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Candida albicans is considered an exclusive etiologic agent of candidiasis, a very
common fungal infection in human. The expression of virulence factors contributes
highly to the pathogenicity of C. albicans. These factors include biofim formation,
yeast-to-hyphal transition, adhesins, aspartyl proteases, and phospholipases secretion.
Moreover, resistance development is a critical issue for the therapeutic failure of
antifungal agents against systemic candidiasis. To circumvent resistance development,
the present study investigated the virulence targeted therapeutic activity of the phyto-
bioactive compound morin against C. albicans. Morin is a natural compound commonly
found in medicinal plants and widely used in the pharmaceutical and cosmetic
products/industries. The present study explicated the significant inhibitory potential
of morin against biofilm formation and other virulence factors’ production, such as
yeast-hyphal formation, phospholipase, and exopolymeric substances, in C. albicans.
Further, gPCR analysis confirmed the downregulation of biofilm and virlence-related
genes in C. albicans upon morin treatment, which is in correspondence with the
in vitro bioassays. Further, the docking analysis revealed that morin shows strong affinity
with Hwp-1 protein, which regulates the expression of biofilm and hyphal formation in
C. albicans and, thereby, abolishes fungal pathogenicity. Moreover, the anti-infective
potential of morin against C. albicans-associated systemic candidiasis is confirmed
through an in vivo approach using biomedical model organism zebrafish (Danio rerio).
The outcomes of the in vivo study demonstrate that the morin treatment effectively
rescues animals from C. albicans infections and extends their survival rate by inhibiting
the internal colonization of C. albicans. Histopathology analysis revealed extensive
candidiasis-related pathognomonic changes in the gills, intestine, and kidney of animals
infected with C. albicans, while no extensive abnormalities were observed in morin-
treated animals. The results evidenced that morin has the ability to protect against the
pathognomonic effect and histopathological lesions caused by C. albicans infection in
zebrafish. Thus, the present study suggests that the utilization of morin could act as a
potent therapeutic medication for C. albicans instigated candidiasis.
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INTRODUCTION

Candida albicans is an opportunistic fungal pathogen
responsible for about 50-90% of all cases of candidiasis
in humans. It is generally referred to as a dimorphic
fungus since it grows both as yeast and filamentous cells
(Romani et al., 2006; Kadosh and Lopez-Ribot, 2013; Sardi
et al., 2013; Salvatori et al, 2016; Tsui et al., 2016). The
pathogenicity of C. albicans is aided by its exclusive virulence
factors’ production such as biofilm formation, yeast-hyphal
formation, and secretion of proteolytic and lipolytic enzymes
(Galocha et al., 2019).

Among these virulent features, biofilm formation is
imperious for C. albicans pathogenicity (Mohandas and
Ballal, 2011). Biofilms of C. albicans are heterogeneous
three-dimensional communities of yeast and hyphal cells
within a self-secreted matrix of extracellular polymeric
substances (EPS), which are comprised of polysaccharides,
proteins, and nucleic acids (Lohse et al., 2018). C. albicans
may form biofilms on the surface of implantable medical
devices and has been involved in the establishment of
device-associated nosocomial infections. The occurrence of
invasive candidiasis in indwelling implant devices, such as
catheters and stents, leads to persistent candidemia (Nucci,
2011). Moreover, biofilms have reduced susceptibility
to antifungal drug therapy and host immune responses
(da Costa et al., 2009).

Additionally, the surface-associated virulence factors,
such as adhesins and invasins, have distinguishable roles in
attachment and invasion into the host cells, which assists
C. albicans in developing dexterous mechanisms to escape
host immune responses (Mayer et al, 2013). Also, the
degradative virulence enzymes, including phospholipases
and proteases, strengthen the pathogenicity of C. albicans by
degrading the cell membrane lipids and vital proteins of the skin
(Rossoni et al., 2013).

Due to the imperative virulence factors production by
C. albicans, it is very difficult to treat. Therefore, targeting
such virulence factors could be considered as an effective
alternative to prevent C. albicans-instigated infections.
Recently, several plant-derived bioactive compounds have
been explored for their antibiofilm activity against human
pathogens (Shankar Raut and Mohan Karuppayil, 2016;
Sivaranjani et al., 2016; Ramanathan et al, 2018). Hence, in
the present study, morin was preferred to thwart C. albicans
biofilm and other virulence factors’ production. Morin is a
flavonoid found in several medicinal plants, including Maclura
tinctoria, Maclura pomifera, and Psidium guajava, which exhibits
a broad range of biological properties (Rattanachaikunsopon
and Phumkhachorn, 2007). Several kinds of research have
distinguished its anti-microbial, anti-inflammatory, anti-
hypertensive, and anti-oxidant efficacy (Prahalathan et al,
2012; Abuohashish et al, 2013). In light of these facts, the
present study was carried out to determine the antibiofilm
and antivirulence activity of morin against C. albicans through
in vitro bioassays and transcriptomic analysis. Further, in vivo
analysis was performed to evaluate morins anti-infective

potential against C. albicans instigated candidiasis in Danio rerio
(Zebrafish) model system.

MATERIALS AND METHODS

Fungal Strain and Culture Condition

The strain C. albicans ATCC 90028 was used in the present study.
The test culture was maintained in Sabouraud dextrose agar
(SDA; Himedia, Mumbai) and cultured routinely in YEPD (Yeast
extract peptone dextrose) broth. For experimental analysis, a
loopful of culture was used to inoculate YEPD medium and
incubated at 37°C overnight. Prior to each bioassay, the overnight
culture was adjusted to 0.8 OD at 600 nm (10% CFU/ml). Spider
broth (1% mannitol, 0.2% dipotassium hydrogen phosphate, and
1% nutrient broth) was used in the biofilm assay for augmenting
hyphal formation (Muthamil and Pandian, 2016).

Compound Preparation

Morin was obtained from Sigma-Aldrich (St. Louis, MO,
United States). For experimental purpose, a stock solution of
50 mg/ml concentration of morin was prepared using DMSO.

Effect of Morin on Growth of C. albicans
The antifungal effect of morin against C. albicans was assessed
using the microbroth dilution method in a 24-well microtitre
plate (MTP) as per the guidelines of the Clinical and Laboratory
Standards Institute [CLSI] (2015). About 1% of overnight
C. albicans culture was allowed to grow in 1 ml of YEPD
broth in the presence and absence of morin (37.5-600 jLg/ml).
Wells holding 1 ml of plain YEPD broth served as a blank.
The plate was incubated at 37°C for 16 h. After incubation,
the growth absorbance was measured at ODggp nm using
a multi-mode plate reader (SpectraMaxM3, United States)
(Baillie and Julia Douglas, 1998).

Effect of Morin on Biofilm of C. albicans

The antibiofilm activity of morin was evaluated against
C. albicans in a 24-well MTP (Ravindran et al., 2019; Alexpandi
et al., 2020a). About 1% of test pathogen was added to 1 ml
of spider broth along with morin at increasing concentrations,
from 37.5, 75, to 150 pg/ml, and incubated at 37°C for
48 h. After incubation, the planktonic cells were discarded
and the cells adhered in MTP wells were stained with 0.2%
crystal violet. Then, the cells bound stains were eluted by
20% glacial acetic acid. The absorbance was measured at
ODsy9 pm using a multi-mode plate reader (SpectraMaxM3,
United States) in order to evaluate the biofilm inhibition upon
morin treatment. The least concentration of morin which
showed more than 80% of biofilm inhibition was considered
as the minimum biofilm inhibitory concentration (MBIC). The
percentage of biofilm biomass inhibition was calculated by the
following formula:

% of inhibition = [(Control ODs7pnm — Treated ODs70nm)/
Control OD] x 100 (1)
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Effect of Morin on Exopolysaccharides

Production of C. albicans

The effect of morin on exopolysaccharides production in
C. albicans was quantified as described by Viszwapriya et al.
(2016). The assay was performed with and without morin
at increasing concentrations (37.5, 75, and 150 pg/ml) for
16 h. After incubation, both planktonic and biofilm cells
were harvested by centrifugation at 12,000 rpm for 10 min
and resuspended in 200 pl of 0.9% NaCl. An equal volume
of 5% phenol was added to the cell suspension. Then, five
volumes of H,SO4 was added to this reaction mixture and
incubated in the dark at room temperature for 1 h. After
incubation, the supernatant was collected and the absorbance was
measured at ODy90 nm-

