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ABSTRACT
RNA interference (RNAi) has not been tested in the pandemic amphibian pathogen, Batrachochytrium dendrobatidis, but

developing this technology could be useful to elucidate virulence mechanisms, identify therapeutic targets, and may present a

novel antifungal treatment option for chytridiomycosis. To manipulate and decipher gene function, rationally designed small

interfering RNA (siRNA) can initiate the destruction of homologous messenger RNA (mRNA), resulting in the “knockdown” of
target gene expression. Here, we investigate whether siRNA can be used to manipulate gene expression in B. dendrobatidis via

RNAi using differing siRNA strategies to target genes involved in glutathione and ornithine synthesis. To determine the extent

and duration of mRNA knockdown, target mRNA levels were monitored for 24–48 h after delivery of siRNA targeting

glutamate–cysteine ligase, with a maximum of ~56% reduction in target transcripts occurring at 36 h. A second siRNA design

targeting glutamate‐cysteine ligase also resulted in ~53% knockdown at this time point. siRNA directed toward a different gene

target, ornithine decarboxylase, achieved 17% reduction in target transcripts. Although no phenotypic effects were observed,

these results suggest that RNAi is possible in B. dendrobatidis, and that gene expression can be manipulated in this pathogen.

We outline ideas for further optimization steps to increase knockdown efficiency to better harness RNAi techniques for control

of B. dendrobatidis.

1 | Introduction

RNA interference (RNAi) is a powerful gene silencing tool,
harnessing a widespread natural phenomenon that regulates
both host and pathogen gene expression [1]. This pathway has
been exploited for a variety of applications, from characterizing

gene function [2–5] to targeted pest [6, 7] and disease [8, 9]
control. Gene silencing via RNAi has proved a particularly
useful treatment to suppress the virulence of fungal pathogens
such as Talaromyces marneffei in mice, and Fusarium
graminearum, Sclerotinia sclerotiorum, and Botrytis cinerea in
plants leading to increased host survival [10–12]. RNAi has not
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yet been developed for mitigating diseases threatening wildlife,
but its specificity and lack of off‐target effects are advantages for
environmental applications. Hence there is high potential to
adapt this technology for understanding and controlling
important wildlife dieases such as amphibian chytridiomycosis.

The RNAi process is initiated by the introduction of double‐
stranded RNA (dsRNA) sequences into the cytoplasm, resulting
in transient reduction or “knockdown” of corresponding
messenger RNA (mRNA). The presence of exogenous dsRNA
in the cytoplasm triggers the enzyme Dicer to cleave the dsRNA
into smaller fragments, termed “small interfering RNA”
(siRNA) [13, 14], which are loaded onto an Argonaute protein
[15], forming an RNA‐induced silencing complex (RISC) [16].
The siRNA then guides RISC to complementary mRNA, which
are then cleaved by Argonaute [17], preventing translation [13].
RNA‐dependent RNA polymerase (RdRp) creates additional
siRNA from the cleaved mRNA, amplifying the RNAi process
[18]. The RNAi pathway can be manipulated to knockdown
target genes by introducing either dsRNA or siRNA that are
complementary to a gene of interest.

The RNAi pathway is widespread in fungi. However, RNAi has
not yet been observed in the fungal phylum Chytridiomycota
[19, 20]. This phylum contains the devastating amphibian
pathogen, Batrachochytrium dendrobatidis, an introduced spe-
cies responsible for the extinction of at least 90 amphibian
species worldwide [21]. The amphibian chytrid fungus infects
the host epidermis, impairing epidermal function leading to
electrolyte imbalance [22]. The resulting disease, chytridiomy-
cosis, often progresses to host cardiac failure and death [23].
Efforts to understand the virulence of B. dendrobatidis have
included comparative genomics [24, 25] and transcriptomics
[26, 27], but without genetic modification protocols [28] it has
been difficult to confirm putative virulence factors. Developing
a RNAi reverse genetics approach would provide a valuable tool
to study gene function in this ecologically important pathogen.
The genome of B. dendrobatidis was thought to lack one of the
core RNAi components, RdRp [29, 30], however, RdRp was
recently reported by one study [31]. Therefore, it is still unclear
whether the RNAi pathway is functional in this species.
Establishing if RNAi‐mediated knockdown can be manipulated
in B. dendrobatidis will facilitate functional genomic studies and
may lead to novel antifungal strategies.

