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A B S T R A C T

Batrachochytrium dendrobatidis is a globally distributed generalist pathogen that has driven many amphibian
populations to extinction. The life cycle of B. dendrobatidis has two main cell types, motile zoospores, and sessile
reproductive sporangia. When grown in a nutrient-rich liquid medium, B. dendrobatidis forms aggregates of
sporangia that transition into monolayers on surfaces and at the air-liquid interface. Pathogenic microorganisms
use biofilms as mechanisms of group interactions to survive under harsh conditions in the absence of a suitable
host. We used fluorescent and electron microscopy, crystal violet, transcriptomic, and gas chromatographic an-
alyses to understand the characteristics of B. dendrobatidis monolayers. The cell-free monolayer fraction showed
the presence of extracellular ribose, mannose, xylose, galactose, and glucose. Transcriptome analysis showed that
27%, 26%, and 4% of the genes were differentially expressed between sporangia/zoospores, monolayer/zoo-
spores, and sporangia/monolayer pairs respectively. In pond water studies, zoospores developed into sporangia
and formed floating aggregates at the air-water interface and attached film on the bottom of growth flasks. We
propose that B. dendrobatidis can form surface-attached monolayers in nutrient-rich environments and aggregates
of sporangia in nutrient-poor aquatic systems. These monolayers and aggregates may facilitate dispersal and
survival of the fungus in the absence of a host. We provide evidence for using a combination of plant-based
chemicals, allicin, gingerol, and curcumin as potential anti-chytrid drugs to mitigate chytridiomycosis.
Introduction

Batrachochytrium dendrobatidis is an aquatic non-filamentous fungus
that belongs to the phylum Chytridiomycota [1]. It causes chy-
tridiomycosis, an emerging fungal disease that has driven the amphibian
populations to the brink of extinction worldwide [2–7]. The life cycle of
B. dendrobatidis consists of two distinct cell types, free-swimming zoo-
spores and sessile sporangia [8]. Zoospores are unicellular and wall-less
and can swim approximately 2 cm using a posteriorly oriented single
flagellum before encysting and enlarging into chitin-containing walled
thalli. Thalli mature into sporangia (>10 μm), on a suitable host or
substrate within 24 h [9]. Sporangia serve as reproductive structures and
are anchored to substrates by rhizoids [8]. The fungus infects the kera-
tinized mouthparts of tadpoles and the skin of the adult amphibians.
Infected animals suffer from hyperkeratosis, where the epidermal layer of
the animal thickens and may result in abnormal sloughing [8,10]. As a
result, it is believed that infected frogs die due to the interference with
normal skin functions, especially sodium and potassium ion transport
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which lead to cardiac arrest [11,12].
To date, most of the B. dendrobatidis research has focused on host-

pathogen interactions with little emphasis on the pathogen’s surviv-
ability in the environment in the absence of animal hosts. Several studies
have shown the presence of B. dendrobatidis DNA in pond water [13,14]
and its ability to live in alternative hosts such as crayfish, zebrafish,
waterfowls, and nematodes [15–18]. The ability of the fungus to form
monolayers in liquids is incompletely understood. When grown in
nutrient-rich artificial media, B. dendrobatidis grows into a monolayer
attached to the liquid-contacting polystyrene surfaces of the tissue
culture-treated flask after four to five days of incubation. Additionally, a
mat-like film forms on the surface and at the air-liquid interface.
Recently, Brutyn et al. described the identification of biofilm-associated
proteins in the supernatant of B. dendrobatidis zoospores suspension [19].
In this study, we investigated the monolayer and monolayer-associated
cells that is a poorly studied life form of B. dendrobatidis. We hypothe-
size that B. dendrobatidis can survive in the environment in the absence of
biotic hosts by forming a monolayer of aggregated sporangia. The major
ctober 2019
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goals were to test the ability of B. dendrobatidis to form monolayers in
nutrient rich and nutrient-limited conditions, characterize the architec-
ture of monolayers, understand gene expression differences of the
monolayers from zoospores and sporangial forms, and determine the
resistance profiles of monolayers to different abiotic factors and chem-
icals, including the anti-chytrid activities of plant-based chemicals. We
characterized the monolayers formed by B. dendrobatidis using micro-
scopic, biochemical, and molecular analyses. Gene expression differences
among zoospores, sporangia, and monolayer-associated cells were
compared using next-generation sequencing and RNA-seq analysis. The
resistance profiles of zoospores, sporangia and monolayer-associated
cells to current anti-chytrid chemicals and those derived from plants
including allicin, 6-gingerol, and curcumin as well as abiotic stressors
were also investigated and provide a potential treatment additive to
infected animals.

Materials and methods

Cultivation of the chytrid

Batrachochytrium dendrobatidis VM1 isolate was kindly provided by
Louise Rollins-Smith (Vanderbilt University), which was obtained from a
diseased Western Chorus Frog (Pseudacris triseriata) by Verma Miera and
Elizabeth Davidson (Arizona State University). The fungus was grown
and maintained on TGhL agar (1.6% tryptone, 0.2% gelatin hydrolysate,
0.4% lactose, and 0.8% agar), H-agar (1% tryptone, 0.32% glucose, 0.8%
agar) or H-broth (1% tryptone, 0.32% glucose) at 23 �C in the dark. Five
to six-day-old cultures grown in the media described above were used
throughout the experiments described in this work.

Synchronization of zoospores

B. dendrobatidis zoospores were synchronized to be mostly at the same
size and age and harvested as described previously by Moss et al. [20].
Six-day-old cultures of B. dendrobatidis grown on TGhL or H-agar plates
were flooded with 2ml sterile water and left undisturbed for 5min. The
remaining liquid was removed and discarded. H-broth (2ml) was added
and allowed to incubate for 30min. The zoospores released after 30min
were determined to be synchronous by microscopy (�95%).