Microbial Adherence to Hydrocarbons
Assay

The effect of morin on C. albicans cell surface hydrophobicity was
assessed by microbial adhesion to hydrocarbons assay (Ravindran
et al., 2018). The initial OD of morin treated and untreated
C. albicans culture were taken at 600 nm. Then, equal volumes
of toluene was added to the culture and vortexed vigorously for
10 min. The mixture was kept for phase separation. Then, the
aqueous phase was separated and the absorbance was measured
at ODgoo nm- The percentage of hydrophobicity was calculated by
the formula below:

% of hydrophobicity = [1 — (ODggo nm after vortexing/
ODgoonm before vortexing)] x 100 (2)

Microscopic Analysis

The antibiofilm activity of morin was visually evaluated using
microscopic analyses as described by Kannappan et al. (2017)
with minor modifications. C. albicans was allowed to form
biofilm on the pieces of glass slides (1 cm x 1 cm) in the
presence and absence of morin at MBIC. Then, both control
and treated biofilm slides were stained with 0.2% crystal violet
for light microscopy (Nikon Eclipse 80i, United States) analysis
and 0.1% acridine orange for confocal laser scanning microscopy
(CLSM) (Zeiss LSM 710, Germany) analysis. For scanning
electron microscopic (SEM) analysis, biofilm cells were fixed
in glass slides using 2.5% glutaraldehyde for 1 h at 4°C.
Then, the fixed slides were gradually dehydrated with 20, 40,
60, 80, and 100% ethanol. Afterward, the slides were sputter
coated with gold to observe under SEM (VEGA 3 TESCAN,
Czech Republic).

Growth Curve Analysis

The effect of morin on the cell proliferation of C. albicans was
assessed by growth curve analysis. 1 ml of C. albicans culture
(108 CFU/ml) was used as the inoculum for 100 ml of YEPD
broth, supplemented with and without morin (at MBIC), and
incubated at 37°C. Then, the growth absorbance was measured
at ODgoo nm for every 1 h of incubation period up to 16 h
(Nithyanand and Pandian, 2009).

Effect of Morin on C. albicans EPS

Production

EPS Extraction

The cell-free and cell-bound EPS were collected from morin
treated and untreated C. albicans culture, as described by
Durgadevi et al. (2019). C. albicans cells were grown at 37°C
for 16 h in YEPD media supplemented with and without morin.
After incubation, the planktonic and biofilm cells of both morin-
treated and -untreated samples were collected and centrifuged
at 8,000 rpm for 10 min. The cell-free culture supernatant
(CFCS) was stored at 4°C. Subsequently, the cell pellets were
suspended in freshly prepared isotonic buffer (10 mM Tris,
2.5% NaCl, 10 mM EDTA) and incubated at 4°C overnight.
After incubation, the cell-bound EPS containing supernatants
were collected by centrifugation at 12,000 rpm for 15 min and
pooled with the previously stored CFCS of respective control
and morin treated C. albicans cultures. Then, 3 volume of ice-
cold ethanol was added with each mixture and incubated at
—20°C overnight. Finally, the precipitates of both cell-bound
and cell-free EPS were collected by centrifugation at 12,000 rpm
for 15 min.

Fourier Transform Infrared Spectroscopy Analysis
Fourier transform infrared (FT-IR) spectrophotometric
(Nicolet iS5, Thermo Fisher Scientific Inc., United States)
analysis was performed to observe changes in C. albicans
EPS components upon morin treatment. For this, the
extracted EPS samples were pelletized with potassium
bromide at 1:100 ratio under hydraulic pressure. Then, the
pelletized samples were scanned in the spectral range of
1800-500 cm™!. Then, the absorbance of both control and
treated spectra was compared to observe the peak variations
(Alexpandi et al., 2019).

Inhibitory Effect of Morin Against
Virulence Factor Production of

C. albicans

Filamentous Morphology

The effect of morin on the filamentous morphology of
C. albicans was evaluated as described by Subramenium
et al. (2018). Spider agar plate was prepared with 1% Fetal
bovine serum (FBS) in the presence and absence of morin
at MBIC. Then, 3 pl of culture inoculum was spotted
at the center of the agar plates and incubated at 37°C
for 48 h. After incubation, the filamentous morphology of
control and treated plates was documented using a high
resolution charge-coupled device (CCD) camera (GelDoc
XR+, Bio-Rad).

Further, the hyphal formation was enumerated using light
microscopic analysis. About 1% of C. albicans was added to 1 ml
of spider broth along with 1% FBS in the presence and absence
of morin (at MBIC) at 37°C for 48 h. After incubation, 10 ul
of the cells were placed on the glass slides and mounted using
a cover slip. Then, three different spots in both the control and
treated slides were randomly selected to be observed under light
microscope.
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Invasion

In order to assess the effect of morin on the adhesion of
C. albicans, YEPD agar plates were prepared in the presence
and absence of morin (at MBIC). The overnight culture was
streaked on agar plates and incubated for 16 h at 37°C. After
incubation, the plates were documented using a CCD camera
(Romo et al., 2018).

Protease Production

The proteolytic activity of C. albicans was measured using
azocasein as substrate. C. albicans was grown in 1 ml of YEPD
broth in the presence and absence of morin and incubated
at 37°C forl6 h. After incubation, the CFCS were collected
from each sample by centrifugation at 12000 rpm for 10 min.
Then, 75 pl of CFCS was added to 125 pl of 2% azocasein
and incubated at 37°C for 45 min. The reaction was stopped
using 10% trichloroacetic acid and centrifuged at 12,000 rpm for
10 min. After centrifugation, the absorbance of the supernatants
was measured at ODy4q i, (Alexpandi et al., 2019).

Phospholipase Production

For qualitative analysis of phospholipase production, 1 pl of
inoculum was placed at the center of the SDA plate containing 1%
peptone, 3% glucose, 5.73% NaCl, 0.055% CaCl,, and 10% of egg
yolk emulsion in the absence and presence of morin (at MBIC),
and the plates were then incubated at 37°C for 72 h (Ribeiro et al,,
2010). The diameter of the precipitation zone around the colony
was determined. Measurement and calculation of the zone of
the phospholipase activity (Pz) were calculated as follows: colony
diameter/ (colony diameter + precipitation zone). Pz coefficients
were classified as negative (Pz = 1.00), positive (0.64 > Pz < 1.00),
and strongly positive (Pz < 0.64).

H»0, Sensitivity Assay

To determine the effect of morin on C. albicans catalase
production, a H,O, sensitivity assay was performed (Sivaranjani
et al., 2018). For this, 1% of C. albicans culture was swabbed
over the SDA plates supplemented with and without morin (at
MBIC). Then, sterile filter paper disks (Hi-Media, India) were
placed at the center of the plates. About 20 pl of 30% H,O, was
loaded in the disks and the plates were incubated for 16 h at
37°C. After incubation, the diameter of the zones of clearance was
measured. Subsequently, 100 11 of 30% H, O, was added to morin
treated and untreated C. albicans cell suspension and incubated at
room temperature for 10 min. After incubation, the absorbance
of each sample was measured at ODy49 ,, in order to quantify
the catalase activity (Hadwan, 2018).

Eradication of Mature Biofilm and Light

Microscopic Analysis

To determine the effect of morin on eradicating preformed
biofilm, C. albicans was allowed to form biofilms in 24-well MTP
containing 1 ml of spider broth supplemented with 1% inoculum
at 37°C for 48 h. Then, the planktonic cells were removed and
replaced with 1 ml of fresh spider broth supplemented with
increasing concentrations of morin (37.5, 75, and 150 pg/ml)
and incubated at 37°C for 16 h. After incubation, the non-
adherent cells were washed with sterile PBS and allowed to dry.
Then the biofilm biomass was quantified by the crystal violet
staining method and visualized by light microscopic analysis
(De Zoysa et al., 2018).

Real-Time PCR Analysis

Total RNA was extracted from 16 h old C. albicans culture grown
in the presence and absence of morin using TRIzol reagent, and
quantification was done via BioSpec-nano spectrophotometer
(Shimadzu, Japan). Isolated RNA was reverse transcribed into
cDNA using a high capacity ¢cDNA reverse transcription
kit (Applied Biosystems). The primers were designed using
primer3 software. The q-PCR was carried out using the SYBR
Green PCR master mix in a 7500 Sequence Detection System
(Applied Biosystems Inc., United States). The expression levels
of the candidate genes (listed in Table 1) were normalized
using housekeeping gene ACT-1 (B-actin) of C. albicans. The
relative gene expression level was determined by 27AACt
calculation(Yadav et al., 2015).