Here, we explore whether siRNA can induce gene silencing in
B. dendrobatidis as evidence of a functional RNAi pathway.
Initially, we designed siRNA to target the first enzyme required
for the biosynthesis of glutathione; glutamate cysteine ligase
(GCL). A time course experiment determined the extent and
duration of mRNA knockdown via qRT‐PCR. There are many
algorithms and modifications available for siRNA design,
therefore, to confirm consistency of the knockdown results,
mRNA quantification experiments were repeated using a
second GCL siRNA molecule. The efficacy of siRNA‐mediated
knockdown was also assessed against a second gene target,
ornithine decarboxylase (ODC). This approach represents a
promising step towards developing RNAi techniques to under-
stand and reduce the virulence of this devastating wildlife
pathogen.

2 | Materials and Methods

2.1 | Culturing B. dendrobatidis

Isolates of B. dendrobatidis were collected from naturally
infected Australian frogs [32, 33], and maintained in a tryptone,
gelatin hydrolysate, and lactose media (TGhL) at 20°C in tissue
culture flasks, as per standard protocols [34]. The isolates
used were Yanchep‐L.moorei‐2019‐RW, Frenchmanscreek_
torrrenttadpole‐2020‐RW and NarielValley‐L.spenceri‐2020‐LB.
Pure zoospore suspensions were obtained by removing the
TGhL from mature culture flasks and incubating the
zoosporangia monolayer with 50% TGhL for 2 h, after which
the solutions were filtered with a sterile isopore PC 10 µM
filter (Millipore). Zoospores were concentrated by centrifu-
gation (2500g for 5 min), washed once with sterile SM buffer
(5 mM KCl, 15 mM sodium phosphate buffer [pH 7.2], 15 mM
MgCl2, 25 mM sodium succinate dibasic hexahydrate, 25 mM
D‐mannitol) [35], centrifuged at 2500g for 5 min and
resuspended in SM buffer to a final concentration of
5 × 106 zoospores/mL.

2.2 | Gene Targets

Initial experiments were designed to knockdown expression of
glutamate cysteine ligase (GCL, BATDEDRAFT_35498), the
enzyme that catalyses the first, rate‐limiting step in glutathione
biosynthesis. Glutathione is important for growth and cadmium
tolerance in B. dendrobatidis [36]. Additional experiments were
designed to knockdown ornithine decarboxylase (ODC, BAT-
DEDRAFT_35584), the enzyme responsible for spermidine
synthesis. Spermidine is important for B. dendrobatidis growth
and is a likely virulence factor that can suppress amphibian
lymphocytes [37].

2.3 | siRNA Design

GCL expression was targeted using two siRNA strategies.
The first strategy, “siRNA #1” was a 19 bp construct
designed using the siDesign Center (Dharmacon), with a
3′‐UU sequence overhang. The second strategy, “siRNA #2”
was a pool of three different 19 bp siRNAs designed by the
Rosetta algorithm (Sigma), all of which contained 3′‐dTdT
overhangs. The siRNA was reconstituted to 100 µM using
Horizon siRNA buffer (siRNA #1) or water (siRNA #2).
Each siRNA had a corresponding negative control siRNA
with no homology to B. dendrobatidis genes. For siRNA #1,
a 19 bp scrambled sequence with UU sequence overhangs
was used as a negative control, and the proprietary universal
negative control #1 (Sigma) was used for siRNA #2
experiments. Ornithine decarboxylase was targeted with
siRNA #3, a pool of three different 19 bp siRNAs designed by
the Rosetta algorithm (Sigma), all of which contained 3′‐
dTdT overhangs. As per siRNA #2, the proprietary universal
negative control #1 (Sigma) was used as the control. The
siRNA sequences are listed in Supporting Information S1:
Table S1.
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2.4 | Electroporation Optimization