Crystal violet assay

Three 24-well culture plates (polystyrene, VWR) containing 1ml H-
broth were inoculated with separate synchronized zoospore cultures of
B. dendrobatidis from five-day old plates and incubated in the dark at
23 �C. The increase in biomass was quantified using crystal violet (CV) at
different incubation periods using the method developed by Djordjevic
and colleagues [21] with slight modifications. After six days of incuba-
tion, the contents of the plates were emptied and left to dry in a circu-
lating air hood for approximately 20min. One milliliter of 0.2% CV
solution (W/V) in distilled water was added to each well and allowed to
stain for 45min in the dark. The plates were then emptied and gently
washed three to five times with water to remove any non-attached cells
and excess CV from the wells. One milliliter of 95% (v/v) ethanol was
added and incubated for 30min to decolorize the cells in the dark.
Absorbance values of the liquid fractions were recorded at a wavelength
of 595 nm. The magnitude of the absorbance value is indicative of the
culture attached to the surface.

Growth of B. dendrobatidis in natural pond and lake water, Milli-Q water,
tap water, and distilled water

To test the ability of B. dendrobatidis to form monolayers in low
nutrient environments, the zoospores were grown in water collected
from different natural ponds or lakes around Texas. Additionally, the
growth of zoospores in Milli-Q water, tap water, and distilled water were
2

tested. Zoospores (3 x 106 in 10 μl) suspended in sterile distilled water
from five to six-day old H-agar plates were inoculated into 2ml of ster-
ilized pond water, Milli-Q water, tap water, or distilled water in 24-well
culture plates and incubated for six-days in the dark at 23 �C. The CV
assay was performed as previously described to assess the formation of
monolayers of surface-attached aggregates. Following the formation of
visible aggregates on the surface of the water (approximately 6-days),
50 μl of culture were transferred to fresh pond water containing flasks
and growth was observed after 10 days.

Water in exposed systems are constantly subjected to movement due
to wind, rain, surface runoff and other disturbances. This is particularly
evident in shallow areas. To simulate this environment, the monolayers
formed in pond water in 24-well plates were washed three times every
day with sterile distilled water over a period of five days to test the robust
adherence of monolayer-associated cells to surfaces. On the sixth day, the
CV assay was performed to assess the biomass of the monolayers.

Microscopy

Scanning electronmicroscopy (SEM) was carried out to determine the
development of adherent B. dendrobatidis monolayer on 22mm poly-L-
lysine coated glass coverslips (Neuvitro Corporation) in 1ml H-broth at
23 �C in the dark. A coverslip for each day for six days was inoculated.
After the desired incubation period, the coverslips were transferred into a
6-well polystyrene plate and washed very carefully to remove non-
adherent cells and zoospores with phosphate buffered saline (PBS) (pH
8.0, calcium and magnesium-free, Invitrogen). The adhered material was
fixed in the primary fixing solution (2.5% glutaraldehyde, 2.0% para-
formaldehyde solution in 0.05M sodium cacodylate buffer pH 7.4)
overnight at 4 �C. Coverslips were then washed in 0.05M sodium caco-
dylate buffer three times for 10min each. Secondary fixation was carried
out in 1% osmium tetroxide in 0.5M sodium cacodylate buffer for
30min. Following three 10-min washes in 0.05M sodium cacodylate
buffer, the material was dehydrated in an ethanol series (25%, 50%,
75%, 95% for 15min each and four times in 100% for 15min each). After
dehydration, the samples were dried at the critical point (31.1 �C, 1073
psi). Samples were mounted on SEM stubs and coated with gold in a
sputter coater for 2.5min before viewing with a Hitachi S–3400N
scanning electron microscope (Hitachi High-Technologies America, Inc.,
Pleasanton, CA, USA).

Glycosyl composition analyses

Extracellularpolysaccharideswere isolatedaspreviouslydescribedwith
modifications [22,23]. Monolayers were harvested from four to six-day-old
B. dendrobatidis cultures grown in 10ml of H-broth at 23 �C. Attached and
floating films were harvested as monolayer-associated cells to distinguish
them from free-swimming zoospores. The monolayer-associated cells were
re-suspended in 10ml of sterile Milli-Q water and vortexed for 1min, son-
icated for 3min (20 kHz), and then vortexed again for 2min to separate
cells. This preparation was centrifuged at 370 x g for 20min. The resulting
supernatant (matrix proteins, DNA, and polysaccharides) was recovered
andfilteredusing0.45 μmfilters to removeany cellulardebris. Extracellular
polysaccharides were precipitated by adding chilled ethanol (95%) at a 1:4
ratio to the cell-free supernatants. Dried samples were used for the glycosyl
composition analysis. Aliquots from cultures were inoculated on H-agar
before and after sonication to confirm that the cells were viable. After
confirming the viability of the sonicated cells, the activity of glucose-6
phosphate dehydrogenase (SIGMA), a marker protein for cell lysis, was
determined according to the manufacturer’s instructions.

Glycosyl composition was analyzed by the Complex Carbohydrate
Research Center at The University of Georgia. The analysis was per-
formed by combined gas chromatography/mass spectrometry (GC/MS)
of the per-O-trimethylsilyl (TMS) derivatives of the monosaccharide
methyl glycosides produced from the sample by acidic methanolysis as
described previously [24]. After preliminary hydrolysis with 2M,
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trifluoroacetic acid (TFA) at 120 �C for 1 h and complete removal of TFA
by evaporation under an N2-stream, the samples (600 μg with inositol
20 μg) were heated with methanolic HCl in a sealed screw-top glass test
tube for 18 h at 80 �C. After cooling and removal of the solvent under a
stream of nitrogen, the samples were treated with a mixture of methanol,
pyridine, and acetic anhydride for 30min. The solvents were evaporated,
and the samples were derivatized with Tri-Sil® (Pierce) at 80 �C for
30min. GC/MS analysis of the TMS methyl glycosides was performed on
an Agilent 7890A GC interfaced to a 5975C MSD, using a Supelco
Equity-1 fused silica capillary column (30m x 0.25mm ID).

Staining of extracellular matrix-like material

Monolayers were grown on glass coverslips in 24-well polystyrene
plates with 1ml of H-broth for six days at 23 �C. They were washed twice
with PBS and fixed with 3.8% formaldehyde in PBS for 30min and again
washed twice with PBS. The material was stained with 1 μl of 40,6-dia-
midino-2-phenylindole (DAPI, 100 μg/ml in water) and 8 μl of Texas Red-
conjugated concanavalin A (1mg/ml) in 200 μl of PBS. While DAPI stains
nucleic acids, concanavalin A (Con A) binds to glucosyl and mannosyl
residues of the polysaccharides in the ECM. Stained films were imaged
using an Olympus BX41 Fluorescence Microscope in the College of Arts
and Sciences Imaging Center at Texas Tech University.

