Compound
Example of Plant

Origin
Targeted Fungus

MICs
(mg/L, mL/L)

Inhibition of Biofilm
Formation by at Least 50%

(mg/L, mL/L)

Inhibited Stage of Biofilm;
Method of Biofilm Detection

Ref.

Antidesmone
(alkaloid)

Waltheria indica,
W. brachypetala

C. albicans 32 16

Mature biofilm; XTT [63]

C. glabrata >32 16

C. krusei 16 16

C. parapsilosis 4 16

C. tropicalis >32 16

Anisaldehyde
(phenolic aldehyde)

Pimpinella anisum ,
Foeniculum vulgare C. albicans 500 500 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Anisic acid
(phenolic acid) Pimpinella anisum C. albicans 4000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Anisyl alcohol
(phenolic alcohol) Pimpinella anisum C. albicans 31 500 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Baicalein
(flavonoid)

Scutellaria baicalensis,
S. lateriflora C. albicans No data 4–32 Biofilm formation; XTT [62]
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Table 2. Cont.

Active Compound
Example of Plant

Origin
Targeted Fungus

MICs
(mg/L, mL/L)

Inhibition of Biofilm
Formation by at Least 50%

(mg/L, mL/L)

Inhibited Stage of Biofilm;
Method of Biofilm Detection

Ref.

Camphene
(monotherpene)

Croton eluteria,
Cinnamomum verum

C. albicans No data 500 Biofilm formation; confocal laser
microscopy [36]

C. albicans 1000 2000 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

Camphor
(bicyclic

monotherpene)
Cinnamomum camphora,

Artemisia annua

C. albicans 125–250 Not or 62.5–250

Biofilm formation; crystal violet
and absorbance

[70]

C. glabrata 175 Not

C. krusei 350 Not

C. parapsilosis 125 Not

C. tropicalis 175 175

Cannabidiol
(cannabinoid) Cannabis sativa C. albicans No data 12.5–100 Biofilm formation; confocal

microscopy [66]

Carvacrol
(phenol)

Thymus serpyllum,
Carum carvi,

Origanum vulgare

C. albicans

250 500 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

100–20,000 300–1250 Mature biofilm; XTT [71]

1000 750–1500 Biofilm formation; MTT [72]

C. glabrata 100–20,000 300–1250 Mature biofilm; XTT [71]
C. parapsilosis 100–20,000 300–1250

Carvene/Limonene
(monotherpene)

Citrus × aurantium,
Citrus limon C. albicans 1000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Carvone/Carvol
(monotherpene)

Carum carvi,
Mentha spicata C. albicans >4000 250 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

β-Caryophyllene
(sesquiterpene)

Helichrysum italicum,
Caryophyllusaromaticus C. albicans No data 100–500 Biofilm formation; confocal laser

microscopy [36]

1,4-Cineole
(monotherpene)

Rosmarinus officinalis ,
Thymus vulgaris C. albicans >4000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

1,8-
Cineole/Eucalyptol

(monotherpene)

Eucalyptus globulus,
Salvia officinalis,
Pinus sylvestris

C. albicans

4000 4000 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

8 4 Mature biofilm; luminescence [40]

3000–23,000 Not or 3000–23,000

Biofilm formation; crystal violet
and absorbance

[70]
C. glabrata 2000 Not

C. krusei 4000 2000–4000

C. parapsilosis 2000 1000–2000

C. tropicalis 4000 2000–4000

Cinnamaldehyde
(aldehyde)

Cinnamomum sp.,
Apium graveolens C. albicans

62 125 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [68]

50–400 25–200 Mature biofilm; XTT [58]

Cinnamic acid
(phenolic acid) Cinnamomum sp. C. albicans 2000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Citral
(monotherpene)

Melissa officinalis,
Backhousia citriodora C. albicans 500 1000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Citronellal
(monotherpene)

Cymbopogon citratus ,
Melissa officinalis C. albicans 500 1000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

β-Citronellol
(monotherpene)

Melissa officinalis,
Pelargonium roseum C. albicans 500 1000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Cuminaldehyde
(monotherpene)

Carum carvi ,
Cinnamomum verum C. albicans 1000 to >4000 6000–7000 Biofilm formation; MTT [72]

p-Cymene
(monotherpene)

Thymus vulgaris,
Eucalyptus sp. C. albicans 2000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

8-Deoxoantidesmone
(alkaloid) Waltheria indica

C. albicans 16 32

Mature biofilm; XTT [63]C. glabrata >32 32

C. krusei 32 32

C. parapsilosis 32 32

C. tropicalis >32 32

2′ ,4′-Dihydroxy-3′-
methoxychalcone

(chalcone)

Zuccagnia punctata,
Oxytropis falcata C. albicans 100 25 Biofilm formation and mature

biofilm; XTT and crystal violet [53]

Dioscin
(steroidal saponin)

Dioscorea sp.,
Chamaecostus C. albicans 3.9–15.62 3.9–31.25 Biofilm formation and mature

biofilm; MTT [31]

Ellagic acid
(polyphenol) Punica granatum L. C. albicans 75–100 25–40 Biofilm formation and mature

biofilm; crystal violet [49]

Emodin
(anthraquinone)

Rheum palmatum,
Frangula alnus C. albicans 12.5–50 Not or 100–400 Biofilm adhesion; MTT [73]
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Table 2. Cont.

Active Compound Example of Plant Origin Targeted Fungus
MICs

(mg/L, mL/L)

Inhibition of Biofilm
Formation by at Least 50%

(mg/L, mL/L)

Inhibited Stage of Biofilm; Method
of Biofilm Detection

Ref.

4α,5α-Epoxy-
10α,14H-1-epi-

inuviscolide
(sesquiterpene lactone)

Carpesium macrocephalum C. albicans >128 38 Biofilm formation and mature
biofilm; XTT [67]

Eugenol
(phenol)

Syzygium aromaticum ,
Cinnamomum sp. C. albicans

50–400 12.5–200 Mature biofilm; XTT [58]

250 500 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

500 500 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [68]

1200 10,000–80,000 Mature biofilm; XTT [59]

Farnesol
(sesquiterpene)

Tilia sp.,
Cymbopogon sp. C. albicans 1000 500 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

1000 500 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

Gallic acid
(phenolic acid)

Polygonum sp.,
Buchenavia tomentosa C. albicans 5000 2500 Biofilm formation and mature

biofilm; culture [30]

Geraniol
(monotherpene)

Pelargonium graveolens,
Rosa sp.

C. albicans 1000 1000 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

C. albicans 100–20,000 300–1250 Mature biofilm; XTT [71]

C. albicans No data 1000–8000 Mature biofilm; XTT [47]

C. glabrata 100–20,000 300–1250 Mature biofilm; XTT [71]
C. parapsilosis 100–20,000 300–1250

Guaiacol
(phenol)

Guaiacum officinale ,
Apium graveolens C. albicans 500 1000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Hydroxychavicol
(phenol) Piper betle C. albicans 125–500 125–1000 Biofilm formation and mature

biofilm; XTT [74]

β-Ionone
(carotenoid)

Lawsonia inermis ,
Camellia sinensis C. albicans 250 250 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Isomontanolide
(sesquiterpenic

lactone)

Laserpitium ochridanum,
L. zernyi

C. albicans 50 250 Mature biofilm; luminescence [43]
C. krusei 200 250

Isopulegol
(monotherpene)

Mentha rotundifolia,
Melissa officinalis C. albicans >4000 250 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Ivalin
(sesquiterpene lactone)

Geigeria aspera,
Carpesium macrocephalum C. albicans >128 15.4 Biofilm formation and mature

biofilm; XTT [67]

Laserpitine
(sesquiterpene lactone)

Laserpitium latifolium,
Laserpitiumhalleri

C. albicans 200 400 Mature biofilm; luminescence [43]
C. krusei 200 400

Lichochalcone A
(chalconoid) Glycyrrhiza sp. C. albicans 6.25–12.5 0.2–20 Biofilm formation; crystal violet [61]

Linalool
(monotherpene)

Lavandula officinalis,
Pelargonium graveolens C. albicans

No data 100–500 Biofilm formation; confocal laser
microscopy [36]

2000 1000 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

No data 1000–8000 Mature biofilm; XTT [47]

α-Longipinene
(sesquiterpene)

Croton eluteria,
Helichrysum italicum C. albicans No data 100–500 Biofilm formation; confocal laser

microscopy [36]

Menthol
(monotherpene) Mentha spp. C. albicans >4000 2000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

2500 10,000–80,000 Mature biofilm; XTT [59]

Montanolide
(sesquiterpene lactone)

Laserpitium ochridanum,
L. zernyi

C. albicans 200 400 Mature biofilm; luminescence [43]
C. krusei 200 400

Morin
(flavonoid)

Prunus dulcis ,
Morus alba C. albicans 150 37.5–600 Biofilm formation; crystal violet [75]

Myrcene
(monotherpene)

Humulus lupulus,
Cannabis sativa C. albicans 1000 2000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Nerol
(monotherpene)

Citrus × aurantium,
Humulus lupulus C. albicans 2000 500 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Nerolidols
(sesquiterpene)

Citrus × aurantium,
Piper claussenianum C. albicans 18,600–62,500 2500–10,000 Mature biofilm; MTT [48]

α-Pinene
(monotherpene)

Pinus sylvestris,
Picea abies C. albicans 3125 3125 Biofilm formation; XTT [76]

β-Pinene
(monotherpene)

Pinus sylvestris,
Picea abies C. albicans 2000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

187 187 Biofilm formation; XTT [76]

Polygodial
(sesquiterpene)

Warburgia ugandensis,
Polygonum hydropiper

C. albicans 4.1 10.8 Biofilm formation and mature
biofilm; XTT and confocal laser

microscopy
[52]

C. glabrata 94.1 50.6–61.9
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Table 2. Cont.

Active Compound Example of Plant Origin Targeted Fungus
MICs

(mg/L, mL/L)

Inhibition of Biofilm
Formation by at Least 50%

(mg/L, mL/L)

Inhibited Stage of Biofilm; Method
of Biofilm Detection

Ref.

Pterostilbene
(polyphenol)

Pterocarpus marsupium,
Pterocarpus santalinus,

Vitis vinifera
C. albicans No data 8–32 Biofilm formation and mature

biofilm; XTT [65]

Riccardin D
(macrocyclic
bisbibenzyl)

Dumortiera hirsuta C. albicans 16 8–64 Mature biofilm; XTT [64]

Salicylaldehyde
(phenolic aldehyde)

Filipendula ulmaria,
Fagopyrum esculentum C. albicans 31 125 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Salicylic acid
(phenolic acid)

Salix sp.,
Filipendula ulmaria C. albicans 4000 2000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Scopoletin
(cumarin)

Mitracarpus frigidus,
Scopolia carniola C. tropicalis 50 50

Biofilm adhesion, formation, and
mature biofilm; absorbance and

digital scanning
[77]

6-Shogaol
(phenylalkane) Zingiber officinale C. auris 32–64 16–64 Mature biofilm; crystal violet [78]

Tarolide
(sesquiterpene lactone)

Laserpitium ochridanum,
L. zernyi

C. albicans 400 1000 Mature biofilm; luminescence [43]
C. krusei 400 1000

Telekin
(sesquiterpene lactone)

Carpesium macrocephalum,
Telekia speciose C. albicans >128 36 Biofilm formation and mature

biofilm; XTT [67]

Terpinolene
(terpene)

Cannabis sativa,
Citrus limon C. albicans 2000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

5,7,3′ ,4′-
Tetramethoxyflavone

(flavonoid)

Psiadia punctulate,
Kaempferia parviflora C. albicans 100 40 Biofilm formation; crystal violet [79]

α-Thujone
(monotherpene)

Artemisia absinthium,
Tanacetum vulgare C. albicans >4000 500 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [69]

Thymol
(phenol)

Thymus vulgaris,
Trachyspermum copticum

C. albicans

250 250 Mature biofilm; XTT, crystal violet,
and inverted light microscopy [69]

1.56–50 3.12
Biofilm formation; absorbance,

crystal violet, and scanning electron
microscopy

[26]

32–128 128 Biofilm adhesion and mature
biofilm; XTT [80]

100–20,000 300–1250 Mature biofilm; XTT [71]

125 125–250 Biofilm formation and mature
biofilm; XTT [81]

1200 5000–80,000 Mature biofilm; XTT [59]

C. tropicalis 1.56–50 12.5
Biofilm formation; absorbance,

crystal violet, and scanning electron
microscopy

[26]

C. glabrata 100–20,000 300–1250 Mature biofilm; XTT [71]
C. parapsilosis 100–20,000 300–1250

Tn-AFP1
(protein) Trapa natans C. tropicalis 32 16 Mature biofilm; XTT [82]

5,6,8-Trihydroxy-7,4′
dimethoxy flavone

(flavonoid)

Thymus membranaceus
subsp. membranaceus,
Dodonaea viscosa var.

angustifolia

C. albicans 390 390 Biofilm formation and mature
biofilm; MTT [83]

5(R)-Vanessine
(alkaloid) Waltheria indica

C. albicans 32 16

Mature biofilm; XTT [63]

C. glabrata >32 16

C. krusei 32 16

C. parapsilosis >32 16

C. tropicalis >32 16

Vanillic acid
(phenolic acid)

Angelica sinensis ,
Solanum tuberosum C. albicans >4000 4000 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Vanillin
(phenol) Vanilla planifolia C. albicans 1000 500 Mature biofilm; XTT, crystal violet,

and inverted light microscopy [68]

Waltheriones
(alkaloid)

Waltheria indica,
W. viscosissima

C. albicans 4–32 8–32

Mature biofilm; XTT [63]

C. glabrata 32 or >32 8–32

C. krusei 16–32 or >32 8–32

C. parapsilosis 2–32 or >32 8–32

C. tropicalis 32 or >32 8–32

Warburganal
(sesquiterpene)

Warburgia sp. C. albicans 4 4.5 Biofilm formation and mature
biofilm; XTT and confocal laser

microscopy
[52]

C. glabrata 72–72.6 49.1–55.9

Legend: MIC—minimal inhibitory concentration; XTT—reduction assay of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-
[carbonyl(phenylamino)]-2H-tetrazolium hydroxide; MTT—reduction assay of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide [54,55].
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4. Conclusions

Plant preparations (essential oils and extracts) and pure compounds exhibit anti-
biofilm activity against Candida species. Some of them are characterized by high activity in
concentrations below 16 mg/L. Given this activity at relatively low concentrations, some
may prove to be promising alternatives to antifungal drugs, especially in the cases of
resistant or multiresistant strains of Candida. Moreover, the simple chemical structures
involved and relative ease of extraction from natural sources warrant further research into
the development of new, promising, and much-needed plant-based antifungals.
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Abstract: Candida albicans and Streptococcus mutans interact synergistically in biofilms associated
with a severe form of dental caries. Their synergism is driven by dietary sucrose. Thus, it is
necessary to devise strategies to hinder the development of those biofilms and prevent cavities.
Six compounds [tt-farnesol (sesquiterpene alcohol that decreases the bacterium acidogenicity and
aciduricity and a quorum sensing fungal molecule), myricetin (flavonoid that interferes with S. mutans
exopolysaccharides production), two 2’-hydroxychalcones and 4’-hydroxychalcone (intermediate
metabolites for flavonoids), compound 1771 (inhibitor of lipoteichoic synthase in Gram-positive
bacteria)] with targets in both fungus and bacterium and their products were investigated for
their antimicrobial and antibiofilm activities against single-species cultures. The compounds and
concentrations effective on single-species biofilms were tested alone and combined with or without
fluoride to control initial and pre-formed dual-species biofilms. All the selected treatments eliminated
both species on initial biofilms. In contrast, some combinations eliminated the bacterium and others
the fungus in pre-formed biofilms. The combinations 4’-hydroxychalcone+tt-farnesol+myricetin,
4’-hydroxychalcone+tt-farnesol+fluoride, and all compounds together with fluoride were effective
against both species in pre-formed biofilms. Therefore, combinations of compounds with distinct
targets can prevent C. albicans and S. mutans dual-species biofilm build-up in vitro.

Keywords: biofilm; Candida albicans; Streptococcus mutans; extracellular matrix; antimicrobial agents;
antibiofilm agents

1. Introduction

Several human diseases are caused by dysbiotic biofilms, including tooth decay, peri-
odontal diseases, and oral candidiasis [1]. Candida albicans is an opportunistic species that,
when associated with Streptococcus mutans, contributes to forming a complex and organized
biofilm that is more tolerant to environmental stresses, including antimicrobial [2]. The
interaction between these two species is synergistic in the presence of dietary sucrose and
leads to severe dental caries lesions [3]. Therefore, it is necessary to devise strategies to
hinder the development of those biofilms.

Within the complex oral microbiota, S. mutans is a producer of the extracellular matrix
and modulates cariogenic biofilm formation when sucrose from the host’s diet is available [4].
This bacterium is acidogenic and aciduric but not the most numerous species in the mouth,
and there are other acidogenic and aciduric microorganisms [5,6]. However, its exoenzymes
glucosyltransferases (Gtfs) and fructosyltransferase (Ftf) use sucrose as a substrate for the
synthesis of exopolysaccharides (α-glucans and fructans), important components of biofilm
construction [4]. Gtfs also adsorb on the surface of other oral microorganisms, converting
them into glucan producers [4]. C. albicans is one of the microorganisms to which Gtfs
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binds and form high amounts of exopolysaccharides [7]. This fungus is also acidogenic and
aciduric [8], and oral biofilms could serve as reservoirs for it.

The extracellular matrix of C. albicans biofilms contains extracellular DNA, β-glucans,
mannans, proteins, and lipids [9–12]. This matrix has been associated with resistance
against antifungals [13,14]. Moreover, the biogenesis of this matrix is coordinated extra-
cellularly, reflecting cooperative actions in the biofilm community [14]. Therefore, the
production of exopolysaccharides synthesized on surfaces in situ allows adhesion and mi-
crobial accumulation [4] and contributes to the construction of the 3D matrix that surrounds
and supports cells, forming an environment with acidic niches and limited diffusion [6,15].
Thus, strategies that control the matrix formation could prevent pathogenic biofilms de-
velopment [13] and perhaps control the amount of C. albicans in oral biofilms that could
flourish when conditions are favorable.

The therapeutic modalities for controlling dental biofilm formation are still limited.
Chlorhexidine is a broad-spectrum antimicrobial agent that suppresses microorganisms
levels in saliva but is not effective against mature biofilms, and its daily and continuous use
is not recommended [16]. Fluoride is the mainstay of caries prevention, but its protection
against the disease is incomplete [17]. Therefore, an attractive and superior strategy would
be to use or include bioactive agents targeting virulence factors and the mechanisms for
biofilm development.

Several studies have prioritized finding new antibiofilm agents, including natural sub-
stances [18–20]. Among the promising agents, tt-farnesol (a membrane-targeting sesquiter-
penoid) and myricetin (a flavonoid) hinder the development of cariogenic biofilm formed
by S. mutans. Myricetin inhibits the gtfs gene expression and Gtfs activity, thereby hindering
the exopolysaccharides synthesis in situ [18,19]. tt-farnesol targets the cellular membrane,
affecting the tolerance of S. mutans to acid stress. Both agents have a moderate biocidal
effect [18,19], and their combination with fluoride results in fewer and less severe carious
lesions [19]. In addition, tt-farnesol is a derivative of the sterol biosynthesis pathway in
eukaryotic cells and a quorum-sensing molecule of C. albicans [21], which keeps the fungus
in yeast form. However, it appears not to affect S. mutans in concentrations produced
when both microorganisms are co-cultivated in biofilms, possible due to the thickness and
amount of biomass of these biofilms [2,3]. Additionally, at concentrations above the thresh-
old (i.e., the physiological concentration of the species), tt-farnesol can induce apoptosis in
planktonic cultures of C. albicans cells [22]. Therefore, the antibiofilm effect of tt-farnesol
and myricetin against C. albicans and S. mutans biofilms still needs to be investigated [23].

Hydroxychalcones are precursor metabolic intermediates for flavonoids and isoflavonoids.
These agents inhibit the streptococcal Gtfs activity [24], impair S. mutans survival in plank-
tonic culture [25]; thus, possibly impairing the structure of biofilms. In addition, flavonoids
interfere with C. albicans cell wall formation, cause disruption of the plasma membrane and
mitochondrial dysfunction, affect cell division, protein synthesis, and the efflux-mediated
pumping system [26]. Also, synthetic hydroxychalcones were shown to have anti-Candida
activity [25,27]. Nevertheless, the efficacy of hydroxychalcones on dual-species S. mutans and
C. albicans biofilms is unexplored.

Also, the interference in the metabolism of lipoteichoic acids (LTA) would affect the
development of biofilms by Gram-positive bacteria. The compound 1771 targets LtaS, an
LTA synthase enzyme in S. aureus [28] and Enterococcus faecium [29]. This compound also
hinders S. mutans biofilm formation [30]. However, the effect of compound 1771 on C.
albicans is unknown.

Thus, considering the virulence and difficulty of controlling mature biofilms, this
study evaluated the antimicrobial and antibiofilm activities of six compounds (tt-farnesol,
myricetin, two 2′-hydroxychalcones, 4′-hydroxychalcone, and compound 1771) against C.
albicans and S. mutans single- and dual-species settings.
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2. Materials and Methods

2.1. Experimental Design

Antimicrobial activity was evaluated using planktonic cultures of C. albicans and S.
mutans in microdilution assay to determine the minimum inhibitory concentration (MIC)
and minimum fungicidal and bactericidal concentrations (MFC and MBC). Next, single-
species biofilms were used to investigate the antibiofilm activities of compounds during
initial biofilm formation (24 h) and against pre-formed biofilms (48 h). Finally, promising
compounds (and their corresponding concentrations) on both species were combined to
analyze the antibiofilm activity on dual-species biofilms formed by C. albicans and S. mutans
on initial biofilm formation (24 h) and pre-formed biofilms (48 h). At that time, fluoride
was also added, and groups with and without fluoride were evaluated. All tests were
performed using a 96-polystyrene microplate to determine viable microbial population
(colony forming units or CFU). At least three independent experiments were performed
in triplicate for the antimicrobial and antibiofilm tests (n = 9). The data were statistically
analyzed according to the factorial design of this study, considering each microplate well
as a statistical block. The hypothesis was that elimination or reduction of at least 50%
of microbial cells (of both species) from biofilm using the proposed agents and their
combinations substantially affect the development of dual-species biofilms.

2.2. Test Agents

An in vitro study with C. albicans and S. mutans was conducted to investigate the
antimicrobial and antibiofilm activity of six compounds: tt-farnesol or (E,E)-3,7,11-
Trimethyl-2,6,10-dodecatrien-1-ol, trans,trans-3,7,11-Trimethyl-2,6,10-dodecatrien-1-ol
(Sigma-Aldrich Co., St Louis, MO, USA; Cat.#46193; 96% purity), myricetin or 3,5,7-
trihydroxy-2-(3,4,5-trihydroxyphenyl)-4H-chromen-4-one (AK Scientific, Inc., Union
City, CA, USA; Cat.#J10595; 95% purity), three hydroxychalcones [2′-hydroxichalcone or
1-(2-hydroxyphenyl)-3-phenylprop-2-en-1-one (Angene, Hong Kong, China; Cat.#AGN-
PC-015IM; 95% purity), 2′-hydroxichalcone or (2E)-1-(2-hydroxyphenyl)-3-phenylprop-
2-en-1-one (AK Scientific, Inc.; Cat.#R815; 98% purity), 4′-hydroxichalcone or (2E)-1-(4-
hydroxyphenyl)-3-phenylprop-2-en-1-one (AK Scientific, Inc.; Cat.#C135; 98% purity)],
and compound 1771 [(5-phenyl-1,3,4-oxadiazol-2-yl)carbamoyl]methyl 2-{naphtho[2,1-
b]furan-1-yl}acetate)] (UkrOrgSynthesis Ltd., Kiev, Ukraine; Cat.#PB25353228; purity
not available). The compounds were diluted with 84.15% ethanol (EtOH; Sigma-Aldrich;
Cat.#E7023) and 15% dimethyl sulfoxide (DMSO; Sigma-Aldrich; Cat.#D8418) to have
stock solutions at 15 mg/mL, except for compound 1771 that was used at 2 mg/mL.
The concentration for compound 1771 was lower than the other agents because of
solubility issues. Also, sodium fluoride was prepared at 5000 ppm (Sigma-Aldrich; Cat.#
71519). These stock solutions were diluted to distinct concentrations for assays. For
antimicrobial assays, the agents with stock concentration at 15 mg/mL were tested using
concentrations of 1250, 1000, 500, 250, 125, 62.5, 31.25, 15.625 μg/mL. For compound
1771 (stock concentration at 2 mg/mL), the concentrations used were 250, 125, 62.5,
31.25, 15.625, 7.813, 3.906, 1.953, 0.977, 0.488, 0.244 μg/mL.

2.3. Microbial Strain and Growth Conditions

C. albicans SC5314 and S. mutans UA159 (serotype c; ATCC 700610) strains preserved
in a freezer −80 ◦C were thaw, platted on a blood agar plate (5% sheep’s blood; Laborclin,
Pinhais, PR, Brazil), and incubated (48 h, 37 ◦C, 5% CO2; Steri-Cult™ Thermo Scientific,
Waltham, MA, USA). Next, five colonies of each microorganism were inoculated into
a liquid culture medium (2.5% tryptone with 1.5% yeast extract or TY, pH 7.0; Becton,
Dickinson and Company (BD), Sparks, MD, USA) containing 1% of glucose (w/v) (TY+1%
glucose) and incubated (16 h, 37 ◦C, 5% CO2). After that, the starter cultures were diluted
1:20 in the same culture medium and grown until mid-log growth phase: S. mutans OD562 nm
0.500 (±0.100) and C. albicans OD562nm 0.482 (±0.058) (ELISA plate reader, Biochrom Ez,
Cambourne, UK). These cultures were diluted in TY+1% glucose for each microorganism
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inoculum with 2 × 106 colony-forming units per milliliter (CFU/mL) for antimicrobial
evaluation. However, the mid-log growth phase cultures were diluted in TY+1% sucrose
(w/v) to yield 2 × 106 CFU/mL for single-species antibiofilm assays.

2.4. Antimicrobial Activity

The antimicrobial activity was evaluated by determining the minimum inhibitory con-
centration (MIC) and minimum fungicidal and bactericidal concentration (MFC and MBC,
respectively) using broth microdilution following the Clinical and Laboratory Standards
Institute [31–33], with some modifications [34]. The compounds were evaluated accord-
ing their stock concentration ranging from 0 to 1250 μg/mL (when stock concentration
15 mg/mL) and 0 to 250 μg/mL (for compound 1771 with stock concentration at 2 mg/mL).
Of note, 0 μg/mL was the vehicle-control. For most of the newest compounds, MIC has
been described with some caveats, as when the visual inspection and the optical density
are compromised by precipitation, for example [35]. Here, most agents complexed when in
contact with the culture medium, making visual inspection subjective and interfering with
optical density readings, and most of them did not present a clear dose-dependent effect.
Therefore, the abbreviation IC50 was defined as the inhibitory concentration of the agent
that inhibited the growth of the microorganism by 50% [34], considering microbial growth
as the CFU/mL counts. Thus, MIC abbreviation was not employed to state the outcomes.

All selected compounds [tt-farnesol, myricetin, 2′-hydroxychalcone (AGN), 2′-
hydroxychalcone (R815), 4′-hydroxychalcones (C135), and compound 1771 (1771)] were
tested against S. mutans planktonic culture. However, only the effective compounds against
the bacterium (tt-farnesol, myricetin, C135, and compound 1771) were used for C. albicans
because when both species are together, they form robust biofilms mediated primarily by
the exopolysaccharides produced by the bacterium in a rich-sucrose environment [3].

The inoculum culture (100 μL of bacterium or fungus) was transferred to 96-well
plates containing TY+1% glucose and distinct concentrations of agents were arranged from
the highest to the lowest for a final volume of 200 μL (yielding 1 × 106 CFU/mL for each
species). As controls for each experiment, wells containing only culture medium, only
inoculum (growth control without treatment), and inoculum plus vehicle (final concentra-
tion of 7% EtOH and 1.25% DMSO) were added to rule out any effect of the vehicle on
microbial cells. The assembled plates were incubated (24 h, 37 ◦C, 5% CO2), followed visual
inspection (turbidity: microbial growth, clear: no growth), and OD562 nm readings (ELISA
plate reader). Next, the plates were incubated to homogenize the cultures (5 min, 75 rpm,
37 ◦C) (Quimis, São Paulo, Brazil). After that, an aliquot from each well was removed
for serial dilution in saline solution (0.89% NaCl; Synth, Diadema, SP, Brazil), plating
(undiluted and 10−1 to 10−5), and incubation (48 h, 37 ◦C, 5% CO2) to determine CFU/mL
quantification and inhibitory concentration (IC50). The MBC and MFC were measured by
CFU/mL count and defined as the lowest compound concentration that inhibited microbial
growth (or absence of colony growth on agar). However, for some compounds that may
target the extracellular matrix production in biofilms, the concentrations that inhibited at
least 50% of microbial growth (i.e., 50% of CFU/mL reduction vs. vehicle) were considered
promising antimicrobial activity [34,35].

2.5. Antibiofilm Activity

This analysis was conducted after determining antimicrobial activity and was per-
formed using single- and dual-species settings and different exposure to compounds:
activity against initial biofilm formation (24 h) and pre-formed biofilms (48 h). For initial
biofilm formation, the agents were introduced at the time 0 h, and biofilms were evaluated
at 24 h of development. For pre-formed biofilms, biofilms were grown for 24 h and then
treated, being evaluated at 48 h of growth. Thus, it was evaluated the inhibition of biofilm
formation for biofilms at 24 h and the eradication of biofilm growth for 48 h-old biofilms.
The measurement was considered effective when the CFU/mL count was reduced by 50%
(vs. vehicle) for 24 and 48 h-old biofilms [34,36].
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The strains were grown and prepared using the methodology described above. How-
ever, the culture medium and inoculum of the experiments were prepared using TY+1%
sucrose. The selected compounds and their concentrations were based on antimicrobial
data: C135 (from 1250 to 62.5 μg/mL), myricetin (from 1250 to 125 μg/mL), tt-farnesol
(from 1250 to 31.25 μg/mL), and compound 1771 (from 250 to 1.953 μg/mL). Previous
studies evaluated the antibiofilm activity of myricetin, compound 1771, and tt-farnesol for
S. mutans [18,19,30], but here distinct concentrations were tested. Tests with compound
1771 for C. albicans and C135 for both species will be presented for the first time.

Initially, single-species biofilm to prevent initial biofilm formation (24 h) were analyzed.
On a 96-well plate, 100 μL of final inoculum with 2 × 106 CFU/mL (for both species) were
added to each well, containing test concentrations and culture medium (TY+1% sucrose),
totalizing 200 μL (1 × 106 CFU/mL). Controls of experiments were also added (wells
containing only culture medium, wells containing only the inoculum of the experiment,
and wells containing the inoculum plus vehicle or 0 μg/mL). The plate was incubated
(24 h, 37 ◦C, 5% CO2). After incubation, visual inspection was performed, followed by
orbital incubation (5 min, 75 rpm, 37 ◦C). The remaining biofilms on the wells were rinsed
three times with 200 μL of 0.89% NaCl solution to remove any loose material. Next, these
biofilms were scraped with pipet tips five times (5X) with 200 μL of 0.89% NaCl, totalizing
1 mL of biofilm suspension (from each well). This biofilm suspension was placed in a
microtube, subjected to serial dilutions (10−1 to 10−5), which were plated, as were the
undiluted suspensions. The plates were incubated (48 h, 37 ◦C, 5% CO2), and the CFU/mL
was calculated. Next, the microbial growth inhibition of each concentration was compared
to vehicle control.

Subsequently, prevention of build-up pre-formed biofilm (48 h) was evaluated [36].
Here, 96-well plates were assembled using 100 μL final inoculum of C. albicans or S.
mutans (2 × 106 CFU/mL) and 100 μL of TY+1% sucrose (to reach 1 × 106 CFU/mL). The
microplate was incubated (24 h, 37 ◦C, 5% CO2) without any treatment or vehicle control.
After incubation and biofilm formation, visual inspection was performed, followed by
culture medium removal and washing of remaining biofilms (three times with 200 μL
0.89% NaCl solution). Next, fresh culture medium TY+1% sucrose and test concentrations
of agents or the vehicle were added. The microplate was incubated again (24 h, 37 ◦C, 5%
CO2). After incubation (when biofilms were 48 h-old), the same processing protocol applied
for 24 h-old biofilms was conducted until obtaining 1 mL of biofilm suspension. The biofilm
suspensions were sonicated (30 s at 7 w, Sonicator QSonica, Q125, Newtown, CT, USA),
subjected to serial dilutions (10−1 to 10−5), and plated. The undiluted suspensions were
also plated. The CFU/mL counts were evaluated and compared to vehicle control.

Finally, the antibiofilm activity for dual-species biofilms of C. albicans and S. mu-
tans was also performed at 24 and 48 h. These analyzes were performed with the same
methodology used for single-species biofilms (24 and 48 h). However, the inoculum of the
dual-species culture was prepared with 2 × 106 CFU/mL of S. mutans and 2 × 104 CFU/mL
of C. albicans [3] to reach 1 × 106 CFU/mL of S. mutans and 1 × 104 CFU/mL of C. albicans
after adding culture medium or treatments.

The concentrations of agents with better results against each species in the single-
species biofilm setting were selected: 125 μg/mL (C135 and tt-farnesol), 500 μg/mL
(myricetin), and 3.906 μg/mL (1771). Then, compounds with selected concentra-
tions were combined with each other and with or without sodium fluoride (250 ppm)
or F totalizing 16 groups. The elected combinations included groups without flu-
oride (C135, C135+tt-farnesol, C135+1771, C135+myricetin, C135+tt-farnesol+1771,
C135+tt-farnesol+myricetin, C135+tt-farnesol+myricetin+1771, C135+1771+myricetin,
tt-farnesol+myricetin, 1771+myricetin, tt-farnesol+1771+myricetin) and groups with
fluoride (250 ppm) (C135+fluoride, C135+tt-farnesol+fluoride, C135+1771+fluoride,
C135+myricetin+fluoride, C135+tt-farnesol+1771+myricetin+fluoride). The concen-
tration of fluoride was selected based on the commercially available fluoride-based
mouth rinse [19,37].
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2.6. Statistical Analyses

The statistical analyses for CFU/mL values were performed using descriptive and
inferential statistics. Normality was evaluated with the Shapiro-Wilk test employing a
significance level of 5%. The data were non-parametric; thus, the data were evaluated
with Kruskal–Wallis test, followed by Dunn’s post-test, considering α = 0.05 (Prism 9
software, GraphPad Software, Inc. 2021). The microbial growth inhibition of each agent
and concentration was compared to vehicle control. In addition, the CFU/mL data were
transformed to log10 or log to verify the log reduction.

3. Results

3.1. Antimicrobial Activity
3.1.1. S. mutans

Three compounds (AGN, C135, R815) complexed with the culture medium, making
the visual inspection analysis inaccurate; turbidity was also present for myricetin (but
in minor proportion than for the three aforementioned compounds), and compound
1771 (at concentrations equal of more than 31.25 μg/mL). The observation of culture
medium turbidity occurred immediately after adding the compound into the culture
media, without microbial inoculation and incubation (controls per each concentration
tested). The compound that did not complex with culture medium was tt-farnesol, and the
absence of visual growth was observed at 31.25 μg/mL, which was also its IC50.

Regarding MBC, as per CLSI definition, the absence of colony growth on an agar
plate was found for tt-farnesol and compound 1771, as 62.5 μg/mL and 250 μg/mL,
respectively. Thus, a potential antimicrobial activity was achieved for the compounds
when the compound at a specific concentration yielded a 50% reduction of CFU/mL counts
compared to the vehicle control (IC50), as follows.

For C135, the lowest concentration that yielded 50% reduction was 62.5 μg/mL, but
the same reduction was observed for 125, 250, and 500 μg/mL (Figure 1). Thus, the
antibacterial activity of C135 was not dose-dependent.

There was an absence of expressive effect on growth inhibition for all concentrations
of AGN and R815 (vs. vehicle). However, some concentrations of R815 showed statistical
differences and some inhibition of growth at 500 and 250 μg/mL (2 and 1 log reduction,
respectively), 125 and 62.5 μg/mL (0.5 log reduction). These reductions were not dose-
dependent and are not within the cutoff established for an effective compound (Figure 1).
Thus, AGN and R815 were not used in the downstream assays.

Three concentrations of myricetin presented statistical differences compared to the
vehicle (250, 500, and 1000 μg/mL) but were not dose-dependent. However, a better effect
was obtained for 500 μg/mL, which was considered the IC50.

For compound 1771, the IC50 was 7.813 μg/mL; higher concentrations also demon-
strated significative statistical differences (at least 4 log reduction vs. vehicle) and, as
mentioned above, 250 μg/mL rendered absence of CFU/mL quantification on agar (MBC).
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Figure 1. Antimicrobial activity of S. mutans using six compounds: C135, R815, AGN, tt-farnesol, myricetin and 1771. Data
represents median and interquartile ranges (n = 9). Statistical differences are represented with ** (p < 0.05), *** (p < 0.001),
and **** (p < 0.0001) (Kruskal Wallis, followed by Dunn’s test). The tabulated results are in Table S1.

3.1.2. C. albicans

The antimicrobial activity of C. albicans was analyzed using four agents (C135, tt-
farnesol, myricetin, and compound 1771) that were selected based on the effective antimi-
crobial activity founded for S. mutans. Among them, only tt-farnesol did not complex with
the culture medium; the absence of visual growth was observed at 125 μg/mL, which was
also its IC50.

C135 and tt-farnesol presented a dose-dependent effect on viable fungal growth. C135
was the most effective in inhibiting fungal viability (Figure 2). All its concentrations
above 31.25 μg/mL hindered colony growth on agar plates; thus, its IC50 and MFC were
determined as 62.5 μg/mL (absence of colony growth on agar plates). The MFC for
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tt-farnesol was 1000 μg/mL (Figure 2). Both myricetin and compound 1771 did not
demonstrate significant antimicrobial activities as per the cutoff of 50% colony growth
reduction (IC50), although statistical differences were observed, as depicted in Figure 2.

Figure 2. Antimicrobial activity of C. albicans with compounds: C135, tt-farnesol, myricetin and
1771. Data represents median and interquartile ranges (n = 9). Statistical differences are represented
with * (C135 p = 0.048; 1771 p = 0.013), ** (p < 0.05) and **** (p < 0.0001) (Kruskal Wallis, followed by
Dunn’s test). The tabulated results are in Table S2.

3.2. Antibiofilm Activity
3.2.1. Single-Species S. mutans Biofilm

On 24 h biofilm (initial biofilm formation), all concentrations of tested compounds
(C135, myricetin, tt-farnesol, and compound 1771) demonstrated antibiofilm activity, spe-
cially myricetin and tt-farnesol concentrations that eliminated bacterial growth (Figure 3).
C135 eliminated the bacterium at 62.5, 125, and 250 μg/mL, but not at higher concentra-
tions. Also, all concentrations of compound 1771 reduced about 5 logs of bacterium growth
(vs. vehicle).