A series of single‐replicate experiments were conducted to
establish the optimal electroporation voltage and siRNA concen-
tration for efficient siRNA delivery into B. dendrobatidis.
Zoospores were electroporated in the presence of siRNA #1 (with
a FITC modification on the 5′ sense strand terminus) using
protocols adapted from Swafford et al. [35]. One million zoospores
in 200 µL SM media were transferred to a 2mm cuvette (BioRad)
with siRNA ranging from 0.5 to 12.5 µM. The cuvettes were chilled
on ice, electroporated with 2 × 3ms square wave pulses ranging
from 750 to 1500 V. Immediately following electroporation,
cuvettes were incubated on ice for 10min, after which 200 µL
ice cold TGhL was gently added before a final 10min incubation
on ice to allow the zoospores to recover. Cells were fixed in a PFA
buffer, then analyzed by flow cytometry using a BD LSR Fortessa 3
Laser cytometer in conjunction with FlowJo analysis software.
Experiments included controls without siRNA and/or without
electroporation to assess cell survival and background staining, as
well as a dextran positive control to allow comparison to a
previously optimized delivery method in B. dendrobatidis [35].

2.5 | siRNA Delivery

One million zoospores in 200 µL SM buffer were in chilled in a
2mm cuvette and then electroporated at 1000 V with either
3 µM siRNA (siRNA #1 + siRNA #2) or 7.5 µM siRNA (siRNA
#3). After 10min recovery on ice, 200 µL ice‐cold TGhL broth
was added to each cuvette and the zoospores gently pipetted to
a 24‐well culture plate (Nunc). The plate was sealed with
parafilm and incubated at 20°C until mRNA quantification.

2.6 | Relative mRNA Quantification

Initial time course experiments were conducted with siRNA #1
over a 24–48 h period to identify if mRNA knockdown occurred.
Subsequent experiments tested siRNA #2 and siRNA #3 at the
peak knockdown timepoint determined for siRNA #1. After the
appropriate incubation, B. dendrobatidis zoosporangia were
carefully detached from the well surface using a cell scraper and
total RNA extracted using the Quick RNA Micro extraction kit
(Zymo). The cells were pelleted, treated with 90 µL of RNA/
DNA shield (Zymo), and subjected to 1min of bead beating
with 0.05 g of 0.1 mm and 0.5mm silica beads (Daintree
Scientific) to disrupt the cell walls. RNA was extracted from
the homogenized solution following manufacturer's instruc-
tions, including DNase treatment. RNA concentration and
purity was measured using a Nanodrop spectrophotometer
(Thermo Scientific), and complementary DNA (cDNA) synthe-
sis was performed using the QuantiTect reverse transcription
kit (Qiagen). qRT‐PCR was performed in a 20 µL reaction
containing 1 ng cDNA template, 1× Rotor‐Gene SYBR green
master mix, and 1 µM of each forward and reverse primer. The
reactions were run in triplicate on a Rotorgene 6000 (Qiagen)
with an initial activation step of 95°C for 5 min, followed by
35 cycles of a 5 s 95°C denaturation step and a 10 s 60°C
annealing/extension step. Relative target mRNA was calculated
by normalizing the CT value to the reference genes α‐centractin

[29], and APRT [38] using the Pfaffl method. Relative quantity
(RQ) was calculated using the equation RQ=EΔCT, and the
geometric mean of the two reference genes was used to
determine the fold change in target mRNA in the treatment
compared to the control [39] for each individual experiment.
For each time point, a T test was used to determine if the fold
change of the target siRNA‐treated cells was significantly
different to that of the control siRNA (GraphPad Prism).

To confirm the qRT‐PCR results for siRNA #1 and siRNA #2
experiments, a subsample of cDNA was retested using semi-
quantitative agarose gel PCR using a different primer set
(Table S1) and α‐centractin for normalization. The PCR was
performed as a 25 µL reaction containing 15 ng of template,
2.5 µL 10× ThermoPol Reaction Buffer, 10mM dNTP's, 0.625 U
Taq polymerase (NEB), with 0.2 µM of each forward and reverse
primer. The reactions were performed on a Bio‐Rad S1000
thermocycler with an initial activation step of 95°C for 30 s,
followed by cycles of 30 s 95°C denaturation, 30 s 55°C annealing,
and 40 s 68°C extension. With these PCR conditions, 28 cycles
were optimal for α centractin amplification and 35 cycles for
GCL. The PCR product (10 µL) was run on a 1.2% agarose gel
with gel red (Biotium) and visualized under UV light.