Total RNA extraction and sequencing

B. dendrobatidis was cultivated in H-broth and H-agar media sepa-
rately at 23 �C in the dark and on the third day, monolayer-associated
cells and sporangia were collected. Monolayer-associated cells and
sporangia were washed three times with sterile water to remove any
zoospores and unattached cells. Cells attached on the bottom of tissue
culture-treated polystyrene flasks (VWR) and on H-agar plates were
scraped, separately collected and filtered through sterile coffee filters
(cone coffee filters #4) to further remove any zoospores. Synchronized
zoospores were collected from 6-day-old H-agar plates as described
above. Cells were ground to a fine powder in liquid nitrogen using a pre-
chilled mortar and pestle. The ground cells were then transferred into
microcentrifuge tubes containing lysis buffer and the total RNA extrac-
tion was carried out following the instructions in Spectrum™ Plant Total
RNA Kit (SIGMA-ALDRICH). The quantity and the quality of the RNA
were determined by Nanodrop and Hi-sensitivity DIK TapeStation (Agi-
lent 2200 TapeStation).

The whole transcriptome sequencing library of B. dendrobatidis was
generated according to the manufacturer’s instructions in the TruSeq
RNA Sample Preparation low-throughput (LT) protocol of Illumina. The
prepared libraries were sequenced using the Illumina MiSeq® system.
These data have been deposited with links to BioProject accession
number PRJNA563776 in the NCBI BioProject database (https://www.
ncbi.nlm.nih.gov/bioproject/).

RNA-seq data analysis

Reads from three technical replicates in each experimental group were
quality-filtered and mapped to B. dendrobatidis JAM81 v1.0 reference
transcriptome (https://mycocosm.jgi.doe.gov/Batde5/Batde5.home.ht
ml). Mapping was done using the pseudo-alignment-based tool, Kallisto
(pachterlab.github.io/kallisto/) [25], with 100 bootstraps per sample for
quantification of transcript sequences. Kallisto output files were imported
to R software (Version 3.2.3) [26] and Sleuth (https://github.com/pach
terlab/sleuth) [27] was used to normalize transcript counts and test for
differential gene expression. To test for differential expression, the Wald
test (WT) was implemented within the Sleuth package. The Q-value was
calculated after adjusting p-value for multiple testing bymeans of the false
discovery rate, FDR using the Benjamini-Hochberg procedure [28].
Differentially expressed genes were determined if their corresponding
corrected p-value (Q-value) was �0.001.
3

ClustVis was used to generate the PCA and heatmap plots after unit
variate scaling and centering of the genes expression (https://biit.cs.ut
.ee/clustvis/) [29]. Protein functions of the B. dendrobatidis tran-
scriptome were annotated using the relevant description acquired from
JGI (https://mycocosm.jgi.doe.gov/Batde5/Batde5.home.html). This
was further confirmed with PANNZER2 (Protein ANNotation with
Z-scoRE) annotation, which provides prediction of the functional anno-
tation and estimated predictive value (the closer the value to one, the
stronger the prediction) (Supplementary Table S1) [30].

Determining the minimum inhibitory concentrations of plant-based
chemicals

The inhibition of the growth of B. dendrobatidis zoospores by the
phytochemicals curcumin, allicin, and 6-gingerol was determined using
microdilution in 96-well plate (non-treated, polystyrene, Cole-Parmer),
as previously described [31], with minor modifications. Briefly, syn-
chronized zoospores were cultured in at least three replicates in 200 μl of
H-broth for six days with or without the addition of different concen-
trations of curcumin (3, 6, 10, 20, 30, 50 μg/ml) (Sigma), 6-gingerol (20,
40, 60, 80, 100, 200 μg/ml) (Sigma) and allicin (3.375, 6.75, 13.5,
27 μg/ml) (Allimax) in H-broth. Curcumin and 6-gingerol were insoluble
in water and were therefore solubilized in 100% dimethyl sulfoxide
(DMSO) and 100%methanol respectively and filter sterilized. Allicin was
resuspended in H-broth and filter sterilized freshly, before every assay.
Each assay plate contained a positive control with zoospores in 200 μl
H-broth and media control of 200 μl H-broth with no cells. The effect of
vehicle controls, DMSO and methanol, were tested at their respective
solvent concentrations in a similar set-up as above. There was no change
in the pH of the media containing any of the chemicals tested in these
experiments. At the beginning of each assay and at 24 h intervals,
absorbance was measured at 492 nm with a BioTek PowerWave micro-
plate reader (BioTek® Instruments, Inc., Winooski, VT), and 10 μl of
samples were spotted on H-agar plates after 24 h to check cell viability.
The change in absorbance reflected the amount of fungal growth during
the incubation period. Data are presented as the percentage growth of the
H-broth control. The minimum inhibitory concentration (MIC) was
defined as the lowest drug concentration in which there was no growth
visible on H-agar plates. These selected concentrations of plant-based
chemicals were tested for their fungicidal activities on all three cell
types: zoospores, sporangia, and monolayer-associated cells at 24 h
post-inoculation. Assays were repeated three times with at least three
replicates for trial.