Molecular Docking

To identify the mode of the antibiofilm activity of morin, docking
analysis was perfomed. The canonical SMILE of morin was
downloaded from PubChem database and converted to a 3D-
structure using an online smile translator server (Alexpandi
et al,, 2019). Subsequently, the protein sequence of Hyphal Wall
Protein 1 (Hwp-1) was retrieved from Uniprot database [UniProt
ID: Q14RS3] and its 3D-structure was generated using Phyre2
server. Then, molecular docking was performed using AutoDock
Vina software and the ligand-protein interactions were visualized
by Maestro 10 (Schrodinger) software (Balasubramaniam et al.,
2019; Alexpandi et al., 2020b).

In vivo Studies With Zebrafish Model

Animal Maintenance

The wild type adult zebrafish (Danio rerio) were obtained
from an aquaculture farm (Sridhar Aquarium, Chennai, India).

TABLE 1 | List of C. albicans virulence genes and their functions used in this study.

Gene

Function

sap T1sap T2
als1

als2

plb1

hwp1

Secreted aspartyl proteinases and involves in development and progression of candidiasis
Agglutin-like sequences (promote biofilm formation).

Role in adhesion and biofilm formation

Phospholipase (Secreted during invasion of the gastrointestinal tract)

Hyphal wall protein (Cell surface protein and tight binding to oral epithelial cells).
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The collected zebrafish were acclimatized at 28 + 2°C for
seven days in a glass aquarium containing filtered fresh water
and fed with commercial food pellets twice a day. All the
in vivo experiments were performed in accordance with the
guidelines of the Committee for the Purpose of Control and
Supervision of Experiments on Animals(CPCSEA) (cpcsea.nic.
in/WriteReadData/userfiles/file/SOP_CPCSEA_inner_page.pdf),
Government of India, and the general guidelines of the
Institutional Animal Ethics Committee, Alagappa University
(Reg No: 183 2007/GO/ReBi/S/18/CPCSEA dt 14.03.2018).
The healthy and equal-sized fishes were selected for the in vivo
experiments. All in vivo experiments were performed in triplicate.

Toxicity Assessment
The toxicity test was carried out to determine the non-

lethal concentrations of morin. For this, the healthy
acclimatized fish were divided into five groups - one
for normal control and four for morin at different

concentrations (37.5, 75, 150, and 300 pg/ml) - in a
fresh water (1 L) aquarium. Each group consisted of six
animals and the survival percentage was monitored for
every 12 h up to 96 h of the post-compound treatments.
The concentration at which an 100% survival rate of
fish occurred after 96 h was considered as the non-lethal
concentration (LDg). All further experiments were made only at
non-lethal concentrations.

Infection Study

For revealing the anti-infective potential of morin against
C. albicans infection, the healthy zebrafish were infected with
C. albicans (10 CFU/ml) under aeration in a plastic pocket for
12 h. Then, the post-infected animals were transferred into an
aquarium containing either normal or morin (37.5 and 75 p.g/ml)
treated water (1 L). The survival rate of infection control (post-
infected fish) and treated (post-infected fish + morin) groups was
assessed every 12 h up to 96 h.

Effect of Morin on Internal Colonization

of C. albicans in Zebrafish

After the infection study, C. albicans-infected control and treated
animals were sacrificed and homogenized in 1 ml of PBS. Then,
the slurry was serially diluted and spread plate on the SDA
medium and incubated at 37°C for 24 h. After incubation, the
CFU of each sample was counted.

Histopathology Analysis

To analyze the systemic infections caused by candidiasis in
zebrafish, the infected control and treated zebrafishes were
fixed with 10% (v/v) phosphate-buffered formalin containing
0.4% NaH,POy4, 0.65% NayHPOQOy4, and 40% formalin. Then,
the animals were preserved in 70% ethanol until processing.
Subsequently, the samples were dehydrated and embedded in
paraffin wax. The tissues were sectioned transversely and stained
with hematoxylin and eosin. The samples were examined using a
light microscope and documented in Nikon Eclipse, Ti 100.

Statistics

All the experiments were performed at least thrice independently.
The statistical significance of data was analyzed by Student’s
T-test using SPSS statistics v17.0 software package to study the
statistical difference between control and treated samples. The
significant value was fixed at p < 0.05.

RESULTS

Antibiofilm and Non-fatal Effect of Morin
Against C. albicans

Morin exhibited concentration dependent biofilm inhibition in
C. albicans. At 150 pg/ml, morin displayed a maximum of 93%
biofilm inhibition. Hence, 150 pg/ml of morin was considered as
MBIC and used for all in vitro assays. Also, the effect of morin
on C. albicans growth was observed by microbroth dilution
method, which showed the non-antifungal nature of morin up
to 600 pg/ml concentration (Figure 1A).

Effect of Morin on Exopolysaccharides

Production of C. albicans

The effect of morin on exopolysaccharides production was
measured by quantifying the total carbohydrate using
the phenol sulphuric acid method. Noteworthily, morin
efficiently inhibited EPS production in a dose-dependent
manner (Figure 1B); the results revealed significant inhibition
of exopolysaccharides at 150 pg/ml concentration to the
level of 73%.

Effect of Morin on Hydrophobicity
Formation of C. albicans

Cell surface hydrophobicity has a major influence on microbial
adhesion by enhancing hydrophobic interactions between
microbial cells and biological or nonbiological surfaces.
The effect of morin on the hydrophobicity of C. albicans
was determined by MATH assay. In MATH assay, the
hydrophobicity index of morin treated C. albicans was 45,
35, and 27% at 37.5, 75, and 150 pg/ml concentrations,
respectively, and the hydrophobicity index of control
was 52% (Figure 1C). As expected, the morin effectively
reduced the hydrophobicity of C. albicans compared to the
untreated control.

In-situ Visualization of Biofilm Inhibition

The antibiofilm potential of morin against C. albicans was
visualized by in situ microscopic analyses. In Figure 2A, light
microscopic and CLSM images of morin-treated (at MBIC)
samples depict a highly reduced biofilm architecture, while
the untreated control images show a dense and multilayered
biofilm matrix. Further, SEM analysis of C. albicans biofilm
clearly depicts a robust and highly structured biofilm matrix
in the untreated control sample whereas the treated sample
showed effectually reduced biofilm-associated C. albicans
cells (Figures 2B,C).
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FIGURE 1 | (A) Effect of morin on growth and biofilm of C. albicans. Data are presented as means + SD. *Indicates statistical significance (p < 0.05). (B) Inhibitory
effect of morin on C. albicans exopolysaccharide production. Data are presented as means + SD. *Indicates the statistical significance (p < 0.05). (C) Effect of morin
on cell surface hydrophobicity of C. albicans. Data are presented as means + SD. *Indicates statistical significance (p < 0.05).
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Effect of Morin on Growth Pattern of
C. albicans

Growth curve analysis was performed to confirm the non-fatal
effect of morin (at MBIC) in C. albicans. The result of the
growth curve analysis indicates that the growth pattern of morin-
treated (at MBIC) C. albicans was similar to that of the untreated
control (Figure 3A).

FT-IR Analysis
Fourier transform infrared analysis was performed to analyse
the EPS inhibitory activity of morin, wherein the IR spectra
of control and treated samples were comparatively analyzed.
Herein, the intensity of peak absorbance of the morin-treated
sample at 1700-1500 cm~! and 1300-900 cm™!. representing
the proteins and mixed regions of polysaccharides and nucleic
acids, respectively, was highly reduced when compared with the
intensity of the control spectra (Figure 3B).

Inhibitory Effect of Morin Against

C. albicans Virulence Factor Production
Effect on Filamentous Morphogenesis

Hyphal production is an imperious virulence factor in C. albicans
pathogenesis. Transformation of yeast cells to hyphal cells
promotes the invasion and adhesion of pathogenic C. albicans.
In this study, the hyphal morphology was significantly reduced
in the morin-treated spider agar plate when compared to the

untreated control (Figure 4). Further, light microscopic analysis
was performed to quantify the filamentous growth in morin-
treated and untreated control. The three randomnly selected
spots showed that the untreated control sample has a highly
structured hyphal growth. Conversely, the morin-treated (at
MBIC) sample showed a small and reduced number of hyphal
formation. So, the single spot of filamentous growth in the
control and treated slide were represented. Then, the number
of cells were enumerated manually from three different spots
of untreated control and morin-treated, which is proof of the
inhibitory potential of morin against filamentous morphogenesis
of pathogenic C. albicans (Supplementary Figures 1A,B).