3 | Results

3.1 | siRNA Delivery

Both voltage and siRNA concentration affected overall siRNA
delivery success (Figure 1). Higher voltages delivered siRNA to
more cells, but also resulted in increased cell death (Supporting
Information S1: Figure S1). Higher siRNA concentrations
slightly increased siRNA delivery efficacy, but the increased
siRNA usage is financially costly. Therefore, to maximize
siRNA delivery in an economical manner, 3 µM siRNA and
1000 V were chosen for the remaining experiments.

FIGURE 1 | Comparing overall success of siRNA delivery into

Batrachochytrium dendrobatidis zoospores using various voltages and

siRNA concentrations. FITC‐tagged siRNA was used to track siRNA

delivery via flow cytometry. Each bar represents success (overall

delivery %), which was calculated as zoospore survival multiplied by

zoospore fluorescence. Higher voltage and siRNA concentration

increased siRNA delivery per cell, but higher voltages decreased

zoospore survival resulting in overall lower delivery. Fluorescent

dextran (1 mg/mL) was included as a positive control. Note that not

all voltages were tested per siRNA concentration.
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3.2 | mRNA Knockdown

qRT‐PCR analysis indicated that zoospores electroporated with
siRNA #1 developed into zoosporangia displaying a significant
reduction in GCL expression from 36 h postelectroporation and
persisting until at least 48 h (Figure 2). Maximum knockdown
occurred at 36 h post electroporation, with an average of 56%
less GCL mRNA in cells treated with siRNA #1 compared to
scrambled siRNA.

siRNA #2 was a pool of three different siRNA molecules targeting
GCL, each with dTdT overhangs. This siRNA also resulted in
significant reduction of mRNA levels at 36 and 42 h compared to
negative control siRNA. Overall, there was a 36%–51% decrease in
GCL mRNA at these time points (Figure 3).

To confirm the GCL qRT‐PCR results, a subset of cDNA was
also analyzed via semiquantitative PCR and gel electrophoresis
using a different set of GCL primers. The GCL band was visibly
less intense in the target siRNA‐treated samples compared to
the controls (Figure 4) in agreement with the qRT‐PCR results.

To confirm that siRNA can act against a different gene target, we
tested 7.5 µM siRNA designed to target ODC (siRNA #3). Cells
treated with siRNA #3 had a slight but significant reduction in
mRNA (p=0.0353), with a 17% decrease in ODC mRNA at 39 h.

No phenotypic changes associated with mRNA knockdown
were observed for either GCL or ODC knockdown.

4 | Discussion

These results suggest that siRNA could be used to manipulate gene
expression in B. dendrobatidis and provide evidence of a functional
RNAi pathway in this species. We have performed preliminary
optimization of siRNA delivery methods by comparing various
siRNA concentrations and electroporation voltages. Consistent

mRNA knockdown was observed across different siRNA designs
and validated with two PCR techniques and two gene targets
involved in glutathione and ornithine synthesis. However, the
extent and duration of knockdown was insufficient to produce an
observable phenotypic response such as reduced growth.

Peak mRNA knockdown occurred at 36–42 h, and persisted for at
least 48 h. This onset of mRNA knockdown is late compared to
other fungal systems, where knockdown can occur as early as 18 h
[40]. However, as the ΔCT method relies on stable reference gene
expression, failure to detect mRNA knockdown via PCR at early
timepoints may be due to the dynamic nature of gene expression
at this stage in the B. dendrobatidis life cycle due to the large
metabolic shifts associated with encystation [26]. By 48 h, mRNA
knockdown appears to wane, although extended time course
studies are required to confirm the precise duration of effect.
While the heterogeneous effect of cell cycle was moderated in our
experiments by synchronization of zoospores, longer time course
studies are complicated in B. dendrobatidis due to the cyclical
release of zoospores from mature zoosporangia. Overall, the
duration of RNAi activity in B. dendrobatidis appears relatively
short compared to effects in other fungi, such as S. sclerotiorum,
where knockdown persisted for at least 96 h [12]. There are
conflicting reports whether B. dendrobatidis possess the RdRp
gene [29–31]. If B. dendrobatidis indeed lacks RdRp may explain
this subdued RNAi response, as this key RNAi component
amplifies and sustains mRNA knockdown [18].