Fungal growth inhibition by antifungal drugs and physical conditions

Fungicidal effects of different physical conditions: high temperature
and pH, antifungal drugs: sodium chloride, amphotericin B, curcumin, 6-
gingerol, and allicin were tested on B. dendrobatidis zoospores, sporangia,
and monolayer-associated cells in vitro. All the assays were set up simi-
larly as described below. The effects of all these treatments were
analyzed at 24 h post-inoculation. Tissue culture-treated polystyrene
plates were used for the growth of monolayers while non-treated plates
were used for the growth of zoospores and sporangia to minimize cell
attachment. Synchronized zoospores at a concentration of 3 x 106 per
well were used throughout the experiments. Sporangia (3 x 106) were
harvested by incubating zoospores for 24 h in liquid media. Six-day-old
monolayers were washed three times with sterile distilled water and
used for the assays. After 24 h of incubation at different conditions, cell
viability was measured by the 2, 3-bis (2-methoxy-4-nitro-5-sulfo-
phenyl)-5-[(phenylamino) carbonyl]-2H-tetrazolium hydroxide (XTT)
assay (cell proliferation kit II-XTT, Sigma). Twenty-five microliters of
XTT labeling mixtures were added to each well and incubated at 23 �C for
19 h in the dark for color development. Absorbance was measured at
475 nm. The conversion of the yellow XTT dye to an orange color for-
mazan, takes place in the presence of metabolically active viable cells.

https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://mycocosm.jgi.doe.gov/Batde5/Batde5.home.html
https://mycocosm.jgi.doe.gov/Batde5/Batde5.home.html
https://github.com/pachterlab/sleuth
https://github.com/pachterlab/sleuth
https://biit.cs.ut.ee/clustvis/
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https://mycocosm.jgi.doe.gov/Batde5/Batde5.home.html
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The mitochondrial succinoxidase, cytochrome P450 systems, and flavo-
protein oxidases are involved in this XTT-to-formazan conversion [32].

Cell viability was assessed as a percentage of the no-treatment control
following calculation of specific absorbance (A) using the equation,
((A475nm (test) – A475nm (control)) x 100/(A475nm (no-treatment control)
– A475nm (control)). Heat-treated cells (>60 �C for 10min) were used as
the negative control. Means were corrected using the negative control.
The treatments that had no significantly different absorbance from the
negative control of heat-treated cells (>60 �C for 20min was used for
zoospores and sporangia while 100% ethanol for 10min was used to kill
monolayer-associated cells). These heat-treated cells were considered
non-living and used to confirm the MIC obtained from the spot plate
technique. The base color change that was observed in the presence of
XTT may be due to the released enzymes such as dehydrogenases and
succinoxidase from dead cells. The absorbance values for the living cells
were corrected by subtracting the absorbance values for the negative
controls with heat-treated or ethanol-treated cells. All the assays were
repeated three times with a minimum of three replicates at each time.

Temperature

Plates were incubated at 23 �C, 28 �C, and 34 �C in water baths to
assess the impact of temperature on cell viability. After 24 h, cell viability
was measured using the XTT assay.

pH

The cells were grown in H-broth adjusted to different pH levels: 3, 5,
7, and 9. After 24 h incubation at these levels, the XTT assay was per-
formed to measure the cell viability.

Antifungal drugs

All three cell types were grown for 24 h in the presence of a con-
centration gradient of antifungals: sodium chloride (5–20mg/ml) and
amphotericin B (0.5–4 μg/ml). Cell viability was measured by the XTT
assay. Minimum inhibitory concentrations of curcumin (6 μg/ml, pH
6.96), 6-gingerol (200 μg/ml, pH 6.96), and allicin (3.375 μg/ml, pH
6.83) were tested against the different cells in H-broth for 24 h. The
combinatorial effect of all three plant-based antifungal drugs at MIC,
MIC/2, and MIC/4 was tested and cell viability was measured by the XTT
reduction assay after 24 h.

Statistical analysis

All data were analyzed using GraphPad Prism 6 (https://www.graphp
ad.com/) statistical software. All the assays conducted for testing the
growth of the fungus in H-broth and different water samples were
analyzed using ordinary one-way ANOVA with Dunnett’s multiple
comparison test. The viability assays were analyzed using the percentage
mean values of three independent experiments. We corrected the
absorbance readings by subtracting the absorbance of heat-treated cells
from the live cells of each type. The two-way ANOVA with Dunnett’s
multiple comparison tests were performed to determine the statistical
significance of non-treated H-broth control.

Results

Kinetics of B. dendrobatidis monolayer formation suggests increased
biomass over time

When grown in nutrient-rich H-broth media in dark at 23 �C,
B. dendrobatidis attached to tissue culture-treated polystyrene surfaces
24 h post-inoculation, and in three to six days, a monolayer was formed
covering the whole surface of the flask in contact with the liquid. A mat-
like film which mostly consisted of empty sporangia and some intact
4

sporangia floated off the solid surface to the air-liquid interface after 4–5
days while the monolayer remained attached on the surface. The stan-
dard CV based assay was performed on the tissue culture-treated poly-
styrene wells where B. dendrobatidis was grown to a surface-attached
monolayer over a period of eight-days in H-broth (Fig. S1a). The
biomass of the surface attached monolayer increased over eight days
with significant increments between days four and eight (p< 0.0001),
four and six (p< 0.0001), and six and eight (p< 0.05).
Growth of B. dendrobatidis in pond water, Milli-Q water, tap water, and
distilled water

Growth of B. dendrobatidis was monitored in natural pond and lake
water samples collected from different locations in Texas. A noticeable
monolayer was observed in all samples tested in this study by crystal
violet assay at the 6-day time point (Fig. S1b). After six days, further
growth at the air-liquid interface was observed as large aggregates when
grown in flasks. After six-days of incubation in Milli-Q water, tap water,
and distilled water, zoospores had attached to the surfaces of the wells as
dispersed aggregates and had not produced monolayers (Fig. S2a).
Monolayers formed from growth in pond or lake water samples, however,
were stable even after washing every day between days two and six
(Fig. S2b).
The B. dendrobatidis monolayer has a heterogeneous structure

The architecture of the mature B. dendrobatidis monolayer was
observed using SEM and fluorescence microscopy. We chose these
microscopic methods because the fixation and dehydration in specimen
preparation for SEM could distort the architecture of the monolayer by
shrinking the extracellular matrix material. All images showed a het-
erogeneous architecture of the monolayer consisting mainly of different
developmental stages of sporangia and zoospores (Figs. 1 and 2). The
development of microcolony-containing film from initial attachment
through maturation is shown in Fig. 1 a and b. Scanning electron
microscopic images showed the initial attachment of zoospores to the
surface and transition to young sporangia after 24 h of growth (Fig. 1 a
and b -Day 1). Microcolony formation was observed after 48 h (Fig. 1 a
and b -Day 2). A very thin extracellular matrix-like material connecting
microcolonies was visible in some areas on SEM images of mature
monolayers (Fig. 2 arrows). Because of the dehydration effect inherent in
sample preparation for SEM, matrix materials took on a stringy cobweb-
like appearance. This effect has similarly been noted in other biofilm
images visualized by SEM [33].