Effect on Invasion

C. albicans can invade the host epithelial cells by endocytosis.
Following the invasion of epithelial cells, C. albicans can
penetrate more deeply into blood vessels and invade into the
bloodstream. In the present study, the morin-(MBIC) treated
agar plate shows loosely attached C. albicans colonies, whereas
the robust colonies of C. albicans were observed in the untreated
agar plate (Figure 5A).

Effect on Protease Production

In the present study, the protease production in C. albicans
was quantified by azocasein assay. Morin exhibits significant
inhibitory activity against C. albicans protease production at its
MBIC compared to that of the untreated control (Figure 5B).
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Frontiers in Microbiology | www.frontiersin.org 7 October 2020 | Volume 11 | Article 561298


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Abirami et al.

Morin Against Candida albicans Infection

>
N

1.5 1

Growth OD at 600nm

=Control
oTreated

() p—————

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

nucleic acids (1300-900 cm~"). (b) proteins (1700-1500 cm~1),

Time (h)
8 b
a
04 (a) (b)
=Control
+Treated
0.3
5]
2]
=
]
'E 0.2
[72]
=
<
0.1
0
400 600 800 1000 1200 1400 1600 1800

FIGURE 3 | (A) Growth curve analysis. The graph represents the effect of morin (at MBIC) on the growth dynamics of C. albicans. (B) FTIR spectra of EPS samples
extracted from morin-treated (at MBIC) and untreated C. albicans. FT-IR spectra showed variations in regions such as (a) mixed regions of polysaccharides and

Treated

Control

FIGURE 4 | Effect of morin on filamentous morphology. Hyphal morphology
was significantly reduced at MBIC concentration (at MBIC).

Effect on Phospholipase Production

The phospholipase production in C. albicans was qualitatively as
well as quantitatively estimated in SDA agar plates containing
appropriate substrates in the absence and presence of morin

at MBIC. In Figure 5C, the zone of precipitation was found
to be reduced around the untreated fungal colony when
compared to the treated colony. Further, the phospholipase
activity (Pz value) of the control and treated samples was
found to be 0.31 and 0.42, respectively. These Pz values
(Pz < 0.64) represent the strongly positive phospholipase activity
of C. albicans, as mentioned above. Also, the low Pz values mean
high phospholipase production and, conversely, high Pz values
indicate low enzymatic production (Ishida et al., 2012). Hence,
the observed Pz values of control and treated samples revealed
the inhibition of phospholipase production in C. albicans upon
morin (at MBIC) treatment.

Effect on H,O5 Sensitivity

The effect of morin treatment on catalase production in
C. albicans was evaluated by the H,O, disk diffusion assay. The
obtained results illustrate that the H,O, sensitivity of morin-
treated C. albicans was higher than that of the untreated control.
The diameter of the H,O, sensitivity zone of inhibition in
the morin-treated plate was found to be 45 mm whereas the
diameter of zone of inhibition in the untreated C. albicans plate
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FIGURE 5 | (A) Activity of morin against C. albicans in an agar invasion assay. (B) Effect of morin on C. albicans protease production at the increasing concentration
(87.5, 75, and 150ng/ml). Data are presented as means + SD. *Indicates the statistical significance (o < 0.05). (C) Effect of morin (at MBIC) on C. albicans
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was 40 mm (Figure 6A). Further, the H,O, tube assay was
perfomed to quantify the catalase production. In Figure 6B,
morin exhibits significant inhibitory activity against C. albicans
catalase production at its MBIC compared to that of the
untreated control.

Effect on Mature Biofilms

The preformed biofilm disruption efficacy of morin against
C. albicans’ biofilm was assessed using the crystal violet
staining. The results clearly revealed that a maximum 55%
of preformed biofilm was destroyed upon morin-(at MBIC)
treatment (Supplementary Figure 2A). Furthermore, the light
microscopic analysis validated the preformed biofilm eradication
efficacy of morin, in which the morin- (at MBIC) treatment
prominently disturbed the 48 h mature biofilm, compared to the
untreated control slide (Supplementary Figure 2B).

Effect of Morin on Virulence Gene Expression in

C. albicans

The relative expression level of C. albican’s virulence traits was
assessed by real-time PCR (qPCR) analysis. The obtained result
exhibited that the genes sapTl, sapT2, alsl, als2, plbl, and
hwpl are significantly downregulated upon morin-(at MBIC)
treatment (Figure 7).

Interaction Analysis of Morin With Hwp1 Receptor
Using an in silico molecular docking approach, the potential of
morin to interact with C. albicans hyphal wall protein (Hwpl)

was measured. The results of molecular docking analysis revealed
that the ligand molecule (morin) (6.1 Kcal/mol) builds seven
hydrophobic interactions (Pro83, Pro80, Pro97, Pro60, Cys61,
and Pro64), five polar interactions (GIn81, GIn65, GIn78, GIn98,
and GIn99), and two negative-charge interactions (Glu82 and
Asp62) within the region of the receptor (Figure 8). The ligand
molecule especially strongly interacts with GIn98 via hydrogen
bonding. This observation suggests that the strong interactions
between the ligand and Hwpl receptor molecule can potentially
lead to the inhibition of the hyphal adhesion in C. albicans.

In vivo Study Using Zebrafish Model

Toxicity Assessment of Morin

In the present study, the LCsyp and LDy values of morin to
zebrafish were found to be ~300 and 75 pg/ml, respectively.
The non-lethal concentration of 75 pg/ml was used for further
studies (Figure 9A).

Zebrafish Survival Assay

The therapeutic efficacy of morin on C. albicans-infected
zebrafish was tested over a 96 h time period. The obtained results
showed an 100% mortality in the post-infected group of zebrafish
at 70 h, whereas an 88.8% survival rate was maintained in the
morin- (75 pug/ml) treated post-infected group of zebrafish up to
96 h (Figure 9B). Also, a better survival rate was observed in the
treated post-infected group compared to their infected controls
which strongly suggest the in vivo disinfection activity of morin
against C. albicans infections (Supplementary Figure 3). This
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FIGURE 6 | (A) Effect of morin (at MBIC) on C. albicans catalase production.
(B) Quantitative analysis of the catalase inhibitory activity of morin (at MBIC).

observation reveals that morin-treated animals recovered from
the infections caused by C. albicans

Evaluation of C. albicans Load in Zebrafish

The effect of morin treatment on the internal colonization level
of C. albicans infected zebrafish was assessed by spread plate
method. The observed results shows a significantly reduced
level of colony counts in morin-treated post-infected animal
samples when compared to the infected control. The CFU level
of the treated group was observed as 1.47 x 10% whereas

1.63 x 10° CFU was observed in the infected control sample
(Supplementary Figure 4).

Histopathology Analysis

The infected control and treated zebrafishes’ gills, intestine, and
kidney samples were collected for histopathological analysis. In
Figure 10A, the gills’ histopathology of infected and treated
groups shows the regular and usual structures without any
significant lesions in the uninfected control sample. Whereas,
the lamellar fusion and multifocal fusion of the secondary
gill lamellae due to the hyperplasia of the epithelium of the
primary lamellae were observed in the C. albicans-infected
sample. Also, clogging of branchial blood vessels with a multifocal
blend of secondary lamellae and rigorous leukocytic aggregations
at the primary gill lamellae were observed in the infected
group, which symbolizes the respiratory infective effect of
C. albicans. However, these lesions of filamentous clubbing,
mucous cells hyperplasia, lamellar telangiectasis, and entire
fusion of secondary lamellae were not observed in the morin-
treated sample, which indicates the rescue action of morin against
C. albicans infection.

In Figure 10B, the intestine histopathology of the uninfected
control group showed normal intestinal villi and usual tunica
mucosa (TM), Lamina propria (L), Internal muscular layer
(I), External muscular layer (E), and Goblet cells without any
significant pathological changes. In contrast, the intestine of
the infected group displayed focal necrosis of the intestinal
epithelium of tunica mucosa and lamina propria with severe
infiltration of submucosal eosinophilic granular cells (EGCs)
and hyperplasia of the goblet cells. The disgusting abnormalities
of enlargement of the epithelium, membrane damage, and
ulceration of the intestinal villi were observed after C. albicans
infection, which are represented by the lesions of gastrointestinal
candidiasis in zebrafish. Interestingly, these deleterious effects
were protected in the treated group. But, some membrane
scratches of intestinal villi and infiltration of EGCs were
observed, without perilous effects.
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FIGURE 7 | Gene expression analysis of C. albicans in the presence and absence of morin (at MBIC). Data are presented as means + SD. *Indicates statistical
significance (p < 0.05).
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inhibition of adhesion as well as biofilm formation.