However, on S. mutans pre-formed biofilms (48 h) a greater inhibitory effect was
achieved with tt-farnesol; where concentrations of 62.5 μg/mL and higher eliminated the
bacterium. For C135 the best concentration was 125 μg/mL with 5 logs reduction (vs.
vehicle). In contrast, a lower inhibitory activity was observed for myricetin and compound
1771 (although they presented statistical differences, the reduction was about 1 log vs.
vehicle) (Figure 3).
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Figure 3. Antibiofilm activity of S. mutans with compounds: C135, tt-farnesol, myricetin, and 1771. On the first line are
presented data of 24 h biofilm (initial biofilm formation); and right below are the data of pre-formed biofilms (48 h). The
data represents median and interquartile ranges (n = 9). Statistical differences are represented with * (p = 0.026), ** (p < 0.05),
*** (p < 0.001), and **** (p < 0.0001) (Kruskal Wallis, followed by Dunn’s test). The tabulated results are in Table S3.

3.2.2. Single-Species C. albicans Biofilm

The best antibiofilm activity for C. albicans 24 h biofilm was observed for C135 and
tt-farnesol; both eliminated the fungus, except at 31.25 μg/mL of tt-farnesol that reduced
4 logs (vs. vehicle). Compound 1771 reduced 3 logs from 3.906 μg/mL to higher concen-
trations. However, the lowest antibiofilm effect was observed for myricetin with about
1 log reduction (vs. vehicle) in all tested concentrations, although statistical differences
were observed (Figure 4).

The antibiofilm activity against C. albicans pre-formed biofilm (48 h) was achieved
effectively only by C135. C135 eliminated the fungus at 125, 500, and 1250 μg/mL; it also
decreases CFU/mL counts by 4 logs (62.5 μg/mL) and 5 logs (250 and 1000 μg/mL) (vs.
vehicle). A weak activity was observed using tt-farnesol, where concentrations above
125 μg/mL presented about 2 log reduction (vs. vehicle). However, no effect was observed
using myricetin and compound 1771 (except 1771 at 250 μg/mL with 2 logs reduction vs.
vehicle) (Figure 4).
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Figure 4. Antibiofilm activity of C. albicans with compounds: C135, tt-farnesol, myricetin, and 1771. On the first line are
presented data of 24 h biofilm (initial biofilm formation); and right below are the data of pre-formed biofilms (48 h). The data
represents median and interquartile ranges (n = 9). Statistical differences are represented with ** (p = 0.002), *** (p ≤ 0.0003),
and **** (p ≤ 0.0001) (Kruskal Wallis, followed by Dunn’s test). The tabulated results are in Table S4.

3.2.3. Dual-Species C. albicans and S. mutans Biofilms.

Based on the previously presented data, compounds and their most effective concen-
trations were selected for combinations of compounds tested on dual-species C. albicans
and S. mutans biofilms (see data summarized in Table 1). The selected concentrations were:
125 μg/mL for C135 and tt-farnesol, 500 μg/mL for myricetin, and 3.906 μg/mL for com-
pound 1771. In addition, C135 was used alone or combined with the other agents with and
without sodium fluoride because it was the most effective agent against the fungus growth.

Table 1. Summary of antimicrobial and antibiofilm activity on single-species cultures for selection of compounds concentra-
tions (μg/mL) to test against dual-species biofilms.

Compound

Antimicrobial Activity Antibiofilm Activity (Single-Species)

S. mutans C. albicans S. mutans C. albicans

IC50 MBC IC50 MFC 24 h 48 h 24 h 48 h

C135 62.5 - 62.5 62.5 62.5 125 15.625 125

tt-farnesol 31.25 62.5 125 1000 31.25 62.5 62.5 125 *

Myricetin 500 - - - 250 500 * 500 * -

1771 7.813 250 - - 3.906 3.906 * 3.906 * 250 *

* represent selected concentrations that did not reduce 50% of CFU/mL but had a significative statistical reduction vs. vehicle between
all tested concentrations. IC50: the inhibitory concentration of the agent that inhibited the growth of the microorganism by 50%, consid-
ering microbial growth as the CFU/mL counts. MBC: minimum bactericidal concentration. MFC: minimum fungicidal concentration.
24 h: 24 h-old biofilms. 48 h: 48 h-old biofilms.

For 24 h-old biofilms (initial biofilm formation), all 16 formulations were effective,
impeding the growth of both species (bacterium and fungus) (Figure 5). However, the
microbial growth inhibition of pre-formed (48 h-old biofilms) was different between treat-
ments and species (Figure 5). Among the 16 formulations tested, three inhibited the
growth of both species completely: C135+tt-farnesol+myricetin, C135+tt-farnesol+fluoride,
and C135+tt-farnesol+1771+myricetin+fluoride (all compounds combined with fluoride).
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Furthermore, considering the total inhibition of bacterial growth in the dual-species set-
ting, four formulations were effective (C135+tt-farnesol+1771+myricetin, C135+fluoride,
C135+1771+fluoride, and C135+myricetin+fluoride). Considering the total inhibition of
fungal growth in the dual-species setting, four treatments were effective (C135, C135+tt-
farnesol, C135+1771, and C135+myricetin). Also, some formulations reduced at least 50%
CFU/mL (vs. vehicle) of S. mutans (C135+tt-farnesol, C135+tt-farnesol+1771), or C. albicans
(C135+tt-farnesol+1771+myricetin and C135+myricetin+fluoride).
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Figure 5. Antibiofilm activity of dual-species S. mutans and C. albicans biofilms with combined compounds (with and
without sodium fluoride): C135 (C), tt-farnesol (Far), myricetin (Myr), 1771, and sodium fluoride (F). The top graphs
presented data of 24 h biofilm (initial biofilm formation). The bottom graphs depict data of pre-formed biofilms (48 h). The
data represents median and interquartile ranges (n = 9). Statistical differences are represented with * (p = 0.04), ** (p ≤ 0.002),
*** (p = 0.0007), and **** (p ≤ 0.0001) (Kruskal Wallis, followed by Dunn’s test). The tabulated results are in Table S5.

4. Discussion

Several strategies can be used to control biofilms to prevent oral diseases. The clas-
sical strategies for oral biofilm control include brushing/flossing (mechanical removal
of biofilms) and restricting dietary sugar intake (mainly frequency) to prevent biofilm
build-up. Both diet restriction and brushing/flossing require behavioral compliance, which
can be challenging. In addition, fluoride is used to avoid teeth demineralization and
promote remineralization as part of oral hygiene products (toothpaste and mouthwashes)
and/or supplied in tap drinking water. However, they may not be appropriate to all
individuals, such as those without adequate dexterity (e.g., young children, elderly, people
with disabilities, people in ICUs), which may require supervision for brushing/flossing
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and aids to weaken the overall biofilm structure to facilitate its mechanical removal, or
even substances to enhance biofilm control.

Single targets for biofilm prevention and antimicrobial control can be difficult and
limit the treatment options. Thus, combining agents with distinct targets can be an effective
approach to access different sites in biofilms, which present complex biological traits and
protected niches [1,19]. Therefore, this study evaluated the antimicrobial and antibiofilm
activities of six compounds [tt-farnesol, myricetin, two 2′-hydroxychalcones (AGN and
R815), 4′-hydroxychalcone (C135), and compound 1771] with different targets against C.
albicans and S. mutans single- and dual-species settings.

Of note, an antimicrobial substance/molecule may not be an antibiofilm agent, and a
compound with antibiofilm activity may not be an antimicrobial per se (e.g., molecules
that affect extracellular enzymes responsible for the extracellular matrix construction). This
scenario is depicted by the findings in both antimicrobial and antibiofilm assays performed
as some agents were effective against the microorganisms in planktonic cultures and were
not in the biofilms’ settings. Also, the effect of compounds was mostly non-dose-dependent
for both C. albicans and S. mutans.

The antimicrobial outcome for S. mutans showed the lowest IC50 value for compound
1771 (7.813 μg/mL), followed by tt-farnesol (31.25 μg/mL), C135 (62.5 μg/mL), while the
highest value was observed for myricetin (500 μg/mL). However, IC50 values for C. albicans
were C135 (62.5 μg/mL) and tt-farnesol (125 μg/mL). Furthermore, tt-farnesol eliminated
CFU/mL count of both species reaching a MBC (62.5 μg/mL) and a MFC (1000 μg/mL).
The compound 1771 presented MBC (250 μg/mL) and C135 reached MFC (62.5 μg/mL).
The findings for C135 for both species and 1771 for C. albicans are presented for the first
time here. Thus, C135 presented a promising antimicrobial effect for both species, and
compound 1771 did not inhibit C. albicans growth.

A previous study with S. mutans using different concentrations of compound 1771 did
not eliminate the bacterium [30], but the total elimination of CFU/mL count was observed
here using the greatest concentration. In the same study [30], the antimicrobial activity
of myricetin for S. mutans was at a lower concentration than the one found here. The
antimicrobial effect of tt-farnesol on both species corroborates previous findings [18,22].
Among the three chalcones tested, the antimicrobial activity was better for C135, a 4′-
hydroxychalcone. The other two 2′-hydroxychalcones (AGN and R815) did not present
antimicrobial effect for S. mutans. These results can be explained by the differences between
the chemical structure of the selected hydroxychalcones, suggesting that the presence of
hydroxyl groups on the ring of the 4′-hydroxychalcone scaffold is crucial for the growth
inhibition [24,38,39].

The presence of an extracellular matrix is essential for the existence of biofilm and the
complete expression of virulence by microbial pathogens and pathobionts, hindering the
action of antimicrobial agents and preventing their access to microbial cells [40]. Sucrose
can modulate microbial synergism and ecology of the oral microbiota because its hexoses
(glucose and fructose) are used for exopolysaccharides and organic acid production that
influences the structure and composition of dental biofilms [1,6]. Cariogenic biofilms
promote interactions and mechanisms that control dysbiosis [1,6] as observed on dual-
species biofilms of S. mutans and C. albicans in vitro [2,3]. Therefore, it is important to
understand the mechanisms of possible antibiofilm compounds.

Myricetin and some hydroxychalcones inhibit S. mutans F-ATPase activity (acid tol-
erance mechanism) [19], glycolysis (organic acid production or acidogenicity) [19], and
synthesis of extracellular matrix glucans (by interfering with gtfs gene expression and
Gtfs activity) [19,24]. The deficit in glucan production can compromise the integrity and
3D structure biofilms [4], facilitating their disruption. These findings can explain the an-
tibiofilm effect of myricetin on S. mutans initial biofilms (24 h) and the greatest potential
of C135 (4′-hydroxychalcone) on initial (24 h) and mature S. mutans biofilm (48 h). The
weaker inhibition of myricetin on pre-formed biofilms (48 h—biofilm eradication) can be
promoted by the presence of pre-formed microcolonies and their 3D extracellular matrix.
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tt-farnesol eliminated the bacterium in 24- and 48 h-old single-species biofilms (at
62.5 μg/mL and higher concentrations). The antimicrobial and antibiofilm effect of this
compound can be related to the targets on S. mutans cytoplasmatic membrane, altering
its proton permeability, decreasing its tolerance to acid stress [18]. Compound 1771 also
had a promising antibiofilm effect for the bacterium, especially on initial biofilm (24 h-old
single-species biofilms). This compound inhibits the LTA synthesis [28], interfering with
the cell wall composition, making the cytoplasmatic membrane an easy target for envi-
ronmental stresses. Also, LTA from the cell wall are released in the matrix and interact
with exopolysaccharides during the development and maturation of biofilms [41]; hence,
interfering with LTA metabolism can impair cell wall and extracellular matrix composi-
tion. Thus, tt-farnesol and compound 1771 hindered S. mutans biofilms by promoting
antimicrobial and antibiofilm activities.

Hydroxychalcones inhibit the cell wall formation of C. albicans cells [42,43], while tt-
farnesol keeps the fungus in its yeast form [21]. However, it is unknown whether myricetin
inhibits C. albicans biofilm formation or its extracellular matrix development or whether
compound 1771 could target this fungus or its metabolism. The effect on the extracellular
matrix components and construction could make the fungal cells more susceptible to
antimicrobial agents. Here, single-species C. albicans biofilms were not greatly affected
by myricetin. However, the 4′-hydroxychalcone C135 presented a promising effect in the
initial (24 h) and mature (48 h) fungal biofilms. Also, tt-farnesol and 1771 were effective on
initial fungal biofilm, but only tt-farnesol eliminated the fungus (at 62.5 μg/mL and higher
concentrations). In addition, tt-farnesol had a weak effect, while 1771 had practically no
effect on fungal growth on pre-formed biofilms. Thus, eradication of C. albicans biofilm
(48 h) was achieved only with C135.

Previous studies with C. albicans biofilms demonstrate that chalcones inhibited en-
zymes involved in resistance pathways [42]. Thus, the effect of C135 on C. albicans biofilms
can be related to targets on resistance pathways; nevertheless, this hypothesis must be
better explained. In addition, as observed on the data above from antimicrobial activity
of tt-farnesol, this compound can inhibit fungal growth, induce apoptosis in C. albicans
cells, and inhibit the fungal hyphae [21,22]. As described for initial biofilms (24 h), the treat-
ment was applied at 0 h, so it may be that the effect of tt-farnesol (preventing filamentous
morphology) supports the inhibition of fungal growth in 24 h while hampered its effect
on pre-formed biofilm (48 h). Therefore, combine compounds could improve the effect
in mature biofilms. This hypothesis is confirmed by the potentiated effect on C. albicans
cells in dual-species biofilm (48 h) when C135 and tt-farnesol were combined, suggesting
inhibition of the resistance mechanisms when both compounds are present.

Altogether, the data from antimicrobial and single-species biofilms assays enabled the
selection of specific concentrations of the four compounds (C135, myricetin, tt-farnesol,
and compound 1771) that were combined, with or without sodium fluoride, to assess the
antibiofilm activity of formulations against dual-species S. mutans and C. albicans biofilm.
All formulations without fluoride [(C135, C135+tt-farnesol, C135+1771, C135+myricetin,
C135+tt-farnesol+1771, C135+tt-farnesol+myricetin, C135+tt-farnesol+1771+myricetin, C135+
1771+myricetin, tt-farnesol+1771, 1771+myricetin, tt-farnesol+1771+myricetin)] and with fluo-
ride [(C135+fluoride, C135+tt-farnesol+fluoride, C135+1771+fluoride, C135+J10595+fluoride,
C135+tt-farnesol+1771+myricetin+fluoride completely inhibited the initial biofilm forma-
tion (24 h). These findings showed that there might be a potential synergism between the
compounds and a greater effect when they are combined and applied since the beginning
of biofilm formation and during the 24 h of dual-species biofilm development. Part of the
effect can be because of the antimicrobial effect per se, as microbial cells were exposed to
formulations in their free form before adhesion to the surface. Also, the effect on extracellular
matrix formation can not be ruled out.

In contrast, dual-species biofilm eradication (48 h) in which both species did not grow
occurred for three formulations: C135+tt-farnesol+myricetin, C135+tt-farnesol+fluoride,
and C135+tt-farnesol+1771+myricetin+fluoride. Four formulations only eradicated the
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bacterial growth (C135+tt-farnesol+1771+myricetin, C135+fluoride, C135+1771+fluoride,
and C135+myricetin+fluoride), while other four formulations eradicated fungal growth
(C135, C135+tt-farnesol, C135+1771, and C135+myricetin). Of note, the formulations with
fluoride exhibited a greater antibiofilm activity (mainly for the bacterium), reinforcing the
importance of its inclusion in strategies to prevent and control cariogenic biofilms [18]; fewer
and less severe carious lesions were observed using combined treatments and fluoride on
a rodent model of dental caries [19]. Fluoride can interfere with microbial metabolism,
especially on glycolytic enzymes and proton gradient dissipation on the cell cytoplasmatic
membrane (when the extracellular pH is higher than the intracellular pH) [44]. This effect
can hamper cell growth. Nevertheless, C135 alone or combined with other agents (even
those without pronounced effect on singles-species 48 h-old biofilms) prevented fungal and
bacterial growth in dual-species biofilms, making it a promising agent.

The present findings provided insights about: (i) compounds as inhibitors of biofilm
formation of single-species biofilm (24 h); (ii) compounds that can eradicate pre-formed
biofilm (48 h); and (iii) formulations with combined compounds for biofilm inhibition (24 h)
and eradication (48 h) of both species in dual-species biofilms. C135 is a novel compound
with possible distinct targets alone or in combination with other agents. The formulations
that combined agents with distinct targets prevented C. albicans and S. mutans dual-species
biofilm build-up in vitro. The formulation C135+tt-farnesol with or without fluoride may
represent a potential alternative approach that deserves further investigation, including
cytotoxicity to host [30,45]. Therefore, the outcomes of this study could be applied to future
studies using the compound alone or combined as an adjuvant strategy to control oral
biofilms using shorter exposure times, as mouthwashes.
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.3390/jof7050340/s1. Table S1: Antimicrobial activity of S. mutans using six compounds: C135, R815,
AGN, tt-farnesol, myricetin, and 1771. Data shown in Figure 1 as CFU/mL. Table S2: Antimicrobial
activity of C. albicans with compounds: C135, tt-farnesol, myricetin, and 1771. Data shown in Figure 2
as CFU/mL. Table S3: Antibiofilm activity of S. mutans with compounds: C135, tt-farnesol, myricetin,
and 1771 of 24 h biofilm (initial biofilm formation) and pre-formed biofilms (48 h). Data shown in
Figure 3 as CFU/mL. Table S4: Antibiofilm activity of C. albicans with compounds: C135, tt-farnesol,
myricetin, and 1771 of 24 h biofilm (initial biofilm formation) and pre-formed biofilms (48 h). Data
shown in Figure 4 as CFU/mL. Table S5. Antibiofilm activity of dual-species S. mutans and C. albicans
biofilms with combined compounds (with and without sodium fluoride): C135 (C), tt-farnesol (Far),
myricetin (Myr), 1771, and sodium fluoride (F). Data shown in Figure 5 as CFU/mL.
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Abstract: Candida parapsilosis is a frequent cause of fungal bloodstream infections, especially in
critically ill neonates or immunocompromised patients. Due to the formation of biofilms, the use
of indwelling catheters and other medical devices increases the risk of infection and complicates
treatment, as cells embedded in biofilms display reduced drug susceptibility. Therefore, biofilm
formation may be a significant clinical parameter, guiding downstream therapeutic choices. Here,
we phenotypically characterized 120 selected isolates out of a prospective collection of 215 clinical
C. parapsilosis isolates, determining biofilm formation, major emerging colony morphotype, and
antifungal drug susceptibility of the isolates and their biofilms. In our isolate set, increased biofilm
formation capacity was independent of body site of isolation and not predictable using standard or
modified European Committee on Antimicrobial Susceptibility Testing (EUCAST) drug susceptibility
testing protocols. In contrast, biofilm formation was strongly correlated with the appearance of
non-smooth colony morphotypes and invasiveness into agar plates. Our data suggest that the
observation of non-smooth colony morphotypes in cultures of C. parapsilosis may help as an indicator
to consider the initiation of anti-biofilm-active therapy, such as the switch from azole- to echinocandin-
or polyene-based strategies, especially in case of infections by potent biofilm-forming strains.

Keywords: Candida parapsilosis; biofilm; colony morphology; drug susceptibility

1. Introduction

Candida parapsilosis was first described as a non-pathogenic yeast with no clinical rele-
vance [1]. However, increased use of medical devices, parenteral nutrition, and nosocomial
infections [2] has made C. parapsilosis one of the most critical fungal species causing blood
stream infections (BSI) [3], which are of particular relevance in critically ill neonates [4–6]
and immunocompromised patients [5,7].

The high infection rate with C. parapsilosis among neonates is likely due to the frequent
requirement of parenteral nutrition [8] and the concomitant ability of C. parapsilosis to utilize
fats and fatty acids as major energy sources [9]. In addition, the immature or compromised
immune system may favor infections with this species [10].

Another risk factor for acquiring C. parapsilosis infections is the use of indwelling
catheters and other medical devices onto which C. parapsilosis may form biofilms in con-
junction with other Candida species or bacteria [4]. Primarily, this is attributed to its capacity
to attach to the different materials of which medical devices are made [5,11,12]. This feature
is highly variable among individual clinical isolates [13]. In C. parapsilosis, the formation

33



J. Fungi 2021, 7, 33

of biofilms is associated with the ability to form pseudohyphae [14–16] as well as the con-
comitant change in expression levels of cell wall-localized adhesins such as Als1-7 [17–19]
or Rbt1 [20]. Importantly, susceptibility to commonly used azole-based antifungal agents
in fungal biofilms on medical devices may be strongly reduced [21,22].

Similar to C. albicans (reviewed in [23]), C. parapsilosis can have different colony
morphotypes on diagnostic agar plates (Figure 1). While mixed-morphology culture plates
can be the result of infection with multiple strains [24] in diagnostic procedures, also, the
morphologic switching of some strains is a well-described phenomenon [25]. In addition
to their role in biofilm formation, pseudohyphae formation and adhesin expression are
also key to the visual appearance of fungal colonies on solid agars [26–28], which in turn
may well be correlated to the capacity to form biofilms in the host, the incorporation of cell
wall proteins (CWP), and, consequently, virulence [15].

Figure 1. Colony morphotypes formed by C. parapsilosis. (A) Mixed morphotypes observed on
a routine diagnostic plate. (B) Cells with distinct morphological colony phenotypes can be sub-
cultured, but some strains (here strain PEU582: smooth-glossy vs. crepe, see below) sometimes
undergo switching with strain-dependent frequencies. Smooth colonies are composed mainly of
yeast-form cells, whereas non-smooth colonies are composed of pseudohyphal cells or mixtures of
both morphologies.

Here, we phenotypically characterized a large collection of clinical C. parapsilosis
isolates, including the description of novel intermediate morphotypes. We determined if
early colony morphology was a potential predictor of biofilm production and pseudohyphal
growth and as such might reveal the need to direct the antifungal therapy against biofilms
containing C. parapsilosis.
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2. Materials and Methods

2.1. Clinical Routine Diagnostic and Strain Maintenance

C. parapsilosis clinical isolates were routinely identified using MALDI-TOF (MALDI
Biotyper, Bruker Daltonics, Bremen, Germany) according to the protocol described [29].
Mixed cultures were differentiated on YEPD agar (1% yeast extract, 2% peptone, 2% glucose,
2% agar) supplemented with 5 mg/mL phloxine B. On this medium, most tested colonies
developed a final morphotype within 48 h of incubation at 30 ◦C (Figure 1, Supplementary
Figures S1 and S2). Cells from colonies with stable morphotypes were transferred onto
Sabouraud dextrose agar (SDA, Oxoid, Munich, Germany), regrown, and stored at −70 ◦C
in cryovials (Mast Diagnostica, Reinfeld, Germany) for further analyses.

2.2. Biofilm Quantitation

Biofilm quantification assays on polystyrol were performed as described previously [11,30,31],
with adaptations to suit C. parapsilosis. Briefly, isolates were grown on phloxine B-containing
YEPD agar plates. Inoculum was prepared from single colonies grown to stationary phase
in YEPD broth at 30 ◦C overnight at 220 rpm. A cell suspension adjusted to a cell density
of McFarland = 2 was prepared using sterile saline, and 100 μL YEPD medium plus 50 μL
aliquots of the cell suspensions were mixed in 96-well polystyrol microtiter plates (Greiner
Bio-one) and incubated for 24 h at 37 ◦C. After removal of the medium by aspiration, the
attached biofilms were washed once with 200 μL of distilled water. Cells were stained
for 30 min in 100 μL of 0.1% aqueous crystal violet (CV). Excess CV was removed, and
the biofilm was washed once with 200 μL of distilled water. To release CV from the cells,
200 μL of 1% SDS in 50% ethanol was added, and the cellular material was resuspended by
pipetting. CV absorbance was quantified at 490 nm using a microtiter plate reader (MRX
TC Revelation). Data shown are the average of three independent biological experiments,
each including four technical repeats, using reference strain CDC317 as inter-experiment
quality control.

2.3. Antifungal Drug Susceptibility Testing

Susceptibility testing was performed according to EUCAST e.def 7.3.1 standards [32].
Fluconazole (FLZ), voriconazole (VRZ), posaconazole (POS), and amphotericin B (AMB)
substances were purchased from Discovery fine Chemicals Ltd. (Bournemouth, UK),
micafungin (MFG) was kindly provided by Astellas, and caspofungin (CAS) was provided
by Merck Sharp & Dohme Corp (MSD). Sequencing of the ERG11 and MRR1 genes was
performed as previously described [33].

Preformed biofilms reduction
Cells were pre-grown on Sabouraud dextrose agar (SDA) for 96 h at 30 ◦C, and one

colony was sub-cultured in 5 mL of YEPD broth overnight at 37 ◦C in an orbital incubator
at 200 rpm. Cells were harvested by centrifugation and resuspended in Phosphate-buffered
saline (PBS). Upon counting cells in a Neubauer chamber, the suspensions were adjusted
to 1 × 106 cells/mL in both RPMI (2 g/L glucose, pH 7) and YEPD (20 g/L glucose,
pH 6.7). One hundred μL of the inoculum was pipetted into each well of a Bioscreen plate
(Labsystem, Helsinki, Finland), and the plates were incubated for 24 h at 37 ◦C to allow
biofilm formation. Next, planktonic cells were removed, and the plates were washed twice
in PBS leaving just the biofilm in the wells. Two-fold serial dilutions of four antifungal
drugs were prepared in RPMI or YEPD ranging from 0.25 to 32 μg/mL for POS, VRZ, and
MFG, and from 0.0125 to 16 μg/mL for AMB. Subsequently, 100 μl of each dilution was
added to the corresponding wells with biofilm in triplicate, and the plates were incubated
again at 37 ◦C for 24 h. Finally, plates were washed twice with PBS, and reduction of
the biofilm metabolic activity was determined by measuring the absorbance at 492 nm
with the XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H- tetrazolium-5-carboxanilide)
colorimetric method [34].
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2.4. Morphotype Development and Agar Invasion

Selected C. parapsilosis isolates were cultured overnight in YEPD liquid media in an
orbital shaker at 220 rpm at 30 ◦C. Cell density was adjusted to 2 × 102 cells/mL, after
which 100 μL was plated onto YEPD agar plates and incubated at 30 ◦C for ten successive
days. Starting after 48 h, the morphotype development of colonies was captured every 24 h
over ten days using a stereoscopic binocular loupe (SZM-1, OPTIKA®, Ponteranica, Italy)
mounted with a digital camera. Morphotypes and agar invasion were classified according
to the references given in Supplementary Figure S1.

For analysis of agar invasion, colonies with different morphotypes were plated onto
YEPD agar plates supplemented with 5 mg/mL of phloxine B [25], and morphotype
development was followed as described above. Agar invasion was scored from day 4
onwards by scraping selected colonies with an inoculation loop and eventually washing
off the cells under running water on the last day. Agar invasion was classified as low (1),
low-medium (2), medium (3), medium-high (4), high (5), and finally as very high (6) when
cells could not be removed by rinsing (see scoring reference in Supplementary Figure S1).

2.5. Statistical Analyses

For statistical analyses of biofilms and antifungal drug susceptibility, unpaired two-
samples Student’s t-tests were used. All data used were the average of three independent
analyses, and p values < 0.05 were considered statistically significant.

To detect potential correlations between biofilm formation capacity, colony morpho-
type, and/or agar invasion capacity, regression analyses were performed, and Pearson’s
correlation coefficient r was used as a predictor for correlation. All data were analyzed
using IMB SPSS 22 statistics software.

3. Results

3.1. Biofilm Formation Capacity Is Independent of Body Site of Isolation

Over the course of two years, we collected 215 C. parapsilosis clinical isolates from our
routine diagnostics (Figure 2). Isolates were classified according to nine different categories
depending on the body site of isolation. C. parapsilosis is known to frequently occur in
the nape region, reaching up to the ear. Consequently, most isolates stemmed from ear
infections; however, a substantial number of isolates from invasive infections at other body
sites as well as from indwelling devices such as central venous or urine catheters were
included in the study. C. parapsilosis was only infrequently isolated from locations of the GI
(2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H- tetrazolium-5-carboxanilide) tract, the oral
cavity, or the skin.

Isolates obtained were systematically screened for their capacity to form biofilms in
standard biofilm formation tests in polystyrol microtiter plates. No body site, including
those isolate groups obtained from plastic materials, could be identified to be significantly
associated with elevated numbers of biofilm-forming isolates (p = 0.371, Figure 2A). When
stratified by quantitative measurement values, we observed a near even distribution across
the study group; only a tentative cut-off for low biofilm formation capacity was observed
at OD (optical density) measurement values of approximately 0.1 (Figure 2B, intersection
of black lines). Microscopical imaging of cells in biofilms from some representative isolates
confirmed the already established idea that the capacity to form biofilms is correlated with
pseudohyphal development (Supplementary Figure S3) [25–28].

36



J. Fungi 2021, 7, 33

Figure 2. C. parapsilosis collection and selection of isolates for downstream experiments. (A) Dis-
tribution of collection isolates stratified according to site of isolation and biofilm production on
polystyrol. Category “invasive” includes, e.g., blood culture, biopsies, or intraoperative swabs.
Orange diamonds: six isolates used in pre-formed biofilm experiments, see text. Red and green
lines: mean and two-fold mean values. (B) Biofilm formation capacity; isolates sorted by value from
low to high. Intersection of black lines: approximated cut-off. Red boxes indicate strain selection of
representative low (LBF, left box), intermediate (IBF, middle box) and high (HBF, right box) biofilm
formers for subsequent experiments.

3.2. Effect of Biofilm Formation on Antifungal Drug Susceptibility

In order to estimate the correlation of the lead phenotype (biofilm formation on
polystyrol) with drug susceptibility, we selected 40 isolates each of low (LBF), intermediate
(IBF), and high (HBF) biofilm formation capacity (Figure 2B, red boxes) from our collection
including two non-adherent control strains (CDC317 and ATCC22019). The strains were
tested for susceptibility to selected azoles (FLZ, POS, VRZ), echinocandins (CAS, MFG),
and one polyene (AMB) after one (young colonies) and eight days (matured colonies) of
growth on phloxine B agar plates.

Four IBF isolates (PEU651, PEU768, PEU941, and PEU950), and reference strain
CDC317 showed elevated (minimum inhibitory concentration) MIC (values of 4–16 μg/mL
for FLC. To exclude potential biases through resistance mutations (e.g., Y132F [35]), we
sequenced the ERG11 and MRR1 genes in these isolates. A non-synonymous ERG11 point
mutation was found only in CDC317, which was heterozygous with respect to the Y132F
amino acid exchange. Y132F is known to confer resistance to fluconazole [36,37]. MRR1
only contained non-synonymous SNPs (Single nucleotide polymorphisms) in PEU651.
Since we could not exclude a potential influence of these mutations, data for PEU651
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as well as those of the two reference strains were excluded from the drug susceptibility
analysis, leaving a total of 117 isolates in three groups of 39 isolates each.

We did not observe large-scale differences in drug susceptibility between experiments
undertaken with young or mature colonies except for CAS (LBF p = 0.017 and HBF p = 0.028,
Figure 3A white vs. gray boxes).

Figure 3. Drug susceptibility. (A) Biofilm formation-phenotype dependent susceptibility testing where inoculum was
prepared from cells after 1 day of growth on Sabouraud dextrose agar (SDA) (gray boxes) and after 8 days of growth (white
boxes) on the same plates, when colonies had fully developed morphotypes. For each substance tested, the values for 1 and
8-day inoculum are depicted for each group (LBF, IBF, and HBF). Red lines: EUCAST clinical breakpoint (R>); green lines,
susceptible cut-off (S ≤). *: statistical significance (B,C) Effect of antifungal drugs on cell viability in pre-formed biofilms of
selected biofilm-forming isolates tested in (B) RPMI (Roswell Park Memorial Institute )or (C) YEPD(yeast extract peptone
dextrose) media.

Although statistically significant differences between HBF versus IBF or LBF isolate
groups were clearly evident for some antifungal drugs (POS: LBF vs. HBF with young
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colonies p = 0.014, mature colonies p = 0.072, CAS: LBF vs. HBF with young colonies
p = 0.015), the observed mean MIC differences did not result in a major change in classifica-
tion of either susceptible (S) or resistant (R) according to EUCAST breakpoints. Differences
in mean susceptibility values were 1-2 log2-fold decreases for VRZ, POS (mature colonies
only), CAS, and MFG in the HBF group, as compared to the LBF group. No apparent
differences for either FLZ or AMB were seen.

3.3. Susceptibility of Biofilms to Antifungal Drugs

Next, for six selected intermediate to high biofilm-forming isolates, we analyzed
to which degree pre-formed C. parapsilosis biofilms resisted antifungal drug treatment
in two different media, RPMI and YEPD. RPMI is considered the reference medium for
antifungal drug susceptibility testing and, as mentioned above, it was also used for MIC
determination according to the EUCAST protocol. Likewise, YEPD is a glucose-rich
medium that is widely used in assays with yeasts due to the large amount of peptone
and dextrose extremely necessary for yeast growth and biofilm formation. The ability
to form biofilms was evaluated using this culture medium. Since both media are widely
used in the literature, we decided to test the drug susceptibility of preformed biofilms in
both of them, observing that some strains are more prone to form biofilms in one media
and not in the other, as well as behaving differently when interacting with antifungal
drugs. More specifically, one of the six isolates (PEU651) was not able to form biofilm in
RPMI (Figure 3B), whereas another (PEU582) grew only at reduced rates. Both isolates also
showed a reduction in biofilm development in YEPD (Figure 3C) but were kept in these
assays as the results were qualitatively in agreement with the other strains used.

Antifungal drugs had different quantitative effects when the assay was carried out in
RPMI (Figure 3B) or in YEPD (Figure 3C). In YEPD, sub-inhibitory drug concentrations
caused increases in metabolic activity, as measured by XTT reduction. This may be a
stress-response effect countering drugs at these levels, and it was considered an artifact
for the purpose of this study. Higher concentrations of azoles (POS, VRZ) reduced biofilm
metabolic activity by only 30–50% as compared to the drug-free control. There was no azole
drug concentration in the measurement range (up to 32 μg/mL) that led to a full reduction
in biofilm metabolic activity (all p > 0.05). In contrast, both MFG and AMB did achieve a
strong reduction of metabolic activity, although under different conditions: in RPMI, an
AMB concentration of 0.5 μg/mL was sufficient for 70% reduction, while 16 μg/mL were
required in YEPD. For MFG, this was the opposite: in YEPD, a clear effect was seen at
2 μg/mL with only residual metabolic activity apparent up to the upper assay boundaries
(32 μg/mL).

3.4. Biofilm Formation Capacity on Polystyrol Correlates with Colony Morphotype and
Agar Invasiveness

On culture plates, individual C. parapsilosis isolates showed specific, stable morpho-
types. Only a minority of isolates (18%) were also able to switch between such morphotypes
upon re-plating (Figure 1 and scoring reference shown in Supplementary Figure S1).

In a preliminary analysis on a selected subset (Supplementary Figure S2), non-smooth
colony morphologies were already apparent at the start of the observation period (20%)
and reliably appeared after 72 h of growth. Across the entire collection, agar invasion
(Supplementary Figure S1A) and colony morphotype (Supplementary Figures S1B and S2)
were therefore scored over a course of four to ten days (Figure 4). Most LBF isolates (90%)
showed smooth morphotypes, and only a small proportion (10%), for instance PEU944,
developed wrinkled or crepe phenotypes. On day 10, about 20% had developed non-
smooth morphotypes as their major morphology (Figure 4A). With increasing biofilm
formation capacity, also the frequency of non-smooth colony morphotypes increased. Of
the IBF isolates, 20% had developed non-smooth morphotypes at day 4, and 55% had
developed non-smooth morphotypes on day 10. HBF isolates mainly, but not exclusively,
produced non-smooth phenotypes (66% on day 4, 83% on day 10), which in most cases
were already distinguishable at day 2. Some isolates presented two independent stable
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morphotypes (e.g., PEU525: non-smooth (cr) and smooth (s)), which were distinguishable
from day 2 until day 10. Along with the increased formation of non-smooth colony
morphotypes in IBF and HBF strains (r = 0.832, p < 0.001), also agar invasiveness increased
from day 4 to day 10 (r = 0.969, *** p < 0.001 (Figure 4B, Table 1).

Figure 4. Emergence of colony morphotype over time. (A) Development of colony morphotype and (B) agar invasiveness
scoring the same plates consecutively from 4 days to 10 days after inoculation. Isolates with low biofilm formation capacity
(left panels), intermediate biofilm formation capacity (middle panels), and high biofilm formation capacity (right panels)
were scored for the most frequent colony morphotype visible. Of note, HBF isolates rated “smooth” still developed minor
frequencies of non-smooth colonies. See Supplementary Figure S1 for scoring references.

Table 1. Agar invasiveness and colony morphology.

Morphology a n Agar Invasion a

Low Low-Medium Medium Medium-High High Very High

smooth 59 34% 27% 5% 32% 2% 0%
wrinkled 22 5% 9% 23% 50% 9% 5%

mixed/infrequent 16 0% 6% 6% 63% 19% 6%
crepe I and II 25 4% 4% 0% 36% 28% 28%

a see Supplementary Figure S1 for classification of agar invasion and morphotypes.

4. Discussion

C. parapsilosis is frequently found as a cause of pathologies due to biofilm formation on
medical devices in long-term hospitalized patients suffering from endocarditis, peritonitis,
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arthritis, or general sepsis [22,38–40]. We hypothesized that the capacity to form biofilm
might be related to the origin of the clinical specimen, that is, infections at different body
sites or fungus growing on medical devices such as indwelling catheters. However, when
the 215 clinical isolates in our collection were scored for their biofilm-forming capacity on
rich medium (YEPD), a strong inducer of biofilms in C. parapsilosis [41], no clear distribution
of low (LBF) versus high (HBF) biofilm formation depending on the site of isolation was
detected. Nevertheless, a high percentage of catheter-associated isolates belonged to the
IBF and HBF groups, which is consistent with the notion that C. parapsilosis infections often
start from infected indwelling devices [42,43].

Then, we raised the question of whether there might be a possible link between the
biofilm-forming capacity of clinical isolates and their drug susceptibility [21,22], which
could be useful for decision making about treatment strategies in the clinic. However,
tests with the three groups of isolates (LBF, IBF, and HBF), reflecting a wide range—from
negligible to high quantities of biomass—of biofilm-formation capacity on polystyrol, and
six commonly used azole-, echinocandin-, and polyene antifungal agents did not reveal
any such correlation. Observed MIC values were similar to those reported previously
by others [44–47], and also, no remarkable differences were observed between inocula
prepared from young or matured cells (as found in biofilms). Therefore, we conclude that
the drug susceptibility data obtained with the standard EUCAST protocol do not seem to
generate predictive information toward the biofilm-formation capacity of clinical isolates.

Nevertheless, fungal cells embedded within biofilms, including those formed by C.
parapsilosis, are considered to be less susceptible to antifungal compounds [21,22]. This
notion was confirmed here by studying the antifungal drug susceptibility of six biofilm-
forming strains embedded in preformed biofilms, which showed significantly reduced
sensitivity to azoles. This experiment was executed in both YEPD (high glucose) and RPMI
(lower glucose) medium. As expected [41], biofilm formation in YEPD was higher than in
RPMI, and media-dependent differences in echinocandin and polyene sensitivity were also
noted. These observations support earlier reported overall quantitative dependences of
biofilm formation and drug susceptibility on glucose levels in the media [41,48,49].