Texas Red-conjugated concanavalin A and DAPI, stained the extra-
cellular matrix-like material in red, and DNA containing nuclei in blue,
respectively. Fig. 3 shows sporangia and mature monolayers stained with
Texas Red-conjugated concanavalin A and DAPI. Staining around
sporangia isolated from H-agar plates was notably reduced (Fig. 3a).
Staining of cell walls of sporangia and rhizoids by Texas Red-conjugated
concanavalin A was observed (Fig. 3a). Interestingly, extracellular
matrix-like material was visible in monolayers stained with Texas Red-
conjugated concanavalin A and high around microcolonies (Fig. 3b).
Glycosyl composition analysis confirms the presence of the extracellular
matrix

The glycosyl composition of extracellular matrix material from
B. dendrobatidis monolayers was analyzed using gas chromatography
coupled with mass spectrometry. This analysis revealed a total carbo-
hydrate content of 6.17% (wt/wt) with five relatively abundant mono-
saccharides, ribose, xylose, mannose, galactose and glucose, which
accounted for 30.3%, 10.1%, 19.1%, 12%, and 23.4% of the total car-
bohydrate pool respectively (Table 1).

https://www.graphpad.com/
https://www.graphpad.com/


Fig. 1. Scanning electron microscopic images showing the time course of the B. dendrobatidis monolayer development with (a) low power and (b) high power.
Monolayer development was studied every day up to 6-days under the SEM. Arrows (white) indicate microcolonies formed after 48 h of incubation. Images indicate
the transition of zoospores to sporangia in 24 h then to a mature monolayer in 6-days.
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RNA-seq analysis showed differential gene expression between zoospores,
sporangia, and monolayer-associated cells

We used multivariate analyses to explore the transcriptome variation
in an unbiased manner between the different life stages of
B. dendrobatidis. The two principal components, PC1, and PC2, of prin-
cipal component analysis (PCA) accounted for 76.9% of the total variance
between samples (Fig. 4). The PCA showed clustering of the replicates of
each life stage separately. Furthermore, PC1 explained 63.7% of the
variance in gene expression among the samples; a higher percentage
indicates that a high number of genes have been differentially expressed
between samples. The zoospore transcriptome was separated along the
PC1 axis from sporangia and monolayer transcriptomes. On the other
hand, sporangia and monolayer transcriptomes were separated along the
PC2 axis, which accounted for only 13.2% of the variance (Fig. 4). We
complemented this PCA with hierarchical clustering analysis (HCA),
which corroborated the PCA results. This analysis is shown with a
heatmap based on the scaled and centered expression values of genes,
with purple indicating lower levels and orange indicating higher levels
(Fig. 5). From the heatmap, we observed relatively close clustering of
genes expressed in the sporangia samples with those of the monolayer
samples. Genes expressed in the zoospore samples were notably different
5

from the other two life stage samples. The dendrograms showed the close
clustering of the sporangia and monolayer samples in columns, while
differentially expressed genes were clustered in rows.

The differential gene expression patterns of sporangia vs zoospores
(S/Z), monolayer-associated cells vs zoospores (M/Z) and sporangia vs
monolayer-associated cells (S/M) were compared. Expression was
considered significantly different if the p-value (after multiple-testing
correction) was �0.001 among the different cell types. The complete
set of genes differentially expressed in all three comparisons are shown in
supporting information (Supplementary Table S1). Among a total of
2408 genes differentially expressed in S/Z comparison (Supplementary
Table S1), relative abundance of mRNA of 1193 genes was higher in
zoospores while 1215 genes were higher in sporangia. Among 2266 total
differentially expressed genes in the M/Z comparison, 1358 genes
expressed more in zoospores and 908 genes showed higher expression in
monolayer-associated cells (Supplementary Table S1). Lastly, among 350
genes which were expressed differently in the S/M comparison, the
relative abundance of 288 genes was higher in sporangia while 62 genes
were more highly expressed in monolayer-associated cells (Supplemen-
tary Table S1). As a percentage of the whole transcriptome (8732 genes),
differentially expressed genes represented a change in 27%, 26%, and 4%
of the transcriptome in S/Z, M/Z, and S/M respectively. Many of these



Fig. 2. Scanning electron microscopic image of a 6-day old mature monolayer
film. The monolayer was grown on tissue-culture treated glass coverslips in H-
broth media. Mature monolayers mainly consisted of sporangia at different
development stages. Thread-like rhizoids and extracellular matrix materials hold
sporangia together, making the monolayer. Mature sporangia with discharge
papilla and plug are clearly visible. Arrows indicate the extracellular matrix-
like material.

Table 1
Composition of the extracellular matrix with respect to available
monosaccharides.

Glycosyl Residue Mass (μg) Mol %a

Ribose (Rib) 10.0 30.3
Xylose (Xyl) 3.3 10.1
Mannose (Man) 7.6 19.1
Galactose (Gal) 4.7 12.0
Glucose (Glc) 9.3 23.4
OMe-Hexose 2.2 5.1

a Values are expressed as mole percent of total carbohydrate which was 6.17%
(weight, %). The total percentage may not add to exactly 100% due to rounding.
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differentially expressed genes encoding proteins are involved in signal
transduction, cell adhesion, proteolysis, sugar hydrolysis, flagellar
structure and function, and lipid biosynthesis (Table 2).

Relative sensitivity of B. dendrobatidis cell stages to high temperature and
variations in pH

Fig. 6 shows the effect of temperature on the viability of zoospores,
sporangia and monolayer-associated cells as measured by the XTT
reduction assay. Values represent the percentage cell viability of the no
treatment control (23 �C). All three cell types were viable at 28 �C while
all three cell types were equally affected by 35 �C (p< 0.0001).