FIGURE 8 | Docking analysis shows the binding pattern and amino acid interactions of morin (—6.1 kcal/mol) with Hwp1 receptor in C. albicans for possible

In Figure 10C, the kidney histopathology of the uninfected
control group shows no histopathologic changes. The kidney
of the infected group displays congested distal tubules, focal
tubular necrosis, collapsed hemopoietic elements, and also
a prominently reduced Bowman’s space. Interestingly, these
deleterious defects were significantly rescued in the treated group
upon morin treatment.

DISCUSSION

Candida albicans is the most common human fungal pathogen,
causing diseases ranging from mucosal to systemic infections.
The majority of C. albicans infections are associated with its

ability to form biofilms (Nett and Andes, 2006). Moreover,
cells are enclosed in recalcitrant biofilms which cause resistant
host defense mechanisms and impair the effectual action of
conventional antifungals, therefore leading to a higher chance
of multidrug resistance development (Tournu and Van Dijck,
2012; Balaji et al, 2020; Durgadevi et al, 2020). Therefore,
there is a need to develop an alternative treatment strategy to
combat biofilm-associated Candida infections. To cope with this
issue, this study was intended to explore the antibiofilm and
antivirulence activity of morin against C. albicans.

To begin with, the antibiofilm activity of morin was analyzed
by biofilm biomass quantification method. In this study, the
MBIC of morin was found to be 150 pg/ml at which a maximum
of 93% inhibition with no adverse effects on C. albicans growth
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was observed. Also, the non-fatal antibiofilm potency of morin
was confirmed through growth curve analysis, wherein morin
treatment (at MBIC) did not show any significant lethal effect
on the growth pattern of C. albicans. In addition, the mature
(48 h) biofilm of C. albicans was efficiently degraded by morin
treatment at its MBIC and the light microscopic analysis further
validated this observation. The outcome of the present study
supports the previous study of Subramenium et al. (2018), which
reported the efficiency of marine bacterial extracts to inhibit the
biofilm formation of C. albicans by reducing EPS production.
Since EPS plays a key role in construction of the biofilm matrix
(Bujddkovd et al., 2013; Ravindran et al., 2019), the efficacy of
morin treatment on C. albicans EPS production was assessed in
the present study. From the FT-IR analysis, the potential EPS
inhibitory activity of morin (at MBIC) against C. albicans was
confirmed. These observations conclude that morin treatment
efficiently inhibits C. albicans biofilm production by interfering
with EPS production. The hydrophobicity of microbial pathogens
contributes to their adherence, which is responsible for biofilm
formation and adhesion to epithelial cells. The adherence
of C. albicans to the epithelial surface is considered to be
an important factor in the development of infection (Cotter
and Kavanagh, 2000). In the present study, morin treatment
significantly reduced the hydrophobicity index of C. albicans
when compared to the untreated control.

The yeast-to-hyphal transition is believed to be a vital factor
for the pathogenicity of C. albicans. The hyphal cells penetrate

endothelial and epithelial tissues for colonization and invade
the yeast cells into the bloodstream (Azadmanesh et al., 2017).
This led us to investigate the effect of morin on yeast-to-hyphal
transition by filamentation assay. The result revealed the reduced
hyphal formation in morintreated cells and a high filamentous
form of control cells. The microscopic analyses of C. albicans
cells also unveil the highly reduced filamentous growth in morin-
treated cells and robust filamentous growth of control cells. In
addition, the in silico docking analysis validated the antihyphal
activity of morin by demonstrating the strong affinity of the
ligand morin with the key regulator hyphae (Hwpl) protein.
Hyphal wall protein (Hwp1) is highly expressive in C. albicans
yeast — hyphal transition (Nobile et al., 2006). Thus, the present
study affirmed the potential of morin in impeding the major
virulence of C. albicans aiding invasion.

Apart from morphological transition, the secreted virulence
factors of C. albicans, such as proteases and phospholipases,
contribute to elevating its pathogenicity. These hydrolases
proficiently degrade host membrane and surface membrane
proteins, thereby aiding in the invasion of C. albicans into host
tissue (Mayer et al., 2013). Morin was effective in impeding such
virulence enzymes production of C. albicans. This observation
led us to envisage that morin treatment might be able to deter
the development of candidemia. In addition, the effect of morin
on the production of antioxidant enzyme catalase by C. albicans
was assessed, as aerobic organisms secrete oxygen by-products
(H203), known as reactive oxygen species. Morin was effective
in impeding catalase production of C. albicans, which was
confirmed through a H, O, sensitive test and tube assay.

Further, the expression level of virulence genes upon morin
treatment was evaluated for validating the in vitro bioassay
results. In C. albicans, agglutinin-like sequence (ALS) genes,
including ALS1 and ALS2, play a crucial role in adhesion-
mediated biofilm formation by C. albicans to cause candidiasis.
Also, ALS and HWP1 are simultaneously expressed in C. albicans
hyphal cells. In the present study, the qPCR analysis reveals
that morin treatment significantly downregulated the expression
level of als1, als2, and hwpl genes, which correlated well with
the observation of the in vitro filamentation assay. And the
genes sap and plb are also responsible for adhesion and biofilm
formation by C. albicans, which is also involved in the secretion
of extracellular hydrolytic enzymes such as protease, esterase, and
lipase (Naglik et al., 2003). The gene expression analysis revealed
that the expression level of SapT1, SapT2, and plbl genes were
significantly downregulated upon morin treatment.

For studying the anti-infective potential of morin against
fungal infections, zebrafish are more robust and advantageous
than other model organisms (Gomes and Mostowy, 2020).
Since the genome of zebrafish was 80 % conserved in the
human genome, zebrafish are reported as a perfect model host
for monitoring the progression of C. albicans colonization,
invasion in multiple organ sites, host-pathogen interactions,
and pathogenicity (Rosowski et al., 2018). In the present study,
all the in vitro results demonstrated that morin is a suitable
therapeutic agent for dealing with invasive fungal infections.
As it is an important criterion for a compound to be non-
toxic for clinical applications, the toxicity of morin was assessed
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FIGURE 10 | Histopathology analysis of the Gills (A), Intestine (B), and Kidney (C) sections of uninfected control, C. albicans infected control and morin treated

on an in vivo model organism zebrafish. The results of the
toxixity study revealed that the survival rate of the morin-
(75 pg/ml) exposed animal group was similar to that of the
untreated control group, which portrays the non-lethal effect
of morin. Also, the survivability of C. albicans-infected animals
were completely rescued upon morin (75 pg/ml) treatment,
which is accomplished by hampering the internal colonization
of C. albicans. Since internal accumulation of C. albicans results
in biofilm formation in the mouth, throat, vagina, and other
internal organs, including the kidney, intestinal, spleen, heart,
and brain, it is highly related to the pathogenesis of candidiasis
(Kwun and Lee, 2020). The CFU assay exhibited that the
fungal count in morin-treated post-infected animal samples was
significantly reduced when compared to the untreated animals,
which unveiled the anti-infective potential of morin against
C. albicans infections.

Furthermore, the histopathological observations attested
to the systemic infection of C. albicans through perceiving
respective pathologic lesions in the tested organs, including the

gills, intestine, and kidney (Ahmed et al., 2016). Gills are the main
respiratory organs in zebrafish and hence was the first site for the
colonization of microbial pathogens (Griffitt et al., 2009). In this
manner, it is more defenseless against harm than other tissues.
Similarly, the obtained results established that the C. albicans-
infected group shows hyperplasia of the epithelium, lamellar
fusion and multifocal fusion of the secondary gill lamellae,
clogging of branchial blood vessels, and rigorous leukocytic
aggregations at the primary gill lamellae (Chao et al., 2010),
which symbolizes the respiratory candidiasis effect of C. albicans.
As expected, the absence of these lesions in the treated group
indicated the rescue action of morin treatment against C. albicans
infection. Subsequently, the gross abnormalities, such as focal
necrosis of tunica mucosa and lamina propria, severe EGCs
infiltration, ulceration of the intestinal villi, and hyperplasia of
the goblet cells, are denoted in the intestinal candidiasis in the
infected group (Gonia et al., 2017), which are also oberved
in C. albicans infected test organs’ histopathology images. The
disgusting abnormalities of congested distal tubulus, focal tubular

Frontiers in Microbiology | www.frontiersin.org

October 2020 | Volume 11 | Article 561298


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Abirami et al.