Another important aspect of our study was the question of whether C. parapsilosis
colony morphotypes might perhaps serve to forecast the biofilm-forming capacity of
clinical isolates. We hypothesized that high biofilm formers would show more non-smooth
morphotypes and pseudohyphae than poor biofilm formers and have an increased tendency
to invade agar [50]. When following colony morphotype development in the three isolate
groups (LBF, IBF, and HBF) over a course of ten days, we indeed observed a strong
correlation of the HBF group with non-smooth colony morphotypes. In contrast, the
appearance of non-smooth colonies occurred only in a minority of the isolates in the LBF
group. As surface adherence represents the first step in biofilm formation, our data are
supported by studies showing that non-smooth colonies are generally more adherent to
plastic than smooth colonies [51].

Interestingly, in most cases, non-smooth morphotypes could already be observed
within 48 h of growth, and only little change was observed after 96 h, indicating that
prolonged incubation beyond this time point is not needed for morphotype determination.
In addition, all the morphotypes appeared stable, as they were reproduced upon repeating
the experiment, which is consistent with the idea that switching is not a common or
frequent event. Finally, biofilm-forming capacity and the appearance of non-smooth
morphotypes and pseudohyphae were positively correlated to agar invasion. However, a
large proportion of smooth colony types also displayed medium-strength agar invasion,
indicating pseudohyphae formation at least at the base of the colony [52,53].

In summary, our experiments show that there is a strong correlation between colony
morphotype and biofilm formation capacity in isolates from clinical samples and that this
is not reflected in the results from standard antifungal drug susceptibility testing. Our
data are the first to indicate that the observation of non-smooth colony morphotypes of
C. parapsilosis may help to consider the initiation of anti-biofilm-active therapy. This may
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include antifungal lock therapy and shifting treatment from azole-based to echinocandin-
or polyene-based strategies to eliminate biofilms from catheters [39]. However, due to the
inherent ability of some strains to switch between morphotypes [25–28,54], the absence
of such colonies should not be taken as an absolute indicator that biofilms do not exist in
the patient.

Supplementary Materials: The following are available online at https://www.mdpi.com/2309-6
08X/7/1/33/s1, Supplementary Figure S1. Morphological classification of C. parapsilosis colony
morphotypes. (A) Semi-quantitative classification of agar invasion on phloxine B-containing SDA. (B)
Colony morphotypes observed in our isolate collection. In picture pairs, left pictures represent colony
morphotype after 10 d incubation, right pictures show agar imprint left on phloxine B agar plates
after flushing off colonies with running water. Scale bars = 0.25 cm; Supplementary Figure S2. Colony
morphotype development during a ten-day time-lapse experiment. Morphotype development of
colonies was followed during ten days of growth on YEPD agar at 30 ◦C. (A) Five selected low
biofilm-forming (LBF) clinical isolates, (B) five intermediate biofilm-forming (IBF) isolates, and
(C) five high-biofilm-forming (HBF) isolates. d, derby; cn, concentric; cr, crater; s, smooth; wr,
wrinkled; Supplementary Figure S3. Morphology of C. parapsilosis cells in biofilms onto polystyrol.
Representative strains with low (LBF, row 1), intermediate (IBF, row2), and high (HBF, rows 3 and 4)
biofilm formation capacity are shown. Biofilms were let to develop for 24 h in YEPD as described in
materials and methods. Unbound cells were removed by washing with PBS. Remaining biofilm cells
were observed with a Leica DM1000 microscope mounted with a HC PL 100×/1.32 objective and
MC170 HD digital camera.
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Abstract: The antibiofilm activity of a gH625 analogue was investigated to determine the in vitro
inhibition and eradication of a dual-species biofilm of Candida albicans and Klebsiella pneumoniae,
two leading opportunistic pathogens responsible for several resistant infections. The possibility of
effectively exploiting this peptide as an alternative anti-biofilm strategy in vivo was assessed by
the investigation of its efficacy on the Galleria mellonella larvae model. Results on larvae survival
demonstrate a prophylactic efficacy of the peptide towards the infection of each single microorganism
but mainly towards the co-infection. The expression of biofilm-related genes in vivo showed a
possible synergy in virulence when these two species co-exist in the host, which was effectively
prevented by the peptide. These findings provide novel insights into the treatment of medically
relevant bacterial–fungal interaction.

Keywords: Galleria mellonella; polymicrobial biofilm; experimental method in vivo

1. Introduction

Microorganisms rarely exist as single-species planktonic forms, and the biofilm mode
of growth is the most common lifestyle adopted. Biofilms can be defined as biotic and
abiotic surface-associated, structured microorganism communities embedded in an ex-
tracellular polysaccharide matrix. Living in a biofilm provides protection in a stressful
environment where mechanical stress, desiccation, and biocides are frequent threats.

Progress in biofilm research has highlighted that these communities are rarely com-
posed of a single-species microorganism, but mainly exist as complex, diverse, and het-
erogeneous structures. In fact, multiple species (fungi, bacteria, and viruses) frequently
exist together in complex polymicrobial biofilm communities attached to sites where they
compete for space and nutrients [1–3]. Moreover, polymicrobial biofilms are likely to
influence disease severity by promoting intensified pathogenic phenotypes, including
increased resistance to both host defense and antimicrobial therapies. Despite their clinical
significance, polymicrobial biofilm infections continue to be largely understudied [4].

Candida albicans and Klebsiella pneumoniae are important pathogens causing a wide
variety of infections. They possess the ability to co-exist as complex polymicrobial biofilms
within the human host [5]. C. albicans is the predominant fungus frequently present
in hospital infections with significant morbidity and mortality rates; unfortunately, it
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is difficult to prevent, diagnose and treat. It is an opportunistic pathogen, which is a
major cause of invasive fungal disease, principally in immunocompromised individuals,
such as patients with organ transplantation and HIV infection or patients undergoing
chemotherapy. The superficial mucosal and dermal infections caused by C. albicans can be
disseminated to bloodstream infections with a mortality rate higher than 40% [6].

Klebsiella pneumoniae, the most common carbapenem-resistant member of the Enter-
obacteriaceae family, has emerged as an important opportunistic pathogen, mostly causing
nosocomial infections associated with mortality rates up to 50% [7]. K. pneumoniae is re-
sponsible of infections both in human gastrointestinal tract and lung environments, and has
a high propensity to form mono- and polymicrobial biofilms with consequent treatment
difficulties [8].

Mixed biofilms of Candida with different bacteria, including K. pneumoniae, are present
on implanted devices such as intravascular or urinary catheters, as well as in the oral
environment [2].

Notwithstanding its clinical importance, information on mixed biofilms of Can-
dida/Klebsiella is relatively scarce [9].

The potential use of antimicrobial peptides (AMPs) as a valid alternative to conven-
tional antibiotics has been acknowledged and widely studied. In fact, their fast and strong
antimicrobial activity, their antibiofilm action, and their reduced induction of resistance
compared to conventional antibiotics make AMPs relevant compounds for controlling
infections due to multi-drug resistant microorganisms embedded in a biofilm [10–12].
Among AMPs, there is a particularly relevant class of peptides, known as membranotropic
peptides, which, apart from their eventual antimicrobial activity, present a high ability to
disrupt the biofilm and thus may have an action both in the inhibition and in the eradication
of the biofilm [13].

In this study, we evaluated the anti-biofilm activity of an analogue of the membra-
notropic peptide gH625, namely gH625-M, on a dual-species C. albicans/K. pneumoniae
biofilm. Peptide gH625-M (HGLASTLTRWAHYNALIRAFGGGKKKK) is derived from
gH625 (HGLASTLTRWAHYNALIRAF) and presents a C-terminal lysine sequence con-
jugated to the gH625 peptide by a glycine linker; the lysine functions to enhance the
interaction with the negatively charged surfaces of bacterial biofilms and to enhance solu-
bility. The glycine linker between the gH625 sequence and the lysine residues provides
conformational flexibility to the peptide. gH625-M was shown to have activity on polymi-
crobial biofilms of Candida tropicalis and Serratia marcescens or Staphylococcus aureus [14]
and on biofilms derived from C. albicans persister cells [15]. Therefore, the peptide was
selected as a good candidate to evaluate the antibiofilm activity in vitro on a static biofilm
of C. albicans/K. pneumoniae.

Since in vivo studies are crucial for the evaluation of the antimicrobial activities of
new therapeutic agents and their modulatory effects on immune response, the larvae of
the wax moth G. mellonella were used. In particular, G. mellonella is frequently exploited
as an alternative to the murine model for studying microbial infections, because it is
a simple, cheap and fast method, and implies fewer ethical concerns compared to the
use of vertebrate models. As a matter of fact, several other studies have recently used
G. mellonella to investigate the in vivo activity of antimicrobial agents against pathogenic
microorganisms, including bacteria and fungi [16].

Here, we investigated for the first time, the correlation between the susceptibility
profile shown by gH625-M in vitro and its antimicrobial efficacy in vivo. Therefore, the
infection in the G. mellonella larva model was evaluated through the impact of gH625-M on
the survival rate and on the immune response (galiomycin) of the larvae [17]. Furthermore,
the expression of biofilm related genes of C. albicans (HWP1, ALS3) [18], and K. pneumoniae
(luxS, mrkA) in G. mellonella larvae was investigated [19,20].
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2. Materials and Methods

2.1. Peptide Synthesis

Peptide gH625-M (HGLASTLTRWAHYNALIRAFGGGKKKK) was synthetized by
the Fmoc-solid-phase method [21]. Briefly, all amino acids were protected at their amino
terminus with the Fmoc (9-fluorenylmethoxycarbonyl) group and coupled to the growing
chain after activation of the carboxylic acid group. Consecutive cycles of amino depro-
tection (30% piperidine in dimethylformamide, for 10 min, twice) and coupling were
performed to obtain the desired sequence. In particular, the first coupling was performed
with four equivalents (equiv) of amino acid and four equiv DIC (Diisopropyl carbodi-
imide); while from the second coupling, we used four equiv amino acid, four equiv HATU
(O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluroniumhexafluorophosphate) and eight
equiv DIPEA (diisopropylethylamine): the synthesis was performed using a rink amide
resin MBHA (4-methyl-benzhydrylamine-resin, 0.44 mmol/g). Side chain deprotection
and cleavage of the peptide from the resin was achieved using an acid solution (95% v/v of
TFA, trifluoroacetic acid). The peptide was precipitated in cold ethylic ether and the crude
peptide was analyzed by HPLC–MS using a gradient of acetonitrile (0.1% TFA) in water
(0.1% TFA) from 20 to 80% in 15 min. The purified peptide was obtained with a good yield
(approximatively 60%) and its identity was confirmed using a LTQ-XL Thermo Scientific
linear ion trap mass spectrometer.

2.2. Microorganisms Culture and Biofilm Formation

Candida albicans ATCC 90028 and Klebsiella pneumoniae ATCC 10031 were selected as
pathogen representative of fungus and Gram-negative bacteria forming biofilm in hospital
environments. C. albicans ATCC 90028 was subcultured into Tryptone Soya Broth (TSB)
(Oxoid) medium with 1% of glucose and propagated in Sabouraud dextrose agar (1% yeast
extract, 1% peptone, 4% glucose, 1% agar) as described previously [14]. K. pneumoniae
ATCC 10031 was grown in Tryptone Soya Broth (TSB and maintained in Tryptone Soya
Agar (TSA) at −80 ◦C.

Biofilm formation was carried out on microtiter plates, as previously described [14],
with minor modifications. Briefly, for single species biofilms. C. albicans and K. pneumoniae
suspensions were adjusted to 106 colony-forming units (CFU) mL−1 in fresh TSB with 0.1%
glucose and TSB, respectively. In the case of the dual species biofilm, microorganism sus-
pensions were mixed in TSB with 0.1% glucose (1:1). Aliquots (100 μL) of these suspensions
(single or mixed) were added to the wells of sterile flat-bottom 96-well microtiter test plates
to allow single or mixed biofilm formation and incubated for 24 or 48 h at 37 ◦C. Then,
the wells were washed with PBS in order to remove planktonic and sessile cells weakly
attached to the surface. Quantification of biofilm biomass was carried out with crystal
violet (CV) staining [22].

Experimental conditions were run in triplicate. Results are presented as mean values
from at least four independent experiments.

2.3. Minimum Inhibition Concentration (MIC)

The concentration of the peptide that inhibited 80% microbial growth (MIC80) was
determined by the microdilution method according to Clinical Laboratory Standards
Institute guidelines [23]. Briefly, 100 μL of TSB with 1% glucose and TSB containing strain
of C. albicans or K. pneumoniae, respectively (1 × 106 CFU/mL), was introduced into each
well of 96-well microplate with different concentrations of gH625-M (2.5 μM–50 μM) and
incubated for 24 h at 37 ◦C. The growth of each strain was measured at 590 nm wavelength
with a plate reader (SYNERGY H4 BioTek).

2.4. Inhibition and Eradication Biofilm Assays

The inhibition activity of gH625-M on mono- and polymicrobial biofilm formation
and the eradication activity against preformed biofilm were evaluated by using sub-MIC
concentrations of the peptide ranging from 2.5 to 50 μM.
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Briefly, for the inhibition assay, peptide was added together with the standardized
inoculum in each well of a 96-well polystyrene microtiter plate and incubated at 37 ◦C for
24 h. Non-adherent microorganisms were removed by washing twice with 200 μL sterile
PBS and adherent cells were fixed by incubation for 1 h at 60 ◦C and stained for 5 min
at room temperature with 100 μL 1% crystal violet solution. Wells were then rinsed with
distilled water and dried at 37 ◦C for 30 min. Biofilms were de-stained by treatment with
100 μL 33% glacial acetic acid for 15 min and OD570 measured.

The eradication activity of the peptide was evaluated exposing 24 h mono- and
polymicrobial biofilms for additional 24 h to different sub-MIC concentrations of peptide
and quantified the biomass by crystal violet assay as previously described. The percentages
of inhibition or eradication were calculated as biofilm reduction % = OD570 control − OD570
sample/OD570 control × 100, where OD570 control and sample were the biomass formed
in the absence and in the presence of the peptide, respectively. All tests were performed in
triplicate in three independent experiments.

2.5. Galleria Mellonella Survival Assay

To determinate the in vivo effects of gH625-M, a G. mellonella survival assay was
performed as described previously [24,25]. In brief, larvae of 250–300 mg each were used
for each treatment (20 for each group). They were chosen to have clear color and a lack of
spots and/or dark pigments on their cuticle. The experiments were performed in triplicate.

Larvae were cleaned by an alcohol swab prior to injection. Larvae were injected di-
rectly into the hemocoel with 10 μL C. albicans and/or K. pneumoniae suspensions prepared
in PBS at a concentration of 1 × 106 CFU/larvae/pathogen (1 × 106 CFU/larvae total for
co-infection), using a 50 μL microsyringe via the last left proleg. An aliquot of 10 μL of
50 μM gH625-M was delivered behind the last proleg on the opposite side of the pathogen
injection site either 2 h pre-infection (for prevention experiments) or 2 h post-infection (for
treatment experiments). One group of untreated larvae served as a blank control group
(intact larvae), one group received 10 μL of PBS solution per leg and one group was injected
with 10 μL of 50 μM gH625-M in one leg and 10 μL PBS in the other, in order to assess
peptide toxicity.

Larvae were then incubated at 35 ◦C in plastic containers provided with a perforated
lid and monitored daily for survival for 4 days. A larva was considered dead when it
displayed no response to touch.

2.6. Fungal/Bacterial Burden

Larvae were inoculated with C. albicans or K. pneumoniae or co-infected with the two,
at concentration of 1 × 106 CFU/larvae/pathogen or 1 × 106 CFU/larvae total for co-
infection. The peptide was administered before or after infection/co-infection, as described
in the previous paragraph. The infected models were incubated at 30 ◦C, and after 24 h of
infection, two larvae were randomly selected and washed in 70% ethanol. Larvae were
cut into small pieces using a sterile scalpel and added to falcon tubes containing 1 mL of
PBS vortexed and 100 μL of each sample was collected and serially diluted. The dilutions
were plated and incubated 48 h at 30 ◦C and colony forming units (CFU) of C. albicans and
K. pneumoniae were counted on Sabouraud dextrose agar plus 20 μg mL−1 cloramphenicol
and TSA plus 1 μg mL−1 caspofungin, respectively. The experiments were performed
in triplicate.

2.7. RNA Extraction and Gene Expression Analysis

Larvae were infected, and RNA was extracted at 4 and 24 h post-treatment.
Therefore, three live larvae from each experimental group (4 and 24 h post-treatment)

were snap-frozen in liquid nitrogen and ground to a powder by mortar and pestle in TRIzol
(Invitrogen, Paisley, UK). The samples were further homogenized using a TissueLyser II
(Qiagen, Valencia, CA, USA) and steal beads of 5 mm diameter (Qiagen, Valencia, CA,
USA). RNA was extracted with RNeasy minikit (Qiagen, Valencia, CA, USA), following
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the manufacturer’s protocol. The quality and amount of purified RNA were analyzed
spectrophotometrically with Nanodrop2000 (Thermo Scientific Inc., Waltham, MA, USA).
1000 ng of RNA was reverse transcribed with the QuantiTect Reverse Transcription Kit
(Qiagen, Valencia, CA, USA), used as described by the manufacturer. Afterwards, Real-
Time PCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen, Valencia,
CA, USA) in a final volume of 25 μL, with 100 ng of cDNA, 1 μM of each primer, 12.5 μL
of QuantiFast SYBR Green PCR Master Mix (2×). PCR cycling profile consisted of a cycle
at 95 ◦C for 5 min, 40 two-step cycles at 95 ◦C for 15 s, at 60 ◦C for 60 s. Quantitative
RT-PCR analysis was conducted using the 2(−ΔΔC(T)) method [26]. RT-PCR was performed
in a Rotor-Gene Q cycler (Qiagen, Valencia, CA, USA). All primers used for quantitative
PCR (qPCR) studies are shown in Table 1. At the end of each test, a melting curve analysis
was done (plate read every 0.5 ◦C from 55 to 95 ◦C) to determine the formation of the
specific products. Each sample was tested and run in duplicate. No-template controls
were included.

Table 1. Primers used in this study.

Primer Name Primer Sequence (5′-3′) Melting Temperature (◦C) Amplicon Length (bp)

G.mellonella_actin_F GGACTTGTACGCCAACACAG 60
196G.mellonella_actin_R CCACATCTGCTGGAATGTCG 62

G.mellonella_galiomycin_F GGTGCGACGAATTACACCTC 62
101G.mellonella_galiomycin_R TCGCACCAACAATTGACGTT 55

K.pneumoniae_16S_F AGCACAGAGAGCTTG 54
126K.pneumoniae_16S_R ACTTTGGTCTTGCGAC 59

K.pneumoniae_luxS_F ATCGACATTTCGCCAATGGG 58
157K.pneumoniae_luxS_R ACTGGTAGACGTTGAGCTCC 66

K.pneumoniae_mrkA_F ACGTCTCTAACTGCCAGGC 64
115K.pneumoniae_mrkA_R TAGCCCTGTTGTTTGCTGGT 66

C.albicans_actin_F AGCCCAATCCAAAAGAGGTATT 62
153C.albicans_actin_R GCTTCGGTCAACAAAACTGG 63

C.albicans_HWP1_F CAGCCACTGAAACACCAACT 63
135C.albicans_HWP1_R CAGAAGTAACAACAACAACACCAG 63

C.albicans_ALS3_F CTAATGCTGCTACGTATAATT 56
201C.albicans_ALS3_R CCTGAAATTGACATGTAGCA 58

mRNA levels in the different treatments were compared by ANCOVA (analysis of
covariance). The control and the treatment groups in various assays were compared and
analyzed using a Wilcoxon two group test and data with p-values < 0.05 were considered
statistically significant [27].

Transcriptional activation is represented by the RNA fold change of the expression;
for the galiomycin gene evaluation in G. mellonella actin was used as housekeeping gene,
for the luxS and mrkA genes in K. pneumoniae 16S was used as housekeeping gene, and for
HWP1 and ALS3 genes in C. albicans actin was used as housekeeping gene.

2.8. Scanning Electron Microscopy (SEM)

The 48 h polymicrobial biofilm was formed in multi-well plates as described above.
The slides were prepared for scanning electron microscopy (SEM) using a previously
published protocol [14]. Briefly, the slides were placed in 3% glutaraldehyde at 4 ◦C, then
washed with PBS and post-fixed in 1% aqueous solution of osmium for 90 min at room
temperature. Then, samples were dehydrated in a series of graded alcohols, dried to
the critical drying point, and finally coated with gold. Specimens were evaluated with
a scanning electron microscope (QUANTA 200 ESEM FEI Europe Company, Eindhoven,
The Netherlands).
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2.9. Statistical Analysis

Statistical analyses were performed using Microsoft® Excel 2016/XLSTAT©-Pro (ver-
sion 7.2, Addinsoft, Inc., Brooklyn, NY, USA). Error bars in the graphs represent standard
error of the mean (SEM and gene expression analysis) or standard deviations (SD, for
biomass in mono- and polymicrobial biofilms, inhibition and eradication biofilm assay,
CFU assay).

In the G. mellonella model of infection, the survival curves were plotted using Kaplan–
Meier method and log-rank test. In all other assays, Tukey test was used to compare the
means within the same set of experiments and ANOVA to consider the differences among
the groups. A p-value of <0.05 was considered statistically significant.

3. Results

Both the examined strains were able to form single- and dual-species biofilm in vitro
(Figure 1) under the experimental conditions adopted. In particular, the single biofilm pro-
duction was weak for both species and moderate for dual species. The biomass of the dual
species biofilm was even higher than the sum of the single species biofilm biomass, which
likely indicated a synergism between the two species forming the biofilm. The analysis
of the SEM images clearly showed the strict interconnection between the two species in
the mixed biofilm (Figure 2). The co-existence of C. albicans and K. pneumoniae was clearly
shown in the SEM image (Figure 2) and also confirmed by cell count: 4.1 × 108 ± 0.2 (SD)
and 4.6 × 108 ± 0.4 (SD), respectively.

Figure 1. Biomass in mono- (K. pneumoniae and C. albicans) and polymicrobial biofilms (n = 3,
mean ± SD) quantified by crystal violet staining and expressed as OD570. The dotted line corresponds
to ODc, that is the cut-off value, defined as three standard deviations above the mean OD of the
negative control. Negative (OD ≤ ODc), weak (ODc ≤ OD ≤ 2 ODc), moderate (2 ODc < OD ≤ 4 ODc),
and strong biofilm production (4 ODc < OD), according to Stepanovich [22].
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Figure 2. SEM observation of the 48 h dual species biofilm of C. albicans and K. pneumoniae. Scale
bar = 10 μm.

The peptide gH625-M is an analogue of gH625, a peptide, which proved to be very
effective in crossing membrane bilayers [15,28]. In vitro, gH625-M showed weak anticandi-
dal activity with a MIC80 > 50 μM, which was in agreement with our previous studies [15].
Similarly, the MIC80 value of K. pneumoniae was higher than 50 μM, indicating a relatively
scarce antibacterial activity of the peptide.

Interestingly, gH625-M was able to inhibit the formation of the biofilm, as well as to
eradicate it (Figure 3A,B). After treatment with sub-MIC doses of gH625-M, the formation
of mono- and polymicrobial biofilm was inhibited significantly (Figure 3A).
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Figure 3. Action of increasing gH625-M concentrations on inhibition (A) and eradication (B) of mono- and polymicrobial
biofilms. Quantification of the residual biofilm biomass was performed by crystal violet staining. Data with different letters
(a–c; w–z) are significantly different (Tukey’s, p < 0.05).
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Figure 3B showed the eradication effect of gH625-M on preformed mono- and polymi-
crobial biofilm (48 h old). At 50 μM, gH625-M reduced the mono-preformed biofilms of
C. albicans and K. pneumoniae of 80% and 50%, respectively, and the mixed biofilm of 50%.

The in vivo antimicrobial activity of gH625-M was evaluated using G. mellonella larvae
infected with C. albicans and K. pneumoniae isolates alone or mixed as shown in Figure 4.

Figure 4. Kaplan–Meier plots of survival curves of G. mellonella larvae infected with C. albicans (A), K. pneumoniae (B), and
co-infected with C. albicans + K. pneumoniae (C). In all panels, survival curves of larvae are shown. All groups were treated
with 50 μM gH625-M before or after infection/co-infection are reported. All groups were compared with control (infected
or co-infected larvae). In all panels, survival curves of intact larvae, larvae injected with PBS, larvae injected with gH625
alone are reported. * represents p-value < 0.001 (log-rank test).

Larval survival assay indicated that groups of larvae injected with PBS alone and
gH625-M alone presented about 80% survival up to 96 h of observation with respect to
intact larvae, indicating that gH625-M was not toxic for the larvae. Survival of larvae
infected with C. albicans or K. pneumoniae (Figure 4A,B) was only 20% and 40% after 24 h,
with 100% mortality observed after at 72 and 96 h, respectively.

To determine whether gH625-M had an effect in vivo, G. mellonella larvae were
treated with gH625-M at 50 μM before or after the infection with each of the two species
(Figure 4A,B) and before or after co-infection with the two (Figure 4C).

Both pre- and post-infection treatments showed significantly higher survival rates. In
particular, the survival of larvae treated with gH625-M before infection with C. albicans
was about 70%, and for K. pneumoniae was 80% after 24 h, preserving about 50% and
70% survival respectively at the end of the observation period. Moreover, the survival of
the larvae treated with gH625-M after the infection with C. albicans or K. pneumoniae was
significant, resulting in higher than 60% at 24 h, and 40% at 72 h of the experiment for both
the microorganisms.

These results indicate that when gH625-M was administered before the infection, it
was more effective compared to when administered after infection for both microorganisms.
However, the increased survival rate of infected Galleria further confirms the significant
activity of gH625-M.
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In Figure 4C, survival of larvae co-infected with both C. albicans and K. pneumoniae
is reported. Compared to single infection, mortality was enhanced, being 90% and 100%
after 24 and 72 h. For co-infections, the administration of gH625-M greatly improved
larvae survival both when given before and after the co-infection, with a slightly better
prophylactic effect.

To detect the effect of gH625-M on the fungal and bacterial burden of infected larvae,
a burden analysis was performed (Figure 5).

Figure 5. Effect pre- and post-treatment with gH625-M on bacterial/fungal burden in G. mellonella
infected with C. albicans or K. pneumoniae and co-infected with C. albicans + K. pneumoniae. The peptide
was administered before or after infection/co-infection. * indicates that the differences vs. larvae
injected with microorganisms alone or together is statistically significant (t-test; p < 0.05). Error bars
represent the SD.

There was a significant decrease in the microbial burden for the gH625-M pre-treated
groups and only a slight decrease for the gH625-M post-treated groups. These results
corroborated the protective action of gH625-M towards infection and co-infection, as
already seen in the analysis of survival curves.

The expression of the galiomycin peptide-encoding gene is associated with the im-
mune response of G. mellonella. Galiomycin is an antimicrobial peptide playing a major role
in innate immunity, showing broad-spectrum microbicidal activity and specificity to G. mel-
lonella. To evaluate the insect humoral response after infection with and co-infection each
of the two microorganisms and co-infection, as well as the role of gH625-M on infection
and co-infection we evaluated the expression of the galiomycin peptide-encoding gene.

Figure 6 reports expression levels of galiomycin gene in G. mellonella larvae after 4
and 24 h after infection with each species, after co-infection with the two species and
after treatment with the peptide. Analysis by real-time quantitative PCR showed that
the levels of galiomycin were higher in insects infected after 4 h with C. albicans alone
(p < 0.05) and co-infected with C. albicans and with K. pneumoniae (p < 0.05) than those found
in insects infected with K. pneumoniae alone. Instead, the expression levels of the same
gene after 24 h from the infection did not significantly differ among the insects infected
with both microorganisms. In this context, it could be reasonable to explore some other
markers able to evidence the biofilm-associated damage in infected larvae, or lack thereof
in gH625M-treated larvae.
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Figure 6. Relative mRNA expression levels of galiomycin gene in G. mellonella larvae infected with C. albicans and
K. pneumoniae alone or together and pre-treated or post-treated with gH625-M, at 4 and 24 h, measured using real-time
PCR analysis and calculated by the 2(−ΔΔC(T)) method. Actin gene was used as housekeeping. Each sample was tested and
run in duplicate. No-template controls were included. * asterisk indicates that the difference vs. intact larvae expression is
statistically significant (Wilcoxon two group test, p < 0.05). Error bars represent the SEM.

Analysis of the expression of the selected genes revealed that the use of gH625-
M before and after the infection, and the co-infection, significantly affects expression,
decreasing the level of galiomycin compared to the corresponding intact and not treated
samples. Data also show that the treatment with gH625-M produces an inhibition of
galiomycin gene expression.

In Figure 7, levels of hyphal-specific and biofilm-related genes in C. albicans in the
absence and presence of gH625-M at 24 h were quantified by real-time PCR. Hyphal specific
gene, HWP1 was downregulated in all cases showing hyphal structure formation failure.
Biofilm-related gene ALS3 was significantly downregulated in the presence of gH625-M
2 h after infection with C. albicans and in polymicrobial treated with gH625-M two hours
before the infection. It was upregulated in larvae with only C. albicans infection pre-treated
and in polymicrobial biofilm untreated or post-treated with gH625-M.

The relative expressions of luxS and mrkA genes were evaluated in G. mellonella
infected with K. pneumoniae alone or in combination with C. albicans (Figure 8). The
luxS gene encodes the AI-2 proteins of quorum sensing that play an important role in
biofilm formation in Gram-negative bacteria such as K. pneumoniae, while mrkA gene (type
3 fimbriae) is a virulence -related gene detected in K. pneumoniae; both have critical roles in
biofilm formation and antibiotic resistance.

It is interesting to observe that in co-infections, when the peptide was administered
before, both mrkA and luxS genes were significantly down-regulated compared to untreated
co-infections. The effect of pre-treatment was also observed in the case of K. pneumoniae
infection. In contrast, both mrkA and luxS genes were upregulated when gH625-M was
administered after infection and co-infection.
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Figure 7. Relative mRNA expression levels of C. albicans virulence genes (HWP1 and ALS3) in G. mellonella larvae at 24 h,
measured using real-time PCR analysis and calculated by the 2(−ΔΔC(T)) method. Actin gene was used as housekeeping.
Each sample was tested and run in duplicate. No-template controls were included. * asterisk indicates that the difference vs.
expression of larvae treated with C. albicans only is statistically significant (Wilcoxon two group test, p < 0.05). Error bars
represent the SEM.

Figure 8. Relative mRNA expression levels of K. pneumoniae virulence genes (luxS and mrkA) in G. mellonella larvae at 24 h,
measured using real-time PCR analysis and calculated by the 2(−ΔΔC(T)) method. 16S gene was used as housekeeping. Each
sample was tested and run in duplicate. No-template controls were included. * asterisk indicates that the difference vs.
expression of larvae treated with K. pneumoniae only is statistically significant (Wilcoxon two group test p < 0.05). Error bars
represent the SEM.
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4. Discussion

Infections associated with polymicrobial fungal/bacterial biofilms represent a huge
challenge due to intrinsic heterogeneity of these consortia, the low susceptibility to tradi-
tional drugs, as well as the high toxicity of many common antifungals. In this context, the
development of novel strategies to combat polymicrobial biofilms of pathogen species is of
great relevance.

In this paper, we focused our attention on the dual-species biofilms formed by C. al-
bicans and K. pneumoniae, with C. albicans being the most common fungal opportunistic
pathogen and K. pneumoniae being recognized in the group of ‘ESKAPE’ (Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, Enterobacter spp.) pathogens, which ‘escape’ from the action of several antibi-
otics [29].

Previous work has demonstrated that the membranotropic peptide gH625-M was very
effective against C. albicans biofilm, also when the biofilm was developed from persister
cells [15]. In the present paper, we explored the efficacy of the peptide towards the dual-
species Candida/Klebsiella biofilm, showing its ability of both inhibiting and eradicating
in vitro the biofilm at sub-MIC concentrations. The low antimicrobial activity of the
peptide used in this work towards C. albicans and K. pneumoniae was very low and was
similar to that of other previously tested membranotropic peptides [14,15]; nevertheless,
these characteristics may represent an advantageous property in the prevention of the
possible development of resistances in the entire microbial consortium, a feature typical of
several compounds proposed as anti-biofilms molecules [11]. The mechanism of action of
gH625-M against C. albicans monospecies biofilm, as shown by a CSLM analysis previously
reported [15], is initially directed towards the esopolymeric matrix of the biofilm and then
penetrates across cell membranes, producing a local and temporary destabilization of
membranes, which nonetheless has scarce effects on cell viability. The results obtained in
the present paper, with the scarce antimicrobial activity (MIC values > 50 uM) exhibited
in the case of both fungal (Candida) and bacterial (Klebsiella) cells, further support the
hypothesis that the de-structuring property is presumably at the basis of the inhibiting
and eradicating efficacy of the peptide also in the case of the Candida/Klebsiella biofilm.
Interestingly, the dual-species biofilm is characterized by a strict interconnection established
between the two species, thus the ability to disrupt the structure of the biofilm is of even
greater relevance.

Candida/Klebsiella biofilm-associated infections have been reported in mammalian
hosts; nonetheless, the description of the interactions between Candida spp. and K. pneu-
moniae in mixed biofilms has been limited to few observations, derived from in vitro
models [9]. Our results show an increase in the total biomass of the polymicrobial biofilm
in vitro compared to the sum of the single species biofilm, suggesting a possible synergy
between the two species.

In vivo studies are crucial for the evaluation of the efficacy of new therapeutic agents
and their modulatory effects on the host immune response, which makes it necessary
to evaluate outcomes in animal models. In this study, we used the larvae of the wax
moth G. mellonella as an in vivo model, for its well-known advantages as an alternative to
vertebrate models. Although G. mellonella does not replace the vertebrate model, it can be
exploited as a screening step between in vitro and in vivo evaluations [16].

One of the main outcomes was derived from the analysis of the survival curves after
fungal/bacterial infection in the larvae [30]. Our results clearly show that the killing of
G. mellonella larvae by infection of the two pathogens together is greater than the sum of
killing with each pathogen alone; this pattern suggests a synergistic pathogen–pathogen
interaction or a change in host–pathogen interactions that is characterized by increased
host susceptibility to one or both of the pathogens.

The analysis of the survival curves in experiments with gH625-M, showed that the
peptide functions in vivo both as a prophylactic and therapeutic agent towards both single
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infections and co-infections, with a higher efficacy in prophylaxis as revealed also with the
fungal burden analysis.

The actual interaction established in vivo between the two species examined and the
host, as well as the action of the peptide, was further investigated in the larvae model
through the analysis of the transcriptional profiles of both biofilm-associated genes and
gene associated with the larvae innate immune response. Following infection, the expres-
sion of the biofilm-associated genes of the two species examined was enhanced in the
larvae, suggesting the occurrence of a biofilm-like interaction in the animal, which was
concomitant to the overexpression of the galiomycin gene indicating an activation of the
larvae immune response, as expected. The reduction in the expression of the galiomycin
gene following administration of the peptide seems to suggest that gH625-M could have
an anti-inflammatory effect which may result in the protection of the infected larvae.

Interestingly, gH625-M treatment before the infection, significantly reduced the biofilm-
associated gene expression of HWP1 and ALS3 particularly in co-culture, supporting the
efficacy of the peptide already observed in vitro. It was previously reported that HWP1 mu-
tants produce a thin biofilm with less hyphae in vitro, but display serious biofilm defects
in vivo, only forming yeast microcolonies, while ALS3 mutants are able to form hyphae,
but exhibit defects in biofilm formation [31,32]. Thus, the observed down-regulation of
hyphal specific gene, HWP1, could determine a loss of physical scaffolds for yeast cell ad-
hesion and aggregation, producing a decreased biofilm strength, integrity, and maturation.
The results obtained confirm previous hypothesis on the ability of gH625-M in regulating
the initial adhesion of yeast cells to surfaces, which is essential for all stages of biofilm
development.

For K. pneumoniae, too, genes involved in biofilm formation and virulence indicated
that only the pre-treatment with gH625-M before infection has a significant effect in de-
creasing gene activity, confirming that this peptide was able to reduce infection and biofilm
formation. However, future experiments relative to differential gene expression after
4 h and 12 h, when % of viability is higher than 50%, could clarify the action of these
genes involved in G. mellonella immune response and biofilm formation in C. albicans and
K. pneumoniae.

The results obtained in this study confirm the importance of developing new strategies
for dealing with polymicrobial biofilms and we foresee a novel role for membranotropic
peptides such as gH625 for the inhibition of biofilm formation thanks to their physico-
chemical properties. It is likely that conformational flexibility and ability to destabilize
hydrophobic domains typically present in membrane bilayers makes them able to disrupt
the structure of the biofilm (eradication) or interfere with biofilm formation (inhibition). In
conclusion, membranotropic peptides represent an appealing strategy to further evaluate
for the development of innovative therapies meant to address problems such as biofilm
inhibition/eradication and resistance.
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Abstract: The human fungal pathogen Candida albicans can form biofilms on biotic and abiotic
surfaces, which are inherently resistant to antifungal drugs. We screened the Chembridge Small
Molecule Diversity library containing 30,000 “drug-like” small molecules and identified 45 com-
pounds that inhibited biofilm formation. These 45 compounds were then tested for their abilities to
disrupt mature biofilms and for combinatorial interactions with fluconazole, amphotericin B, and
caspofungin, the three antifungal drugs most commonly prescribed to treat Candida infections. In
the end, we identified one compound that moderately disrupted biofilm formation on its own and
four compounds that moderately inhibited biofilm formation and/or moderately disrupted mature
biofilms only in combination with either caspofungin or fluconazole. No combinatorial interactions
were observed between the compounds and amphotericin B. As members of a diversity library, the
identified compounds contain “drug-like” chemical backbones, thus even seemingly “weak hits”
could represent promising chemical starting points for the development and the optimization of new
classes of therapeutics designed to target Candida biofilms.

Keywords: high-throughput screens; biofilms; biofilm inhibition; biofilm disruption; Candida albicans;
antimicrobial resistance; therapeutics; Chembridge Small Molecule Diversity library

1. Introduction

Candida albicans is a normal commensal of the human microbiota that asymptomati-
cally colonizes the skin, the mouth, and the gastrointestinal tract of healthy humans [1–4].
C. albicans is also one of the most common fungal pathogens of humans, typically causing
superficial mucosal infections in healthy individuals [1,5–11]. When a host’s immune sys-
tem is compromised (e.g., in patients with AIDS), C. albicans can give rise to disseminated
bloodstream infections with mortality rates exceeding 40% [1,12–15].

A notable virulence trait of C. albicans is its ability to form biofilms, multilayered,
structured communities of cells that can grow on biotic and abiotic surfaces, such as
mucosal surfaces and implanted medical devices (e.g., catheters, dentures, and heart
valves) [1,2,10,16–21]. These biofilms are often resistant to antifungal drugs at concen-
trations that are normally effective against planktonic (free-floating) cells [20–25]. The
drug-resistant nature of C. albicans biofilms frequently makes removal of biofilm-infected
medical devices the only effective option to mitigate a biofilm-based infection, which can be
especially problematic if patients are already critically ill or when device removal requires

61



J. Fungi 2021, 7, 9

surgical procedures (e.g., heart valve or prosthetic replacement) [20,26,27]. Since there are
no biofilm-specific therapeutics available on the market today and only three major classes
of antifungal drugs used to treat fungal infections in humans, the development of new
therapeutics effective against C. albicans biofilms is an important and unmet medical need.