The effect of acidic and alkaline conditions on the viability of
B. dendrobatidis cell types was assessed using XTT reduction (Fig. 7). All
the cell types were dead at pH 3 implying higher sensitivity to strong
acidic conditions (p< 0.0001). Metabolic activities at pH 5 and pH 7
were not statistically significantly different except sporangia which
showed mild sensitivity (p¼ 0.01). Overall, cells had significantly lower
viability at pH 9 compared to pH 7 (p< 0.05). Monolayer-associated cells
showed higher survivability at pH 9 compared to sporangia and zoo-
spores (p< 0.0001).
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Sensitivity of zoospores, sporangia and monolayer-associated cells to
antifungals

Amphotericin B and sodium chloride are antifungal agents available
for treating chytridiomycosis [34,35]. Sodium chloride has been rec-
ommended for use in captive breeding habitats as salt refuges [36]. We
tested the effect of these agents on B. dendrobatidis cell types at 24 h
(Fig. 8). All three cell types showed similar susceptibilities to sodium
chloride at all concentrations tested (Fig. 8a). Sporangia showed resis-
tance to amphotericin B at 0.5 μg/ml and 1 μg/ml (Fig. 8b).

Previous studies in our laboratory have shown that water and/or
methanol extracts of turmeric, garlic, and ginger were inhibitory to
B. dendrobatidis growth (unpublished). We examined sensitivty of
B. dendrobatidis cell types to assess the effect of active ingredients from
each of these plant products, curcumin (turmeric), allicin (garlic) and 6-
gingerol (ginger) respectively. The minimum inhibitory concentrations
against zoospores were determined by measuring the absorbance at
492 nm as an indirect measurement of growth and spotting on H-agar
plates to further test the viability of the cells. Fig. 9 shows the effect of
these chemicals on B. dendrobatidis zoospores. All three plant chemicals
were effective against zoospores, killing at least 50% of the zoospore
population within 24 h.

Minimum inhibitory concentrations of curcumin and allicin against
zoospores were 6 μg/ml and 3.375 μg/ml respectively. Zoospores showed
growth at 200 μg/ml of 6-gingerol, the highest concentration tested
without an effect of the solvent, methanol.

Fig. 10 shows the relative sensitivity of all three cell types at the
respective MICs of zoospores to each of the three chemical extracts
(curcumin (6 μg/ml), gingerol (200 μg/ml) and allicin (3.375 μg/ml)).
Sporangia and monolayer-associated cells showed significant resistance
to at least one of the chemicals. Sporangia showed resistance to curcu-
min, 6-gingerol, and allicin at the concentrations tested while monolayer-
associated cells were most resistant to allicin.

The combinatorial effects of plant chemicals at their MIC, MIC/2, and
Fig. 3. Epifluorescence images of sporangia and
mature B. dendrobatidismonolayers. (a) sporangia (b)
mature monolayer. Mature monolayers and
sporangia were stained with Texas Red conjugated
concanavalin A which binds to glucose and mannose
residues and DAPI which intercalated into DNA. Blue
indicates DAPI stained nucleic acids while the red
color indicates concanavalin A stained thin extracel-
lular matrix-like materials. (For interpretation of the
references to color in this figure legend, the reader is
referred to the Web version of this article.)



Fig. 4. Transcriptomic multivariate analysis for B. dendrobatidis at different life stages. Principal component analysis (PCA) score plot showing that the transcriptome
of B. dendrobatidis in different life stages. Colored circles represent life cycle stages; red – monolayer-associated cells, blue – sporangia, and green – zoospores. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. Heatmap of the differentially expressed genes
among three life stages of B. dendrobatidis. Based on
the scaled and centered expression values of the
genes. The hierarchical clustering of the samples is in
columns while genes are clustered in rows. Different
colors indicate differences in the gene expression
levels. Purple indicates the lower relative abundance
of mRNA while orange indicates the higher relative
abundance. (For interpretation of the references to
color in this figure legend, the reader is referred to
the Web version of this article.)
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MIC/4 on B. dendrobatidis cell types are shown in Fig. 11. The mixtures of
chemicals at their MIC, MIC/2, andMIC/4 similarly affected survivability
of all three cell types.

Discussion

The purpose of this study was to assess the characteristics of in vitro
formation of a monolayer by the chytrid B. dendrobatidis on solid surfaces
and at the air-liquid interface in nutrient-rich media and the ability of the
fungus to grow in nutrient-poor environments. We addressed the
7

development, chemical nature and architecture of the monolayer and
evaluated zoospores, sporangia, and monolayer-associated cells for their
gene expression profiles and resistance to physical conditions and anti-
fungal chemicals.

Scanning electron microscopic images suggest that monolayer for-
mation of B. dendrobatidis goes through a distinct sequence of events,
including initial adhesion, microcolony formation, and maturation. This
sequence has been observed in other fungi and bacteria that form bio-
films [37–39]. After 24 h of incubation, B. dendrobatidis zoospores
enlarged and adhered to the surface of poly-L-lysine-coated glass



Table 2
Selected number of differentially expressed genes of different growth forms of
B. dendrobatidis.

Sporangia versus zoospores

Functional classification Number of
transcripts

Transcript Ids Average
log2(S/Z)

Aspartyl protease 12 22086; 28984; 22179;
92592; 25223; 20107;
12639; 16209; 90861;
27037; 4465; 35816

�0.64

Cystathionine gamma-
synthase/cystathionine
beta-lyase

1 84873 �2.38

Ergosterol biosynthetic
proteins

2 12887; 10216 �2.67

Extracellular
metalloproteinase

6 5304; 34483; 36120;
1480; 35259; 36196;
1501

�2.10

Fasciclin and related
glycoproteins for cell
adhesion

3 91430; 85835; 35182 �1.24

Flagellar proteins
(structural; dynein,
radial spoke, regulatory;
transport)

28 26475; 13321; 34804;
86893; 36206; 11418;
26315; 22880; 28204;
21337; 27665; 35252;
85955; 22301; 88754;
26624; 91375; 92813;
26721; 87960; 36288;
34404; 91203; 90742;
25191; 34914; 11890;
35750

�3.52

N-terminal nucleophile
aminohydrolase

5 17403; 19045; 88011;
92136; 10771

�2.18

Putative bifunctional
chitinase/lysozyme

1 36170 �4.33

Serine protease 2 92713; 20557 �1.94
Signal transduction serine/
threonine kinase