Traditionally, effective knockdown is defined by at least a
70% decrease in mRNA [41]. We observed no phenotypic
effects resulting from 50% GCL mRNA knockdown. Increasing

FIGURE 2 | Time course of fold change in GCL mRNA levels in

Batrachochytrium dendrobatidis cells treated with siRNA #1 compared

to control scrambled siRNA, normalized to both α centractin and APRT.

A significant reduction in GCL mRNA was detected in zoosporangia

previously treated with siRNA #1 at 36 (p= 0.0007), 42 (p= 0.0354) and

48 h (p= 0.0005) post‐siRNA delivery. Bars represent the average of two

to five experimental replicates with SEM error bars.

FIGURE 3 | Mean fold change in GCL mRNA levels in Batracho-

chytrium dendrobatidis cells treated with siRNA #2 compared to control

siRNA, normalized to α centractin and APRT. A significant reduction in

GCL mRNA was detected in zoosporangia previously treated with

siRNA #2 at both 36 h (p= 0.045) and 42 h (p= 0.008). Data from three

experimental replicates showing SEM error bars.
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knockdown efficiency is essential for the further development of
RNAi techniques in B. dendrobatidis, which is especially important
given the apparent brief duration of knockdown in this species.
Increased optimization of electroporation protocols for siRNA
delivery is a logical first step to increase mRNA knockdown. We
found voltage to be positively correlated with uptake of siRNA, but
inversely correlated with cell survival necessitating a compromise
to achieve the highest transfection efficiency [42]. Waveform
(exponential decay or square), duration and capacitance, and
buffer constituents [43, 44], could all be further optimized for
increased siRNA delivery to B. dendrobatidis.

Another variable for consideration is the siRNA design. Although
there is vast literature on the rational design of siRNA, a
comparison of different designs has not been explicitly tested in
fungi. Synthetic siRNA duplexes can be designed to include two
extra nucleotide overhangs to increase efficiency [45], and several
types of overhangs have been shown to initiate RNAi in fungi,
including dTdT [40, 46, 47] UU [47] and asymmetrical dsiRNA
overhangs [48]. We found similar results targeting GCL mRNA
using siRNA with UU and dTdT overhangs, suggesting that either
approach may be acceptable for use in B. dendrobatidis. Further
optimization studies could incorporate other designs to extend the
half‐life of the siRNA molecules, including phosphothioate or
locked nucleic acid modifications [49], or diced siRNA pools [48].
Even with optimized siRNA delivery and longevity, knockdown is
expected to be inherently transient due to dilution of the finite
siRNA as the zoosporangia divide into zoospores. Development of
RNAi constructs to produce interfering RNA (e.g., shRNA) could
provide a solution to extending knockdown. These could be
transformed into B. dendrobatidis to produce knock‐down strains,
or into host cells as a form of host‐induced gene silencing [50].

Some genes are inherently difficult to target with siRNA,
whether it is because of the low abundance of transcripts [51],
or other unknown gene features [41]. Furthermore, knockdown
of certain genes does not necessarily produce a phenotypic
response, despite successful reduction in transcripts [52–54].
We achieved moderate mRNA knockdown of GCL, but only
slight knockdown targeting ODC despite increasing the siRNA
concentration. Further testing of additional gene targets is
required, ideally those with low redundancy, short protein half‐
life, and obvious phenotypes. Testing the effect of other forms of
interfering RNAs (such as dsRNA) is also warranted.

Although moderate, the reduction in mRNA we detected via
PCR suggests that siRNA can be delivered and recognized by B.
dendrobatidis. Our results are a promising first step in the

development of RNAi as a tool to manipulate gene expression in
B. dendrobatidis, providing a platform for future studies to
harness RNAi for understanding and controlling fungal
virulence in this threat to biodiversity.
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