The search for new antibiofilm therapeutics has encompassed a wide range of ap-
proaches, many of which focus on compounds that have combinatorial effects with known
antifungal drugs rather than (or in addition to) compounds that affect Candida biofilms
by themselves [28–43]. One approach has focused on screening libraries of existing drugs
and/or pharmacologically active compounds that would make promising candidates for
repurposing [38–40,43,44]. A second approach has focused on targeted classes of com-
pounds (e.g., compounds with known effects on signaling pathways [28,29], compounds
with known effects on cell–cell communication [34], and secreted aspartyl protease in-
hibitors [42]) that influence specific aspects of Candida biology. In addition, compounds
that might affect Candida that are produced by other organisms (e.g., antimicrobial pep-
tides [35] and chemicals produced by plants [36,37]) are also included in this targeted
approach. A third approach has focused on screening large, chemically diverse compound
libraries to identify pharmacophores that inhibit and/or disrupt biofilms through novel
mechanisms [41,45]. Examples of this third approach taken to identify compounds with
effects against C. albicans biofilms include a screen of a 20,000 compound Chembridge
NOVACore library [45] and a screen of a 120,000 compound National Institutes of Health
Molecular Libraries Small Molecule Repository library [41]. Here, we report a screen of a
30,000 compound Chembridge Small Molecule Diversity library (a library which, we note,
has few compounds that overlap with the NOVACore library from the same commercial
vendor) for the ability of the compounds to inhibit biofilm formation and/or disrupt mature
biofilms by themselves or in combination with the known antifungal drugs fluconazole,
amphotericin B, and caspofungin.

2. Materials and Methods

2.1. Media and Strains

Media were prepared in accordance with previously reported biofilm protocols [46,47].
Yeast extract peptone dextrose (YEPD) liquid media contains 2% BactoTM peptone (Difco
#211677 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA)), 2% dextrose, and 1%
yeast extract (Difco #212750 (Becton, Dickinson and Company, Franklin Lakes, NJ, USA)).
YEPD plates also contain 2% agar. Biofilm assays were performed in Roswell Park Memorial
Institute (RPMI)-1640 media (containing L-glutamine and lacking sodium biocarbonate,
MP Biomedicals #0910601 (MP Biomedicals, Santa Ana, CA, USA)) supplemented with
34.5 g/L 3-(N-morpholino)propanesulfonic acid (MOPS) (Sigma #M3183 (Sigma Aldrich,
St. Louis, MO, USA)) and adjusted to pH 7.0 with sodium hydroxide before sterilizing
using a 0.22 μm filter. All biofilm assays used the previously reported SC5314-derived
strain SN425, a commonly used prototrophic a/α C. albicans standard strain, which was
created by introducing HIS1, LEU2, and ARG4 markers back into the SN152 a/α his1
leu2 arg4 strain [48]. Cells were recovered from glycerol stocks for two days at 30 ◦C on
yeast extract peptone dextrose (YEPD) plates. Overnight cultures for assays were grown
approximately 16 h at 30 ◦C in YEPD media.

2.2. Reagents

The Chembridge Small Molecule Diversity library, which consists of 30,000 “drug-like”
compounds, including diverse and target-directed compounds, was obtained by the Uni-
versity of California – San Francisco’s (UCSF’s) Small Molecule Discovery Center (SMDC)
from commercial vendors and proprietary sources. Stocks of candidate compounds (as well
as the three positive control compounds (PC12, 2-[(1,5-dimethyl-1H-pyrazol-4-yl)methyl]-7-
(4-isopropylbenzyl)-2,7-diazaspiro[4.5]decane, Chembridge Catalog #17159859; PC26, 7-(4-
isopropylbenzyl)-2-(tetrahydro-2H-thiopyran-4-yl)-2,7-diazaspiro[4.5]decan-6-one, Chem-
bridge Catalog #80527891; PC27, 7-(4-isopropylbenzyl)-2-[(2-methyl-5-pyrimidinyl)methyl]-
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2,7-diazaspiro[4.5]decan-6-one, Chembridge Catalog #61894700) from the Chembridge
NOVACore library that were hits from another high-throughput biofilm screen of a dif-
ferent Chembridge compound library [45]) were obtained directly from Chembridge
(http://www.hit2lead.com/index.asp) for follow-up testing. Working stocks of the com-
pounds were made at 20 mM in dimethyl sulfoxide (DMSO).

2.3. Biofilm Assays

The adherence inhibition, the sustained inhibition, and the disruption optical density
biofilm assays followed previously reported 384-well format standard protocols [46,47,49,50].
In brief, for the biofilm inhibition assays, compounds were added during the 90 min adher-
ence step (for the adherence and the sustained inhibition optical density biofilm assays)
and/or at the 24 h growth step (for the sustained inhibition optical density biofilm assay).
For the disruption optical density biofilm assay, a biofilm was grown for 24 h, after which
the biofilm was incubated for an additional 24 h in the presence of the compound of interest.
At the end of each assay, the media were removed from each well, and the OD600 of each
well was measured using a Tecan Infinite M1000 Pro or a Tecan M200 plate reader (Tecan
Group Ltd., Männedorf, Switzerland), taking the average of five reads per well.

The high-throughput adherence inhibition optical density biofilm assay screen of the
Chembridge Small Molecule Diversity library was robotically conducted at UCSF’s SMDC.
Compounds were included at a final concentration of 10 μM per well in 384-well plates
in the high-throughput adherence inhibition optical density biofilm assay. Compounds
were included at a final concentration of 40 μM per well in 384-well plates in the sus-
tained inhibition optical density biofilm and the disruption optical density biofilm assays.
Candidate compounds were tested at 12.5 μM in the combination sustained inhibition
optical density biofilm and the disruption optical density biofilm assays. In line with
previously reported studies [42,43], the combination sustained inhibition optical density
biofilm assays used 1 μg/mL amphotericin B, 0.125 μg/mL caspofungin, or 256 μg/mL
fluconazole. The combination disruption optical density biofilm assays used 2 μg/mL
amphotericin B, 0.5 μg/mL caspofungin, or 256 μg/mL fluconazole. These amphotericin B,
caspofungin, and fluconazole concentrations were chosen to be close to but below the
effective concentrations (as measured by OD600) in the respective assays in order to leave a
dynamic range for observing any combinatorial interactions. The sensitivity of SN425 to the
antifungal drugs amphotericin B, caspofungin, and fluconazole in the sustained inhibition
optical density biofilm and the disruption optical density biofilm assays is included in
File S3.

2.4. Candidate Compound Selection

Candidate compounds based on the results of the adherence inhibition optical density
biofilm assay high throughput screen of the 30,000 compound Chembridge Small Molecule
Diversity library were selected as follows. Separate lists of candidate compounds were
developed for those compounds with an absorbance at least two standard deviations
below that of the DMSO only controls and for those compounds with a B-score of less
than −4 [51,52]. Other factors were also included in our selection criteria prioritizations,
such as the selection of compounds with most favorable chemistries for optimizations as
well as the selection of compounds that are available for purchase from Chembridge (http:
//www.hit2lead.com/index.asp) (some compounds became unavailable for commercial
purchase during this study). In total, we selected 64 compounds, 28 from the standard
deviation list and 36 from the B-score list. Nineteen of these compounds were on both lists
for a total of 45 candidate compounds (File S2). We selected three additional compounds
available from Chembridge (PC12, Chembridge Catalog #17159859; PC26, Chembridge
Catalog #80527891; PC27, Chembridge Catalog #61894700) that were not in the Chembridge
Small Molecule Diversity library but were previously reported by Pierce and colleagues to
inhibit biofilm formation in a screen of a different Chembridge libraries (the Chembridge
NOVACore library) [45] to serve as positive controls. Data from our adherence inhibition
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optical density biofilm assay screen of the 30,000 compound Chembridge Small Molecule
Diversity library can be found in File S1. A list of the 45 selected candidate compounds can
be found in File S2.

2.5. Statistical Analysis and “Hit” Calling for the Biofilm Assays

Statistical analyses and “hit” calling for the Biofilm Assays followed previously re-
ported protocols [42,43]. For the stand-alone sustained inhibition and disruption optical
density biofilm assays, individual repeats of candidate compounds (and controls) were
performed in groups of eight wells. Between two and four repeats (16–32 total wells)
were performed for each candidate compound. Each plate had seven sets of control wells
(56 total wells) containing equivalent volumes of DMSO to the experimental wells spread
throughout the plate to reduce positional effects. For each experimental set of eight wells,
significance was evaluated relative to all of the control wells from the same plate using
Welch’s t-tests (two-tailed, assuming unequal variance). In order to correct for the multiple
comparisons performed, we then applied the Bonferroni correction with α = 0.05. All of
the comparisons for a given type of assay (e.g., all of the stand-alone sustained inhibition
optical density biofilm assays) were pooled for the multiple comparisons correction step,
giving a number of hypotheses, m, of 146 for the sustained inhibition optical density biofilm
assay and of 105 for the disruption optical density biofilm assay (for final thresholds of
3.42 × 10−4 and 4.76 × 10−4, respectively). We then determined whether each experimen-
tal repeat (1) had an average absorbance less than the average of the control wells and (2)
was significant after the multiple comparisons correction. To be considered a validated
“hit”, a compound had to satisfy both of these criteria.

For the combination sustained inhibition and disruption optical density biofilm assays,
compounds (and controls) were again tested in groups of eight wells, and two distinct
groups of controls were included on each plate. The first set of controls were wells where
the candidate compound but no known antifungal drug was included. The second set of
controls were wells where the antifungal drug but no candidate compound was included.
In both cases, we used the same concentration of candidate compound or antifungal drug
as was used in the experimental wells. Controls were included for all candidate compounds
and antifungal drugs being tested on a given plate. In general, a single set of eight wells was
included for each experimental or control condition on a given plate. Statistical analysis
was performed using Welch’s t-test and the Bonferroni correction as described above
with the following modifications. Each experimental condition was compared to both the
relevant antifungal drug control and the relevant candidate control (e.g., a compound CB01
plus caspofungin experiment was compared to the CB01 only control and the caspofungin
only control from the same plate). All of the same comparisons for a given assay (e.g.,
all of the antifungal drug comparisons for the combination sustained inhibition optical
density biofilm assay) were pooled for the multiple comparisons correction step, giving a
number of hypotheses, m, of 144 for both the antifungal drug and the candidate compound
comparisons in both the sustained inhibition and the disruption optical density biofilm
assays (for a final threshold of 3.47 × 10−4). To be considered a validated combination
hit, a given experimental condition had to have (1) an average absorbance less than the
averages of both sets of relevant control wells and (2) remain significant after the multiple
comparisons correction for both sets of comparisons.

Data and statistics for the stand-alone and the combination biofilm assays are compiled
in File S3. The chemical properties of the “hit” compounds (including molecular weights,
polar surface area, logP, logSW, the number of rotatable bonds, and the numbers of H-
bond acceptors and donors) that were available at the ChemBridge Online Chemical Store
(www.hit2lead.com) are also included in File S3.

3. Results

The Chembridge Small Molecule Diversity library of 30,000 “drug-like” compounds
covering a wide range of chemical scaffolds, diverse chemical backbones, chemotypes, and
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pharmacophores was robotically screened for compounds that inhibit C. albicans biofilm
formation. This screen used the adherence inhibition optical density biofilm assay [46,47]
(Figure 1a), where the compound of interest was added during the 90 min initial step of
biofilm formation and then washed out (along with unadhered cells). The biofilm was
then allowed to develop for 24 h in the absence of the compound. In total, 45 candidate
compounds were then selected for further evaluation in secondary assays (Figure 1b,
Files S1 and S2).

The 45 candidate Chembridge compounds (as well as the three positive control
Chembridge compounds previously reported to inhibit biofilm formation that were not
present in the 30,000 compound Small Molecule Diversity library [45]) were then eval-
uated for antibiofilm activity in the sustained inhibition optical density biofilm assay
and the disruption optical density biofilm assay [46,47]. In the sustained inhibition op-
tical density biofilm Assay, the compounds were added to the media during both the
90 min adherence step and the 24 h growth step of biofilm formation (Figure 1a). In the
disruption optical density biofilm assay, a biofilm was grown for 24 h, after which the
biofilm was incubated for an additional 24 h in the presence of the compound (Figure 1a).
Other than the three positive controls (PC12, 2-[(1,5-dimethyl-1H-pyrazol-4-yl)methyl]-7-
(4-isopropylbenzyl)-2,7-diazaspiro[4.5]decane, Chembridge Catalog #17159859; PC26, 7-(4-
isopropylbenzyl)-2-(tetrahydro-2H-thiopyran-4-yl)-2,7-diazaspiro[4.5]decan-6-one, Chem-
bridge Catalog #80527891; PC27, 7-(4-isopropylbenzyl)-2-[(2-methyl-5-pyrimidinyl)methyl]-
2,7-diazaspiro[4.5]decan-6-one, Chembridge Catalog #61894700) [45], none of the com-
pounds tested inhibited biofilm formation throughout the duration of biofilm development
(Figure 1c and Figure S1a). We do not fully understand why some compounds showed
significant inhibition in the adherence inhibition optical density biofilm assay but not in
the sustained inhibition optical density biofilm assay, but these different assays may be
sensitive to different compound parameters such as solubility, stability, and pH depen-
dence. Given the lack of a biofilm inhibition phenotype in the sustained inhibition optical
density biofilm assay, we were surprised to find that one of the 45 compounds (CB17,
1-[2-(2-methylphenoxy)-3-pyridinyl]-N-(3-pyridinylmethyl)methanamine, Chembridge
Catalog #80338143) disrupted mature C. albicans biofilms on its own at the same concen-
tration (Figure 1d,e and Figure S1b). See File S3 for names and chemical properties of
this compound.

Given the previous reports suggesting antibiofilm synergies between known antifun-
gal drugs and certain drug classes, we next tested our initial 45 candidate compounds
for their abilities to inhibit biofilm formation (using the sustained inhibition optical den-
sity biofilm assay and/or to disrupt mature biofilms (using the disruption optical density
biofilm assay) when combined with sub-inhibitory concentrations of amphotericin B, caspo-
fungin, or fluconazole (Figure 2 and Figures S2 and S3). Three compounds disrupted mature
biofilms in the presence of caspofungin (CB14, 2,2′-({[2-(ethylsulfonyl)-1-(3-phenylpropyl)-
1H-imidazol-5-yl]methyl}imino)diethanol, Chembridge Catalog #10068182; CB36, N-[2-({2-
[3-(1-azocanyl)-2-hydroxypropoxy]-4-methoxybenzyl}amino)ethyl]acetamide, Chembridge
Catalog #29059737; CB40, 1-{3-[5-(1,3-benzodioxol-5-yl)-1,3,4-oxadiazol-2-yl]propanoyl}-4-
(2-ethoxyphenyl)piperazine, Chembridge Catalog #35558198) (Figure 2a and Figure S2a).
One of these compounds (CB36) also inhibited biofilm formation in the presence of caspo-
fungin (Figure 2b and Figure S3a). In addition, a fourth compound (CB06, N-(2,3-dihydro-
1,4-benzodioxin-6-yl)-1-[3-(1H-pyrazol-4-yl)propanoyl]-3-piperidinamine, Chembridge
Catalog #22164746) inhibited biofilm formation in the presence of fluconazole (Figure 2c
and Figure S3b). As noted above, none of these compounds had effects on biofilms on their
own in this assay. Chemical properties of these compounds can be found in File S3. We
also note that the positive control compounds PC12, PC26, and PC27 all disrupted mature
biofilms in the presence of caspofungin, PC12 disrupted mature biofilms in the presence of
fluconazole, and PC26 inhibited biofilm formation in the presence of fluconazole (Figure 2
and Figures S2 and S3).
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Figure 1. Screen of the Chembridge 30,000 “drug-like” member library for compounds with the
ability to inhibit C. albicans biofilm formation. (a) Overview of the adherence inhibition, the sustained
inhibition, and the disruption optical density biofilm assays. (b) Comparisons of the differences from
the mean (in units of standard deviation, x-axis) and the B-score (y-axis) for the entire library screened
at a concentration of 10 μM in the adherence inhibition optical density biofilm assay. The 45 candidate
hits that were pursued further are indicated in red, and all other compounds are indicated in black.
(c,d) Statistically significant hits, positive controls, and additional selected candidates from the (c)
stand-alone sustained inhibition optical density biofilm assay and the (d) stand-alone disruption
optical density biofilm assay; compounds were included at concentrations of 40 μM. In both panels,
the mean OD600 readings with standard deviations are shown. Significant differences from the
DMSO solvent control, as determined by Welch’s t-test (two-tailed, assuming unequal variance) with
the Bonferroni correction, are indicated for α = 0.05 (*) or mixed results (&). In the cases of PC12
(2-[(1,5-dimethyl-1H-pyrazol-4-yl)methyl]-7-(4-isopropylbenzyl)-2,7-diazaspiro[4.5]decane, Chem-
bridge Catalog #17159859) and PC27 (7-(4-isopropylbenzyl)-2-[(2-methyl-5-pyrimidinyl)methyl]-2,7-
diazaspiro[4.5]decan-6-one, Chembridge Catalog #61894700) in the disruption optical density biofilm
assay, only one of the two repeats performed met the significance threshold. Data within a chart were
taken from the same plate. (e) Structure of compound CB17 (1-[2-(2-methylphenoxy)-3-pyridinyl]-
N-(3-pyridinylmethyl)methanamine, Chembridge Catalog #80338143) disrupted mature C. albicans
biofilms on its own at a concentration of 40 μM.
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Figure 2. Combination screening of candidate compounds with the antifungal drugs caspofungin and fluconazole. (a)
combination disruption optical density biofilm assay and (b) combination sustained inhibition optical density biofilm
assay with caspofungin. For each compound, wells with caspofungin (+ caspofungin) are indicated in yellow, and wells
without caspofungin (− caspofungin) are indicated in red. (c) Combination sustained inhibition optical density biofilm
assay with fluconazole. For each compound, wells with fluconazole (+ fluconazole) are indicated in grey and wells without
fluconazole − fluconazole) are indicated in blue. Mean OD600 readings with standard deviations are shown, significant
differences from the compound without antifungal drug controls (e.g., PC12, − caspofungin), as determined by Welch’s
t-test (two-tailed, assuming unequal variance) with the Bonferroni correction, are indicated for α = 0.05 (*). Significant
differences from the antifungal drug without compound control (e.g., DMSO, + caspofungin), determined by the same
statistical analysis, are indicated for α = 0.05 (#). Data from different plates are separated by two vertical lines on the
x-axis, and DMSO solvent controls are shown for each plate. Candidate compounds were included at concentrations of
12.5 μM in each of these assays. (d) Structures of compounds CB06 (N-(2,3-dihydro-1,4-benzodioxin-6-yl)-1-[3-(1H-pyrazol-
4-yl)propanoyl]-3-piperidinamine, Chembridge Catalog #22164746), CB14 (2,2′-({[2-(ethylsulfonyl)-1-(3-phenylpropyl)-1H-
imidazol-5-yl]methyl}imino)diethanol, Chembridge Catalog #10068182), CB36 (N-[2-({2-[3-(1-azocanyl)-2-hydroxypropoxy]-
4-methoxybenzyl}amino)ethyl]acetamide, Chembridge Catalog #29059737), and CB40 (1-{3-[5-(1,3-benzodioxol-5-yl)-1,3,4-
oxadiazol-2-yl]propanoyl}-4-(2-ethoxyphenyl)piperazine, Chembridge Catalog #35558198) inhibited and/or disrupted
C. albicans biofilms in combination with at least one of the known antifungal drugs tested.

4. Discussion

Starting from an initial screen of a 30,000 compound diversity library and following
standard high-throughput screening procedures for hit identification [53], we identified
four compounds capable of inhibiting biofilm formation and/or disrupting mature biofilms
in combination with caspofungin or fluconazole and a fifth compound capable of disrupting
mature C. albicans biofilms on its own. As members of a diversity library, the identified
compounds contain “drug-like” chemical backbones that represent promising chemical
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starting points for the development and the optimization of new classes of therapeutics
designed to target Candida biofilms. For example, all compounds within this library have
low molecular weights, low polar surface areas, and are predicted to be soluble and
capable of crossing membranes. Given the distinct structures of our specific individual
and combination hits, these compounds are likely to display broad ranges of biological
activities and should provide multiple amenable opportunities for structural elaboration.
Thus, even seemingly “weak” hits have the potential to become potent hits upon chemical
optimizations [53–55]. Therefore, even compounds we identified with relatively minor
yet significant antibiofilm effects on their own (e.g., CB17) have promise. In addition, our
combination results indicate potent effects for certain compounds (e.g., CB06, CB14, CB36,
CB40) in combination with fluconazole and caspofungin, suggesting that these compounds
are a priority for future chemical optimizations.

In addition to identifying several promising antibiofilm compounds, our results illus-
trate the degree to which the experimental setup for biofilm formation can affect compound
efficacy. One example is our identification of several compounds with efficacy in com-
bination with known antifungal drugs, where the combined effect is dependent on the
assay conditions. A second example is our identification of compounds that disrupt mature
biofilms but that do not inhibit biofilm formation (either on their own or in combination
with known antifungal drugs). Given these findings, drug efficacy testing that focuses solely
on one aspect of biofilm formation (e.g., inhibition of initial biofilm formation) may overlook
promising compounds that may be broadly effective against mature biofilms, and vice versa.
Thus, multiple testing parameters of compounds against different stages of biofilm forma-
tion are useful in identifying the most promising compounds for therapeutic development.

Supplementary Materials: The following are available online at https://www.mdpi.com/2309-608
X/7/1/9/s1. File S1, Screen of the Chembridge 30,000 “drug-like” member library for compounds
with the ability to inhibit C. albicans biofilm formation in the adherence inhibition optical density
biofilm assay. Differences from the mean (in units of standard deviation) and the B-score for the
entire library screened at a concentration of 10 μM are provided. File S2, Identities of the 45 candidate
compounds selected based on the initial adherence inhibition optical density biofilm assay as well
as the three positive controls. Differences from the mean (in units of standard deviation) and the
B-score are indicated for these compounds. File S3, Compiled data and statistics from the stand-
alone and combination sustained inhibition and disruption optical density biofilm assays. For each
compound, the average OD600, average OD600 of relevant control(s), and value(s) for Welch’s t-test
versus the relevant control(s) are provided. Whether the average OD600 was below the average OD600
of the relevant control(s) and whether the difference from the relevant control(s) remains significant
following the Bonferroni Correction (α = 0.05) are indicated. The chemical properties of the “hit”
compounds (including molecular weights, polar surface area, logP, logSW, the number of rotatable
bonds, and the numbers of H-bond acceptors and donors) that were available at the ChemBridge
Online Chemical Store (www.hit2lead.com) are also included. Figure S1, Additional results from the
(a) stand-alone sustained inhibition and the (b) stand-alone disruption optical density biofilm assays.
Mean OD600 readings with standard deviations are shown, significant differences from the DMSO
solvent control, as determined by Welch’s t-test (two-tailed, assuming unequal variance) with the
Bonferroni Correction, are indicated for α=0.05 (*) or mixed results (&). In the cases of CB36 and CB40
in the sustained inhibition optical density biofilm assay, only one of the two repeats performed met
the significance threshold. In the case of CB40 in the disruption optical density biofilm assay, only
two of the four repeats performed met the significance threshold. Data within a chart are all taken
from the same plate on the same day. Figure S2, Additional results from the disruption optical density
biofilm assay combination screening of candidate compounds with the antifungal agents caspofungin,
fluconazole, and amphotericin B. Combination disruption biofilm assays with (a) caspofungin, (b)
fluconazole, and (c) amphotericin B. In panel a, wells with caspofungin (+ caspofungin) are indicated
in yellow and wells without caspofungin (− caspofungin) are indicated in red. In panel b, wells with
fluconazole (+ fluconazole) are indicated in grey and wells without fluconazole (−fluconazole) are
indicated in blue. In panel c, wells with amphotericin B (+ amphotericin B) are indicated in orange
and wells without amphotericin B (− amphotericin B) are indicated in green. Mean OD600 readings
with standard deviations are shown, significant differences from the compound without antifungal
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agent controls (e.g., CB6, − caspofungin), as determined by Welch’s t-test (two-tailed, assuming
unequal variance) with the Bonferroni Correction, are indicated for α = 0.05 (*). Significant differences
from the antifungal agent without compound control (e.g., DMSO, + caspofungin), determined by
the same statistical testing, are indicated for α = 0.05 (#). Candidate compounds were included at
a concentration of 12.5 μM. Data from different plates are separated by two vertical lines on the
x-axis, DMSO solvent controls are shown for each plate. Figure S3, Additional results from the
sustained inhibition optical density biofilm assay combination screening of candidate compounds
with the antifungal agents caspofungin, fluconazole, and amphotericin B. Combination sustained
inhibition assays with (a) caspofungin, (b) fluconazole, and (c) amphotericin B. In panel a, wells with
caspofungin (+ caspofungin) are indicated in yellow and wells without caspofungin (− caspofungin)
are indicated in red. In panel b, wells with fluconazole (+ fluconazole) are indicated in grey and
wells without fluconazole (− fluconazole) are indicated in blue. In panel c, wells with amphotericin
B (+ amphotericin B) are indicated in orange and wells without amphotericin B (− amphotericin
B) are indicated in green. Mean OD600 readings with standard deviations are shown, significant
differences from the compound without antifungal agent controls (e.g., CB6, − caspofungin), as
determined by Welch’s t-test (two-tailed, assuming unequal variance) with the Bonferroni Correction,
are indicated for α=0.05 (*). Significant differences from the antifungal agent without compound
control (e.g. DMSO, + caspofungin), determined by the same statistical tests, are indicated for α=0.05
(#). Candidate compounds were included at a concentration of 12.5 μM. Data from different plates
are separated by two vertical lines on the x-axis, DMSO solvent controls are shown for each plate.
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Abstract: Aspergillus fumigatus LMB-35Aa, a saprophytic fungus, was used for cellulase production
through biofilms cultures. Since biofilms usually favor virulence in clinical strains, the expression
of the related genes of the LMB 35-Aa strain was analyzed by qPCR from the biomass of
planktonic cultures and biofilms developed on polyester cloth and polystyrene microplates.
For this, virulence-related genes reported for the clinical strain Af293 were searched in A. fumigatus
LMB 35-Aa genome, and 15 genes were identified including those for the synthesis of cell wall
components, hydrophobins, invasins, efflux transporters, mycotoxins and regulators. When compared
with planktonic cultures at 37 ◦C, invasin gene calA was upregulated in both types of biofilm
and efflux transporter genes mdr4 and atrF were predominantly upregulated in biofilms on
polystyrene, while aspHs and ftmA were upregulated only in biofilms formed on polyester.
Regarding the transcription regulators, laeA was downregulated in biofilms, and medA did not
show a significant change. The effect of temperature was also evaluated by comparing the biofilms
grown on polyester at 37 vs. 28 ◦C. Non-significant changes at the expression level were found
for most genes evaluated, except for atrF, gliZ and medA, which were significantly downregulated
at 37 ◦C. According to these results, virulence appears to depend on the interaction of several factors
in addition to biofilms and growth temperature.

Keywords: Aspergillus fumigatus; biofilms; gene expression; virulence

1. Introduction

Filamentous fungi are widely distributed in nature due to their saprophytic condition and their
capability to grow in several substrates and surfaces. Additionally, fungi are biotechnologically
important due to their ability to produce enzymes, organic acids, and diverse secondary metabolites.
Fungi of industrial use are generally recognized as safe and in this sense, it is important to assess
the expression of the pathogenicity or virulence genes under different growth and culture conditions.

The Aspergillus group, mainly A. niger, is widely used in biotechnology [1]. A. fumigatus is gaining
interest because of its plant polysaccharide modifying and degrading enzymes [2–4]. Particularly,
the production of neutral and alkaline endoglucanases, which are in high demand for the textile
biofinishing process [5], has been reported for this fungus [6]. However, A. fumigatus has also been
widely recognized as an opportunistic pathogen which is responsible for many reactions from allergies
to invasive pulmonary aspergillosis [7,8].

In clinical strains, certain genes have been reported as key factors for the virulence and
pathogenicity of A. fumigatus, and their expression is also related to the formation of biofilms in
affected tissues.
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Although virulence may depend on the isolation origin of strains (environmental or clinical),
there is not a specific group of genes in A. fumigatus that determines the virulence level. Virulence factors
do not include essential genes for normal growth but are associated with some biological processes
mainly involved in cell wall structure, thermotolerance, response to stress, signaling, toxin synthesis,
nutrition and survival in the host [7,9–11].

On the other hand, biofilm formation is a natural form of growth in fungi, on both biotic and
abiotic surfaces, which confer them survival advantages related to metabolic performance and stress
resistance. Fungal biofilms have gained much industrial importance, however, at the same time,
they can be considered as a virulence factor for opportunistic fungi. Differential gene expression
occurs in biofilm as compared with planktonic growth. Some genes expressed in biofilms encode
transcription and translation factors, regulators, and those involved in ribosomal protein synthesis and
protein turnover, multi-drug resistance transporter genes, enzymes for extracellular matrix synthesis,
extracellular enzymes as well as genes for adherence and secondary metabolism (toxins) [12,13].

In this research, A. fumigatus LMB-35Aa, an alkaline cellulase producing strain isolated from
soil [14], was successfully cultured as a biofilm to improve their cellulase productivity, as has been
previously reported for other Aspergillus species [15,16]. Nevertheless, considering the saprophytic
condition of this strain and its genetic divergence from clinical isolates [17], it was also important to
assess the expression of the main genes involved in the pathogenicity and virulence in biofilms.

Multispecies fungal biofilms have great potential for cellulose conversion [18]. However, the industrial
production of cellulases, as well as mixed and single species biofilms should be considered. In this study,
the reason for using the single biofilms of A. fumigatus LMB-35Aa was related to our interest in producing
neutral alkaline endoglucanases for use in the textile industry.

Complementarily and according to the systems biology approach, molecular tools are useful
to assess bioprocess optimization in industrial biotechnology [19], but most scientific reports are
focused on the transcriptomic analysis of clinical strains [7,20], so that information is still incipient for
industrial biofilms [3].

2. Materials and Methods

2.1. Fungal Strain

A. fumigatus LMB-35Aa [14] was used throughout this study. The strain was maintained on potato
dextrose agar (PDA). For inoculum preparation, before each experiment, the strain was grown in flasks
with PDA during 72 h at 37 ◦C. Then, the spores were washed with 0.1% (v/v) Tween 80 solution and
diluted until obtaining a concentration of 106 spores/mL which was used as inoculum.

2.2. Culture Medium and Growth Conditions

Cellulase production medium was used as reported before [21], except that the carbon source was
replaced by 0.5% (w/v) carboxymethyl cellulose (CMC).

For biofilms’ cultures on polyester support, flasks containing a pre-weighed 3.1 × 3.1 cm piece
of cloth and 70 mL of distilled water were used. Each flask was inoculated with a 3% (v/v) of spore
suspension and incubated with agitation (175 rpm) at 28 or 37 ◦C (according to the experiment) for
15 min to allow the attachment of spores. The unbound spores were washed twice with sterile distilled
water in agitation at the same conditions. Finally, polyester cloths were transferred to 250 mL sterile
flasks containing 70 mL of cellulase production medium. Inoculated flasks were incubated at 28/37 ◦C
in a shaker bath at 175 rpm for 72 h.

For the biofilm cultures on polystyrene, flat-bottom 12-well polystyrene microtiter plates were
used as a surface for biofilm formation [22]. Each well containing 3 mL of cellulase production medium
was inoculated with 90 μL of spore suspension and then incubated without agitation at 37 ◦C for
15 min. After that, the medium was removed by pipetting and the plate wells were washed three times
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with distilled water. Finally, each well was refilled with 3 mL of cellulase production medium and
microplates were incubated at 37 ◦C without agitation for 72 h.

For submerged culture, 250 mL flasks containing 70 mL of cellulase production medium were
inoculated with 3% (v/v) of spore suspension and incubated at 28 or 37 ◦C for 72 h in a shaker bath at
175 rpm.

In all cases, for biomass harvesting, biofilms and free mycelium were washed three times with
distilled water and maintained at −80 ◦C until RNA extraction.

2.3. Qualitative Endoglucanase Activity Assay

Qualitative assays of enzymatic activity were performed at different pH’s from 4.8 to 9.4 according
Vega et al. (2012) with certain modifications [6]. Briefly, 100 μL of culture supernatants of A. fumigatus
LMB-35Aa biofilms, developed on polyester cloth during 72 h in cellulase production medium,
were incorporated into wells of 0.6 cm in diameter, equidistantly distributed in glass plates containing
screening medium (1.5% agar and 0.3% CMC in the corresponding buffer). The plates were incubated
at 50 ◦C for 24 h. After the incubation time, a 0.5% Congo Red solution was added on the medium for
15 min at room temperature and then washed with 1 M NaCl. Staining and washings were carried out
in an orbital shaker at 50 rpm. The development of a clear zone (halo) around the wells was considered
as a positive result of endoglucanase activity. Acetate buffer 50 mM (pH 4.8), borax buffer 50 mM
(pH 7.6), and glycine buffer 50 mM (pH 8.4 and pH 9.4) were used correspondingly.

2.4. Quantitative Endoglucanase Activity

Quantitative assays of enzymatic activity were performed in 96-well microplates using
3,5-dinitrosalicylic acid (DNS) reagent according to the method described by Xiao et al. (2005) [23]
with certain modifications. Briefly, a 30 μL aliquot of diluted culture supernatant was added into each
microwell containing 30 μL of 1% CMC as a substrate prepared in 50 mM of the corresponding buffer
(pH 4.8, 7.6, 8.4 or 9.4; see Section 2.3). After 30 min of incubation at 50 ◦C, 90 μL of DNS reagent was
added into each well and incubated at 95 ◦C for 5 min. Following the color development, a 100 μL
aliquot of each sample was transferred to a flat-bottom 96-well microplate and the absorbance was
measured at 540 nm in a RT-2100C microplate reader (Rayto). An enzyme blank and substrate blank
were also included in each assay. The concentration of glucose released by the secreted enzymes was
determined by interpolating from a standard curve constructed with known concentrations of glucose.
One enzyme unit (U) was defined as the amount of enzyme required to release 1 μmol of reducing
sugar equivalents per minute under the defined assay conditions.

2.5. Extracellular Protein Determination

Soluble extracellular protein concentration was determined at 550 nm by Lowry’s colorimetric
method using the Folin–Ciocalteu reagent with bovine serum albumin (BSA) as the protein standard [24].

2.6. Confocal Scanning Laser Microscopy (CSLM)

For the microscopy analysis, biofilm cultures on polyester cloth were developed as described
above in Section 2.2. After 72 h of growth, the biofilms were washed three times with distilled
water and then placed in 50 mM phosphate buffer (pH 7.4). Fluorescein isothiocyanate (FITC) and
Concanavalin A (ConA) were used to stain the fungal hyphae and extracellular matrices, respectively.
For that, stocks solutions of each dye were prepared in 10 mM phosphate buffer (pH 7.4) and mixed
to a final concentration of 10 μg/mL (FITC) and 50 μg/mL (ConA). Biofilms were stained with 15 μL
of this mix for 30 min in the dark at room temperature [25]. Finally, the biofilms were washed with
10 mM phosphate buffer four times and a FLUOVIEW FV1200 confocal scanning laser microscope
(Olympus Life Science) was used for the image analysis and acquisition. FITC was excited/monitored
at 458/488 nm and ConA was excited/monitored at 490/515 nm.
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2.7. RNA Extraction and cDNA Synthesis

Total RNA isolation was carried out using RNA Miniprep kit (Zymo Research®, Irvine, CA, USA)
after grinding the biomass with liquid nitrogen. The quality and quantity of all RNA samples were
analyzed in a NanoDropTM 2000c spectrophotometer (Thermo Scientific®, Waltham, MA, USA) and
by agarose gel electrophoresis. In all cases, cDNA was synthesized from 2 μg of total RNA in a 25 μL
final volume using a reverse transcription mix containing 200 U of M-MLV RT (Promega®, Madison,
WI, USA)), 0.5 mM dNTP mix, 0.5 μg of Oligo(dT)15 and 25 U of RNAse inhibitor. Reaction tubes were
incubated at 42 ◦C for 60 min and stored at −20 ◦C until required for qPCR analysis.

2.8. Identification of Virulence Genes in A. fumigatus LMB-35Aa Genome

A. fumigatus Af293 clinical strain was used as a reference [26] for the screening of virulence genes
in A. fumigatus LMB-35Aa genome, which included those encoding synthesis of cell wall components,
hydrophobins, invasins, efflux transporters, mycotoxins and regulators.

The selection of virulence genes from the clinical strain A. fumigatus Af293 and nucleic sequence
alignment was done using BLAST (Basic Local Alignment and Search Tool) to find the corresponding
genes in A. fumigatus LMB-35Aa genome (Accession PRJNA298653) [14] with a sequence similarity
higher than 98%. Table S1 indicates the location of the corresponding genes in the A. fumigatus
LMB-35Aa genome, including the scaffold number and length (bp).

2.9. Primers Design

Primer Quest SM software (Integrated DNA Technologies, Inc.) was used to the design primers
from the A. fumigatus LMB-35Aa genome sequence available in GenBank (PRJNA298653). The primers
used in this study are listed in Table S2.

2.10. Gene Expression Analysis by qPCR

Gene expression was analyzed by quantitative real-time polymerase chain reaction (qPCR) with
KAPA SYBR Fast kit (KAPA Biosystems®, Wilmington, MA, USA) according to the manufacturer’s
protocol. qPCR was performed in a CFX96 Real Time PCR Detection System (Bio-Rad®, Hercules,
CA, USA). Each reaction well with a final volume of 10 μL contained 1 μL of cDNA template and
0.3 μM of each forward and reverse primer (10 mM). The amplification process included an activation
step at 95 ◦C for 3 min followed by 40 cycles at 95 ◦C for 3 s and 60 ◦C for 20 s (annealing and extension).
After that, a melting curve analysis was included at 60–95 ◦C to confirm the specific amplification,
according to the melting temperature (Tm) expected for each amplicon. Each reaction was carried
out in triplicate and each plate included non-target controls. Two independent biological replicates
were analyzed. After amplification, the cycle threshold (Ct) number was recorded for the reference
and target genes. The amplification efficiency of each pair of primers was validated experimentally
from the slope of the log-linear range of the calibration curve constructed with the serial dilutions of
target cDNA.

The relative gene expression was calculated according to Hellemans et al. (2007) [27], which constitutes
a modified Delta-Delta Ct method by considering the amplification efficiency of target genes and
multiple reference genes for the improved normalization of relative quantities. β-Tubulin (btub)
(F: 5′-TTCACTGCTATGTTCCGTCG-3′; R: 5′-TCGTTCATGTTGCTCTCGG-3′) [28] and elongation
factor (tef1) (F:5′CCATGTGTGTCGAGTCCTTC-3′, R:5′-GAACGTACAGCAACAGTCTGG-3′) were
used as reference genes.
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3. Results

3.1. Influence of pH and Temperature on A. fumigatus LMB-35Aa Endoglucanase Activity of Biofilms Formed
on Polyester

Endoglucanase production was compared at 28 and 37 ◦C until 120 h of growth and maximum
enzymatic title was obtained at 72 h at both temperatures (Teresa D. Rebaza and Gretty K. Villena.
Universidad Nacional Agraria La Molina, Lima, Perú. Diploma Thesis, 2019). At this point,
the qualitative and quantitative endoglucanase activity (Figure 1) of the biofilms grown at 37 ◦C was
higher at pH 7.6. At least a two-fold increase in the specific activity (units of enzyme/g of secreted
protein) was obtained at 37 ◦C at pH 7.6 so that this temperature could be used for subsequent assays.