7 84593; 88514; 24743;
86769; 21324; 8822;
34594

�1.36

Sugar hydrolase 1 14954 �5.56
Zn-dependent
exopeptidase

1 19340 �1.41

Monolayers versus zoospores
Functional classification Number of

transcripts
Transcript Ids Average

log2 (M/
Z)

Alkyl hydroperoxide
reductase

3 18846; 86762; 21125 1.35

Cyclopropane-fatty-acyl
phospholipid synthase
(Lipid biosynthesis)

3 86144; 9371; 18849 2.88

Cystathionine gamma-
synthase/cystathionine
beta-lyase

1 84873 2.79

Enoyl-CoA hydratase 2 14474; 85657 2.18
Ergosterol biosynthetic
proteins

4 33694; 35090; 10216;
12887

1.83

Monolayers versus sporangia
Functional classification Number of

transcripts
Transcript Ids Average

log2 (M/S)

Alkyl hydroperoxide
reductase

1 19546 0.82

Cyclopropane-fatty-acyl
phospholipid synthase
(Lipid biosynthesis)

1 86144 1.08

Cystathionine gamma-
synthase/cystathionine
beta-lyase

1 84903 1.51

Enoyl-CoA hydratase 1 85657 0.70
Extracellular
metalloproteinase

5 34483; 1483; 28410;
16271; 36120; 36196

�1.72

Nucleotide-diphospho-
sugar transferase

3 20856; 33853; 16693 �0.70

Serine protease 3 36738; 12494; 1094 �1.50
Zn-dependent
exopeptidase

2 19977; 33390 �1.49

Fig. 6. Effect of temperature on cell viability. After exposure to different tem-
peratures for 24 h, cell viability was measured by XTT reduction. Bars represent
the percentage mean � SEM of three independent experiments analyzed using
two-way ANOVA with Dunnett’s multiple comparison test. Statistical signifi-
cance of differences is indicated by asterisks. (**** p< 0.0001, F¼ 49.85).

Fig. 7. Effect of pH on B. dendrobatidis cell types. Bars represent the percentage
mean � SEM of three independent experiments analyzed using two-way ANOVA
with Dunnett’s multiple comparison tests. Statistical significance of differences
is indicated by asterisks. **** p < 0.0001, * p< 0.05, F¼ 43.76.
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coverslips by their rhizoids. The formation of microcolonies was clear
after 48 h. Thereafter, the density of the monolayer increased and
matured over 6 days. When grown in liquid cultures, the matured
outermost layer of the monolayer detached from the lower surface and
floated like a mat at the air-liquid interface. This could represent a
dispersal mechanism in ponds, lakes and other water systems where the
chytrid may be found. Scanning electron microscopic images revealed
that mature B. dendrobatidis monolayers were mainly composed of a
mixture of different development stages of sporangia and zoospores.
Similar observations have been made in biofilm-forming fungi Candida
sp. and Trichosporon asahii [37,40].

Mature B. dendrobatidis monolayers showed a thin extracellular
matrix-like material around cells in fluorescence microscopic images
stained with Texas Red-conjugated concanavalin A, a lectin which spe-
cifically binds to glucose and mannose residues in sugars, suggesting
their presence in this extracellular matrix-like material (Fig. 3). The
thickness of this layer was high around the microcolonies. Sporangia that
were not associated with microcolonies showed limited staining, possibly
due to the presence of glucans associated with the cell wall. The presence
of an extensive extracellular matrix was not observed in SEM images.
This may be due to the intense dehydration process in preparing mate-
rials for SEM imaging. Further confirmation of the presence of extracel-
lular matrix-like material was made by gas chromatography/mass
spectrometry. The total carbohydrate pool was found to be composed
mainly of ribose, xylose, mannose, galactose, and glucose strongly
resembling the matrix composition of other fungal biofilms [41–44].
Lack of enzyme activity observed for glucose 6-phosphate dehydroge-
nase, a cytoplasmic marker enzyme, confirmed the lack of cell lysis



Fig. 8. Cytotoxicity of amphotericin B and sodium chloride to zoospores, sporangia, and monolayer-associated cells in vitro. (a) the effects of different concentrations
of sodium chloride and (b) amphotericin B on B. dendrobatidis survival were tested against all three cell types by the XTT reduction. Cells were grown in H-broth alone
or in H-broth with different concentrations of the chemicals. The percentage means of three independent experiments were analyzed using two-way ANOVA with
Dunnett’s multiple comparison tests comparing the viabilities to H-broth media. Asterisks on bars indicate the statistical significance. **** p < 0.0001, ** p< 0.01,
F(a)¼ 22.49, F(b)¼ 112.4.

Fig. 9. Dose-dependent effects of plant-based chemicals on the growth of zoospores in vitro. The effects of different concentrations of (a) curcumin (b) allicin (c) 6-
gingerol were tested against zoospores for 6-days at 23 �C by measuring the absorbance (492 nm) at 24 h intervals. Zoospores were grown in H-broth alone or in H-
broth with various concentrations of plant-based chemicals. Each data point represents the mean � SEM of three independent experiments. Data were analyzed using
repeated measure two-way ANOVA with Dunnett’s multiple comparison tests. **** p < 0.0001, ** p < 0.01, * p< 0.05, F(a)¼ 24.58, F(b)¼ 26.03, F(c)¼ 17.27.
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during the processing of the matrix material. The most abundant sugar in
the chytrid extracellular matrix was ribose which accounted for the 30%
of the total carbohydrate pool. This may have resulted from the hydro-
lysis of nucleic acids which are released from dead cells by strong
DNA-degrading enzymes (Maiti and San Francisco, unpublished) or from
extracellular DNA within the matrix produced by B. dendrobatidis.