Morin Against Candida albicans Infection

necrosis, collapsed hemopoietic elements, and also the Bowman’s
space, is associated with the UTI-related pathogenic effect in
the kidney of infected group (Rodriguez et al, 2009; Chang
et al., 2016). However, the successful recovery of these lesions
in the intestine and kidney of the treated group strongly proved
the in vivo disease protection efficacy. Overall, the findings
of the current study demonstrate that morin is a promising
antipathogenic agent against C. albicans and holds great potential
to be used as a therapeutic agent to combat C. albicans mediated
systemic candidiasis.

CONCLUSION

Based on the present study, it could be concluded that
morin treatment significantly inhibited the biofilm formation
of C. albicans in a concentration-dependent manner. Further,
the production of virulence factors, such as hyphal formation,
phospholipase, protease, invasion, and exopolysaccharides, were
also significantly abridged upon the morin treatment at its
MBIC. In addition, gene expression analysis clearly revealed
that the expression level of biofilm and virulence-associated
genes were significantly downregulated upon morin treatment.
Also, docking analysis revealed the inhibitory potential of morin
against biofilm formation and hyphal production by analysis of
the interaction ability of morin with Hwpl receptor protein in
C. albicans. In addition, the in vivo analysis revealed the anti-
infective potential of morin by protecting the animals from the
pathogenicity of C. albicans. Overall, the present study reports
the feasibility of morin acting as a promising therapeutic agent
against C. albicans-mediated systemic candidiasis.
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and absence of morin at its MBIC. Data are presented as means + SD. * indicates
the statistical significance (p < 0.05). (B) Light microscopic analysis of single spot
filamentous cells in the presence and absence of morin at its MBIC were
represented.

Supplementary Figure 2 | (A) Inhibitory effect of morin on C. albicans mature
biofilm production. (B) Light microscopic images showing the effective
non-inhibitory activity of morin at MBIC on preformed biofilm of C. albicans. Data
are presented as means + SD. * indicates statistical significance (p < 0.05).

Supplementary Figure 3 | Photographs illustates the clinical symptoms of

C. albicans infection in zebrafish in the presence and absence of morin treatment.
In C. albicans infected group, the black arrows represent the hemorrhaging at
visceral organs of zebrafish such as (a) gills (b) gastrointestinal tract (c) urinary tract
upon C. albicans infection.

Supplementary Figure 4 | Effect of morin on in vivo colonization of C. albicans in
zebrafish. The reduction number of C. albicans colonization on zebrafish was
assessed by CFU assay.

Alexpandi, R., De Mesquita, J. F., Pandian, S. K., and Ravi, A. V. (2020a).
Quinolines-based SARS-CoV-2 3CLpro and RdRp inhibitors and Spike-RBD-
ACE?2 inhibitor for drug-repurposing against COVID-19: an in silico analysis.
Front. Microbiol. 11:1796. doi: 10.3389/fmicb.2020.01796

Alexpandi, R., Gopi, C. V. M., Durgadevi, R., Kim, H. J., Pandian, S. K., and Ravi,
A. V. (2020b). Metal sensing-carbon dots loaded TiO 2-nanocomposite for
photocatalytic bacterial deactivation and application in aquaculture. Sci. Rep.
10, 1-16. doi: 10.1038/s41598-020-69888-x

Frontiers in Microbiology | www.frontiersin.org

October 2020 | Volume 11 | Article 561298


http://cpcsea.nic.in/WriteReadData/userfiles/file/SOP_CPCSEA_inner_page.pdf
http://cpcsea.nic.in/WriteReadData/userfiles/file/SOP_CPCSEA_inner_page.pdf
https://www.frontiersin.org/articles/10.3389/fmicb.2020.561298/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.561298/full#supplementary-material
https://doi.org/10.1186/1758-5996-5-5
https://doi.org/10.1039/C6RA03732A
https://doi.org/10.3389/fmicb.2020.01796
https://doi.org/10.1038/s41598-020-69888-x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Abirami et al.

Morin Against Candida albicans Infection

Alexpandi, R., Prasanth, M. L, Ravi, A. V., Balamurugan, K., Durgadevi, R,
Srinivasan, R., et al. (2019). Protective effect of neglected plant Diplocyclos
palmatus on quorum sensing mediated infection of Serratia marcescens and
UV-A induced photoaging in model Caenorhabditis elegans. ]. Photochem.
Photobiol. B201:111637. doi: 10.1016/j.jphotobiol.2019.111637

Azadmanesh, J., Gowen, A. M., Creger, P. E., Schafer, N. D., and Blankenship,
J. R. (2017). Filamentation involves two overlapping, but distinct, programs
of filamentation in the pathogenic fungus Candida albicans. G3 Genes Genom
Genet. 7, 3797-3808. doi: 10.1534/g3.117.300224

Baillie, G. S., and Julia Douglas, L. (1998). Effect of growth rate on resistance
of Candida albicans biofilms to antifungal agents. Antimicrob. Agents Ch. 42,
1900-1905.

Balaji, M., Nithya, P., Kasirajan, K., Alexpandi, R., Mayakrishnan, A., Palanisamy,
S., et al. (2020). Fabrication of heteroatom doped NFP-MWCNT and
NFB-MWCNT nanocomposite from imidazolium ionic liquid functionalized
MWCNT for antibiofilm and wound healing in Wistar rats: synthesis,
characterization, in-vitro and in-vivo studies. Mater. Sci. Eng. C 111:110791.
doi: 10.1016/j.msec.2020.110791

Balasubramaniam, B., Alexpandi, R, and Darjily, D. R. (2019). Exploration of
the optimized parameters for bioactive prodigiosin mass production and its
biomedical applications in vitro as well as in silico. Biocatal. Agric. Biotechnol.
22:101385. doi: 10.1016/j.bcab.2019.101385

Bujdakovd, H., Didid$ova, M., Drahovsk4, H., and Eerndkova, L. (2013). Role of cell
surface hydrophobicity in Candida albicans biofilm. Open Life Sci. 8, 259-262.
doi: 10.1186/1471-2180-14-182

Chang, M. Y., Cheng, Y. C,, Hsu, S. H,, Ma, T. L., Chou, L. F,, Hsu, H. H,, et al.
(2016). Leptospiral outer membrane protein LipL32 induces inflammation and
kidney injury in zebrafish larvae. Sci. Rep. 6:27838. doi: 10.1038/srep27838

Chao, C. C, Hsu, P. C, Jen, C. F,, Chen, I. H., Wang, C. H.,, Chan, H. C,, et al.
(2010). Zebrafish as a model host for Candida albicans infection. Infect. Immun.
78,2512-2521. doi: 10.1128/TAL.01293-09

Clinical and Laboratory Standards Institute [CLSI] (2016). Performance Standards
for Antimicrobial Susceptibility Testing, Twenty-Fifth Informational Suppl.
M100-S26. Wayne, PA.

Cotter, G., and Kavanagh, K. (2000). Adherence mechanisms of Candida albicans.
British J. Biomed. Sci. 57:241.

da Costa, K. R. C,, Ferreira, J. C., Komesu, M. C., and Candida, R. C. (2009).
Candida albicans and Candida tropicalis in oral Candidosis: quantitative
analysis, exoenzyme activity, and antifungal drug sensitivity. Mycopathologia.
167:73. doi: 10.1007/s11046-008-9154-8

De Zoysa, G. H., Glossop, H. D., and Sarojini, V. (2018). Unexplored antifungal
activity of linear battacin lipopeptides against planktonic and mature biofilms of
C. albicans. Eur. ]. Med. Chem. 146, 344-353. doi: 10.1016/j.ejmech.2018.01.023

Durgadevi, R., Kaleeshwari, R., Swetha, T. K., Alexpandi, R., Pandian, S. K., and
Ravi, A. V. (2020). Attenuation of Proteus mirabilis colonization and swarming
motility on indwelling urinary catheter by antibiofilm impregnation: an in vitro
study. Colloid Surf. B 194:111207. doi: 10.1016/j.colsurfb.2020.111207

Durgadevi, R, Veera Ravi, A., Alexpandi, R., Krishnan Swetha, T., Abirami, G.,
Vishnu, S., et al. (2019). Virulence targeted inhibitory effect of linalool against
the exclusive uropathogen Proteus mirabilis. Biofouling 35, 508-525. doi: 10.
1080/08927014.2019.1619704