Figure 1. Endoglucanase activity (EG) of A. fumigatus LMB-35Aa biofilms developed on polyester cloth
at 72 h of growth and 28 or 37 ◦C. The upper panel shows a qualitative assay for EG at (a) pH 4.8;
(b) 7.6; (c) 8.6 and (d) 9.4. C (-) represents the negative control for the assay. Specific EG activity (e) was
calculated by quantitative assay. Specific activity = EG (U/L)/soluble secreted protein (g/L). Scale bar
represents 1 cm.

3.2. Influence of Biofilm Formation on A. fumigatus LMB-35Aa Virulence-Related Gene Expression

As better conditions for endoglucanase production and activity, 37 ◦C and pH 7.6, respectively,
could also be favorable for pathogenesis and virulence, a gene expression analysis was performed to
evaluate if, in addition, biofilm formation affects the expression of virulence-related genes. For that,
15 virulence-related genes described for the clinical strain A. fumigatus Af293, including genes for
the synthesis of cell wall components, hydrophobins, invasins, efflux transporters, mycotoxins
and regulators, were selected after searching for them in the A. fumigatus LMB-35Aa genome.
Virulence-related genes found in the genome are described in Table 1.
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Table 1. Selected virulence-related genes found in the genome of the saprophytic strain LMB-35Aa,
considering the clinical strain A. fumigatus Af293 as a reference.

Gene Gene Function Role Associated with Virulence Reference

rho1 β-(1,3) glucan biosynthesis
regulation

Regulation of cell wall composition
and oxidative alkaline stress [29]

ags1 α-(1-3) glucan biosynthesis Conidia adhesion capacity and
survival; late phagocytosis [30,31]

agd3 Deacetylation of
galactosaminogalactan (GAG) Induces biofilms formation [32,33]

glfA Galactofuranose biosynthesis
Conidia germination and growth
inside macrophages; resistance to

antifungal drugs
[34,35]

rodB Hydrophobin Upregulation in biofilm conditions
and in vivo [36]

calA Invasin
Invasion of epithelial and

endothelial host cells through
endocytosis induction

[37]

mdr4 ABC multidrug transporter Azole resistance (clinical isolates) [38]

atrF ABC multidrug transporter Azole resistance
(environmental isolates) [39]

gliZ Gliotoxin biosynthesis regulation Induces apoptosis and cytotoxicity [40]

aspf1 Ribotoxin Cytotoxicity, cell surface allergen [41]

aspHs Hemolysin biosynthesis Hemolysis and cytotoxicity [42]

ftmA Fumitremorgins biosynthesis
(tremorgenic toxins) Cytotoxicity [43]

laeA Secondary metabolism
master regulation

Induces gliotoxin and other
secondary metabolites production

and cytotoxicity of host cells
[44,45]

rtfA Developmental and secondary
metabolism regulation

Oxidative stress response,
protease activity, adhesion capacity [46]

medA Developmental regulation

Regulates conidiogenesis, adherence
to host cells and biofilm formation,

damage of epithelial cells and
stimulation of cytokine production

[47,48]

For the gene expression analysis, two biofilm models (Figure 2a,c) and two growth temperatures were evaluated
and compared with planktonic cultures. Biofilms were morphologically evaluated by CLSM and in both cases, a
typical mycelium organization and extracellular matrix were observed (Figure 2b,d).

When comparing the expression of virulence-related genes (Figure 3a,b), a similar expression
pattern was observed in both biofilm models with the exception of fumitremorgin biosynthesis ftmA
gene, which was upregulated in the biofilms formed on the polyester cloth and downregulated in
the biofilms formed on polystyrene, with respect to the planktonic cultures.

On the other hand, a differential gene expression was observed when the biofilms were compared
with planktonic cultures. According to Figure 3a, all the genes involved in the cell wall structure
(rho1, ags1, agd3 and glfA) showed a lower expression level in biofilms, a pattern which was especially
significant in the case of biofilms developed on polystyrene. This pattern was also observed in the case
of the hydrophobin rodB gene. Conversely, invasin gene calA was significantly upregulated in both
types of biofilms. With respect to ABC efflux transporters, genes mdr4 and atrF were predominantly
upregulated in biofilm formed on polystyrene.

In the opposite way, Figure 3b shows that the aspHs gene, which encodes for hemolysin, and ftmA,
involved in mycotoxin biosynthesis, were upregulated only in biofilms on polyester, while gliZ
and aspF1 genes, encoding proteins involved in secondary metabolism, exhibited a significant
downregulation in biofilms formed on polystyrene.
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Figure 2. Biofilm models of A. fumigatus LMB-35Aa grown on (a) polyester and (c) polystyrene.
Biofilm structure was analyzed by CSLM at 72 h of growth. Average projections of stained biofilms
40× images on (b) polyester and (d) polystyrene are shown. Green fluorescence depicts fungal viable
cells; arrows indicate regions with the extracellular matrices of biofilms.

Figure 3. Relative expression ±S.D. of the virulence-related genes of A. fumigatus LMB-35Aa between
the biofilms developed on polyester (grey bars) and polystyrene (blue bars) vs. planktonic cultures:
(a) analysis of genes of the cell wall structure, hydrophobin, invasin and efflux transporters; and (b)
the genes involved in mycotoxin biosynthesis, adhesion, and secondary metabolism. Gene expression
levels were normalized using β-tub and tef1 as reference genes. The relative expression level is
represented as a log2 fold change; dotted lines indicates log2 fold change thresholds of −1 and 1.
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With respect to medA, involved in cell adhesion and biofilm formation, it had a slightly higher
level of expression in the biofilms formed on polystyrene as compared with those formed on polyester,
although in both cases these were not significant. Finally, with regard to regulator genes, rtfA was
downregulated and the laeA gene, encoding for a secondary metabolism regulator, did not show any
significant change when A. fumigatus formed biofilms.

3.3. Effect of Temperature on A. fumigatus LMB-35Aa Virulence-Related Genes Expression

Given that polyester supports are more suitable for fungal biofilm formation at an industrial
level [13] and considering that a greater number of virulence-related genes were upregulated in
the biofilms developed on this support, an additional experiment was carried out to evaluate if
the temperature could affect the observed gene expression patterns.

Figure 4 shows that the expression levels of analyzed genes involved in cell wall structure did not
show any significant change when the biofilms grew at 28 or 37 ◦C, with the exception of glfA and
calA, which showed a slightly higher level of expression at 37 ◦C. With regard to the analyzed efflux
transporters genes, atrF was significantly downregulated at 37 ◦C compared to 28 ◦C, while mdr4 did
not show any significant change in any condition. Most of the analyzed genes involved in mycotoxins
biosynthesis and regulation did not show notable changes in their expression levels when the biofilms
were formed at 28 or 37 ◦C, except for the gliZ gene, involved in gliotoxin biosynthesis, which was
significantly downregulated at 37 ◦C.

Figure 4. Relative expression ±S.D. of the virulence-related genes of A. fumigatus LMB-35Aa biofilms
formed on polyester at 37 vs. 28 ◦C: (a) analysis of genes of the cell wall structure, hydrophobin, invasin
and efflux transporters; and (b) the genes involved in mycotoxin biosynthesis, adhesion and secondary
metabolism. Gene expression levels were normalized using β-tub and tef1 as the reference genes.
The relative expression level is represented as a log2 fold change; dotted lines indicates log2 fold change
thresholds of −1 and 1.
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4. Discussion

A. fumigatus is gaining great interest as an enzymes producer for biotechnological applications
including lignocellulose conversion to added value products [2,4,49–52]. In this case, strain LMB-35Aa
was selected as a neutral alkaline endoglucanase producer and grown as biofilms on polyester cloth in
order to improve its enzymatic productivity.

Despite its saprophytic condition and not even being grouped with clinical strains, the expression of
genes related to virulence in biofilms of A fumigatus LMB-35Aa were analyzed. Some particular genetic
characteristics of this strain, related to secondary metabolism (SM) cluster variants include the lack
of a 54 kb region (five genes from telomere-proximal fumigaclavine C cluster) in the chromosome 2,
and a large inversion in the SM gene cluster 14 that contains a transcription factor, an oxidoreductase,
and a hypothetical protein [17].

For A. fumigatus, biofilm formation is one of the most determining virulence factors [53,54].
In that sense, the strain LMB-35Aa has a good capacity to adhere to abiotic surfaces and form biofilms
on polyester and polystyrene supports with a typical structure including an extracellular matrix,
as it was also reported for different Aspergillus biofilms [13]. Several fungal constituents may be
involved in the formation of biofilm in host cells. Associated with this, biofilms formed by the strain
LMB-35Aa could be expected to express virulence-related genes, including cell wall components,
invasins, and efflux transporters, among others [55].

The cell wall is mainly composed of polysaccharides like β-glucans and galactomannans and some
genes like rho1, ags1, agd3 and glfA, which are involved in the biosynthesis of β-glucans, α-glucans,
galactosaminogalactans and galactomannans, respectively, which can also have an impact on virulence,
increasing resistance to antifungals and concentrating the extracellular enzymes produced during
growth, which are necessary aspects for colonization and tissue infection. Moreover, rho1 might be
required for A. fumigatus pathogenicity and internalization into lung epithelial host cells [29]. Gene ags1
contributes significantly with at least 50% of the cell wall α-1,3-glucan content, however, it is not a
determinant for virulence [56], while agd3 encodes for a deacetylase of galactosaminogalactan, which is
an important virulence factor, and induces adherence and biofilms formation [33]. In addition, a ΔglfA
mutant of A. fumigatus produced slower growth and attenuated virulence since a diminished content
of glucofuranose causes the thinning of the cell wall and an increased susceptibility to drugs [34].
Interestingly, none of these genes were upregulated in biofilms of LMB-35Aa, probably due to the time of
growth (72 h) being much later than the first stages of biofilm formation. Probably, for the same reason,
the medA gene, involved in biofilm formation and adherence [47,48], was slightly expressed.

By the other hand, gene rodB, encoding a Class I hydrophobin in A. fumigatus, was downregulated
in biofilms, contrarily to the high expression found in a cellophane biofilm model developed by
Valsecchi et al. (2018), although, at the same time, they found that the corresponding protein RodB
analyzed by Western blots was present in the conidium cell wall but not in the hyphae of planktonic or
biofilm cultures [36]. This means that the high gene expression does not always correlate with high
protein production. Here, we found that the rodB gene was upregulated in our planktonic cultures
(pellets) since sporulation occurred early inside the pellet.

Another important virulence gene, calA, was upregulated in both biofilm models, especially in
biofilms on polystyrene. CalA is dispensable for adherence, but it is important as invasin and induces
the host cell endocytosis of pathogenic A. fumigatus [37].

Drug efflux transporter genes cmdr4 and atrF, which contribute to itraconazole resistance [57] and
are induced by the presence of that drug [58], were also upregulated in biofilms. Even this being a
typical resistance for clinical strains, it has also been reported as an environmental route of resistance
development [59]. Most of the genes involved in mycotoxin biosynthesis were downregulated in
biofilms, except ftmA, for the biofilms grown on polyester. In the same way, aspHs, a virulence factor
which encodes for hemolysin, was slightly overexpressed. This gene has been proposed as a specific
target for A. fumigatus detection by qPCR for in vivo infections [60]. Thus, it could be related to
biofilm formation.
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It was remarked that transcription factors are important for fungal pathogenicity because of their
role in regulating the transcription of virulence-related pathways [61]. In this case, medA was poorly
expressed. Additionally, laeA was downregulated and correlated with gliZ downregulation since LaeA
is a transcriptional regulator of secondary metabolite gene clusters including gliotoxin [46].

Gene expression could be also influenced by growth temperature as reported by
Sueiro-Olivares et al. (2015) [62] when analyzing the transcriptomes of A. fumigatus during the early
steps of conidia germination after being grown at 24 and 37 ◦C. Between the 1249 differentially
expressed genes, gliZ was upregulated at 37 ◦C.

Unexpectedly, in our case, when comparing the gene expression patterns of biofilms grown at
37 vs. 28 ◦C, only a slight but not significant expression of virulence-related genes was observed at
37 ◦C. However, the fact that some virulence factors such as gliZ, atrF and medA were repressed at this
temperature is even more relevant.

This highlights that virulence is a multifactorial condition with many determinants acting together.
For industrial purposes, even when A. fumigatus biofilm formation slightly induces the level of
expression of virulence-related genes, it is not enough to attribute to it a leading role in the virulence for
non-clinical strains. Perhaps, together with the influence of the temperature of growth, another signaling
mechanism related with host interaction could be explored to discard the potential pathogenicity of
the strain LMB-35Aa during biofilm formation.

5. Conclusions

Biofilm formation in the non-clinical A. fumigatus LMB-35Aa strain could lightly induce
the upregulation of some virulence-related genes, including calA, mdr4, atrF, aspHs and ftmA, but also
the influence of temperature was evident, especially for the downregulation of gliZ, atrF and medA
at 37 ◦C. Further research using an in vivo biofilm model could contribute to a better understanding of
the complex virulence phenomena.
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virulence-related genes found in A. fumigatus LMB-35Aa genome.
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Abstract: Candida haemulonii complex (C. haemulonii, C. duobushaemulonii and C. haemulonii var.
vulnera) is well-known for its resistance profile to different available antifungal drugs. Although
echinocandins are the most effective class of antifungal compounds against the C. haemulonii
species complex, clinical isolates resistant to caspofungin, micafungin and anidulafungin have
already been reported. In this work, we present a literature review regarding the effects of
echinocandins on this emergent fungal complex. Published data has revealed that micafungin
and anidulafungin were more effective than caspofungin against the species forming the C. haemulonii
complex. Subsequently, we investigated the susceptibilities of both planktonic and biofilm forms
of 12 Brazilian clinical isolates of the C. haemulonii complex towards caspofungin and micafungin
(anidulafungin was unavailable). The planktonic cells of all the fungal isolates were susceptible to
both of the test echinocandins. Interestingly, echinocandins caused a significant reduction in the
biofilm metabolic activity (viability) of almost all fungal isolates (11/12, 91.7%). Generally, the biofilm
biomasses were also affected (reduction range 20–60%) upon exposure to caspofungin and micafungin.
This is the first report of the anti-biofilm action of echinocandins against the multidrug-resistant
opportunistic pathogens comprising the C. haemulonii complex, and unveils the therapeutic potential
of these compounds.

Keywords: Candida haemulonii complex; planktonic growth; biofilm formation; echinocandins;
caspofungin; micafungin

1. Introduction

The members of the Candida haemulonii species complex (C. haemulonii, C. duobushaemulonii
and C. haemulonii var. vulnera) are well-known for their (multi)drug-resistance towards several
antifungal agents available in clinical practice. Resistance of the C. haemulonii complex to azoles
(e.g., fluconazole, itraconazole and voriconazole) and polyenes (e.g., amphotericin B) has been
documented extensively [1–7]. On the other hand, susceptibility to prescribed echinocandins
(anidulafungin, caspofungin and micafungin) is commonly observed [7–11], although there have been
some reports of clinical isolates being resistant to these compounds [5,12].

Echinocandins are the newest class of antifungal agents to be used in clinical practice, exhibiting
fungicidal activity against yeasts as well as having a good safety profile [8]. In this sense, the guidelines
of the Centers for Disease Control and Prevention (CDC, USA) strongly recommend that echinocandins
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should be the first choice for the treatment of candidemia in both neutropenic and non-neutropenic
patients [9]. The mechanism of action of the echinocandins involves the noncompetitive inhibition of
the enzyme β-(1,3)-d-glucan synthase, which is involved in the synthesis of the polysaccharide glucan,
resulting in the loss of cell wall integrity and severe stress in the fungal wall [8].

The three clinically available echinocandins usually exhibit both in vitro and in vivo fungicidal
activity against a variety of Candida species, including those that are intrinsically resistant to azoles or
amphotericin B (e.g., C. krusei, C. glabrata and C. lusitaniae), and also emerging species (e.g., C. famata
and C. rugosa) [10]. Additionally, the antifungal activity of echinocandins against Candida biofilms
represents an aspect that should be highlighted, since microbial biofilm is considered a resistance
structure that precludes efficient antimicrobial treatment [10]. For instance, both caspofungin and
micafungin, at concentrations attainable in clinical treatments, were able to kill fungal cells in preformed
biofilms of either C. albicans or C. parapsilosis [11]. Therapeutic concentrations of caspofungin and
micafungin were active against the biofilms formed by isolates of C. albicans and C. glabrata recovered
from cases of bloodstream infections, but not against C. tropicalis, demonstrating that species-specific
differences can influence the outcome [12]. Corroborating these findings, caspofungin was also shown
to be effective in the treatment and prevention of C. albicans biofilms in an in vivo murine model of
central venous catheter-associated candidiasis [13].

Considering the aforementioned aspects, the aim of the present study was to evaluate the
antifungal susceptibility of both planktonic- and biofilm-forming cells from 12 Brazilian clinical isolates
comprising the C. haemulonii complex towards caspofungin and micafungin. Furthermore, we have
performed a literature review concerning the susceptibility of the C. haemulonii species complex towards
echinocandins in order to present a comprehensive summary of this field.

2. Materials and Methods

2.1. Microorganisms and Growth Conditions

Twelve clinical fungal isolates, previously identified by molecular methods [6], belonging to the
C. haemulonii species complex were used in the present study: five isolates of C. haemulonii (LIPCh2
recovered from the sole of the foot, GenBank accession number KJ476194; LIPCh3 from a toe nail,
KJ476195; LIPCh4 from a finger nail, KJ476196; LIPCh7 from a toe nail, KJ476199; LIPCh12 from blood,
KJ476204), four isolates of C. duobushaemulonii (LIPCh1 from finger nail, KJ476193; LIPCh6 from a toe
nail, KJ476198; LIPCh8 from blood, KJ476200 and LIPCh10 from bronchoalveolar lavage, KJ476202)
and three isolates of C. haemulonii var. vulnera (LIPCh5 from a toe nail, KJ476197; LIPCh9 from urine,
KJ476201 and LIPCh11 from blood, KJ476203) [6]. In all experiments, Sabouraud dextrose medium was
used to culture the fungal isolates at 37 ◦C for 48 h under constant agitation (200 rpm). Yeasts were
counted in a Neubauer chamber.

2.2. Determination of Minimal Inhibitory Concentration (MIC)

Antifungal susceptibility testing, using the planktonic cells of C. haemulonii species complex,
against caspofungin and micafungin (Sigma-Aldrich, St. Louis, MO, USA) was performed according to
the broth microdilution technique standardized in the M27-Ed4 protocol [14] and interpreted according
to the M27-S3 document published by the Clinical and Laboratory Standards Institute (CLSI) [15].
C. krusei (ATCC 6258) and C. parapsilosis (ATCC 22019) were used as quality control isolates in each test
as directed by the CLSI. The clinical breakpoints to echinocandins are detailed below.

2.3. Echinocandins’ Breakpoints

Until now, there have been no established breakpoints for echinocandins (or any other antifungal
class) regarding the species belonging to the C. haemulonii complex. To overcome this problem,
researchers working with this fungal complex, as well as “newly identified” Candida species,
have generally been using a comparative perspective in order to interpret and discuss antifungal
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susceptibilities. Results are normally presented as CLSI breakpoints which have been established
for the Candida genus (CLSI document M27S3 [15]) in order to have a minimum (even if not precise)
parameter to interpret this kind of experiment. Alternatively, a possible option is to compare the
MIC values of C. haemulonii complex with the breakpoints established for non-albicans Candida
species (e.g., C. glabrata, C. tropicalis, C. krusei, C. parapsilosis and C. guilliermondii) as recently
suggested by the CLSI (document M27S4 [16] and protocol M60 [17]). However, this approach
varies depending on the particular Candida species, since each presents its own breakpoint for each
of the echinocandin drugs used. Moreover, the CDC (USA) recently published on its website
(https://www.cdc.gov/fungal/candida-auris/c-auris-antifungal.html) a proposal of echinocandins’
breakpoints for C. auris, a phylogenetically related species to the C. haemulonii complex, as follows:
resistant breakpoint for caspofungin is ≥2 mg/L and for micafungin and anidulafungin, ≥4 mg/L.
After contemplating these various viewpoints, we chose to use, herein, the breakpoints available for
Candida spp. in the CLSI document M27-S3 [15], which considers as susceptible the strains having MIC
values ≤2 mg/L and non-susceptible those with MIC values >2 mg/L for the three clinically available
echinocandins; a MIC summary table was prepared.

2.4. Effects of Echinocandins on the Biofilm Formed by the C. haemulonii Species Complex

Fungal suspensions in Sabouraud broth (200 μL containing 106 yeast cells) were transferred into
each well of a flat-bottom 96-well polystyrene microtiter plate and incubated without agitation at 37 ◦C
for 48 h, which has been shown to be the best incubation time for biofilm formation by species belonging
to the C. haemulonii complex [18]. Afterwards, the biofilm supernatant fluids were carefully removed,
washed once with sterile phosphate-buffered saline (PBS; 10 mM NaH2PO4, 10 mM Na2HPO4, 150 mM
NaCl, pH 7.2) and then 200 μL of Roswell Park Memorial Institute Medium (RPMI) 1640 medium
containing different concentrations of echinocandins (range 0.25–8 mg/L) were added to each well.
RPMI 1640 medium without echinocandins was used as a positive control and medium-only blanks
were used as the negative control. The biofilms were then incubated at 37 ◦C for an additional 48 h.
Afterwards, the supernatant fluids were carefully removed and the wells were washed twice with
PBS to remove any non-adherent cells. Finally, two classic biofilm parameters (biomass and metabolic
activity/viability) were measured as described below. The results were expressed as percentage of
reduction of both viability and biomass. The minimal biofilm eradication concentration (MBEC)
was achieved, considering the lowest concentration of each echinocandin capable of causing a 50%
reduction in the biofilm viability [19].

2.4.1. Viability Assay

The viability of the fungal cells forming the biofilm was determined using a colorimetric assay
that measures the metabolic reduction of 2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT; Sigma-Aldrich) to a water-soluble brown formazan
product [20,21]. A XTT/menadione solution was prepared as follows: 2 mg of XTT was dissolved in
10 mL of pre-warmed PBS solution supplemented with 100 μL of a menadione stock solution (made
by dissolving 55 mg of menadione in 100 mL of acetone). The XTT/menadione solution (200 μL)
was added to all wells containing the biofilms (see Section 2.4 above) and incubated in the dark at
37 ◦C for 3 h. One hundred microliters of the supernatant from each well were then transferred to a
new microplate and the colorimetric readings were measured at 492 nm using a microplate reader
(SpectraMax M3; Molecular Devices, Sunnyvale, CA, USA) [21].

2.4.2. Biomass Measurement

Biomass quantification was assessed as described by Peeters et al. [20]. Firstly, biofilms (see Section 2.4
above) were fixed by adding 200 μL of 99% methanol for 15 min. The supernatant was then discarded.
Microtiter plates were air-dried for 5 min and then 200 μL of 0.4% crystal violet solution (stock
solution diluted in PBS; Sigma-Aldrich) were added to each well and the plates then incubated at room
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temperature for 20 min. After discarding the crystal violet solution, the wells were washed once with
PBS to remove excess stain and the biomass in each well was then decolorized by adding 200 μL of
33% acetic acid for 5 min. One hundred microliters of the acetic acid solution were transferred to a
new 96-well plate and the absorbance measured at 590 nm using a microplate reader (SpectraMax M3;
Molecular Devices) [21].

2.5. Biofilm Architecture: Confocal Laser Scanning Microscopy (CLSM) Assay

Biofilms were formed on a polystyrene surface and treated as described above with different
concentrations of micafungin (0.5–2.0 mg/L). Then, the biofilms were stained with Calcofluor white
(Sigma-Aldrich) solution (5 μg/mL) for 1 h at room temperature and protected from the light [21–23].
Subsequently, the biofilms were washed twice with PBS and covered with n-propyl-gallate for
observation using a confocal microscope (Leica TCS SP5 with OBS, Berlin, Germany). Fiji ImageJ2
software (UW-Madison LOCI, Madison, WI, USA), was used to obtain three-dimensional (3-D)
reconstitutions of the biofilms [21,24]. In this way, image analysis was performed using z-series image
stacks from five randomly chosen spots on each biofilm [21].

2.6. Literature Review

This exercise involved the compilation of available data regarding the susceptibility of
the C. haemulonii species complex to echinocandins. The literature search was performed on
19 July 2020 using the following four databases: PubMed (https://pubmed.ncbi.nlm.nih.gov), Web of
Science (https://webofknowledge.com), Google Scholar (https://scholar.google.com) and Scielo
(https://scielo.org/). The term “Candida haemulonii” was added in the category “title/abstract”
in the PubMed Advanced Search Builder and in the Web of Science databases, while in Google Scholar
the search was conducted in the advanced search area, including the term “Candida haemulonii”
and selecting the option “with the exact phrase in the title”; finally, for the Scielo database, we only
used the search term “Candida haemulonii” in the general search. Papers available in English and
published after the reclassification of the C. haemulonii complex by Cendejas-Bueno et al. [5] were
selected. Subsequently, the list of results from each database was exported to the EndNote® software
(version X1), using the “Output Records” tool in order to eliminate possibly duplicated references by
means of the “Find Duplicates” tool. Finally, the papers were individually analyzed in order to select
those that described either MIC or geometric-mean (GM)-MIC values of the C. haemulonii complex
for echinocandins.

2.7. Statistics

All experiments were performed in triplicate, in three independent experimental sets. The results
were analyzed statistically by the Analysis of Variance One-Way ANOVA (comparisons between three
or more groups). All analyzes were performed using the GraphPad Prism5 program. For all analyses,
p values of 0.05 or less were considered statistically significant.

3. Results and Discussion

3.1. Susceptibility of Planktonic Cells of the C. haemulonii Species Complex to Echinocandins

According to the breakpoints suggested in the M27S3 document published by CLSI, the planktonic
cells of all clinical isolates of the C. haemulonii complex tested herein were considered susceptible to
echinocandins, with MIC values ranging from 0.125 to 0.5 mg/L for caspofungin and 0.25–0.5 mg/L
for micafungin (Table 1). For instance, a recent report described the successful use of caspofungin
(MIC of ≤0.125 mg/L) in the treatment of a case of catheter-related candidemia caused by C. haemulonii
in a pediatric patient in Mexico [25], whose fungal isolate exhibited in vitro high MICs for azoles
(fluconazole MIC ≥ 256 mg/L, posaconazole ≥ 8 mg/L, itraconazole, ketoconazole and voriconazole
≥ 16 mg/L) and amphotericin B (MIC 1–2 mg/L). Some years before, a catheter-related candidemia in

90



J. Fungi 2020, 6, 201

an adult patient hospitalized for a long period was only resolved when fluconazole treatment was
replaced by caspofungin [4].

Table 1. MIC values of echinocandins against the C. haemulonii species complex studied herein.

Fungal Species MIC (mg/L)

Isolates Caspofungin b Micafungin

C. haemulonii
LIPCh2 0.5 0.25
LIPCh3 0.5 0.5
LIPCh4 0.5 0.5
LIPCh7 0.25 0.25

LIPCh12 0.125 0.25
GM-MIC a 0.33 0.33

Arithmetic mean 0.37 0.35
C. duobushaemulonii

LIPCh1 0.125 0.25
LIPCh6 0.25 0.5
LIPCh8 0.125 0.25

LIPCh10 0.25 0.25
GM-MIC 0.18 0.30

Arithmetic mean 0.19 0.31
C. haemulonii var. vulnera

LIPCh5 0.25 0.25
LIPCh9 0.25 0.25

LIPCh11 0.5 0.25
GM-MIC 0.32 0.25

Arithmetic mean 0.33 0.25

Overall GM-MIC 0.26 0.30

Overall arithmetic mean 0.30 0.31

a GM-MIC, geometric mean-minimal inhibitory concentration. b Similar results were reported in our previously
published paper [6]. Journal of Antimicrobial Chemotherapy (JAC) provided the permission to reproduce this set
of results.

In general, echinocandins are highly active in vitro against species comprising the C. haemulonii
complex [7,26–29], but the existence of isolates resistant to this class of antifungals has already been
reported [4,5,30]. Herein, we conducted a careful review of the literature regarding the susceptibility
of the C. haemulonii species complex to the three clinically available echinocandins, including only
papers published after the species reclassification and the creation of the C. haemulonii complex [5].
Using the keyword “Candida haemulonii” in the search section, 148, 63, 46 and 5 publications were
located from the Web of Science, PubMed, Google Scholar and Scielo databases, respectively (Table 2).
However, only a small fraction of these published papers (varying from 12.2%–28.3%) cited the in vitro
susceptibility profile of the C. haemulonii species complex against echinocandins. In this sense,
we recovered a total of 21 distinct papers that fitted our established criteria and, for these reasons,
they were selected for data extraction as follows: 5 (23.8%) papers studied the three members forming
the C. haemulonii complex, 6 (28.6%) studied only two species (C. haemulonii and C. duobushaemulonii)
and 10 (47.6%) studied only one species (C. haemulonii, n = 6, C. duobushaemulonii, n = 3, C. haemulonii
var. vulnera, n = 1). Furthermore, 13 (61.9%) papers detailed the MIC value for each isolate investigated,
while the remaining studies (n = 8; 38.1%) only presented the geometric mean (GM)-MIC and/or
the range of MIC values for the fungal isolates against the test echinocandins. Finally, 12 (57.1%)
papers tested the three echinocandins, 5 (23.8%) used two and 4 (19.1%) tested only one echinocandin,
with caspofungin being the most frequently evaluated.
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Table 2. Number of publications retrieved from database searches using the term “Candida haemulonii”.

Database
Total Number of

Papers
Number of

Selected Papers *
References of the Selected Papers *

Web of Science 148 18 [5,7,25,29,31–44]
PubMed 63 16 [5,7,25,29,31–35,39–41,43–46]

Google Scholar 46 13 [5,7,25,29,31–33,35,36,40,44,46,47]
Scielo 5 1 [31]

The searches were conducted in PubMed (https://pubmed.ncbi.nlm.nih.gov), Web of Science (https://webofknowledge.
com), Google Scholar (https://scholar.google.com/) and Scielo (https://scielo.org) on 19 July 2020. The term “Candida
haemulonii” was added in the category “title/abstract” in the PubMed Advanced Search Builder and Web of
Science; in Google Scholar the search was conducted in the advanced search area, including the term “Candida
haemulonii” and selecting the option “with the exact phrase in the title”; in Scielo, we only searched for the
term “Candida haemulonii” in the general search. Papers published after the reclassification of the C. haemulonii
complex were included [5]. * Papers that evaluated the susceptibility of isolates of the C. haemulonii species complex
to echinocandins.

The results emanating from this literature review revealed that micafungin and anidulafungin
appeared to be more effective than caspofungin against the three species forming the C. haemulonii
complex (Table 3) [5,7,25,29,31–47]. In this respect, 89.8% of the isolates of C. haemulonii exhibited
susceptibility to caspofungin, while 96.3% and 98.4% were susceptible to micafungin and anidulafungin,
respectively. Regarding C. duboushaemulonii, 95.5% of the isolates were susceptible to caspofungin, 99.1%
to anidulafungin and 100.0% to micafungin. Finally, considering the clinical isolates of C. haemulonii
var. vulnera, 85.0% were susceptible to caspofungin, 91.7% to micafungin and 97.1% to anidulafungin.
Indeed, the MIC frequency distribution demonstrated that the modal MIC of echinocandins against
the C. haemulonii complex was ≤0.12 mg/L in almost all cases (Table 4).

Table 3. Literature compilation regarding the distribution (%) of the susceptible (S) and non-susceptible
(NS) isolates belonging to the C. haemulonii complex against echinocandins described in published
papers available until 19 July 2020.

Fungal Species Susceptibility Profile (%) *

Caspofungin Micafungin Anidulafungin

S NS S NS S NS

C. haemulonii 89.8 10.2 96.3 3.7 98.4 1.6

n = 157 n = 136 n = 185

C. duobushaemulonii 95.5 4.5 100 0 99.1 0.9

n = 111 n = 105 n = 110

C. haemulonii var.
vulnera 85.0 15.0 91.7 8.3 97.1 2.9

n = 20 n = 12 n = 35

* Antifungal susceptibility testing was interpreted according to the document M27-S3 published by CLSI; n, number
of fungal isolates; the references used to construct this table were [5,7,25,29,31–47].

Comparing the GM-MIC values of our clinical isolates (Table 1) with those compiled from the
literature reports (for these comparisons, we used the arithmetic mean of the GM-MIC values of the
selected works, as summarized in Table 5), we observed that the GM-MIC values of caspofungin
for our isolates of C. haemulonii, C. duobushaemulonii and C. haemulonii var. vulnera were higher
than those reported in the literature (0.33 mg/L versus 0.18 mg/L for C. haemulonii, 0.18 mg/L versus
0.11 mg/L, for C. duobushaemulonii and 0.32 mg/L versus 0.21 mg/L for C. haemulonii var. vulnera).
Similarly, GM-MIC values for micafungin calculated from the literature reports were lower than ours
(0.18 mg/L versus 0.33 mg/L for C. haemulonii, 0.17 mg/L versus 0.30 mg/L for C. duobushaemulonii,
and 0.13 mg/L versus 0.25 mg/L for C. haemulonii var. vulnera). Finally, based on the analysis of the
literature data, anidulafungin also produced low GM-MIC values for the three fungal species of the
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C. haemulonii complex (GM-MICs of 0.16, 0.32 and 0.06 mg/L for C. haemulonii, C. duobuhaemulonii and
C. haemulonii var. vulnera, respectively).

Table 4. MIC distribution of C. haemulonii complex isolates obtained from the literature review against
the three echinocandins.

Drug a

Species
MIC (mg/L)

MIC50
b MIC90

c

≤0.015 0.03 0.06 0.12 0.25 0.5 1 2 4 8 16 >16 Range

CAS
Ch 19 17 14 12 6 1 1 1 14 0.03–>16 0.12 >16
Cd 3 14 18 20 9 4 1 1 1 3 ≤0.015–>16 0.12 0.5

Chv 2 5 4 3 0.12–>16 0.25 >16
MCF

Ch 8 12 28 8 4 1 4 ≤0.015–>16 0.06 0.25
Cd 2 12 36 12 3 1 0.06–0.5 0.06 0.12
Chv 1 4 1 0.06–>16 0.12 0.12

ANF
Ch 27 14 19 10 3 1 1 2 ≤0.015–>16 0.03 0.12
Cd 11 8 17 16 15 4 3 1 1 ≤0.015–4 0.12 0.5
Chv 8 1 4 1 ≤0.015–>16 ≤0.015 0.06

a CAS, caspofungin; MCF, micafungin; ANF, anidulafungin; b MIC50, MIC at which 50% of isolates were inhibited;
c MIC90, MIC at which 90% of isolates were inhibited; Modal MICs are indicated with underlined numbers;
MIC values of <0.03 were allocated as ≤0.015; Clinical and Laboratory Standards Institute (CLSI) document M27S3
suggests the following breakpoints for echinocandins against Candida spp.: susceptible ≤ 2 mg/L and non-susceptible
> 2 mg/L; the references used to construct this table were [5,29,31,34,35,38–42,44,46,47].

Table 5. Literature review on the antifungal susceptibility of different isolates of the C. haemulonii
complex to echinocandins.

Reference
Number

Fungal Species
(Number of Isolates)

GM-MIC (Range) *

Caspofungin Micafungin Anidulafungin

[5] • Ch (n = 19) 11.10 (#) (0.25–>16) 0.17 (#) (<0.03–>16) 0.06 (#) (<0.03–>16)
Cd (n = 7) 5.38 (#) (0.5–>16) 0.06 (0.06–0.12) 0.08 (#) (<0.03–4)

Chv (n = 4) 11.31 (#) (0.5–16) 0.40 (#) (0.06–>16) 0.20 (#) (<0.03–>16)
[29] • Ch (n = 14) 0.12 (0.125–0.5) - 0.015 (0.015–0.015)

Cd (n = 9) 0.22 (#) (0.06–16) - 0.06 (0.015–0.5)
Chv (n = 8) 0.26 (0.125–0.5) - 0.016 (0.015–0.03)

[33] • Ch (n = 6)/Chv (n = 1) 0.18 (0.06–1) 0.27 (0.125–1) 0.45 (0.25–1)
Cd (n = 8) 0.13 (0.06–0.25) 0.38 (0.125–1) 0.54 (0.5–1)

[7] • Ch (n = 26) ND (0.03–0.5) ND (0.06–0.5) ND (0.015–0.5)
Cd (n = 5) ND (0.06–0.12) ND (0.06–0.12) ND (0.06–0.25)

[35] ◦ Ch (n = 3) 0.5 (0.5–0.5) 0.19 (0.12–0.5) 0.03 (0.03–0.03)
[39] ◦ Cd (n = 2) - 0.12 (0.06–0.25) 0.04 (0.03–0.06)
[40] ◦ Ch (n = 3) 0.10 (0.06–0.125) 0.20 (0.125–0.25) -
[44] ◦ Ch (n = 38) 0.06 (#) (0.03–16) 0.04 (<0.08–0.12) 0.05 (0.03–0.25)

Cd (n = 55) 0.07 (0.016–0.5) 0.06 (0.016–0.25) 0.13 (0.016–2)
[32] • Ch (n = 7) 0.19 (0.06–1) 0.28 (0.125–1) 0.44 (0.25–1)

Cd (n = 5) 0.14 (0.06–0.25) 0.35 (0.125–1) 0.56 (0.5–1)
[45] • Ch (n = 21) - - 0.10 (0.06–0.25)

Cd (n = 13) - - 0.10 (0.03–0.5)
Chv (n = 15) - - 0.13 (0.03–0.25)

[43] • Ch (n = 32) 0.104 (ND) 0.106 (ND) 0.103 (ND)
[36] • Ch (n = 16) 0.13(#) (0.015–8) 0.11(#) (0.03–8) 0.09 (0.015–0.5)

Cd (n = 3) 5.03(#) (1–16) 0.06 (0.015–0.06) 0.79 (0.5–2)
Chv (n = 5) 0.12 (0.06–0.25) 0.14 (0.12–0.25) 0.05 (0.015–0.12)

[42] ◦ Ch (n = 4) 0.06 (0.03–0.12) - -
[47] ◦ Chv (n = 2) 0.25 (0.25–0.25) 0.12 (0.12–0.12) 0.06 (0.06–0.06)
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Table 5. Cont.

Reference
Number

Fungal Species
(Number of Isolates)

GM-MIC (Range) *

Caspofungin Micafungin Anidulafungin

Arithmetic
mean of
overall

GM-MIC,
except for the

resistant
strains(#)

Ch 0.18 ± 0.15 0.18 ± 0.09 0.16 ± 0.18
Cd 0.11 ± 0.04 0.17 ± 0.15 0.32 ± 0.30
Chv 0.21 ± 0.08 0.13 ± 0.01 0.06 ± 0.05

* GM-MIC, geometric mean of the minimal inhibitory concentrations expressed in mg/L; • Values of GM-MIC
obtained directly from the papers; ◦ Values of GM-MIC calculated by us from the MIC values for each isolate
mentioned in the articles; Ch, C. haemulonii; Cd, C. duobushaemulonii; Chv, C. haemulonii var. vulnera; n, number of
isolates studied; arithmetic mean of overall GM-MIC calculated from the GM-MIC of the different papers; ND, not
determined; -, no isolates were tested.