In addition to the phenotypic characterization of monolayers formed
by B. dendrobatidis, we provide the gene expression profiles of
B. dendrobatidis zoospores, sporangia, and monolayer-associated cells.
Our results indicate that monolayers are a distinct entity in the life cycle
of B. dendrobatidis. We focused our analysis on the differential gene
expression observed through pairwise comparisons. The zoospore gene
expression profile was significantly different from sporangia and
monolayer-associated cells. We found in zoospores, higher abundance of
mRNA for genes related to signal transduction, cell adhesion, aspartyl
and serine proteases and metalloprotein families, hydrolases, flagellar
and structural proteins. Higher mRNA abundance for genes encode
proteins similar to adhesins may play a role in initial attachment of
9

zoospores to surfaces. Higher mRNA abundance was observed for radial
spoke-like proteins that have been involved in flagella movement of
Chlamydomonas reinhardtii [45]. In addition to spoke-like proteins, rela-
tively more mRNA of genes encoding proteins involved in flagella
movement were found in zoospores.

Even though the monolayers are mainly composed of different
development stages of sporangia, the gene expression profiles were
different in a pairwise comparison of the two cell types. Pairwise com-
parison of sporangia and monolayer-associated cells showed a 4% dif-
ference in their gene expression. We found high mRNA abundance of
genes encoding proteins in signal transduction, serine, metallo-, and
aspartyl protease families, chitin synthase, enzymes in lipid metabolism,
and multidrug resistance-related ABC transporters. Interestingly, we
found higher relative abundance of mRNA for genes encoding alkyl hy-
droperoxide reductase [46,47], cyclopropane-fatty-acyl phospholipid
synthase [48,49], cystathionine gamma-synthase/cystathionine beta--
lyase [50], and enoyl-CoA hydratase [51–53]. These proteins have been
observed to be important in biofilm formation in other microorganisms.



Fig. 10. Cytotoxicity of plant-based chemicals on B. dendrobatidis cell types. The
MICs of curcumin (6 μg/ml), allicin (3.375 μg/ml), and 6-gingerol (200 μg/ml)
for zoospores were tested for survivability of sporangia and monolayer-
associated cells by XTT reduction. Cells were grown in H-broth only or in H-
broth with chemicals for 24 h at 23 �C. Bars represent the percentage mean �
SEM of three independent experiments analyzed by two-way ANOVA with
Dunnett’s multiple comparison test. Statistically significant differences from H-
broth are indicated by asterisks. *** p < 0.001, ** p< 0.01, F¼ 14.89.

Fig. 11. Combinatorial treatment of plant-based chemicals. Mixtures of the
chemicals were tested in full, half and quarter strengths of MICs. Cells were
grown in H-broth or in H-broth with chemicals for 24 h at 23 �C. The viability of
the cells was measured by XTT reduction. Bars represent the percentage mean �
SEM of three independent experiments analyzed by two-way ANOVA with
Dunnett’s multiple comparison test. Asterisks on bars indicate the statistical
significance of cell viability compared to H-broth. **** p< 0.0001, F¼ 100.1.
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Enoyl-CoA hydratase that catalyzes the formation of cis-2-decenoic acid
[52,53], a small lipid molecule which acts as an autoinducer has been
proposed to play a role in biofilm dispersal in P. aeruginosa and C. albicans
[51]. This suggests and supports our hypothesis of monolayer dispersion
in the environment.

Biofilms facilitate survival of microorganisms in the presence of
extreme abiotic factors or antimicrobial agents. We compared
monolayer-associated cells with sporangia and zoospores for their
resistance profiles to known antifungal stressors and environments. We
found that monolayer-associated cells are more resistant to alkaline pH
and allicin (extracted from garlic), compared to zoospores and sporangia.
Alkaline conditions damage proteins, lipids, and nucleic acids [54] while
allicin binds to free sulfhydryl (-SH) groups of cysteine residues [55]. The
relatively higher abundance of mRNA for genes encoding Hsp70,
cyclopropane-fatty-acyl phospholipid synthase, alkyl hydroperoxide
reductase, and glutathione transferase that provide oxidative stress
resistance [56–60] supports this observation of monolayer-cell
resistance.

Sporangia showed resistance to curcumin, 6-gingerol, and ampho-
tericin B at concentrations that negatively impacted survival of zoospores
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and monolayer-associated cells. Although the mode of action of 6-gin-
gerol is not known, it has been established that curcumin and ampho-
tericin B exert their antifungal activities by interfering with ergosterol in
fungal membranes by forming reactive oxygen species [61,62]. Expres-
sion of genes encoding oligopeptide transporter activity (OPT) and those
involved in fatty acid biosynthesis as we observed in sporangia have been
observed in amphotericin resistance in Candida auris and could explain
their observed resistance to the drug in our experiments [60]. Our data
also show that amphotericin B can effectively inhibit the growth of
zoospores within 24 h at 0.5 μg/ml, a concentration much lower than
what is currently prescribed [31,34], and may reduce the possible toxic
side effects to amphibians. Sodium chloride concentrations affected all
cell types similarly. Cells were comparatively less sensitive up to
10mg/ml concentration of sodium chloride. The expression of genes
linked to salt tolerance, such as glycerol-3-phosphate dehydrogenase
[63], may be involved in showing such salt tolerance in all three cell
types. The concentrations we tested were higher than those proposed as
treatment measures for chytridiomycosis creating salt refuges and may
be useful in decontamination of equipment in the field. The phyto-
chemical extracts used in this study have not been tested yet to determine
their safety and efficacy in treating infected amphibians. The specific role
of genes involved in monolayer formation and environmental resistance
is beyond the scope of this work as there is no facile system currently
available to generate mutants in B. dendrobatidis. Therefore, biological
function assessment of these genes is presently speculative.

Conclusions

Our study characterizes B. dendrobatidis monolayers that can form in
the absence of the host and highlights their importance in resistance to
environmental stressors. We show that monolayers resemble biofilms
and could play a role in adherence and dispersal of the fungus in aquatic
environments. Our findings provide support for additional methods to
detect chytrid eDNA not only in water but also on surfaces around pond
and lake environments. This suggestion is supported by a study by Bosch
et al., that showed the successful use of Virkon S to disinfect surfaces
around the ponds to prevent chytrid infections of treated frogs [64].
Finally, in this study, we introduce plant-based chemicals, curcumin,
6-gingerol, and allicin as promising anti-chytrid drugs alternatives to
toxic azole drugs currently in use to treat infected animals. It is impor-
tant, however, to determine the toxicity levels of these chemicals on
amphibians before employing them for treating chytrid infections.
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