Galocha, M., Pais, P., Cavalheiro, M., Pereira, D., Viana, R., and Teixeira, M. C.
(2019). Divergent approaches to virulence in C. albicans and C. glabrata:
two sides of the same coin. Int. J. Mol. Sci. 20:2345. doi: 10.3390/ijms2009
2345

Gomes, M. C., and Mostowy, S. (2020). The case for modeling human infection in
zebrafish. Trends Microbiol. 28, 10-18. doi: 10.1016/j.tim.2019.08.005

Gonia, S., Archambault, L., Shevik, M., Altendahl, M., Fellows, E., Bliss, J. M., et al.
(2017). Candida parapsilosis protects premature intestinal epithelial cells from
invasion and damage by Candida albicans. Front. Pediatr. 5:54. doi: 10.3389/
fped.2017.00054

Griffitt, R. J., Hyndman, K., Denslow, N. D., and Barber, D. S. (2009). Comparison
of molecular and histological changes in zebrafish gills exposed to metallic
nanoparticles. Toxicol. Sci. 107, 404-415. doi: 10.1093/toxsci/kfn256

Hadwan, M. H. (2018). Simple spectrophotometric assay for measuring catalase
activity in biological tissues. BMC Biochem. 19:7. doi: 10.1186/s12858-018-
0097-5

Ishida, K., Alviano, D. S, Silva, B. G., Guerra, C. R., Costa, A. S., Nucci, M.,
et al. (2012). Negative correlation between phospholipase and esterase activity

produced by Fusarium isolates. Braz. J. Med. Biol. Res. 45, 411-416. doi: 10.
1590/50100-879x2012007500034

Kadosh, D., and Lopez-Ribot, J. L. (2013). Candida albicans: adapting to succeed.
Cell Host Microbe 14, 483-485. doi: 10.1016/j.chom.2013.10.016

Kannappan, A., Gowrishankar, S., Srinivasan, R., Pandian, S. K., and Ravi,
A. V. (2017). Antibiofilm activity of Vetiveria zizanioides root extract against
methicillin-resistant Staphylococcus aureus. Microb. Pathog. 110, 313-324. doi:
10.1016/j.micpath.2017.07.016

Kwun, M. S., and Lee, D. G. (2020). Quercetin-induced yeast apoptosis through
mitochondrial dysfunction under the accumulation of magnesium in Candida
albicans. Fungal Biol. 124, 83-90. doi: 10.1016/j.funbio.2019.11.009

Lohse, M. B., Gulati, M., Johnson, A. D., and Nobile, C. J. (2018). Development
and regulation of single-and multi-species Candida albicans biofilms. Nat. Rev.
Microbiol. 16, 19-31. doi: 10.1038/nrmicro.2017.107

Mayer, F. L., Wilson, D., and Hube, B. (2013). Candida albicans pathogenicity
mechanisms. Virulence 4, 119-128. doi: 10.4161/viru.22913

Mohandas, V., and Ballal, M. (2011). Distribution of Candida species in
different clinical samples and their virulence: biofilm formation, proteinase and
phospholipase production: a study on hospitalized patients in southern India.
J. Glob. Infect. Dis. 3, 4-8. doi: 10.4103/0974-777X.77288

Muthamil, S., and Pandian, S. K. (2016). Inhibitory effect of Murrayakoenigii
against Candida albicans virulence and biofilm development. Biologia 71, 256
264. doi: 10.1515/biolog-2016-0044

Naglik, J. R., Challacombe, S. J., and Hube, B. (2003). Candida albicans secreted
aspartyl proteinases in virulence and pathogenesis. Microbiol. Mol. Biol. Rev.
67,400-428. doi: 10.1128/mmbr.67.3.400-428.2003

Nett, J. E., and Andes, D. R. (2006). Candida albicans biofilm development,
modeling a host-pathogen interaction. Curr. Opin. Microbiol. 9, 340-345. doi:
10.1016/j.mib.2006.06.007

Nithyanand, P., and Pandian, S. K. (2009). Phylogenetic characterization of
culturable bacterial diversity associated with the mucus and tissue of the coral
Acropora digitifera from the Gulf of Mannar. FEMS Immunol. Med. Microbiol.
69, 384-394. doi: 10.1111/j.1574-6941.2009.00723.x

Nobile, C. J., Nett, J. E., Andes, D. R., and Mitchell, A. P. (2006). Function
of Candida albicans adhesin Hwpl in biofilm formation. Eukaryot Cell 5,
1604-1610. doi: 10.1128/EC.00194-06

Nucci, M. (2011). Persistent candidemia: causes and investigations. Curr. Fungal
Infect. Rep. 5, 3-11. doi: 10.1007/s12281-010-0039- 1

Prahalathan, P., Kumar, S., and Raja, B. (2012). Effect of morin, a flavonoid against
DOCA-salt hypertensive rats: a dose dependent study. Asian Pac. J. Trop.
Biomed. 2:4438.

Ramanathan, S., Arunachalam, K., Chandran, S., Selvaraj, R., Shunmugiah,
K. P., and Arumugam, V. R. (2018). Biofilm inhibitory efficiency of phytol
in combination with cefotaxime against nosocomial pathogen Acinetobacter
baumannii. J. Appl. Microbiol. 125, 56-71. doi: 10.1016/S2221-1691(12)60073-2

Rattanachaikunsopon, P., and Phumkhachorn, P. (2007). Bacteriostatic effect
of flavonoids isolated from leaves of Psidium guajava on fish pathogens.
Fitoterapia 78, 434-436. doi: 10.1111/jam.13741

Ravindran, D., Gurusamy, A., Rajaiah, A., Kumar, N., and Ponnuchamy, K.
(2019). Explication of the potential of 2-hydroxy-4-methoxy benzaldehyde in
hampering uropathogenic Proteus mirabilis crystalline biofilm and virulence.
Front. Microbiol. 10:2804. doi: 10.3389/fmicb.2019.02804

Ravindran, D., Ramanathan, S., Arunachalam, K., Jeyaraj, G. P., Shunmugiah,
K. P., and Arumugam, V. R. (2018). Phytosynthesized silver nanoparticles as
antiquorum sensing and antibiofilm agent against the nosocomial pathogen
Serratia marcescens: an in vitro study. J. Appl. Microbiol. 124, 1425-1440. doi:
10.1111/jam.13728

Ribeiro, A. S., Silva, D. A,, Silva, F. P, Santos, G. C., Campos, L. M. S., Oliveira,
L. V.N, etal. (2010). Epidemiology and phospholipase activity of oral Candida
spp. among patients with central nervous system diseases before and after
dental cleaning procedure. Braz. J. Microbiol. 41, 19-23. doi: 10.1590/S1517-
83822010000100004

Rodriguez, I, Chamorro, R., Novoa, B., and Figueras, A. (2009). p-Glucan
administration enhances disease resistance and some innate immune responses
in zebrafish (Danio rerio). Fish Shellf. Immun. 27, 369-373. doi: 10.1016/j.fsi.
2009.02.007

Romani, A. M., Fischer, H., Mille-Lindblom, C., and Tranvik, L. J. (2006).
Interactions of bacteria and fungi on decomposing litter: differential
extracellular enzyme activities. Ecology 87, 2559-2569.