In summary, the majority of literature reported GM-MIC concentration values of <0.5 mg/L for
the three echinocandins against the C. haemulonii species complex. Nevertheless, two works warranted
specific attention: Cendejas-Bueno et al. [5], in which the GM-MIC values for caspofungin for the three
members of the C. haemulonii complex were disproportionately high in comparison to our present
results and those given in the other literature publications; and Isla et al. [36], in which the GM-MIC
value obtained for caspofungin against the C. duobushaemulonii isolates was considerably higher
(Table 5). A possible explanation for the high MIC values found in the aforementioned papers is the
possible occurrence of paradoxical growth effect (also known as the Eagle effect), that is characterized
by reduced activity of the antifungal agents at high concentrations. In fact, Cendejas-Bueno et al. [5]
stressed this discussion in their study, but in a superficial way. A recent study conducted with 106
clinical isolates of C. auris demonstrated that the vast majority of isolates were susceptible to the
echinocandins; however, they exhibited different intensities of paradoxical growth effect in the presence
of caspofungin, whilst four isolates were resistant to echinocandins and had a mutation in hot spot
region 1 of the FKS gene [48]. Interestingly, those isolates presenting paradoxical growth effect were
susceptible to caspofungin at doses used in human treatment, while those with FKS1 mutation were
still resistant in a murine model of invasive candidiasis, demonstrating that only the isolates with the
mutations display in vivo echinocandin resistance [48].

3.2. Effects of Echinocandins on the Biofilm Formed by C. haemulonii Species Complex

In order to evaluate the effects of echinocandins (caspofungin and micafungin) on the viability and
biomass of the biofilms formed by the clinical isolates of the C. haemulonii complex, the mature biofilms
were firstly incubated with different concentrations of the antifungals and then analyzed. The metabolic
activity of viable fungal cells was assessed by their ability to reduce XTT to formazan, whilst the
decrease in biofilm biomass was measured spectroscopically by looking at the incorporation of crystal
violet into methanol-fixed, non-viable cells (Figures 1 and 2). In general, the test echinocandins were
found to be more efficient at reducing cell viability than decreasing the biomass of the C. haemulonii
complex biofilms.

The decrease of both viability and biomass parameters by caspofungin was isolate-dependent.
At the lowest concentration used (0.25 mg/L) this echinocandin caused a statistically significant
reduction in the viability of all of the fungal cells tested (p < 0.05; One-way ANOVA analysis of variance,
Dunnett’s multiple comparison test), varying from 30–80% among the different isolates (Figure 1).
However, caspofungin was unable to reduce the biomass of some of the C. haemulonii isolates (LIPCh2,
LIPCh3 and LIPCh4) even at the highest concentration used. Nevertheless, for the remaining fungal
isolates the drug caused a biomass reduction of up to 60% (mainly against the C. duobushaemulonii
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isolates) (Figure 2). The isolates LIPCh2 (C. haemulonii), LIPCh1 (C. duobushaemulonii) and LIPCh5
(C. haemulonii var. vulnera) were less susceptible to caspofungin at the higher concentrations (Figure 1).

Figure 1. Cell viability of biofilms formed by clinical isolates comprising the C. haemulonii complex
exposed to different concentrations of echinocandins (caspofungin and micafungin). The results
were assessed spectroscopically (492 nm) by XTT reduction and expressed as the mean of metabolic
activity percentages compared to untreated biofilms (control), which correspond to 100%. The graphs
exhibit the mean ± standard deviation of three independent experiments. The dashed boxes represent
the concentrations of echinocandins that caused statistically significant reduction of cell viability in
relation to the respective control (p < 0.05; One-way ANOVA analysis of variance, Dunnett’s multiple
comparison test).

Figure 2. Biomass of biofilms formed by clinical isolates comprising the C. haemulonii species complex
exposed to different concentrations of echinocandins (caspofungin and micafungin). The amount of
crystal violet incorporated by the cells was assessed spectroscopically (absorbance at 590 nm) and
the results expressed as the mean of biomass percentages compared to untreated biofilms (control),
which correspond to 100%. The graphs show the mean ± standard deviation of three independent
experiments. The dashed boxes represent the concentrations of echinocandins that caused a statistically
significant reduction in biomass in relation to the respective control (p < 0.05; One-way ANOVA analysis
of variance, Dunnett’s multiple comparison test).
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Micafungin proved to be more effective than caspofungin at disturbing both biofilm viability and
biomass. A decrease in biofilm viability of up to 60% was seen among most of the clinical isolates,
especially against C. duobushaemulonii and C. haemulonii var. vulnera (Figure 1). Unlike caspofungin,
micafungin showed a decrease of up to 60% on the biofilm biomass of C. haemulonii isolates, with the
exception of isolate LIPCh4, which forms a very dense and robust biofilm (Figure 2). For the
C. duobushaemulonii and C. haemulonii var. vulnera isolates, micafungin reduced biomass in the range
20–60% (Figure 2). In summary, the lowest concentration of micafungin used was able to significantly
reduce the cell viability and the biomasses of biofilms formed by all of the test isolates, expect for the
biomass of one isolate.

The determination of MBEC, which was defined as the lowest antifungal concentration able to
reduce the biofilm viability in 50% [19], revealed that the biofilms of all isolates remained susceptible
to echinocandins, with the exception of the isolate LIPCh4 of C. haemulonii (Table 6). This fact could be
explained by the ability of the isolate LIPCh4 to form very robust biofilm on polystyrene in comparison
with the other isolates [18,21], hampering the action of echinocandins due to the high amount of fungal
cells-forming the biofilm architecture as well as due to the high production of extracellular matrix that
can block the antifungal penetration into the biofilm structure.

Table 6. Minimal biofilm eradication concentration (MBEC) to echinocandins against C. haemulonii complex.

Echinocandins

MBEC (mg/L)

C. haemulonii Isolates C. duobushaemulonii Isolates C. haemulonii var.
vulnera Isolates

Ch2 Ch3 Ch4 Ch7 Ch12 Ch1 Ch6 Ch8 Ch10 Ch5 Ch9 Ch11

Caspofungin 0.5 2 >8 0.25 0.25 <0.25 <0.25 <0.25 0.25 0.25 0.25 0.25
Micafungin 0.25 0.5 8 <0.25 <0.25 <0.25 0.5 0.25 0.25 0.25 <0.25 <0.25

As micafungin was more active than caspofungin against the mature biofilms formed by the C.
haemulonii species complex it was chosen for further studies. In order to verify the 3-D organization of
the biofilms following exposure to micafungin two isolates of C. haemulonii were selected: LIPCh3,
to represent the isolates having susceptible biofilms, and LIPCh4, to represent isolates forming resistant
biofilms. CLSM analysis was conducted using Calcofluor white, which binds to the chitin in the fungal
cell wall, to evidence the biofilm biomass. The CLSM analysis corroborated the results observed by
crystal violet approach, with the lowest antifungal concentration used causing a drastic reduction in
the biofilm biomass of LIPCh3, whilst even the highest concentration of micafungin failed to affect the
biofilm formed by LIPCh4 (Figure 3).

Until now, no information has been available in the literature regarding the activity of conventional
antifungal agents against the biofilm formed by the C. haemulonii species complex. A recent study
conducted with C. auris, which belongs to the C. haemulonii clade, showed that, despite the susceptibility
of planktonic cells to echinocandins and amphotericin B, the biofilms were not vulnerable, exhibiting
MBECs which were 512-fold higher than their planktonic MIC counterparts [19]. Actually, the biofilm
formed by C. auris is not as robust as those arising from C. albicans and C. glabrata, but its tolerance to the
major classes of antifungal agents is notable, especially for amphotericin B and micafungin, which are the
recommended antifungal therapeutics for infections caused by C. albicans biofilms [49]. The antifungal
tolerance of the C. auris biofilm has been shown to be phase-dependent, with the mature biofilms
resistant to the three available antifungal drug classes [50]. On the other hand, micafungin has been
shown to be effective against both planktonic and biofilm-forming C. albicans cells, while its effectiveness
against C. parapsilosis was considered to be moderate [51]. Additionally, micafungin concentrations
>2 mg/L prevented the regrowth of Candida biofilm cells [51]. Regarding the C. parapsilosis complex,
caspofungin was more active against biofilms of C. orthopsilosis than C. parapsilosis sensu strictu,
with 20% and 86% of isolates resistant to this antifungal, respectively, suggesting that a treatment of
catheter-related candidemia caused by C. orthopsilosis with caspofungin would be more effective than
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against C. parapsilosis sensu strictu [52]. A study, conducted with five different Candida species recovered
from cases of bloodstream infections demonstrated both species-specific and drug-specific differences
in Candida biofilms regarding their susceptibility to echinocandins [53]. In this sense, while C. albicans
and C. krusei biofilms were susceptible to the three clinically available echinocandins, C. lusitaniae,
C. guilliermondii and C. parapsilosis were quite resistant to them [53]. In addition, micafungin seemed to
be the most effective echinocandin against C. parapsilosis biofilms, presenting lower MBECs against this
Candida species in comparison to caspofungin and anidulafungin [53]. These observations reinforce the
need to determine the correct identification of the actual fungal species causing the candidiasis infection
and, further, to assess its antifungal susceptibility profile against both planktonic and biofilm-forming
cells in order to choose the best therapeutic option for each case.

Figure 3. Representative confocal laser scanning microscopy (CLSM) images of the biofilms formed by
C. haemulonii on a polystyrene surface. Yeasts (200 μL containing 106 cells) were placed to interact with the

97



J. Fungi 2020, 6, 201

polystyrene for 48 h at 37 ◦C. Subsequently, the supernatant fluids were removed and washed with
PBS, and 200 μL of RPMI 1640 medium containing different concentrations of micafungin were added.
The biofilms were incubated at 37 ◦C for an additional 48 h. Afterwards, the supernatant fluids were
carefully removed again, and the wells were washed twice with PBS to remove non-adherent cells.
Finally, the biofilms were stained with Calcofluor white in order to evidence the fungal biomass.
The panels on the left represent the top view images of the fungal biofilms visualized by Confocal
Laser Scanning Microscopy (CLSM) (bars represent 5 μm). The graphs on the right represent the
three-dimensional reconstruction of the biofilms formed. The isolate LIPCh3 of C. haemulonii (A)
was chosen to represent susceptible biofilms, while the isolate LIPCh4 of C. haemulonii (B) represents
resistant biofilms.

Furthermore, we observed that one isolate of each species forming the C. haemulonii complex
showed a smaller reduction in cell viability when incubated in the presence of higher concentrations
of the echinocandins. This phenomenon is called paradoxical growth, and it corresponds to the
decreased sensitivity to echinocandins in the presence of concentrations higher than the MIC values.
To date, the evidence strongly suggests that this paradoxical effect is more commonly associated with
caspofungin than either micafungin or anidulafungin [54]. This effect has already been documented for
biofilms formed by other Candida species, such as C. albicans [53,55], C. parapsilosis [53], C. tropicalis [55]
and C. dubliniensis [56].

To finalize, we recognize some of the limitations associated with the present study, such as
the limited number of isolates used and the exclusion of anidulafungin. The experiments were
conducted with only 12 clinical isolates of the C. haemulonii complex due to the difficulties in obtaining
more isolates, since it is quite a rare fungal complex. Additionally, we tested only two of the three
echinocandins currently in clinical use, and this was because at the time the experiments were conducted
anidulafungin was not available for scientific research purposes.

4. Conclusions

In addition to their own clinical conditions, hospitalized patients are at constant risk of acquiring
contagions associated with the hospital environment. Biofilm-related Candida infections represent
an important and worrisome threat to these patients, and there is a limited number of available
antifungal agents of sufficient potency to break down these highly resistant structures. In this sense,
echinocandins are considered highly active against various Candida species and the results presented
herein reinforce the potential of echinocandins to treat biofilm-related infections caused by the emergent
and multidrug-resistant species comprising the C. haemulonii complex.
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Abstract: The number of effective therapeutic strategies against biofilms is limited; development of novel
therapies is urgently needed to treat a variety of biofilm-associated infections. Quorum sensing is a special
form of microbial cell-to-cell communication that is responsible for the release of numerous extracellular
molecules, whose concentration is proportional with cell density. Candida-secreted quorum-sensing
molecules (i.e., farnesol and tyrosol) have a pivotal role in morphogenesis, biofilm formation, and virulence.
Farnesol can mediate the hyphae-to-yeast transition, while tyrosol has the opposite effect of inducing
transition from the yeast to hyphal form. A number of questions regarding Candida quorum sensing
remain to be addressed; nevertheless, the literature shows that farnesol and tyrosol possess remarkable
antifungal and anti-biofilm effect at supraphysiological concentration. Furthermore, previous in vitro and
in vivo data suggest that they may have a potent adjuvant effect in combination with certain traditional
antifungal agents. This review discusses the most promising farnesol- and tyrosol-based in vitro and
in vivo results, which may be a foundation for future development of novel therapeutic strategies to
combat Candida biofilms.
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1. Introduction

It has been estimated that there are 2.2 to 3.8 million fungal species worldwide; however,
approximately 300 species have been described to cause human disease [1]. Candida species are
among the most common human fungal pathogens. The annual incidence rate of Candida-associated
bloodstream infections ranged from 9.5 to 14.4 per 100,000 in the United States of America [2]. This value
ranged from 1.4 to 5.7 per 100,000 in Europe, depending on the country [3]. In the last two decades,
the prevalence of resistant fungal infections has been steadily increasing due to the widespread use of
antifungals in agriculture and veterinary and human medicine [4,5]. Global warming and anthropogenic
effects have resulted in the emergence of previously little-known, potentially multi-resistant fungal
pathogens in clinical practice, such as Candida auris, azole-resistant Aspergillus spp., or Lomentospora
prolificans. These emerging pathogens have caused further challenges for therapy [6,7].

Several fungal species can switch their morphology from yeast to hyphal or pseudohyphal forms,
which is coupled with biofilm formation and plays a pivotal role both in fungal virulence and in resistance
to antifungals [8–10]. The increased number of biofilm-associated infections is exacerbated by a paucity
of antifungal agents or therapeutic strategies in development that have unique mechanisms of action or
possess alternative approaches, respectively [11]. Currently, the most promising antifungal agents are
already in Phase 3 including ibrexafungerp [12], rezafungin [13], super bioavailable itraconazole [14],
and VT-1161 [15]. Recently investigated alternative therapeutic approaches involve high-dose therapy with
available antifungal agents [16–18], antifungal lock therapy [19], and combination-based therapies [20,21].
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Based on in vitro and in vivo data, echinocandins and amphotericin B solutions are the most promising
combination-based and/or antifungal lock strategies [19]. Further innovative therapeutic approaches
may be the natural products-based treatments [22,23]. One of the more well-studied compounds is
carbohydrate-derived fulvic acid as a heat stable colloidal material, which has an inhibitory effect on
Candida and bacterial biofilm formation [24]. Moreover, a further alternative approach is the treatments
disrupting quorum sensing. The usage of quorum sensing molecules at supraphysiological concentration
may adversely influence the cell-to-cell communication in biofilms [25–27]. In addition, the quorum-sensing
system can be inactivated, which is generally known as quorum quenching. Quorum quenching can
be triggered by inhibiting the production of quorum sensing molecules, their detection by receptors or
their degradation [28].

In this review, a detailed overview is provided of the recent status of quorum-sensing
molecule-based therapeutic approaches and their potential future perspectives against Candida biofilms.

2. The Medical Importance of Candida Biofilms

Despite their importance, Candida biofilms remain a relatively underappreciated and understudied
area. Therefore, effective therapeutic strategies against these sessile communities remain scarce.
Biofilms are usually found in medical devices such as joint prostheses, pacemakers, urinary and
central venous catheters, dentures, and mechanical heart valves, hindering the eradication of Candida
infections [10]. In addition, several chronic Candida-related diseases are also associated with biofilm
development [29]. Biofilm formation on the vaginal mucosa has been observed in in vivo models
of vulvovaginal candidiasis [30]. Oral- and oesophageal mucosae-associated biofilms are a very
important contributor to oral diseases caused by Candida species; gastrointestinal and urogenital tracts
are also common sites of Candida-associated opportunistic infections [31]. Candida is one of the most
commonly identified fungal genera in wounds whose environment can also promote the formation of
biofilms [32]. A series of recent studies has indicated that strains defective in hyphal formation display
significantly milder symptoms, highlighting the role of biofilm formation in pathogenesis of these
chronic or recurrent infections [30,33].

These sessile communities exhibit five- to eightfold higher resistance to all licenced antifungal
drugs when compared to their planktonic counterparts [10]. This high rate of resistance can be
explained by the increased metabolic activity of cells in the early development phase of biofilm
formation [10]. On the other hand, dormant, non-proliferating persister cells have also been observed,
especially in mature biofilms, that have demonstrated high tolerance to antifungals [34]. Furthermore,
the various Candida species can produce dense extracellular polymeric substances which serve as a
solid barrier to prevent the diffusion of antifungal drugs and account for almost 90% of the biofilm dry
mass [10]. As has been previously reported in the literature, sessile Candida communities exhibit an
altered gene expression profile, including the upregulation of CDR and MDR genes which encode
azole resistance transporter proteins, and pose further challenges for treatment [35].

To date, there is no definitive therapy against Candida biofilms; nevertheless, there are several
promising in vitro, in vivo and clinical results. The increasing number of resistant Candida species and
isolates highlight the need for new molecules with new targets. Alternative therapeutic approaches
against multidrug-resistant fungal biofilms may be the result of a combination of traditional antifungal
agents with quorum-sensing molecules [36].

3. Fungal Quorum Sensing

A major mechanism of microbial communication is a population density-dependent
stimulus-response system called quorum sensing. This process occurs by the continuous release and
monitoring of low molecular weight hormone-like secreted molecules (quorum-sensing molecules),
which are not elementary in the central metabolism but have a variety of biological activities.
The concentration of these quorum-sensing molecules is proportional with the size of population;
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after reaching a critical threshold, a response is triggered leading to the coordinated expression or
repression of quorum sensing-related target genes [37].

In the fungal kingdom, quorum sensing was a relatively unknown phenomenon until
Hornby et al. (2001) described the effect of the isoprenoid farnesol on Candida albicans morphogenesis;
this opened a new branch of science focusing on fungal quorum sensing [38]. At the same time,
quorum sensing has been already reported in Aspergillus spp. [39] and Penicillium spp. [40]. To date,
four main quorum-sensing molecules were described including farnesol, tyrosol, phenylethanol,
and tryptophol, which have a remarkable effect on the regulation of morphogenesis (yeast to hyphae
transition and vice versa), initiation of fungal apoptosis, and virulence [41].

Recently, several authors reported that certain quorum-sensing molecules may generate oxidative
stress, especially at supraphysiological concentrations, which may have an antifungal effect [42–45].
The majority of data concerning fungal quorum sensing molecule-related therapeutic potential derived
from C. albicans experiments, and these results cannot be always directly extrapolated to non-albicans
species. Recently, the number of studies dealing with the effect of quorum-sensing molecules on
non-albicans species has steadily increased, supporting the comprehensive understanding of the in vitro
and in vivo antifungal effects exerted by these molecules.

4. Farnesol

4.1. Physiological Effect of Farnesol in Candida Species

Farnesol (3,7,11-trimethyl-2,6,10-dodecatriene-1-ol) was the first described Candida-derived
quorum sensing molecule; it is released in C. albicans as a side product of the sterol synthetic pathway
by dephosphorylation of farnesol pyrophosphate [38,46]. It is an acyclic sesquiterpene heat-stable
molecule, which is produced primarily under aerobic conditions and it is unaffected by extreme pH and
the type of carbon or nitrogen source [38,47]. Generally, the farnesol concentration is proportional to the
colony-forming unit number [38]. Under physiological conditions, C. albicans isolates secrete a farnesol
concentration with a mean of 35.6 μM (range: 13.7 to 58.5 μM) [48]. This concentration was 35 times
higher than that secreted by non-albicans species, with the exception of Candida dubliniensis, which has
demonstrated a concentration of 8.3 μM (range: 6.0 to 17.5 μM). All other non-albicans species excreted
significantly lower farnesol concentrations, ranging from 0.4 to 1 μM [48]. These differences in excretion
may be explained by the species-specific characteristics in sterol synthesis [49].

Based on a cDNA microarray analysis, a total of 274 genes were identified as responsive in
C. albicans, with 104 genes up-regulated and 170 genes down-regulated [50]. Farnesol has an ability to
influence Candida morphology, biofilm formation, drug efflux pump expression, apoptosis regulation,
phagocytic response, surface hydrophobicity, iron metabolism, and heat-shock-related pathways [50–54].
One of the most prominent farnesol-associated effects is the induction of hypha-to-yeast transition and
the inhibition of biofilm formation in various Candida species. It should be emphasized that 150-fold
more farnesol is needed to block germ-tube formation in the presence of 10% serum, showing that it
can bind to serum proteins at a high rate [55,56].

In view of this diverse role, it is not surprising that this compound influences several
central signalling pathways in different Candida species. One of the best-studied farnesol-related
pathways is the Ras1-cAMP-PKA cascade, where farnesol binds to the cyclase domain of the
adenylyl cyclase Cyr1, influencing the level of intracellular cAMP [57]. Moreover, farnesol
induces the cleavage of the small GTPase Ras1, resulting in a soluble Ras1; soluble Ras1 is a
weak activator of Cyr1 and supports the formation of yeast cells [58]. Furthermore, farnesol can
directly inhibit the cAMP signalling pathway, supporting the hypha-to-yeast transition [59]. It is
noteworthy that farnesol exposure stabilizes the Nrg1 protein, which is the negative regulator of
filamentation [60]. While farnesol was described first in C. albicans, it can inhibit filamentation and
growth in other fungal species [27,61], including Saccharomyces cerevisiae [62], Aspergillus niger [63],

105



J. Fungi 2020, 6, 99

Aspergillus flavus [64], Aspergillus nidulans [65], Penicillium expansum [66], Fusarium graminearum [67],
and Paracoccidioides brasiliensis [68].

Regarding reactive oxygen species production, the supraphysiological farnesol concentrations
(200–300 μM) are stressful for most fungi, while the physiological concentrations (30–40 μM) protect
them from stress [57]. In addition to the farnesol-related effect on growth in the case of different
microbes, the molecule also has a relevant immunomodulator effect [57,69]. Farnesol can stimulate
both macrophage chemokine synthesis or macrophage recruitment, and trigger activation of neutrophil
granulocytes and monocytes. Farnesol exposure also influences the differentiation of monocytes into
dendritic cells [57,69].

Farnesol has been reported to induce cell growth inhibition and/or apoptosis in tumor cells
where the observed IC50 values varied widely for different tumor types and different cell lines [70].
Farnesol caused 100% cell death at>120μM in A549 and H460 lung cancer cells [71]. Scheper et al. (2008)
observed an IC50 value of 30 to 60 μM for farnesol on the primary human tongue squamous cell
carcinoma cell lines (OSCC9, OSCC 25) [70]. Nagy et al. (2020) evaluated 10 μM, 50 μM, 150 μM,
and 300 μM farnesol concentrations in terms of toxicity to the Caco-2 cell line, where no toxicity was
observed with any concentration tested [45].

4.2. Antimicrobial Activity of Farnesol

At physiological concentrations, farnesol has no significant effect on Candida cells that have
already begun hyphae development or biofilm formation [25,38]. However, prior results suggest
that farnesol can cause biofilm degradation at supraphysiological concentrations, suggesting the
potential use of this compound in biofilm-associated infections [36]. In addition, several authors have
published studies demonstrating contribution of farnesol to reduced azole resistance of Candida cells,
including in biofilms [72]. This phenomenon can be explained by the modulation of Cdr1 efflux pumps,
reactive oxygen species production, or changes in glutathione homeostasis [38,61,72]. Furthermore,
farnesol has an effect on genes connected to ergosterol synthesis [46]. Dižová et al. (2018) observed
that the presence of 200 μM farnesol down-regulated the ERG20, ERG11 and ERG9 genes. However,
this farnesol concentration supplemented with 0.5 mg/L fluconazole restored the original expression
level of ERG20 and ERG11. Interestingly, the physiological farnesol concentration (~30 μM) only
slightly influences the expression of these genes in 48 h-old biofilms [73]. Chen et al. (2018) reported
that CYR1 and PDE2 regulate resistance mechanisms against various antifungals in C. albicans biofilms.
However, farnesol can diminish the resistance of C. albicans biofilms by regulating the expression of
the gene CYR1 and PDE2 [74]. Yu et al. (2012) observed that the sterol biosynthetic pathway may
contribute to the inhibitory effects of farnesol, as the transcription levels of the ERG11, ERG25, ERG6,
ERG3, and ERG1 genes decreased following farnesol exposure [75]. Jabra-Rizk et al. (2006) showed that
farnesol concentrations of 30–50 mM decrease the fluconazole MICs for C. albicans and C. dubliniensis
from resistant values to a susceptible dose-dependent range, while concentrations of 100–300 mM
resulted in fluconazole susceptibility [76].

One of the first major breakthroughs in combination-based experiments with farnesol and
antifungals was published by Katragkou et al. (2015), who found a significant synergy against
C. albicans 48 h-old biofilms between fluconazole, amphotericin B, and micafungin in the presence of
farnesol [26]. The highest synergistic effect was observed in the case of micafungin combined with
farnesol using fractional inhibitory concentration index determination and Bliss independence analysis.
Based on the Bliss model, the observed effects were 39–52% higher compared to the expected efficacy if
the drugs had been acting independently [26]. It should be noted that synergism was observed only
in the case of farnesol/micafungin and farnesol/fluconazole based on calculated fractional inhibitory
concentration indices, suggesting the usage of multiple analytical approaches for investigation of
drug-drug interaction [26].

Regarding non-albicans species, Kovács et al. (2016) showed that farnesol consistently enhanced
the activity of caspofungin and micafungin, as concordantly shown in two independent experimental
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settings (chequerboard dilution and time–kill experiments) [27]. Fernández-Rivero et al. (2017) reported
that a supraphysiological farnesol concentration (300 μM) improved the activity of amphotericin
B against Candida tropicalis biofilms but did not affect anidulafungin [77]. Two recent studies by
Nagy et al. concluded that farnesol significantly enhanced the activity of echinocandins and triazoles
against one-day-old C. auris biofilms in vitro, suggesting an alternative approach to overcome the
previously well-documented azole and echinocandin resistance of C. auris biofilms [45,78].

Animal experiments with farnesol raised several questions in terms of in vivo applicability of this
compound. In one of the first in vivo studies, Navarathna et al. (2007) concluded that the physiological
farnesol production may play a pivotal role as a virulence factor in fungal pathogenesis; furthermore,
exogenous oral and intraperitoneal farnesol administration (20 mM) enhances the mortality of mice in
their systemic mouse model [79]. Contrary to these results, Hisajima et al. (2008) observed a protective
effect against C. albicans in their oral candidiasis mouse model [80]. It should be noted that there was
a 1000-fold difference between the administered farnesol dosages (9 μM/mouse) in the experiments
of Hisajima et al. (2008) [80] compared to experiments performed by Navarathna et al. (2007)
(20 mM/mouse) [79]. In addition, they reported a potential gastrointestinal tract-related farnesol effect
including moderate bodyweight reduction and reduced Candida faeces burden [80]. A cocktail of
Candida-derived regulatory alcohols combined with nanomolar amounts of farnesol was reported to
have a similar protective effect by Martins et al. (2012) in their murine model of disseminated
candidiasis [81]. Bozó et al. (2016) did not find a farnesol-related protective effect against
vaginal C. albicans infection [82], in contrast to the findings of Hisajima et al. (2008) [80]. However,
both administered farnesol regimens enhanced the activity of 5 mg/kg daily fluconazole treatment
against fluconazole-resistant C. albicans strain [82]. Similar fluconazole resistance reversion was
observed in the case of planktonic cells by Jabra-Rizk et al. (2006) [76] and Cordeiro et al. (2013) [83].
Fernandes Costa et al. (2019) used nanoparticles containing farnesol alone or in combination with
miconazole; nanoparticles containing farnesol inhibited yeast-to-hyphae transition at concentrations
greater than or equal to 240 μM [84]. In addition, chitosan nanoparticles containing miconazole
(33 mg/L) and farnesol (2.1 mM) inhibited fungal proliferation and decreased the pathogenicity of
mouse vulvovaginitis infection [84]. Nagy et al. (2020) demonstrated that a daily treatment with 75 μM
farnesol decreased the C. auris kidney burden in their immunocompromised systemic mouse model,
especially when inocula was pre-exposed to farnesol [45].

The farnesol-exerted antifungal activity can be explained by the higher level of reactive oxygen
species, especially in the case of non-albicans species [43,45]. Furthermore, farnesol has an amphiphilic
property which allows for its integration into cell membranes, influencing membrane fluidity
and integrity. In the case of Candida parapsilosis and C. dubliniensis, farnesol affected the cellular
polarization and membrane permeability [61,76,85]. These observations can help further elucidate the
antifungal effect.

Farnesol has a remarkable antibacterial effect alone or in combination with traditional
antibacterial agents as demonstrated by in vitro investigations. Jabra-Rizk et al. (2006) observed
that farnesol treatment (100 μM) increases the activity of gentamicin against Staphylococcus aureus
biofilms [86]. Gomes et al. (2009) showed that farnesol exposure (300 μM) produced a relatively
long post-antimicrobial effect (>8 h) against Staphylococcus epidermidis [87], while Pammi et al. (2011)
observed that farnesol exposure at a concentration of 500 μM significantly inhibited the S. epidermidis
biofilm formation in vitro [88]. A clear synergistic interaction was observed between farnesol and
nafcillin or vancomycin against S. epidermidis sessile cells [88]. Additionally, it potentiates the activity of
beta-lactam antibiotics against antibiotic-resistant bacterium species [89]. Castelo-Branco et al. (2012)
showed a potent antimicrobial effect exerted by exogenous farnesol exposure against mature
Burkholderia pseudomallei biofilms [90]. Additionally, it increased the activity of amoxicillin, ceftazidime,
doxycycline, and sulfamethoxazole-trimethoprim, which are routinely administered for the treatment
of melioidoses [91]. Farnesol also had a synergizing effect against ciprofloxacin-resistant Pseudomonas
aeruginosa biofilms when used in combination with ciprofloxacin [92]. In vivo data also supports the

107



J. Fungi 2020, 6, 99

antibacterial efficacy of farnesol. It has been observed that 6.7 mM farnesol treatment significantly
decreased the S. epidermidis associated catheter infection and systemic dissemination [88].

Based on several studies, farnesol has a remarkable effect in Candida-bacterium mixed biofilms.
C. albicans-derived farnesol has also been shown to have an effect on the response of S. aureus
to antibiotics in mixed species biofilms. Farnesol exposure results in a significant decrease in
staphyloxantin, which is an important virulence factor of this bacterium [42]. Černáková et al. (2018)
showed that 200 μM farnesol has an inhibitory effect on C. albicans growth in mixed-species biofilms
with Streptococcus mutans [93]. Cugini et al. (2010) examined the C. albicans-P. aeruginosa mixed species
biofilms, where the C. albicans-derived farnesol enhanced P. aeruginosa quinolone signal production in
a LasR-defective strain [94].

5. Tyrosol

5.1. Physiological Effect of Tyrosol in Candida Species

Tyrosol (2-(4-hydoxyphenyl)-ethanol) is a tyrosine-derived molecule which is synthetized via either
tyramine or 4-hydroxyphenylacetaldehyde [95,96]. In the case of C. albicans, it is released into the growth
medium continuously during the exponential growth phase and is capable of decreasing the duration
of the lag phase before cells begin germination. The accumulation of tyrosol in the culture medium is
proportional to the rise of fungal cell number. While the molecule stimulates filamentation, it exclusively
promotes germ tube formation in conditions that normally induce these physiological processes [95,96].
Tyrosol exposure influences cell cycle regulation, DNA replication, and chromosome segregation in
C. albicans [95]. Additionally, it was shown to have an inhibitory effect on neutrophil granulocytes by
interfering with the oxidative stress response of these phagocytes [97,98]. Significantly more tyrosol
was secreted by C. albicans (range: 21.01 ± 0.76 to 53.40 ± 1.73 μM/1.6 × 107–5.3 × 107 cells/mL) and
C. tropicalis (range: 41.21 ± 1.21 to 48.63 ± 3.83 μM/2.6 × 107–2.7 × 107 cells/mL) than by Candida
glabrata (range: 1.3 ± 0.17 to 3.26 ± 0.33 μM/2.7 × 107–5.5 × 107 cells/mL) or C. parapsilosis (range:
1.59 ± 0.29 to 3.04 ± 0.43 μM/1.7× 107–2.3× 107 cells/mL), suggesting a possible link with virulence [99].
Tyrosol plays a pivotal role in biofilm production, where it can stimulate hypha production of C. albicans,
especially between two and six hours of biofilm development. C. albicans biofilms released at least 50%
more tyrosol when compared to planktonic cells [96].

Regarding non-albicans species, tyrosol has been recognized as inducing the biofilm-forming ability
of C. auris to grow as yeast or pseudohyphae [96]. Based on RNA-Seq analysis, tyrosol treatment resulted
in 261 and 181 differentially expressed genes with at least a 1.5-fold increase or decrease in expression in
C. parapsilosis, respectively; however, the initial adherence was not affected by the presence of tyrosol [43].
Interestingly, the ortholog of the C. albicans CZF1 gene, which is a key transcription factor of biofilm
development in C. parapsilosis, was upregulated following tyrosol exposure [43,100]. Nevertheless,
Jakab et al. (2019) did not observe higher rates of biofilm formation in the presence of tyrosol [43].
In C. parapsilosis, tyrosol exposure overexpressed the active efflux pumps and caused an enhanced
oxidative stress response, while inhibiting growth, ribosome biogenesis, and virulence. Surprisingly,
its metabolism was modulated toward glycolysis and ethanol fermentation [43]. Monteiro et al. (2015)
reported that tyrosol exposure did not induce increased adhesion in C. glabrata [101].

Regarding tyrosol related toxic effect, initial cytotoxicity was observed at concentrations of >10 mM,
3 mM, 5 mM and >15 mM for human gingival fibroblasts (GN61), human gingival epithelial cells
(S-G), human salivary gland carcinoma cells (HSG1) and colon adenocarcinomas cell line (Caco-2),
respectively [43,102].

5.2. Antimicrobial Activity of Tyrosol

Tyrosol is a relatively understudied molecule compared to farnesol in terms of potential antifungal
or anti-biofilm activity; despite this, a few studies have examined the potential use of tyrosol in
monotherapy or in combination with traditional antifungal agents against Candida species [36,72].
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Arias et al. (2016) showed that tyrosol treatment at concentrations ranging from 100 to 200 mM
exerted a significant reduction in metabolic activity against C. albicans and C. glabrata two-day-old oral
biofilms, which was proportional to a reduction in cell number [103]. Do Vale et al. (2017) showed that
tyrosol alone at concentrations of 50 and 90 mM demonstrated inhibition of the planktonic growth
of C. albicans and C. glabrata cells, respectively [104]. However, tyrosol does not significantly reduce
metabolic activity or the number of cells for one-day-old oral biofilms; in addition, the nature of
interaction of tyrosol with chlorohexidine gluconate was indifferent. Nevertheless, 1.25 mM tyrosol
with 0.00725 mM chlorhexidine gluconate showed a synergistic interaction in reducing the number
of hyphae formed [104]. A combination of tyrosol and farnesol has been explored for oral Candida
isolates for both planktonic and sessile growth. This combination showed synergy against C. glabrata,
indicating that this combination may contribute to the development of oral care products against
Candida species [105].

In another study, tyrosol showed anti-biofilm activity against denture-derived C. albicans isolates.
However, it has been shown that the single use of tyrosol cannot decrease hydrolytic enzymes on oral
C. albicans [106]. Shanmughapriya et al. (2014) observed that tyrosol treatment caused a 25% and a
50% reduction in intrauterine device-derived Candida krusei and C. tropicalis biofilm production at
concentrations of 40 μM and 80 μM, respectively [107]. In addition, amphotericin B combined with
tyrosol showed a remarkable inhibitory effect against these non-albicans biofilms. A concentration
of 4 mg/L amphotericin B in the presence of 80 μM tyrosol exerted approximately 90% inhibition
in biofilm formation [107]. Cordeiro et al. (2015) showed that the addition of tyrosol significantly
reduced the MICs for amphotericin B, fluconazole, and itraconazole against planktonic C. albicans and
C. tropicalis [108]. Furthermore, exogenous tyrosol alone was able to significantly reduce the biofilm
formation of these species at concentrations ranging from 125 to 250 mM. At these concentrations,
tyrosol decreased the metabolic activity of growing biofilms by approximately 24 and 30% for C. albicans
and C. tropicalis, respectively. Reduction of metabolic activity was more pronounced when tyrosol was
combined with traditional antifungal drugs including amphotericin B, fluconazole, and itraconazole.
It should be noted that application of amphotericin B with tyrosol markedly decreased the metabolic
activity of mature biofilms (35%) [108]. Kovács et al. (2017) reported that tyrosol may be used as an
adjuvant agent with caspofungin or micafungin in alternative treatment strategies [109]. Regarding the
in vivo antifungal effect of tyrosol, Jakab et al. (2019) reported that daily treatment with 15 mM tyrosol
decreased the fungal tissue burden in their immunocompromised mouse model [43]. In this study,
the expression of ALS6, which has a pivotal role in adhesion, was significantly reduced by tyrosol
treatment. Furthermore, downregulation of the expression of FAD2 and FAD3 may also contribute
to decreased virulence and kidney fungal burden. The well-documented antifungal effects exerted
by tyrosol may be explained by the enhanced oxidative stress and the inhibition of virulence-related
genes, growth, and ribosome biogenesis. In addition, tyrosol can alter the metabolism of Candida cells
toward fermentation [43].

Data on the potential antibacterial effects of tyrosol remain scarce. Arias et al. (2016) found a
potential anti-biofilm activity of tyrosol against S. mutans in single and mixed species biofilms with
C. albicans or C. glabrata developed on acrylic resin and hydroxyapatite surfaces [103]. Their results may
contribute to the development of innovative topical therapies focusing on biofilm-associated oral diseases.
Abdel-Rhman et al. (2016) reported substantial antibacterial activity of tyrosol against S. aureus; moreover,
tyrosol increased susceptibility to gentamicin, amikacin, and ciprofloxacin at subinhibitory concentrations
ranging from 3.5 to 14.3 mM [110]. Tyrosol treatment can also influence S. aureus virulence, decreasing the
production of protease and lipase enzymes and limiting the ability to form biofilms [110]. In the case of
P. aeruginosa, tyrosol strongly inhibited haemolysin and protease production [111].

6. Future Remarks

Paradoxically, medical advancement has resulted in an increasing number of immunocompromised
individuals susceptible to Candida infections. The incidence and mortality rate related to systemic
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Candida infections has remained unchanged, despite the advances in the field of antifungal therapy.
Based on recent comprehensive epidemiological studies, the high incidence and mortality may
be attributed to sessile Candida populations, namely biofilms, which show high resistance against
environmental factors, immune responses, and traditional antifungal therapy. Although there is no
definitive solution or highly effective therapeutic recommendation against Candida biofilms, there are
many promising therapeutic strategies including antifungal “lock” therapy, photodynamic inactivation,
and the use of natural products or synthetic peptides with antifungal activity. A further solution may
be the utilization of quorum-sensing molecules alone or in combination with traditional antifungal
agents; however, there are numerous open questions as to their exact action or the interaction between
quorum-sensing molecules and the host. In addition, the full understanding of quorum sensing in
non-albicans species has remained unelucidated. In this review, we provided an overview on the current
status of studies focusing on anti-biofilm activity of farnesol and tyrosol. Hopefully, these in vitro and
in vivo results can be implemented in therapeutic practice as soon as possible to overcome Candida
biofilm-related infections.
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Abstract: Candida haemulonii species complex (C. haemulonii, C. duobushaemulonii, and C. haemulonii var.
vulnera) has emerged as opportunistic, multidrug-resistant yeasts able to cause fungemia. Previously,
we showed that C. haemulonii complex formed biofilm on polystyrene. Biofilm is a well-known
virulence attribute of Candida spp. directly associated with drug resistance. In the present study,
the architecture and the main extracellular matrix (ECM) components forming the biofilm over
polystyrene were investigated in clinical isolates of the C. haemulonii complex. We also evaluated the
ability of these fungi to form biofilm on catheters used in medical arena. The results revealed that
all fungi formed biofilms on polystyrene after 48 h at 37 ◦C. Microscopic analyses demonstrated a
dense network of yeasts forming the biofilm structure, with water channels and ECM. Regarding
ECM, proteins and carbohydrates were the main components, followed by nucleic acids and sterols.
Mature biofilms were also detected on late bladder (siliconized latex), nasoenteric (polyurethane),
and nasogastric (polyvinyl chloride) catheters, with the biomasses being significantly greater than on
polystyrene. Collectively, our results demonstrated the ability of the C. haemulonii species complex
to form biofilm on different types of inert surfaces, which is an incontestable virulence attribute
associated with devices-related candidemia in hospitalized individuals.

Keywords: Candida haemulonii complex; biofilm; extracellular matrix; catheter; polystyrene; virulence

1. Introduction

Candida haemulonii, Candida duobushaemulonii, and Candida haemulonii var. vulnera form a fungal
complex (named C. haemulonii complex) that is represented by emergent, opportunistic yeasts able
to cause human infections with a wide range of clinical manifestations, varying from superficial to
deep-seated infections, especially in individuals with immunocompromising health conditions [1].
In this sense, the main isolation sites of the C. haemulonii species complex described in the literature
are blood, foot ulcers, nails, bones, skin wounds, and vagina; however, there are reports of isolates
obtained from other body fluids such as cerebrospinal fluid, bronchoalveolar lavage, vaginal discharge,
pleural effusion, peritoneal and ascitic fluids, bile, and urine [1–15].

The multidrug-resistance profile of the C. haemulonii species complex has been highlighted by
many research groups worldwide, making it a challenge to treat such infections, which is aggravated
by the immunological status of the majority of target patients. Although the knowledge about this
fungal complex has been growing in recent years, many aspects related to its virulence need to be
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better investigated. In this sense, biofilm formation is an unquestionable and well-known virulence
attribute associated with both bacterial and fungal infections around the world. Biofilm formation
by the C. haemulonii species complex has already been reported based on the use of classical
methodologies [1,7,16], but there is lack of information about the characteristics of the biofilm
formed by these fungi. Indeed, it is believed that biofilm lifestyle is the preferred organization
mode of microorganisms in nature, which is characterized by a highly complex structured community
of microorganisms that interact with each other and with a biotic/abiotic surface, covered by a
self-produced extracellular matrix (ECM) composed mainly of proteins, polysaccharides, lipids,
nucleic acids, minerals, and water [17,18]. Functionally, the ECM plays an important role in the
biofilm maintenance, architecture, and dynamic, being responsible for conferring protection against
external stressors, such as host immune responses (both humoral and cellular components) and drugs
(either disinfectants or antimicrobial agents), which directly impact the treatment, especially that of
seriously ill patients [18,19].

Biofilm-related infections are considered a huge problem in healthcare settings worldwide [20].
Many chronic infections caused by both bacteria and fungi have been associated to biofilm mode of
growth, including lung infections (e.g., fungal ball) and chronic leg wounds [20]. Candida species,
for example, can form biofilm on a variety of medical devices, and it is well-known that catheter-related
fungemia is associated with high morbidity and mortality rates among patients in healthcare services,
despite the consequent financial burden related to this situation [20]. C. haemulonii complex has already
been associated to cases of catheter-related fungemia in both pediatric and elderly patients [6,21],
and the catheter, in this scenario, acts as a gateway to the infection development as well as to
its chronicity.

In the present study, we aimed to investigate the architecture of the biofilm formed by 12 clinical
isolates comprising the C. haemulonii species complex (C. haemulonii, n = 5; C. duobushaemulonii, n = 4;
and C. haemulonii var. vulnera, n = 3) on polystyrene, with a special focus on the study of the chemical
composition of their ECM. Additionally, we evaluated and compared the ability of these fungal
isolates to form biofilm on different medical devices commonly applied in clinical settings, such as
nasogastric, late bladder, and nasoenteric catheters made of polyvinyl chloride, siliconized latex,
and polyurethane, respectively.

2. Materials and Methods

2.1. Microorganisms and Growth Conditions

A total of 12 clinical isolates recovered from patients from Brazilian hospitals between 2005 and
2013 and identified by molecular approaches as belonging to the C. haemulonii species complex were
used in the present work [10]. Some relevant data about the fungal isolates are summarized in Table 1.
Fungal cells were cultured in Sabouraud dextrose medium (under the following conditions: 37 ◦C
for 48 h at 200 rpm) and then used in all the experiments. The yeast cells were quantified using a
Neubauer chamber.

2.2. Biofilm Formation on Polystyrene

Fungal cell suspensions in Sabouraud broth (200 μL containing 106 yeasts) were transferred into
each well of a flat-bottom 96-well polystyrene microtiter plate, and then incubated without agitation at
37 ◦C for 48 h. Plate wells containing only culture medium were used to set up the reader as blanks.
The supernatant fluids were removed by pipetting and, subsequently, the plate wells were washed three
times with phosphate-buffered saline (PBS, pH 7.2) to remove nonadherent cells. The measurements of
biofilm parameters (biomass, metabolic activity, and ECM) were then performed as described below.
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Table 1. Clinical isolates used in the present work.

Species Code (GenBank Acession Number) Isolation Site

Candida haemulonii
LIPCh2 (KJ476194) Cutaneous (sole of the foot)
LIPCh3 (KJ476195) Cutaneous (toe nail)
LIPCh4 (KJ476196) Cutaneous (finger nail)
LIPCh7 (KJ476199) Cutaneous (toe nail)
LIPCh12 (KJ476204) Fluid (blood)

Candida duobushaemulonii
LIPCh1 (KJ476193) Cutaneous (finger nail)
LIPCh6 (KJ476198) Cutaneous (toe nail)
LIPCh8 (KJ476200) Fluid (blood)
LIPCh10 (KJ476202) Fluid (bronchoalveolar lavage)

Candida haemulonii var. vulnera
LIPCh5 (KJ476197) Cutaneous (toe nail)
LIPCh9 (KJ476201) Fluid (urine)
LIPCh11 (KJ476203) Fluid (blood)

2.3. Biofilm Parameters

2.3.1. Biomass

Biomass quantification was performed as described by Peeters et al. [22]. Firstly, methanol at
99% (200 μL) was used to fix the biofilms for 15 min at room temperature, then the supernatant was
discarded, and the plates were air-dried during 5 min. Afterwards, the plates were incubated for
20 min at room temperature with 0.4% crystal violet solution (200 μL; stock solution diluted in PBS;
Sigma-Aldrich, St Louis, MO, USA). The plate wells were finally washed once with PBS in order to
remove the excess of staining and the bound dye was then eluted with 33% acetic acid (200 μL) for
5 min. The acetic acid solution (100 μL) was transferred to a new 96-well plate and the absorbance
was measured using a microplate reader at 590 nm (SpectraMax M3; Molecular Devices, Sunnyvale,
CA, USA).

2.3.2. Metabolic Activity

The metabolic activity of the biofilm was determined using a colorimetric assay able to
measure the metabolic reduction of 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT; Sigma-Aldrich, St Louis, MO, USA) to a water-soluble
brown formazan product [22]. The XTT/menadione solution was prepared by dissolving 2 mg XTT in
10 mL of pre-warmed PBS, which was supplemented with 100 μL of a stock solution of menadione
(0.4 mM in acetone). The XTT/menadione solution (200 μL) was added to the plate wells and incubated
at 37◦C for 3 h in the dark. Afterwards, 100 μL of supernatant from each well was transferred to a
new microplate and the colorimetric changes were quantified using a microplate reader at 492 nm
(SpectraMax M3; Molecular Devices, San Jose, CA, USA).

2.3.3. ECM

The biofilm ECM was quantified according to the method described by Choi et al. [23]. Briefly,
0.1% safranin (200 μL; Sigma-Aldrich, St Louis, MO, USA) diluted in PBS was used to stain the nonfixed
biofilms, at room temperature for 5 min. Afterwards, the plate wells were washed once with PBS and
the bound dye was eluted with 30% acetic acid (200 μL). Supernatants (100 μL) were transferred to a
new 96-well plate and absorbance was quantified using a microplate reader at 530 nm (SpectraMax M3;
Molecular Devices, San Jose, CA, USA).
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2.4. Biofilm Architecture

2.4.1. Confocal Laser Scanning Microscopy (CLSM)

Biofilms formed on polystyrene surface for 48 h at 37 ◦C were stained with 5 μg/mL of
Calcofluor white (Sigma-Aldrich, San Luis, MO, USA) for 1 h at room temperature, protected
from the light [24,25]. Subsequently, the biofilms were washed twice with PBS and covered with
n-propylgallate for observation under a confocal microscope (Leica TCS SP5 with OBS, Berlin, Germany).
Three-dimensional reconstitutions of biofilms were obtained by Fiji (ImageJ2, UW-Madison LOCI,
Wisconsin, WI, USA) software [26]. The analysis of images was conducted using z-series image stacks
from spots of each biofilm chosen randomly.

2.4.2. Scanning Electron Microscopy (SEM)

Biofilms formed on polystyrene coverslips (Nalgene, Thermo Fisher Scientific, Waltham, MA, USA),
at 37 ◦C for 48 h, were fixed in a solution made of 2.5% glutaraldehyde in 0.1 M sodium cacodylate
buffer, pH 7.2, at 4 ◦C overnight. Then, PBS was used to wash the systems, which were post-fixed with
2% osmium tetroxide for 2 h. Dehydration was done in graded concentrations of acetone (25%–100%).
The critical point method was used to dry fungal biofilms, which were then mounted on stubs, coated
with gold (20–30 nm), and analyzed using a JEOL JSM 6490LV scanning electron microscope [27,28].

2.5. Biofilm ECM Composition

2.5.1. Extraction of ECM

Biofilms formed on polystyrene for 48 h at 37 ◦C were washed three times with PBS to remove the
medium and nonadherent cells. Then, 200 μL of 1.5 M NaCl was added to each well of the microtiter
plate and incubated overnight at 4 ◦C [29]. Finally, the well contents were transferred to a clean tube
and filtered through a 0.22-μm membrane (Millipore, São Paulo, SP, Brazil).

2.5.2. Chemical Quantification of the Main Biomolecules

The protein concentration was determined by the method described by Lowry et al. [30],
using bovine serum albumin (BSA; Sigma-Aldrich, San Luis, MO, USA) as standard. The carbohydrate
concentration was determined by the method described by Dubois et al. [31], with some modifications.
Briefly, the experiment was carried out using a polystyrene 96-well microplate, in which 50 μL of the
extracellular matrix, 150 μL of sulfuric acid, and 30 μL of 80% phenol were added. The standard curve
was made with glucose (Sigma-Aldrich, San Luis, MO, USA). The plate was heated in a water bath
for 10 min at 90 ◦C, and then incubated at room temperature for 5 min. Finally, the absorbance was
measured at 530 nm using a microplate reader (SpectraMax M3; Molecular Devices, San Jose, CA, USA).
The nucleic acids present in ECM were extracted with the Gentra® Puregene® Yeast and G+ Bacteria Kit
(Qiagen®, Maryland, MD, USA), according to the manufacturer’s protocol, and then quantified using
a spectrophotometer (Nano-Vue PlusTM; GE Healthcare, Chicago, IL, USA). The sterol concentration
was determined using the AmplexTM Red Cholesterol Assay kit (Thermo Fisher Scientific, Waltham,
MA, USA), according to the manufacturer’s instructions.

2.6. Biofilm Formation on Distinct Catheters Employed in Clinical Settings

In order to evaluate the ability of C. haemulonii species complex to form biofilm on common medical
devices, a nasogastric catheter composed by polyvinyl chloride (Medsonda, Arapoti, PR, Brazil), a late
bladder catheter composed by siliconized latex (Sisco, São Paulo, SP, Brazil), and a nasoenteric catheter
composed by polyurethane (Solumed, Atuba-Pinhais, PR, Brazil) were selected. Autoclaved scissors
were used to cut catheters into pieces of approximately 0.30, 0.70, and 0.36 cm2, respectively, and placed
on flat-bottom 96-well microplates. Fungal cell suspensions were placed on the catheters in flat-bottom
96-well plates (using polystyrene substratum as control) in Sabouraud medium (106 yeasts in 200 μL)
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at 37 ◦C for 48 h. Blank controls were prepared by adding only culture medium to the catheters.
Then, the catheters were washed three times with PBS to remove nonadherent cells and carefully
transferred to a new flat-bottom 96-well microplate, and then the biofilm biomass was measured as
described earlier.

2.7. Statistics

All experiments were performed in triplicate, in three independent experimental sets. The results
were analyzed statistically by Student’s t-test (in the comparisons between two groups) and one-way
analysis of variance (ANOVA) (in the comparisons between three or more groups). The correlation tests
were determined by Pearson’s correlation coefficient (r). All analyses were performed using the program
GraphPad Prism5. In all analyses, p-values of 0.05 or less were considered statistically significant.

3. Results and Discussion

3.1. Biofilm on Polystyrene Surface: Classical Parameters

It is known that adhesion represents the first step for biofilm formation, which is an important
virulence attribute described for several Candida species presenting medical implications [32,33].
The relevance of biofilm formation by Candida spp. lies the crucial characteristics such as greater
resistance to antifungal drugs, host immune responses, and stress situations, resulting in difficulties in
the treatment and possible persistence of the infectious process [17]. Taking this into consideration,
initially, we confirmed the capacity of clinical isolates belonging to the C. haemulonii complex to
form biofilm over a polystyrene surface [16]. In this set of experiments, three classical parameters
related to biofilm formation were evaluated after 48 h of contact with polystyrene: (i) biomass by
the incorporation of crystal violet in methanol-fixed cells, (ii) metabolic activity (cell viability) by
reduction of XTT, and (iii) ECM by absorption of safranin, in the latter cases, using non-fixed fungal
cells. All 12 clinical isolates comprising the C. haemulonii complex formed biofilm at different degrees,
exhibiting a typical isolate-specific pattern (Figure 1A,C,E). Statistically significant differences were not
observed, while the average measurements of the three biofilm parameters among the three fungal
species forming the C. haemulonii complex were compared (Figure 1B,D,F). Biofilms revealed by the
incorporation of crystal violet and safranin showed the presence of a network formed by yeasts and an
exuberant ECM, respectively (data not shown).

Regarding the biofilm biomass, we observed that the average of biofilm formation on polystyrene
by the clinical isolates studied herein was similar to that reported by Cendejas-Bueno et al. [1],
who also studied clinical isolates of the C. haemulonii complex obtained from different isolation sites.
The comparison of biofilm formation among the members of other Candida species complex has already
been documented. In this sense, the three species of the C. parapsilosis complex (C. parapsilosis sensu
strictu, C. orthopsilosis, and C. metapsilosis) exhibited similar abilities to produce mature biofilms on
abiotic surfaces regarding biomass, viability, and three-dimensional architecture [34–36]. Regarding
the C. glabrata complex, Figueiredo-Carvalho et al. [37] reported that biofilm biomass was significantly
higher than C. nivariensis.
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Figure 1. Biofilm formation by the C. haemulonii species complex on polystyrene surface. Yeasts (200 μL
containing 106 cells) were placed to interact with polystyrene for 48 h at 37 ◦C. Afterwards, the systems
were processed to detect fungal biomass by crystal violet incorporation in methanol-fixed biofilms at
590 nm, cell viability by the reduction of 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino)
carbonyl]-2H-tetrazolium hydroxide (XTT) in formazan at 492 nm, and extracellular matrix by staining
non-fixed biofilms with safranin at 530 nm. The results were expressed as absorbance (ABS) values
per clinical isolate studied (A,C,E) and mean per fungal species (B,D,F). The results are shown as
mean ± standard deviation of three independent experiments. The numbers on the X-axis of graphs
represent each of the 12 clinical isolates of the C. haemulonii species complex studied, in which Ch means
C. haemulonii, Cd means C. duobushaemulonii, and Chv means C. haemulonii var. vulnera.

3.2. CLSM Analysis

The three-dimensional organization as well as the biomass distribution in the biofilms formed
by the clinical isolates comprising the C. haemulonii complex were analyzed by CLSM (Figure 2),
which is a nondestructive technique that allows in situ visualization of the intact biofilm [38]. To do
it, Calcofluor white was used to stain the yeasts owing to its affinity to chitin (which is a universal
polysaccharide present in the fungal cell wall), evidencing the biofilm biomass as well as the ECM
(Figure 2), which is evidenced by the diffuse marking between the yeasts, as previously proposed [39].
In addition, the three-dimensional representation of biofilms was used to determine their thickness,
which ranged from 21.6 to 39.1 μm (overall mean = 28.3 ± 5.6 μm) for all clinical isolates studied.
The biofilm thickness in each fungal species is as follows: C. haemulonii, 21.6 to 32.1 μm (overall mean
= 26.1 ± 4.8 μm); C. duobushaemulonii, 25.9 to 39.1 μm (mean = 30.5 ± 5.8 μm); and C. haemulonii var.
vulnera, 26.1 to 37.1 μm (mean = 29.1 ± 7.1 μm) (Figure 2). Some authors have documented different
thicknesses of biofilms formed by Candida species, varying from 11 to 13 μm for C. tropicalis [40],
25 to 77 μm for C. albicans [39,41], 35.2 to 81.2 μm for C. famata [42], and 21 to 26 μm for C. auris [43].
In this sense, a variety of conditions can interfere with biofilm features, including isolate specificities,
planktonic growth, initial inoculum concentration, and variability on biofilm-forming conditions
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(substratum, temperature, CO2 tension, fluid flow, developmental timing, and medium used to support
biofilm formation) [44].

 

Figure 2. Representative confocal laser scanning microscopy (CLSM) images of the biofilms formed by
the C. haemulonii species complex on polystyrene surface. Yeasts (200 μL containing 106 cells) were
placed to interact with polystyrene for 48 h at 37 ◦C. Subsequently, the biofilms were stained with
Calcofluor white, evidencing the fungal biomass. The panels on the left represent the top view images
of the fungal biofilms visualized by CLSM; bars represent 5 μm. The graphs on the right represent the
three-dimensional reconstruction of the biofilms formed by each species. The isolates C. haemulonii
(LIPCh4), C. duobushaemulonii (LIPCh6), and C. haemulonii var. vulnera (LIPCh5), which formed the
most robust biofilms (A), as well as the isolates C. haemulonii (LIPCh12), C. duobushaemulonii (LIPCh8),
and C. haemulonii var. vulnera (LIPCh11), which formed the weakest biofilms (B), are shown.

3.3. SEM Analysis

SEM analysis was used to assess the biofilm ultrastructure and to evidence peculiar morphological
characteristics. Mature biofilms of C. haemulonii species complex consisted of a dense network of yeast
cells, while structures similar to pseudohyphae were scarcely observed in the majority of the isolates
studied (Figure 3). As seen through other approaches, isolate-specific differences were also visualized
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in biofilm ultrastructure. In this sense, the biofilms formed by C. haemulonii isolates LIPCh3 and LIPCh4,
for example, exhibited a continuous, intimately packed multilayer structure (Figure 3A–E), while in
the remaining fungal isolates, the biofilms were formed by a predominantly discontinuous monolayer
with cell aggregates (Figure 3G–I). Water channels could also be visualized (Figure 3J), as well as ECM,
as exemplified by isolates of C. haemulonii (LIPCh4), C. duobushaemulonii (LIPCh6), and C. haemulonii
var. vulnera (LIPCh5) (Figures 4A, 4B and 4C, respectively).

Similarly, Silva et al. [45] demonstrated that C. glabrata biofilms are also composed only by yeasts,
while C. parapsilosis sensu strictu and C. tropicalis biofilms characteristics vary depending on the
strain used. Those authors observed that some C. parapsilosis strains formed biofilms containing both
yeast and pseudohypha morphologies, while others presented yeast cells only, and these findings
showed no relation with the isolation site of each strain [45]. The majority of C. tropicalis isolates
displayed only yeast cells, but a small number of isolates showed hyphal formation, especially
appearing as long filaments [45]. The biofilm formed by C. auris, which is phylogenetically closer to
the C. haemulonii species complex, is predominantly composed by budding yeast cells and occasionally
pseudohyphae [46]. C. albicans biofilms, on the other hand, are classically composed by a basal yeast
cell polylayer and an upper region formed by hyphal forms [44].

3.4. ECM Composition

The ECM of biofilms from different Candida species exhibits a heterogeneous nature, which has
already been thought to be associated to the roles of these components in biofilm architecture and
dynamics [47]. The main components of ECM biofilms from Candida spp. are proteins, carbohydrates,
lipids, and nucleic acids. Several studies have documented the participation of ECM biofilm in adhesion
to surfaces, structural maintenance, defense against external aggressors, signaling, and enzymatic issues;
however, the enhanced antimicrobial resistance is the most clinically important phenotype of biofilm
mode of growth, which is of special concern in hospital settings [25,38,48]. Herein, we investigated
the main classic components of the ECM of Candida spp. biofilms: proteins, carbohydrates, nucleic
acids, and sterols. Among the evaluated components, proteins (mean of 11.61 ± 8.09 μg/mL for
C. haemulonii, 2.97 ± 1.16 μg/mL for C. duobushaemulonii, and 3.88 ± 2.04 μg/mL for C. haemulonii
var. vulnera) were found in greater quantity in the chemically extracted ECM from mature biofilms
of all the clinical isolates, followed by carbohydrates (mean of 4.39 ± 2.30 μg/mL for C. haemulonii,
3.20 ± 0.74 μg/mL for C. duobushaemulonii, and 2.79 ± 1.42 μg/mL for C. haemulonii var. vulnera); nucleic
acids (mean of 0.093 ± 0.074 μg/mL for C. haemulonii, 0.026 ± 0.035 μg/mL for C. duobushaemulonii,
and 0.048 ± 0.082 μg/mL for C. haemulonii var. vulnera); and, lastly, sterols (mean of 0.023 ± 0.006 μg/mL
for C. haemulonii, 0.014 ± 0.005 μg/mL for C. duobushaemulonii, and 0.007 ± 0.005 μg/mL for C. haemulonii
var. vulnera) (Figure 5). Sterol amounts in C. haemulonii isolates were significantly higher when
compared with those in C. haemulonii var. vulnera (p < 0.05; one-way ANOVA, Tukey’s multiple
comparison test) (Figure 5).
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Figure 3. Representative low-magnification scanning electron microscopy (SEM) images of the biofilms
formed by the C. haemulonii species complex on polystyrene surface. Yeasts (200 μL containing 106 cells)
were placed to interact with polystyrene coverslips for 48 h at 37 ◦C, after which the coverslips were
visualized using SEM. The images revealed a dense network of yeast cells. In the panel, the images on
the left side exhibit different magnifications of the biofilm formed by the isolate LIPCh4 of C. haemulonii
(A–E) while on the right side, it is possible to see the biofilms of isolate LIPCh6 of C. duobushaemulonii
(F,G) and LIPCh5 of C. haemulonii var. vulnera (H,I). Representative water channels are indicated by
white arrows in the image of isolate LIPCh3 of C. haemulonii (J). Note that the white square in (A) is the
place that was chosen to be amplified and shown in (B), and this logic sequence was used in the left
side images from (A) to (D).
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Figure 4. Representative high-magnification SEM images of the biofilms formed by the C. haemulonii
species complex on polystyrene surface, focusing on the extracellular matrix (ECM). Yeasts (200 μL
containing 106 cells) were placed to interact with polystyrene coverslips for 48 h at 37 ◦C, after which
the coverslips were visualized using SEM. The ECM of biofilms of C. haemulonii LIPCh4 (A),
C. duobushaemulonii LIPCh6 (B), and C. haemulonii var. vulnera LIPCh5 (C) are indicated by symbols.
The images clearly reveal the presence of an ECM surrounding and holding the yeast cells together (white
thin arrows) as well as connecting the yeasts with the polystyrene surface (white thick arrowheads).

Zarnowski et al. [47] described proteins and carbohydrates as the major components of
C. albicans ECM biofilm, which included 458 distinct protein activities and three polysaccharides
of functional importance (α-1,2 branched α-1,6-mannans associated with unbranched β-1,6-glucans
forming a mannan-glucan complex, and β-1,3-glucans in a smaller part). Differences regarding
non-albicans Candida species biofilms ECM composition were reported many years ago. In this sense,
Silva et al. [45] documented that C. parapsilosis biofilm ECM exhibited high carbohydrate and low
protein contents; on the other hand, C. tropicalis exhibited high contents of both carbohydrates and
proteins, while C. glabrata showed low contents of both carbohydrates and proteins.
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Figure 5. Main biomolecules forming the extracellular matrix (ECM) of the C. haemulonii species
complex biofilms on polystyrene surface. Yeasts (200 μL containing 106 cells) were placed to interact
with polystyrene for 48 h at 37 ◦C. After that, ECM was extracted and carbohydrates, proteins, nucleic
acids, and sterols were quantified as detailed in methodology section. The results were expressed as
concentration (μg/mL) of each biomolecule per clinical isolate studied (A,C,E,G) and mean concentration
per fungal species (B,D,F,H). The results are shown as mean ± standard deviation of three independent
experiments. The symbol (*) indicates p-values < 0.05 (one-way ANOVA, Tukey’s multiple comparison
test). The numbers on the X-axis of graphs represent each of the 12 clinical isolates of the C. haemulonii
complex studied, in which Ch means C. haemulonii, Cd means C. duobushaemulonii, and Chv means
C. haemulonii var. vulnera.

3.5. Biofilm Formation on Medical Devices

Catheter-related infections are considered a real problem in the medical arena around the world.
Candidemia related to catheter use has already been reported in a variety of Candida species, including
C. haemulonii species complex, resulting from the ability of this and other fungal pathogens to adhere
to the catheter surface and, consequently, reach the bloodstream mainly of immunocompromised
individuals [6]. For this reason, we decided to evaluate the C. haemulonii species complex biofilm
formation capacity on the surface of different types of catheters currently used in the hospital
environment—a latter bladder catheter made of siliconized latex, a nasoenteric catheter made of
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polyurethane, and a nasogastric catheter made of polyvinyl chloride. Biofilm formation on these
materials was compared to that on polystyrene, a classical substratum used for biofilm analysis
(Figure 1). The clinical isolates of the C. haemulonii complex were incubated for 48 h at 37 ◦C
with the different materials and the biomass was measured by the incorporation of crystal violet.
The results were expressed as absorbance (ABS590)/cm2, as the catheters have different dimensions.
Our results stressed that the biofilm formation was significantly bigger over the different catheter
types when compared with polystyrene regarding all the clinical isolates tested, demonstrating the
risk that these clinical isolates would represent in the hospital settings, especially in individuals using
nasogastric, nasoenteric, and urinary catheters (Figure 6(aA,aC,aE)). Additionally, biofilm formation on
polyurethane and polyvinyl chloride catheters was comparable, with no significant differences between
them (Figure 6(aA,aC,aE)). When comparing the mean biofilm formation per species of the C. haemulonii
complex between the different substrates, we observed that the biofilms formed on polyurethane
and polyvinyl chloride catheters were significantly bigger than on polystyrene for both C. haemulonii
and C. duobushaemulonii. Further, biofilms formed on polyvinyl chloride catheters were significantly
bigger than on siliconized latex only for C. haemulonii (Figure 6(aB,aD)), while for C. haemulonii var.
vulnera, no differences were observed (Figure 6(aF)). Additionally, in relation to the isolation site,
cutaneous (fungal isolates LIPCh2, LIPCh3, LIPCh4, and LIPCh7 of C. haemulonii; LIPCh1 and LIPCh6 of
C. duobushaemulonii; and LIPCh5 of C. haemulonii var. vulnera) versus fluids (fungal isolates LIPCh12 of
C. haemulonii; LIPCh8 and LIPCh10 of C. duobushaemulonii; and LIPCh9 and LIPCh11 of C. haemulonii
var. vulnera) (Table 1), we observed that biofilm formation on the polyurethane (p = 0.0427, unpaired
Student’st-test) and polyvinyl chloride catheters (p = 0.0472, unpaired Student’st-test) by the isolates
from cases of cutaneous candidiasis was significantly higher when compared with isolates obtained
from body fluids (Figure 6b). However, for polystyrene and siliconized latex catheters, no statistically
significant differences (p > 0.05) were observed in this regard (Figure 6b).

Estivill et al. [49], for example, demonstrated the ability of different Candida species (C. albicans,
C. parapsilosis, C. tropicalis, C. glabrata, and C. krusei) to form biofilm on different catheter types, and as
observed in our clinical isolates, the biofilms formed on the polyurethane and polyvinyl chloride
catheters presented very close values for all species studied. Additionally, our group has previously
demonstrated the ability of filamentous fungi from Scedosporium spp. and Lomentospora prolificans to
form biofilm on these same catheters [50].

The biofilm formation capacity of Candida spp., with a special focus on C. albicans, on medical
devices has been extensively studied over time. Indeed, the nature of substratum used really influences
the biofilm formation. For example, C. albicans form better biofilms on soft materials of dentures
than on acrylic surfaces [51]. Similarly, C. albicans form better biofilms in silicone elastomer and latex
surfaces in comparison with polyvinyl chloride and, on the other hand, construct weaker biofilms
on polyurethane and silicone [52]. Interestingly, chemical changes made on the surface of medical
devices can also interfere in C. albicans biofilm formation. For instance, a significant reduction in
biomass and metabolic activity of C. albicans biofilm was detected when fungal cells were putted to
adhere on polyetherurethane covered with 6% of polyethylene oxide [53]. Such differences should be
considered, when possible, in the choice of biomaterials to minimize the development of catheter-related
Candida infections.
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Figure 6. Biofilm formation on different catheter types by clinical isolates comprising the C. haemulonii
complex. Fungal cells (200 μL containing 106 cells) were placed to interact with polystyrene (PL) and
different types of catheters (siliconized latex, SL; polyurethane, PU; and polyvinyl chloride, PC) for 48 h
at 37 ◦C. Subsequently, the biofilm biomass was measured by the crystal violet incorporation (590 nm).
(a) The results were expressed as ABS590/cm2 for each clinical isolate studied (A,C,E) and mean per
each catheter type (B,D,F). Values represent the mean ± standard deviation of three independent
experiments. The (*) indicates p-values < 0.05 and (**) p-values < 0.01 (one-way ANOVA, Tukey’s
multiple comparison test). The numbers on the X-axis of the graphs represent each of the 12 clinical
isolates of the C. haemulonii complex studied. (b) Comparison of biofilm biomass produced by the
clinical isolates on polystyrene and each catheter type regarding the isolation sites (cutaneous and
fluids). The 12 isolates were divided into two groups: cutaneous, including nail and skin (n = 7);
and fluids, including blood, urine, and bronchoalveolar lavage (n = 5) (Table 1). (*) indicates p-values
< 0.05 (unpaired Student’s t-test).
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4. Conclusions

Collectively, the present study demonstrated the ability of the C. haemulonii species complex to form
biofilm on different types of inert substrates, which is an incontestable virulence attribute associated with
catheter-related candidemia in hospitalized individuals, representing a serious problem especially when
dealing with multidrug-resistant pathogens such as the C. haemulonii species complex. Additionally,
our results provide new data about C. haemulonii species complex biofilm ECM composition.
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Abstract: Biofilms, structured and densely packed communities of microbial cells attached to surfaces,
are considered to be the natural growth state for a vast majority of microorganisms. The ability to
form biofilms is an important virulence factor for most pathogens, including the opportunistic human
fungal pathogen Candida albicans. C. albicans is one of the most prevalent fungal species of the human
microbiota that asymptomatically colonizes healthy individuals. However, C. albicans can also cause
severe and life-threatening infections when host conditions permit (e.g., through alterations in the
host immune system, pH, and resident microbiota). Like many other pathogens, this ability to cause
infections depends, in part, on the ability to form biofilms. Once formed, C. albicans biofilms are often
resistant to antifungal agents and the host immune response, and can act as reservoirs to maintain
persistent infections as well as to seed new infections in a host. The majority of C. albicans clinical
isolates are heterozygous (a/α) at the mating type-like (MTL) locus, which defines Candida mating
types, and are capable of forming robust biofilms when cultured in vitro. These “conventional”
biofilms, formed by MTL-heterozygous (a/α) cells, have been the primary focus of C. albicans biofilm
research to date. Recent work in the field, however, has uncovered novel mechanisms through
which biofilms are generated by C. albicans cells that are homozygous or hemizygous (a/a, a/Δ, α/α,
or α/Δ) at the MTL locus. In these studies, the addition of pheromones of the opposite mating type
can induce the formation of specialized “sexual” biofilms, either through the addition of synthetic
peptide pheromones to the culture, or in response to co-culturing of cells of the opposite mating
types. Although sexual biofilms are generally less robust than conventional biofilms, they could
serve as a protective niche to support genetic exchange between mating-competent cells, and thus
may represent an adaptive mechanism to increase population diversity in dynamic environments.
Although conventional and sexual biofilms appear functionally distinct, both types of biofilms are
structurally similar, containing yeast, pseudohyphal, and hyphal cells surrounded by an extracellular
matrix. Despite their structural similarities, conventional and sexual biofilms appear to be governed
by distinct transcriptional networks and signaling pathways, suggesting that they may be adapted for,
and responsive to, distinct environmental conditions. Here we review sexual biofilms and compare
and contrast them to conventional biofilms of C. albicans.

Keywords: biofilms; Candida albicans; sexual biofilms; pheromone-induced biofilms; mating type-like
(MTL) locus; white cell; opaque cell; phenotypic states; pheromone signaling; biofilm formation;
biofilm development

1. Introduction

Biofilms are communities of microbial cells that are attached to surfaces and encased in a
protective substance called the extracellular matrix [1–5]. Biofilms readily form on surfaces that are
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biotic (e.g., organs, mucosal and epithelial layers, and teeth) and abiotic (e.g., dentures, catheters,
and industrial materials) [1–5]. The biofilm growth state provides the microorganisms inside with a
sheltered microenvironment that is buffered against fluctuations in the surrounding environment and
is protected from predators, environmental stresses, and mechanical forces that microorganisms would
normally encounter in the planktonic (or free-living/free-floating) growth state [1–5]. Due to these
adaptive benefits, most microorganisms under natural settings have evolved to spend the majority of
their existence in the biofilm growth state [1].

Biofilm formation is a key virulence factor for most pathogens, including Candida albicans, which
is the most commonly encountered human fungal pathogen in clinical settings [3–7]. C. albicans
causes a wide variety of infections, ranging from benign mucosal (e.g., yeast infections and thrush) to
hematogenously disseminated (bloodstream) candidiasis [6,7]. Candida infections are notably serious
in immunocompromised individuals, such as AIDS patients, patients undergoing chemotherapy,
transplantation patients receiving immunosuppression therapy, and patients with implanted medical
devices [8–10]. Although research on C. albicans has been ongoing for over 70 years, most work has
historically focused on C. albicans in its planktonic growth state. Over the last 20 years, however,
the biofilm growth state of C. albicans has become a major area of research focus. C. albicans can form
biofilms on abiotic surfaces (e.g., dentures, intravenous catheters, and prosthetic devices), as well as
biotic surfaces (e.g., mucosal layers in the oral cavity and genitourinary tract) [3–5]. Once established,
the cells within a C. albicans biofilm are protected from the host immune response, mechanical
perturbations, and chemical stresses, allowing C. albicans to persist in the host and potentially cause
recalcitrant infections [3–5]. More recently, a specialized “sexual” form of C. albicans biofilm has
been discovered; although structurally similar to “conventional” biofilms, these “sexual” biofilms
have many distinct phenotypic characteristics and generate a unique microenvironment that supports
C. albicans mating [11,12].

Best known as the most common cause of life-threatening fungal infections in hospital settings,
C. albicans is also a normal commensal in the majority of healthy humans. Remarkably, C. albicans can
asymptomatically colonize several diverse regions of the body, including the oral cavity, gastrointestinal
tract, skin, and genitourinary tract of humans [13–16]. These niches vary dramatically in terms of pH,
nutrient sources and availability, and oxygen content [17,18]. This adaptive plasticity is due, in part,
to the ability of C. albicans to undergo distinct morphological transitions in response to environmental
cues; the best characterized examples include the yeast to hyphal cell transition and the transition
between two distinct phenotypic cell types, termed “white” and “opaque” [5,18,19]. We begin by
reviewing the white-opaque transition as it is intimately intertwined with the formation of sexual
biofilms and mating. Next, we review the pheromone signaling and responses that occur in both white
and opaque cell types during sexual biofilm formation and mating. Lastly, we compare and contrast
conventional and sexual biofilms and consider the mechanisms through which sexual biofilms may
aid in the process of mating.

2. The White–Opaque Transition

White and opaque cell types are heritably maintained for many generations, and reversible
switching between the two cell states occurs stochastically under standard laboratory growth
conditions [19]. This balance between the white and opaque states is influenced by specific
environmental cues that can bias the switch towards one cell type or the other, or even force all
of the cells in a population to adopt the white cell phenotype [18–21]. Approximately 16% of the
genome is differentially expressed between the white and opaque cell types, resulting in cells with
dramatically different phenotypes and functional attributes [18,22–24]. The morphologies of each cell
type are also distinct; white cells are spherical and smooth and give rise to white, dome shaped colonies,
whereas opaque cells are oblong and pimpled and form flatter and darker colonies [18,19]. Each state
displays distinct metabolic preferences, resulting in striking fitness differences under a variety of
environmental conditions [25]. White and opaque cells also respond to environmental conditions
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in unique ways; for example, opaque cells, but not white cells, can be induced to form filaments in
response to nitrogen or phosphate limitation, while white, but not opaque cells, are induced to form
filaments in the presence of serum [26]. The two cell types also display distinct responses to alterations
in temperature under standard laboratory growth conditions; white cells are stable at 37 ◦C, while
opaque cells revert to the white state en masse at 37 ◦C [18]. Opaque cells, however, can be stabilized
at 37 ◦C by specific environmental stimuli, such as anaerobic conditions, elevated carbon dioxide
levels, N-acetylglucosamine, or nutrient limitations [20,21,27–31]. Interestingly, each cell type also
interacts with the host immune system in different ways; for example, white cells secrete a macrophage
chemoattractant while opaque cells do not, thus increasing the likelihood for opaque cells to escape
macrophage engulfment, possibly allowing them to evade this aspect of the host innate immune
response [32].

The ability to undergo the white to opaque transition is controlled by the configuration of a
discrete region on chromosome 5 known as the Mating Type-Like (MTL) locus [33–35]. The C. albicans
MTL locus can carry two distinct configurations, a and α, which consist of genes that specify the a and
α mating types, respectively [35]. Most C. albicans clinical isolates (~97%) are diploid and exist in the
MTL-heterozygous (a/α) configuration, however a few clinical isolates have been found to exist in the
MTL-homozygous (a/a or α/α) configuration [33,34]. MTL-heterozygous strains express the sex genes
MTLa1 and MTLα2, the protein products of which form a heterodimer that directly represses the white
to opaque transition by binding to the promoter region of WOR1, the master regulator of the opaque
cell type, and repressing its transcription [33,36]. MTL-homozygous strains contain either MTLa1 or
MTLα2, but not both, and thus WOR1 expression is derepressed and switching to the opaque state
occurs stochastically at a rate of approximately once every 104 cell divisions [19,33,34,36]. The white
state is considered to be the default cell type, and is often referred to as the “ground state” of the
white-opaque switch, since it does not require activation of any known white to opaque transition
regulators, while the opaque state is referred to as the “excited state” of the switch because it requires
expression of Wor1, which results in activation of many additional regulatory and non-regulatory
genes that are specific to the opaque state [22,37].