Frontiers in Microbiology | www.frontiersin.org

October 2020 | Volume 11 | Article 561298


https://doi.org/10.1016/j.jphotobiol.2019.111637
https://doi.org/10.1534/g3.117.300224
https://doi.org/10.1016/j.msec.2020.110791
https://doi.org/10.1016/j.bcab.2019.101385
https://doi.org/10.1186/1471-2180-14-182
https://doi.org/10.1038/srep27838
https://doi.org/10.1128/IAI.01293-09
https://doi.org/10.1007/s11046-008-9154-8
https://doi.org/10.1016/j.ejmech.2018.01.023
https://doi.org/10.1016/j.colsurfb.2020.111207
https://doi.org/10.1080/08927014.2019.1619704
https://doi.org/10.1080/08927014.2019.1619704
https://doi.org/10.3390/ijms20092345
https://doi.org/10.3390/ijms20092345
https://doi.org/10.1016/j.tim.2019.08.005
https://doi.org/10.3389/fped.2017.00054
https://doi.org/10.3389/fped.2017.00054
https://doi.org/10.1093/toxsci/kfn256
https://doi.org/10.1186/s12858-018-0097-5
https://doi.org/10.1186/s12858-018-0097-5
https://doi.org/10.1590/s0100-879x2012007500034
https://doi.org/10.1590/s0100-879x2012007500034
https://doi.org/10.1016/j.chom.2013.10.016
https://doi.org/10.1016/j.micpath.2017.07.016
https://doi.org/10.1016/j.micpath.2017.07.016
https://doi.org/10.1016/j.funbio.2019.11.009
https://doi.org/10.1038/nrmicro.2017.107
https://doi.org/10.4161/viru.22913
https://doi.org/10.4103/0974-777X.77288
https://doi.org/10.1515/biolog-2016-0044
https://doi.org/10.1128/mmbr.67.3.400-428.2003
https://doi.org/10.1016/j.mib.2006.06.007
https://doi.org/10.1016/j.mib.2006.06.007
https://doi.org/10.1111/j.1574-6941.2009.00723.x
https://doi.org/10.1128/EC.00194-06
https://doi.org/10.1007/s12281-010-0039-1
https://doi.org/10.1016/S2221-1691(12)60073-2
https://doi.org/10.1111/jam.13741
https://doi.org/10.3389/fmicb.2019.02804
https://doi.org/10.1111/jam.13728
https://doi.org/10.1111/jam.13728
https://doi.org/10.1590/S1517-83822010000100004
https://doi.org/10.1590/S1517-83822010000100004
https://doi.org/10.1016/j.fsi.2009.02.007
https://doi.org/10.1016/j.fsi.2009.02.007
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Abirami et al.

Morin Against Candida albicans Infection

Romo, J. A, Pierce, C. G., Esqueda, M., Hung, C. Y., Saville, S. P., and Lopez-
Ribot, J. L. (2018). In Vitro characterization of a biaryl amide anti-virulence
compound targeting Candida albicans filamentation and biofilm formation.
Front. Microbiol. 8:227. doi: 10.3389/fcimb.2018.00227

Rosowski, E. E., Knox, B. P., Archambault, L. S., Huttenlocher, A., Keller, N. P.,
Wheeler, R. T., et al. (2018). The zebrafish as a model host for invasive fungal
infections. J. Fungi. 4:136. doi: 10.3390/j0f4040136

Rossoni, R. D., Barbosa, J. O., Vilela, S. F. G, Santos, J. D. D., Jorge, A. O. C., and
Junqueira, J. C. (2013). Correlation of phospholipase and proteinase production
of Candida with in vivo pathogenicity in Galleria mellonella. Braz. . Oral Sci.
12, 199-204.

Salvatori, O., Puri, S., Tati, S., and Edgerton, M. (2016). Innate immunity and
saliva in Candida albicans-mediated oral diseases. J. Dent. Res. 95, 365-371.
doi: 10.1177/0022034515625222

Sardi, J. C. O., Gullo, F. P, Pitangui, N. S., Fusco-Almeida, A. M., and Mendes-
Giannini, M. J. S. (2013). In vitro antifungal susceptibility of Candida albicans
isolates from patients with chronic periodontitis and diabetes. Clin. Microbial.
2:1. doi: 10.4172/2327-5073.1000103

Shankar Raut, J., and Mohan Karuppayil, S. (2016). Phytochemicals as inhibitors
of Candida biofilm. Curr. Pharm. Des. 22, 4111-4134. doi: 10.2174/
1381612822666160601104721

Sivaranjani, M., Gowrishankar, S., Kamaladevi, A., Pandian, S. K., Balamurugan,
K., and Ravi, A. V. (2016). Morin inhibits biofilm production and reduces the
virulence of Listeria monocytogenes—An in vitro and in vivo approach. Int. J.
Food Microbiol. 237, 73-82. doi: 10.1016/j.ijffoodmicro.2016.08.021

Sivaranjani, M., Srinivasan, R., Aravindraja, C., Karutha Pandian, S., and Veera
Ravi, A. (2018). Inhibitory effect of a-mangostin on Acinetobacter baumannii
biofilms — an in vitro study. Biofouling 34, 579-593. doi: 10.1080/08927014.
2018.1473387

Subramenium, G. A., Swetha, T. K,, Iyer, P. M., Balamurugan, K., and Pandian,
S. K. (2018). 5-hydroxymethyl-2-furaldehyde from marine bacterium Bacillus
subtilis inhibits biofilm and virulence of Candida albicans. Microbiol. Res. 207,
19-32. doi: 10.1016/j.micres.2017.11.002

Tournu, H., and Van Dijck, P. (2012). Candida biofilms and the host: models and
new concepts for eradication. Int. J. Microbiol. 2012:845352. doi: 10.1155/2012/
845352

Tsui, C., Kong, E. F., and Jabra-Rizk, M. A. (2016). Pathogenesis of Candida
albicans biofilm. FEMS Pathog. Dis. 74:ftw018. doi: 10.1093/femspd/ftw018

Viszwapriya, D., Prithika, U., Deebika, S., Balamurugan, K., and Pandian, S. K.
(2016). In vitro and in vivo antibiofilm potential of 2, 4-Di-tert-butylphenol
from seaweed surface associated bacterium Bacillus subtilis against group A
Streptococcus. Microbiol. Res. 19, 19-31. doi: 10.1016/j.micres.2016.05.010

Yadav, M. K., Chae, S. W., Im, G. J., Chung, . W., and Song, J. J. (2015). Eugenol:
a phyto-compound effective against methicillin-resistant and methicillin-
sensitive Staphylococcus aureus clinical strain biofilms. PLoS One 10:e0119564.
doi: 10.1371/journal.pone.0119564

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Abirami, Alexpandi, Durgadevi, Kannappan and Veera Ravi.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

16

October 2020 | Volume 11 | Article 561298


https://doi.org/10.3389/fcimb.2018.00227
https://doi.org/10.3390/jof4040136
https://doi.org/10.1177/0022034515625222
https://doi.org/10.4172/2327-5073.1000103
https://doi.org/10.2174/1381612822666160601104721
https://doi.org/10.2174/1381612822666160601104721
https://doi.org/10.1016/j.ijfoodmicro.2016.08.021
https://doi.org/10.1080/08927014.2018.1473387
https://doi.org/10.1080/08927014.2018.1473387
https://doi.org/10.1016/j.micres.2017.11.002
https://doi.org/10.1155/2012/845352
https://doi.org/10.1155/2012/845352
https://doi.org/10.1093/femspd/ftw018
https://doi.org/10.1016/j.micres.2016.05.010
https://doi.org/10.1371/journal.pone.0119564
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Inhibitory Effect of Morin Against Candida albicans Pathogenicity and Virulence Factor Production: An in vitro and in vivo Approaches
	Introduction
	Materials and Methods
	Fungal Strain and Culture Condition
	Compound Preparation
	Effect of Morin on Growth of C. albicans
	Effect of Morin on Biofilm of C. albicans
	Effect of Morin on Exopolysaccharides Production of C. albicans
	Microbial Adherence to Hydrocarbons Assay
	Microscopic Analysis
	Growth Curve Analysis
	Effect of Morin on C. albicans EPS Production
	EPS Extraction
	Fourier Transform Infrared Spectroscopy Analysis

	Inhibitory Effect of Morin Against Virulence Factor Production of C. albicans
	Filamentous Morphology
	Invasion
	Protease Production
	Phospholipase Production
	H2O2 Sensitivity Assay

	Eradication of Mature Biofilm and Light Microscopic Analysis
	Real-Time PCR Analysis
	Molecular Docking
	In vivo Studies With Zebrafish Model
	Animal Maintenance
	Toxicity Assessment

	Infection Study
	Effect of Morin on Internal Colonization of C. albicans in Zebrafish
	Histopathology Analysis
	Statistics

	Results
	Antibiofilm and Non-fatal Effect of Morin Against C. albicans
	Effect of Morin on Exopolysaccharides Production of C. albicans
	Effect of Morin on Hydrophobicity Formation of C. albicans
	In-situ Visualization of Biofilm Inhibition
	Effect of Morin on Growth Pattern of C. albicans
	FT-IR Analysis
	Inhibitory Effect of Morin Against C. albicans Virulence Factor Production
	Effect on Filamentous Morphogenesis
	Effect on Invasion
	Effect on Protease Production
	Effect on Phospholipase Production
	Effect on H2O2 Sensitivity
	Effect on Mature Biofilms
	Effect of Morin on Virulence Gene Expression in C. albicans
	Interaction Analysis of Morin With Hwp1 Receptor

	In vivo Study Using Zebrafish Model
	Toxicity Assessment of Morin
	Zebrafish Survival Assay
	Evaluation of C. albicans Load in Zebrafish
	Histopathology Analysis


	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