Although the vast majority (~97%) of C. albicans clinical isolates are heterozygous at the MTL
locus, and were previously presumed to be “locked” in the white cell state [33,34], recent research
has shown that the white to opaque switch may be a much more common occurrence in vivo than
previously thought. For example, it is now appreciated that natural MTL-heterozygous isolates
can undergo white to opaque switching in vitro under elevated levels of CO2 and in the presence
of N-acetylglucosamine, conditions that resemble that of the gastrointestinal tract; however, unlike
MTL-homozygous opaque cells, these MTL-heterozygous opaque cells appear unable to mate [21].
In MTL-heterozygous cells, HBR1, which encodes a transcription factor that mediates the hemoglobin
response, promotes expression of genes carried at the MTLα locus and thus indirectly reinforces the
a1/α2-mediated repression of WOR1 and ultimately the repression of white to opaque switching [38,39].
Deletion of one copy of HBR1 in MTL-heterozygous cells results in a substantial reduction in MTLα1
and MTLα2 mRNA expression levels and a slight upregulation of MTLa1 gene expression; the resulting
reduction in a1/α2 heterodimer levels allows these cells to behave like a cells in regards to switching
and mating [38,39]. In another example, deletion of OFR1, which encodes a protein of unknown
function, enables MTL-heterozygous white cells to switch to the opaque state and express both
a- and α-specific pheromones and pheromone receptors, conferring ofr1 mutants with the unique
ability to mate with opaque cells of any MTL configuration [40]. In addition, an MTL-homozygous
clinical isolate strain P94015, which was observed to drift between “white-like” and “opaque-like”
cell states, was found to contain a homozygous nonsense mutation in EFG1, which encodes a known
repressor of the white to opaque transition [41]. Taken together, physiologically relevant environmental
cues, or spontaneously arising loss-of-function mutations, could enable naturally occurring strains to
undergo white to opaque switching. Lastly, MTL-heterozygous cells can become MTL-homozygous
through loss of heterozygosity on part or all of chromosome 5. This can occur through local gene
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conversion, homozygosis of an entire arm of the chromosome, or through spontaneous loss of one copy
of chromosome 5 followed by duplication of the remaining homologous chromosome [42,43]. These loss
of heterozygosity events have been shown to occur in response to a wide range of environmental
conditions, including exposure to antifungal agents, growth in the presence of sorbose, oxidative stress,
and temperature stress [42–46].

In addition to MTL-heterozygous cells becoming MTL-homozygous, MTL-homozygous cells can
also become MTL-heterozygous through the C. albicans parasexual life cycle [47]. During parasex,
MTL-homozygous opaque cells can become MTL-heterozygous by mating with MTL-homozygous cells
of the opposite mating type; this is termed heterothallic mating [47–49]. Interestingly, opaque cells can
also mate with opaque cells of the same mating type, termed homothallic mating, providing a means
for genetic exchange within unisexual populations and even between clonal progeny of a single parent
cell [50]. Generally, the parasexual life cycle requires that MTL-heterozygous white cells undergo loss of
heterozygosity at the MTL locus followed by switching to the opaque cell state [33,51–53]. The resulting
MTL-homozygous opaque cells secrete sex-specific pheromones that can cause opaque cells of the
opposite mating type to extend mating projections towards the highest pheromone concentration
gradient [53]. Once two mating projections fuse, the resulting conjugation bridge allows for nuclear
fusion and the formation of a tetraploid nucleus [53]. This structure is stable for several cell divisions,
thereby producing tetraploid progeny [49,53]. Specific environmental cues can cause the tetraploid cells
to reduce their ploidy state via concerted chromosome loss, thereby completing the parasexual life cycle
by producing diploid cells [48,49,54,55]. This concerted chromosome loss, however, can often result in
aneuploidy, which is hypothesized to allow C. albicans to rapidly adapt to variable environments and
harsh conditions [49,55]. While asexual reproduction (e.g., through budding) can benefit C. albicans
populations by preserving well-adapted genotypes, parasex can generate novel allelic combinations to
allow for rapid evolution in changing environments [48,54,55], which may contribute to the remarkable
ability of C. albicans to colonize diverse niches in the body and to its overall success as a commensal
and pathogen [49]. Despite these apparent benefits, parasex has thus far been reported to occur
at low rates in vivo [27,47]. Given that ~97% of the C. albicans population in vivo is thought to be
MTL-heterozygous [34], the probability that two MTL-homozygous white cells of opposite mating types
undergo the multiple steps required for mating simultaneously, and within close enough proximity to
detect mating pheromone, seems exceedingly low. Recent research, however, is beginning to uncover
that homothallic mating occurs more frequent under specific in vitro environmental conditions, such
as glucose starvation and oxidative stress, supporting the idea that homothallic mating may be more
common than anticipated in vivo [56]. Intriguingly, parasexual mating is hypothesized to occur at high
frequencies within sexual biofilms, which are formed by MTL-homozygous white cells in response to
mating pheromone [11,12]. Like all C. albicans biofilms, the multilayer structure of the sexual biofilm is
such that its innermost layers are likely to contain lower levels of oxygen and nutrients than the layers
closer to its surface, and thus sexual biofilms could be a niche that supports homothallic mating.

Perhaps the most striking difference between the white and opaque cell types is that opaque
cells can mate with other opaque cells, but form severely impaired biofilms, while white cells
can form robust biofilms, but are unable to mate [11,12,33,47,52,57,58]. Generally, a C. albicans
biofilm consists of a basal layer of yeast cells with hyphae and pseudohyphae extending away
from the substrate to which they are adhered [5,59,60]. In recent years, it has been shown that
MTL-heterozygous and MTL-homozygous white cells form different types of biofilms in response
to different stimuli [11,12,57–59]. MTL-heterozygous (a/α) cells form robust biofilms in response to
shear flow forces and various environmental conditions (e.g., temperature, shifts in pH, etc.), and are
termed conventional biofilms [5]. Once formed, conventional biofilms are challenging to treat in
clinical settings due to their recalcitrance to antifungal agents, mechanical forces, and the host immune
response. Alternatively, sexual biofilms formed by MTL-homozygous (a or α) white cells in response
to mating pheromone are less robust than conventional biofilms [11,12], but as discussed above, they
may provide an adaptive niche for mating.
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3. Pheromone Signaling and Response

3.1. Mating Pheromones

The a and α pheromones produced by C. albicans, encoded by MFa1 and MFα1 respectively, play
essential roles in the processes of heterothallic and homothallic mating [50,61–63]. Opaque α cells
constitutively express high levels of MFα1, producing a trimeric pheromone precursor peptide, whereas
white α cells do not [62]. This α-pheromone precursor peptide is thought to be post-translationally
modified by the Kex2 protease and Ste13 dipeptidyl aminopeptidase A, to result in two secreted
and identical tridecapeptides with the sequence GFRLTNFGYFEPG and one tetradecapeptide with
the sequence GFRLTNFGYFEPGK that represent the mature α pheromones; both the tridecapeptide
and tetradecapeptide are capable of eliciting mating responses [62–68]. In contrast, a cells only
weakly express MFa1 under standard laboratory conditions [61]. However, when exposed to
α-pheromone, white and opaque a cells highly express both MFa1 and MFα1 [50,58]. MFa1 also
encodes a precursor peptide which is predicted to be processed similarly to the a-pheromone
of Saccharomyces cerevisiae [61,69,70]. Initial cleavage from the a pheromone precursor peptide is
thought to occur via the Ste24 and Axl1 proteases [61,69]. The developing peptide is then further
processed by the prenyl-group-adding enzymes Ram1 and Ram2, the prenyl-dependent protease Rce1,
and the cysteine-carboxy methyltransferase Ste14 [61,69]. The mature a-pheromone is a prenylated
tetradecapeptide with the sequence AVRSVSTGNCCSTC, and requires Hst6, an ABC transporter,
to leave the cell [61,70,71]. Due to the structural simplicity of α-pheromone and the fact that
α-pheromone can be more easily chemically synthesized relative to a-pheromone, most pheromone
signaling experiments in the field are carried out using a cells and the addition of chemically synthesized
α-pheromone.

Although both MFa1 and MFα1 are expressed in a cells in response to pheromone, α-pheromone
is typically degraded by Bar1, an aspartyl protease, via a phenomenon known as “barrier
activity” [72]. Barrier activity promotes heterothallic mating in ascomycetes by preventing pheromone
hyperstimulation and by allowing for a recovery from cell cycle arrest [72]. It also inhibits the ability of
C. albicans to undergo auto-pheromone stimulation and thus prevents homothallic mating. Deletion of
BAR1 in C. albicans allows for homothallic mating through an autocrine pathway where opaque a cells
excrete α-pheromone, which then binds to Ste2, the α-pheromone receptor, on the same cell, leading to
self-activation for mating [50]. In addition, glucose starvation and oxidative stress enable unisexual
populations of opaque a cells to undergo homothallic mating despite high BAR1 expression levels [56],
resulting in auto-activated opaque cells that can mate with other opaque cells of the same mating
type [50,56]. These findings suggest that certain strain backgrounds as well as specific niches in the
human body can override the phenomenon of barrier activity, allowing for unisexual populations to
become activated by pheromone [50,56]. This has important consequences for the parasexual lifecycle
of C. albicans as homothallism allows for same-sex mating to occur within cell mixtures of the same
mating types and between certain strains that are incompatible for heterothallic mating [50]. Given that
this mechanism results in pheromone stimulation and mating for unisexual populations of opaque
cells, a similar scenario could be envisioned within a sexual biofilm. The biofilm environment may
even enhance the rate of homothallic mating by sequestering pheromone and possibly protecting
pheromone from degradation within the biofilm structure [11,12]. In addition, within a biofilm, recently
divided opaque cells would be held in close proximity to each other, increasing both the likelihood of
finding a mate nearby and the frequency of mating between progeny of a single opaque cell. Given that
C. albicans relies on generating aneuploid progeny for genetic diversity, rather than recombination
during meiosis, homothallic mating between clones in this capacity could rapidly and efficiently
introduce genetic diversity into a population [50,54,55].
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3.2. Pheromone-Signaling Pathway Control

C. albicans employs a conserved Mitogen-Activated Protein Kinase (MAPK) signaling pathway
to transduce pheromone signals and alter gene expression [73,74]. This pathway begins with the
conserved mating type-specific G-protein coupled receptors (GPCRs), Ste2, expressed on a cells to
recognize α-pheromone, and Ste3, expressed on α cells to recognize a-pheromone [73–75]. Activation of
either GPCR results in the dissociation of the Gα subunit (Cag1) from the Gβ subunit (Ste4), and the
Gγ subunit (Ste18) of a heterotrimeric G-protein [73–76]. The G-protein subunits then activate Cst20,
a kinase that activates the downstream MAPK cascade, consisting of Ste11, Hst7, and Cek1/Cek2 [73–75].
All kinases in this pathway, with the exception of Cst20, are held together in close proximity by the
scaffolding protein Cst5 [73–75,77]. Cek1 and Cek2 then activate the transcription factor Cph1 in both
white and opaque cells, resulting in the differential expression of white and opaque state-specific
genes [58,73]. The activities of Cek1 and Cek2 are regulated by Cpp1, a MAP kinase phosphatase [78].
Interestingly, STE4, CST5, CEK1, and CEK2 are expressed at lower levels in white cells than opaque
cells [79], and their repression contributes to the sterility of white cells as white cells engineered to
express STE4, CST5, and CEK2 (CEK1 was not tested) at levels similar to opaque cells have been
shown to undergo mating at frequencies approaching that of opaque cells [79]. It is also interesting
to note that Cek1 (rather than Cek2) appears to play a major role in opaque cell mating; opaque cek1
mutants mate at much lower frequencies than opaque cek2 mutants [78]. The precise contributions of
Cek1 and Cek2 to the pheromone response in white and opaque cells is complex and an intriguing
research area for future study. Nonetheless, we do know that G-protein signaling pathways, such
as this one, are highly conserved among fungal pathogens and are involved in controlling several
important developmental processes, including mating, filamentation, and virulence [80].

3.3. Differences Between the White and Opaque Cell Pheromone Responses

When opaque cells sense pheromone of the opposite mating type, they become activated for mating
via the MAPK signaling pathway (described above). This pheromone stimulation can occur under a
variety of different environmental conditions, including planktonic and biofilm conditions [58,61,62,68].
Interestingly, opaque cells have been observed to respond more efficiently to pheromone in media
containing alternative carbon sources (e.g., Spider media) [68]. Additionally, the opaque cell pheromone
response can be enhanced under a variety of environmental conditions by deletion of GPA2, which
encodes a G-protein α-subunit that functions at the beginning of the cyclic AMP-protein kinase A
(cAMP-PKA) pathway [68]. This finding suggests that mating may occur more frequently within certain
(e.g., specific nutrient limiting) host niches and that there is likely crosstalk between the signaling
pathways regulating pheromone (i.e., MAPK) and nutrient sensing (i.e., cAMP-PKA) responses.

The opaque cell pheromone response in C. albicans is mediated by the transcription factor Cph1,
a homolog of the transcription factor Ste12 in S. cerevisiae that is activated by a MAPK signaling
pathway and controls genes involved in mating [58,70,73,74,81–83]. In opaque cells responding to
pheromone, Cph1 initiates a transcriptional response that results in an upregulation of genes involved
in filamentation (e.g., FGR23), cell fusion (e.g., FUS1, FIG1), karyogamy (e.g., KAR4), MAPK signaling
(e.g., CEK1/2), and adhesion and virulence (e.g., HWP1/2, ECE1, SAP4/5/6, RBT1/4) [52,53,58,62,68].
Interestingly, although opaque cells generally grow slower than white cells, genes involved in DNA
replication and the cell cycle (e.g., MCM6, MCM7, PRI2, and POL5a) are specifically repressed in opaque
cells responding to pheromone, suggesting that exposure to pheromone further slows progression out
of the G1 phase of the cell cycle [52,53,58,62,68,84]. In opaque a cells, STE2 is upregulated, and the
α-pheromone receptor Ste2 becomes localized to the tip of growing cellular extensions known as
mating projections or conjugation tubes [11,52,53,58,62]; mating projections are phenotypically similar
to hyphae, but lack septa [52,53]. Not surprisingly, transcriptional profiling data revealed that opaque
cells forming mating projections in response to pheromone upregulate a subset of the genes associated
with filamentation and virulence that are upregulated by white cells forming hyphae in response to
serum [62,85]. These findings indicate that there is overlap among genes expressed during hyphal
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formation and pheromone treatment, but that there are also several genes that are distinctly expressed
in each process [62].

Although C. albicans white cells are unable to mate, a and α white cells still express pheromone
receptors and are thought to respond to pheromone in a Cph1-dependent manner [11,58], albeit at
a much slower rate than opaque cells [58]. For example, under standard sexual biofilm conditions,
the transcriptional response of opaque cells four hours after pheromone exposure is comparable to
that of white cells 24 h after pheromone exposure [58]. Interestingly, the pheromone response in white
cells appears to occur primarily under sexual biofilm conditions; in fact, much of the response is lost
when white cells are subjected to pheromone under planktonic conditions [52,68]. It is also interesting
to note that similar to the pheromone response in opaque cells, sexual biofilm formation is highly
dependent on nutrient levels [57,68,86], suggestive again of crosstalk between the pheromone response
and nutrient sensing signaling pathways. Despite white cells being unable to mate, many genes
involved in MAPK signaling and mating are upregulated in white cells responding to pheromone
(e.g., STE2, HST6, FIG1, FUS1, KAR4), which may be an artefact derived from the co-option of
Cph1 by white cells for biofilm formation [58]. In addition, many of the adhesion-, biofilm- and
other virulence-associated genes upregulated in opaque cells responding to pheromone are similarly
upregulated by white cells responding to pheromone in biofilms (e.g., RBT1, HWP1/2, ECE1, PGA23/50,
SAP5/6) [58]. However, unlike opaque cells, white a cells do not experience a halt in their cell cycle upon
exposure to α-pheromone [11,52]. Overall, in synthetic pheromone-stimulated biofilms, 116 genes are
differentially expressed in both white and opaque cells, white cells uniquely differentially express
147 genes, and opaque cells uniquely differentially express 190 genes [58]. Given that Cph1 is believed
to mediate both sexual biofilm formation in white cells and mating in opaque cells in response to
pheromone, Cph1 may be involved in mediating a core pheromone response involving filamentation
and adhesion that can be modified depending on the epigenetic state of the cell [58,73]. Over the
course of evolutionary time, it appears that C. albicans has rewired aspects of cell–cell communication
to be used for host–pathogen interactions, which may provide insight into the unique history of this
opportunistic pathogen. Additional work on the regulatory controls of white and opaque cells may
improve our understanding of how transcription factors drift to regulate novel functions.

4. Conventional and Sexual Biofilms

4.1. Properties of Conventional and Sexual Biofilms Compared

Conventional and sexual biofilms formed by C. albicans are both composed of yeast-form,
pseudohyphal, and hyphal cells [5,12,60,86]. The C. albicans biofilm life cycle typically begins when
planktonic yeast-form cells adhere to a substrate in response to specific environmental stimuli [4,5].
These yeast-form cells proliferate, resulting in a dense mat that is tightly anchored to its substrate.
Hyphae and pseudohyphae then begin to grow and extend away from the substrate, providing
architectural support for the biofilm. As the growing C. albicans biofilm matures, the cells within the
biofilm produce extracellular matrix material, composed predominantly of proteins, polysaccharides,
and DNA that surrounds all of the cells within the biofilm [4,5]. Once a mature biofilm is formed,
daughter yeast-form cells disperse from the biofilm and revert to the planktonic growth state or form
new biofilms elsewhere [4,5,87]. Although this generalized biofilm life cycle is common across all
C. albicans biofilms, the configuration of the MTL locus and the phenotypic state of the cells play
important roles in determining the environmental stimuli that induce biofilm formation as well as
certain unique physical characteristics of the biofilms formed. MTL-heterozygous white cells form
thick and resilient conventional biofilms in response to specific environmental stimuli, such as shear
flow rate and host factors, whereas MTL-homozygous white cells form thinner and weaker sexual
biofilms in response to mating pheromone [11,12,57,86].

Generally, microorganisms that exist in biofilms are protected from environmental stresses relative
to microorganisms that exist planktonically [1]. The extracellular matrix surrounding both C. albicans
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conventional and sexual biofilms acts as a physical barrier inhibiting many compounds, such as
antimicrobial agents, from penetrating into the deeper layers of the biofilm [3–5]. Mature conventional
biofilms, in particular, are highly resilient to most forms of environmental stress, such as treatment
with antifungal agents, exposure to mechanical forces, and attack by the host immune system [4,5].
In addition to the physical barrier provided by the matrix, the resilience of conventional biofilms
to antifungal agents is also due to the fact that cells within conventional, but not sexual, biofilms
upregulate drug efflux pumps (e.g., Cdr1/2, Mdr1), thereby prohibiting antifungal drugs from
reaching lethal concentrations within the biofilm [58,60]. Consistent with this finding, sexual biofilms
are much more easily permeated by a variety of compounds than conventional biofilms [12,59].
Interestingly, this phenotype can be partially rescued by the overexpression of BCR1 [12,59], which
encodes the biofilm master regulator of several downstream adhesins, suggesting that cell–cell
and/or cell–substrate adherence may also contribute to the recalcitrance of conventional biofilms to
antimicrobial compounds. Cells within conventional biofilms are also more tightly adhered to each
other and their substrates compared to sexual biofilms [12,58,59]. These differences in adherence are
likely due to the upregulation of genes involved in adhesion (e.g., ALS3) in conventional biofilms,
which are less (if at all) upregulated in sexual biofilms [3–5,58,60]. Additional factors contributing to
the drug resistance of conventional biofilms include variation in cell membrane sterol composition and
the presence of metabolically dormant persister cells, which can display extreme tolerance to most
classes of antifungal drugs [3,4,13,88,89]. We note that these two factors have only been studied in
conventional biofilms, and thus whether or not they also are present in sexual biofilms is unknown,
and an intriguing area of interest for future studies.

If sexual biofilms do not provide the same protective environment as conventional biofilms,
why does C. albicans bother to form sexual biofilms in the first place? Given that ~97% of the C. albicans
population in nature is thought to be MTL-heterozygous, the chance that two MTL-homozygous white
cells of opposite mating types will exist in close enough proximity to undergo the complex steps
involved to mate is seemingly unlikely [34]. Even if two opaque cells were in close enough proximity
to one another, ambient forces would likely disrupt the pheromone concentration gradient before
the cells could find one another and fuse. Since sexual biofilms are not nearly as thick or dense as
conventional biofilms, these properties could enable opaque cells to extend mating projections through
the biofilm towards other opaque cells, while still being sufficiently dense to maintain pheromone
gradients and provide some stability against external forces [11,12]. Consistent with the idea that sexual
biofilms provide an optimal environment for mating, white a cells produce their own pheromone when
responding to α-pheromone, which promotes both homothallic and heterothallic mating [90]. In terms
of the host response, white cells are preferentially phagocytosed by macrophages as compared to opaque
cells and only white cells secrete a leukocyte chemoattractant [32,91]. Thus, white cells may protect
mating opaque cells by acting as decoys to sequester infiltrating host cells [32]. Overall, by stabilizing
pheromone gradients and providing an optimal environment for opaque cells to undergo mating,
sexual biofilms may promote mating in specialized niches of the body that support white-opaque
switching (e.g., the skin).

Cell heterogeneity resulting from the various microenvironments present throughout conventional
biofilms is also likely to contribute to biofilm resilience [3]. These microenvironment differences
lead to specific gene expression changes within cells in discreet environmental niches of the biofilm,
resulting in widespread cellular heterogeneity throughout the biofilm architecture [92]. For example,
the innermost regions of conventional biofilms are hypoxic and contain less nutrients and more waste
products compared to the outermost regions of the biofilm [93]. These unique microenvironments
also enable C. albicans to coexist and interact with specific microbial species. For example, the hypoxic
inner regions of conventional C. albicans biofilms support the growth of obligate anaerobic bacteria,
such as Bacteroides fragilis and Clostridium perfringens [3,93]. Although the microenvironments present
in sexual biofilms have not been studied to date, because sexual biofilms are much thinner than
conventional biofilms [12,59], there are likely to be fewer opportunities for microenvironments to form.
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Nonetheless, given their phenotypic differences, the microenvironments of conventional and sexual
biofilms are certainly distinct.

Interspecies interactions within polymicrobial biofilms between C. albicans and other species
(mostly bacteria) have only been studied to date within the context of conventional C. albicans biofilms.
These interactions can be beneficial or antagonistic in nature. A large proportion of research to date
has focused on the beneficial interactions between C. albicans and Staphylococcus species, such as
Staphylococcus aureus; these two species are often co-isolated from biofilm infections with high mortality
rates in clinical settings [94]. Although these two species can form biofilms independently, initial
attachment of C. albicans cells to surfaces is enhanced when C. albicans is co-inoculated with S. aureus [95].
In mature polymicrobial biofilms of S. aureus and C. albicans, S. aureus cells can be found adhered
to C. albicans hyphae and are present throughout the biofilm structure [95–97]. S. aureus is, in fact,
known to specifically recognize and bind to the adhesin Als3 on the cell surface of C. albicans hyphae,
and consistent with this, cells of C. albicans als3 mutants have been found to interact with significantly
fewer S. aureus cells than wild-type C. albicans cells [96]. Interestingly, ALS3 expression is reduced in
sexual biofilms compared to conventional biofilms [58,60], and thus one may hypothesize that S. aureus
and C. albicans are less likely to co-localize in the context of sexual biofilms. Other structural components
of C. albicans biofilms are also known to play roles in mixed-species interactions. For example, β-glucans
present in the extracellular matrix of C. albicans biofilms were found to aid methicillin-resistant S. aureus
(MRSA) strains in surviving vancomycin, one of the few antibiotics effective against MRSA [3,98].
In terms of antagonistic interactions, Enterococcus faecalis can secrete EntV, a bacteriocin that inhibits
conventional C. albicans biofilm formation [3,99]. In another example, Pseudomonas aeruginosa can
secrete a 12-carbon acyl homoserine lactone that hinders C. albicans filamentation and conventional
biofilm formation by mimicking farnesol, a quorum sensing molecule produced by C. albicans that
modulates filamentation [100,101]. P. aeruginosa can also release phenazines that specifically inhibit
C. albicans filamentation and conventional biofilm formation [102]. Overall, given that sexual and
conventional biofilms have different physical and biochemical properties, the interactions of these two
biofilm systems with other microorganisms are likely to differ considerably.

Conventional and sexual biofilms also differ in their interactions with the host immune response.
Neutrophils and mononuclear leukocytes are important host players against fungal infections [103,104].
When neutrophils recognize C. albicans cells, they activate a number of antimicrobial defenses, including
phagocytosis, degranulation, the release of reactive oxygen species (ROS), and the release of web-like
neutrophil extracellular traps (NETs) [103]. In general, neutrophils are very effective at killing
planktonic C. albicans yeast and hyphal cells [105], where these antimicrobial mechanisms work
efficiently. When it comes to C. albicans conventional biofilms, however, neutrophils are generally
unable to penetrate beyond the outermost regions of the biofilm, ROS are not produced, and NETs
are not released [3,4,59,106,107]. This biofilm-specific recalcitrance to neutrophils is largely due to
the presence of the extracellular matrix, as physical disruption of the matrix in conventional biofilms
restores the ability of neutrophils to release NETs [106]. Consistently, neutrophils are able to release
NETs and kill C. albicans cells within a biofilm formed by the C. albicans pmr1 mutant, which is unable
to produce matrix mannan [106]. Interestingly, in the presence of a sexual biofilm, neutrophils can
penetrate into the innermost layers of the biofilm [59], although whether NETs are released, and fungal
cells are killed is unknown. Based on this information, one would hypothesize that sexual biofilms are
more susceptible to clearance by neutrophils than conventional biofilms.

In terms of mononuclear leukocytes, these host cells typically respond to C. albicans infection
by phagocytosing invading cells and releasing cytokines [108]. C. albicans cells in conventional
biofilms are two to three times more resistant to killing by mononuclear leukocytes than cells growing
planktonically [103,108]. In addition, C. albicans cells growing in conventional biofilms are capable
of altering the cytokine profile of attacking mononuclear cells [108]. For example, the presence
of a conventional biofilm leads to the downregulation of TNF-α, a pro-inflammatory cytokine
produced by mononuclear leukocytes that would normally suppress biofilm formation [103,108,109].
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Intriguingly, conventional biofilms that are grown in the presence of mononuclear leukocytes form
thicker biofilms, a phenomenon that is thought to be mediated by an unknown soluble factor that
is present when the two are co-cultured [108]. Whether or not this process also occurs with sexual
biofilms in the presence of mononuclear cells is unknown, but an interesting area for future exploration.

The host response to C. albicans infection is typically initiated by the interaction of host pattern
recognition receptors and pathogen-associated molecular patterns (PAMPs) and involves secretion
of a variety of antimicrobial compounds. Interestingly, several characteristics of conventional and
sexual biofilms inhibit the recognition of PAMPs. For example, hyphal cells, a major component of
both conventional and sexual biofilms, are able to ‘mask’ the β-glucan in their cell walls, blocking a key
PAMP recognized by many host immune cell types [4,110,111]. In addition, several cell surface and
secreted proteins are capable of sequestering and inactivating host complement proteins, and other
secreted anti-immune proteins are expressed at higher levels in conventional biofilms than in planktonic
cells [3,4,60]. Although studies to date have only examined conventional biofilms, it seems likely
that sexual biofilms would also retain some of these host response characteristics. In fact, we know
that some cell surface and secreted proteins involved in inactivating the host immune response (e.g.,
SAP4, MSB2) are also upregulated in sexual biofilms [58]. Nonetheless, how sexual biofilms interact
with the immune system and how they compare to conventional biofilms in this regard has not been
investigated to date.

4.2. Genetic Regulation of Conventional and Sexual Biofilms

Our current knowledge of the regulation of conventional and sexual biofilms is summarized in
Figure 1. Given that there are many phenotypic differences between conventional and sexual biofilms,
it seems likely that the genetic regulation and transcriptional profiles of these two systems should
differ as well. As discussed above, the signaling pathway that triggers the formation of sexual biofilms
is a MAPK cascade initiated by the pheromone receptors Ste2 or Ste3 [73–75]. This pathway is unique
to sexual biofilms, as a Ras1/cAMP pathway that includes Cdc35, Tpk2, and an unknown receptor has
been shown to trigger conventional biofilm formation [59,112,113]. In the conventional biofilm pathway,
Ras1 activation results in cAMP production, and increased concentrations of cAMP stimulate PKA to
initiate the complex transcriptional network controlling conventional biofilm formation [59,112,113].
When comparing the transcriptional profiles of MTL-heterozygous white cells grown planktonically
versus in conventional biofilm conditions, and white a cells grown in sexual biofilm conditions with
and without the presence of α-pheromone, there are 662 genes that are induced twofold or more in
conventional biofilms, 486 genes that are induced twofold or more in sexual biofilms, and 128 genes
similarly induced twofold or more in both systems (examples include HWP1, SAP4, SAP5, ALS1) [58,60].
In addition, 187 genes are repressed at least twofold in conventional biofilms, 355 genes are repressed
at least twofold in sexual biofilms, and only 19 genes are similarly repressed at least twofold in both
systems [58,60]. The dramatic differences in transcriptomic profiles between sexual and conventional
biofilms strongly supports the idea that distinct transcriptional networks regulate the formation of
these two structures.
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Figure 1. Summary of the regulation of C. albicans conventional (mating type-like (MTL)-heterozygous)
and sexual (MTL-homozygous) biofilm formation and their phenotypic characteristics. Arrows with
smaller heads indicate activation (e.g., shear flow and environmental conditions activate the
Ras1/cAMP pathway). Arrows with large heads indicate the lifestyle each biofilm type facilitates (e.g.,
MTL-heterozygous biofilms facilitate a pathogenic lifestyle). T-bars indicate inhibitory relationships
(e.g., Gal4 and Rfx2 inhibit conventional biofilm formation and conventional biofilms inhibit the
deleterious effects of antifungal drugs, mechanical stress and immune attack).

The core transcriptional network controlling conventional biofilm formation consists of nine
transcription factors: Tec1, Ndt80, Rob1, Brg1, Bcr1, Efg1, Flo8, Gal4, and Rfx2 [60,114]. By screening a
mutant library containing 165 strains with homozygous deletions of genes encoding DNA-binding
proteins, a transcriptional network of six transcription factors was identified (Tec1, Ndt80, Rob1,
Brg1, Bcr1, Efg1), whose deletion hindered conventional biofilm formation in vitro and in vivo [60].
Interestingly, two of these transcription factor mutants were defective in one in vivo model of
biofilm formation but not in another (e.g., the bcr1 mutant was severely defective in the rat catheter
model, but formed a decent biofilm in the rat denture model, while the brg1 mutant formed normal
biofilms in the catheter model, but was severely defective in the denture model) [60]. These findings
suggest that the genetic regulation of conventional biofilms may be different depending on the
environment [60]. Further investigation into the transcriptional regulators of conventional biofilm
formation in a temporal biofilm study revealed three additional core regulators: Flo8, Gal4 and
Rfx2 [114]. Interestingly, deletion of GAL4 and RFX2 resulted in generally enhanced conventional
biofilms relative to wildtype, indicating that they may serve as negative regulators of the network [114].
In order to understand how these transcription factors regulate conventional biofilm formation,
genome-wide chromatin immunoprecipitation and microarray experiments were performed on each
transcription factor and transcription factor mutant, respectively. These experiments revealed that each
of the nine transcription factors contribute to the formation of a complex network that encompasses
about 1000 downstream “target” genes [60]. Furthermore, extensive binding between the nine
transcription factors and their respective cis-regulatory regions highlights a complex set of regulatory
feedback loops within the core of the biofilm regulatory network [60,114,115]. Overall, the majority
of TFs involved in the conventional biofilm network act as both positive and negative regulators of
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various downstream target genes, with the exception of Tec1, which seems to act primarily as an
activator [60]. Although the core transcriptional network regulating conventional biofilm formation
has been identified, many additional transcription factors have been found to regulate certain aspects of
conventional biofilm formation. For example, Rlm1 and Zap1 are both involved in the regulation of the
extracellular matrix [116–118]. As we continue research on biofilms into the future, there will certainly
be additional regulators identified to play important roles in different aspects of conventional biofilm
formation, as well as an increase in our knowledge of the core regulators of sexual biofilm formation.

Sexual biofilms are currently known to rely on four of the nine core transcription factors involved
in the conventional biofilm network: Bcr1, Rob1, Brg1, and Tec1 [58]. Deletion of any of these four
transcription factors results in a significant decrease in sexual biofilm thickness relative to wildtype [58].
Deletion of EFG1 does not hinder sexual biofilm formation [58]; rather, the efg1 mutant appears to
form equally thick sexual biofilms relative to wildtype, indicating that EFG1 is not required for sexual
biofilm formation [58]. Interestingly, the ndt80 mutant forms thicker sexual biofilms than wildtype,
although this may not be due to Ndt80 acting as a negative regulator of sexual biofilm formation since
deletion of NDT80 leads to the misregulation of cell separation genes, specifically SUN41 and CHT3 [58].
This could consequently result in thicker sexual biofilms as an artifact of enhanced cell clumping
and/or reduced cell dispersion during sexual biofilm formation. The fact that this does not occur in
conventional biofilms, and that Ndt80 is in fact required for conventional biofilm formation, is an
intriguing area for future research. The roles of the other three core transcription factors involved in
regulating conventional biofilm formation—Flo8, Gal4 and Rfx2—have not yet been explored in terms
of sexual biofilm formation and is another area of interest for future research. Finally, the transcription
factor Cph1, which is not required for conventional biofilm formation, plays a central role in the
regulation of sexual biofilm formation [58,60]. Deletion of CPH1 results in the complete obliteration
of sexual biofilm formation, and it has been hypothesized that Cph1 is the terminal transcription
factor activated by the MAPK cascade in both white and opaque cells responding to pheromone [58].
These ideas have been challenged, where another group found that although the same GPCR (Ste2/3),
MAPK cascade (Ste11, Hst7, Cek1/2) and scaffolding protein (Cst5) are used in both white and opaque
cell pheromone responses, there are cell type differences in the terminal transcription factors that are
activated by pheromone [74]. In opaque cells, their findings suggest that Cph1 is activated for mating,
while in white cells, Tec1 is activated for sexual biofilm formation [74,119,120]. The discrepancies
between these two findings may be partially explained by differences in growth conditions utilized by
the two groups [11,12,58,74,86]. In fact, the different conditions lead to the formation of sexual biofilms
with distinct structural features, and one possibility is that different transcription networks may be
involved in the two conditions that depend on distinct environmental cues. Given this information,
the terminal transcription factor(s) activated by pheromone-stimulated MAPK signaling in white cells
remain to be conclusively determined.

The transcriptional network regulating conventional biofilms has been shown to have evolved
fairly recently [60]. By determining the master regulators of sexual biofilm formation and its
accompanying transcriptional network, we will be able to explore how two seemingly unrelated
transcriptional networks and signaling pathways have evolved to interact with one another. If Cph1 is
the terminal transcription factor of the pheromone response in white cells, this would indicate that a
conserved signaling cascade and its transcriptional regulator evolved to control a novel set of genes
during pheromone activation. We can envision two scenarios where this could occur. First, genes
associated with biofilm formation may have come under the direct control of Cph1 by the addition
of Cph1 recognition sequences to their promoters. Alternatively, one or several regulators of biofilm
formation may have come under the control of Cph1 [115]. In the latter scenario, deemed the
“regulator-first” model of the evolution of transcription networks [115], Cph1 would have been directly
inserted into the older conventional biofilm network, gaining control of several downstream genes
associated with biofilm formation, while adding many of the genes that it previously regulated
to the network. This model could account for the large size of transcriptional networks (e.g.,
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the conventional biofilm network comprises approximately 20% of the genome), and the reason
why complex transcriptional networks include such large numbers of seemingly extraneous target
genes [58,60,115]. Since white cells are unable to mate, their main purpose is to form biofilms in
response to pheromone, thus reason dictates that they have no need to express genes involved in
mating when stimulated by pheromone. Yet, the expression of mating genes has been observed in
white cells responding to mating pheromone, where there is a clear induction of genes involved in cell
fusion, karyogamy and other aspects of mating (e.g., FUS1 and KAR4) [58]. This regulator-first model
is consistent with the hypothesis that Cph1 is the terminal transcription factor activated by the MAPK
cascade in both white and opaque cells responding to pheromone. In the alternative hypothesis, Tec1,
whose expression is only induced in conventional biofilms via Efg1, may have come under direct
control of a novel signaling pathway, namely the pheromone response MAPK cascade. In this scenario,
Tec1 would still regulate many of the genes it traditionally regulated and the transcriptional profile of
the white cell pheromone response would look similar to conventional biofilm formation. Given that
we see a dramatic change in transcriptional profiles between the two biofilm systems and the activation
of so many extraneous genes involved in mating in white cells responding to pheromone, we favor the
regulator-first model for the evolution of the sexual biofilm transcriptional network.

5. Conclusions

Sexual biofilms represent a specialized kind of biofilm formed by MTL-homozygous cells responding
to mating pheromone. The physical characteristics of sexual biofilms differ dramatically from conventional
biofilms; indeed, they appear to lack the major characteristics that contribute to the highly pathogenic nature
of conventional biofilms. The molecular differences that result in such distinct phenotypes between the two
systems remain to be determined. The significance of the unusual characteristics of sexual biofilms and their
roles in the lifecycle of C. albicans is also not clearly understood. The low frequency of MTL-homozygous
strains observed in nature and the apparent lack of opaque-specific niches outside of the laboratory led to
questions about the existence of a parasexual lifecycle in C. albicans in nature. However, it is now appreciated
that sexual biofilms may serve as a permeable and penetrable, yet protective, microenvironment that
promotes mating in C. albicans. Although no in vivo model has been established to investigate the relevance
of sexual biofilms in the host, the apparent disadvantageous properties of sexual biofilms for survival in
the host may be outweighed by their ability to promote parasexual mating. Future work on the genetic
regulation and molecular mechanisms of sexual biofilm formation will improve our understanding of the
significance of sexual biofilms as well as the relevance of phenotypic switching and parasexual mating in
the lifecycle of C. albicans in nature. Overall, the molecular and genetic regulation of conventional and
sexual biofilm formation is quite different between the two systems. Conventional biofilms are modulated
by the Ras1/cAMP signaling pathway, whereas sexual biofilms are modulated by a MAP kinase pathway;
each activating a largely distinct set of transcription factors and likely different transcriptional networks.
Understanding how these two transcriptional networks regulate their target genes to give rise to similar yet
distinct phenotypes will also provide a basis for studies on the evolution of biofilm formation. Current and
future research into sexual biofilms should provide a wealth of knowledge into the molecular genetics,
pathogenesis, and evolutionary history of one of the most pervasive fungal pathogens of humans.
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