University of Nebraska - Lincoln

DigitalCommons@University of Nebraska - Lincoln
Faculty Publications in the Biological Sciences

Papers in the Biological Sciences

6-29-2021

Micafungin-Induced Cell Wall Damage Stimulates Morphological
Changes Consistent with Microcycle Conidiation in Aspergillus
nidulans
Samantha Reese
University of Nebraska-Lincoln, samantha.reese@huskers.unl.edu

Cynthia Chelius
Bristol Myers Squibb Company

Wayne Riekhof
University of Nebraska-Lincoln, wriekhof2@unl.edu

Mark R. Marten
University of Maryland at Baltimore

Steven D. Harris
Iowa State University

Follow this and additional works at: https://digitalcommons.unl.edu/bioscifacpub
Part of the Biology Commons

Reese, Samantha; Chelius, Cynthia; Riekhof, Wayne; Marten, Mark R.; and Harris, Steven D., "MicafunginInduced Cell Wall Damage Stimulates Morphological Changes Consistent with Microcycle Conidiation in
Aspergillus nidulans" (2021). Faculty Publications in the Biological Sciences. 886.
https://digitalcommons.unl.edu/bioscifacpub/886

This Article is brought to you for free and open access by the Papers in the Biological Sciences at
DigitalCommons@University of Nebraska - Lincoln. It has been accepted for inclusion in Faculty Publications in the
Biological Sciences by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.

Journal of

Fungi
Article

Micafungin-Induced Cell Wall Damage Stimulates
Morphological Changes Consistent with Microcycle
Conidiation in Aspergillus nidulans
Samantha Reese 1 , Cynthia Chelius 2 , Wayne Riekhof 1 , Mark R. Marten 3 and Steven D. Harris 4, *
1

2

3

4

*



Citation: Reese, S.; Chelius, C.;
Riekhof, W.; Marten, M.R.; Harris,
S.D. Micafungin-Induced Cell Wall
Damage Stimulates Morphological
Changes Consistent with Microcycle
Conidiation in Aspergillus nidulans. J.

School of Biological Sciences, University of Nebraska, Lincoln, NE 68503, USA;
samantha.reese@huskers.unl.edu (S.R.); wriekhof2@unl.edu (W.R.)
Biologics Development, Global Product Development and Supply, Bristol Myers Squibb Company,
Devens, MA 01434, USA; Cindy.chelius@bms.com
Department of Chemical, Biochemical and Environmental Engineering, University of Maryland Baltimore
County, Baltimore, MD 21250, USA; marten@umbc.edu
Department of Plant Pathology and Microbiology and Department of Entomology, Iowa State University,
Ames, IA 50011, USA
Correspondence: stevenh1@iastate.edu

Abstract: Fungal cell wall receptors relay messages about the state of the cell wall to the nucleus
through the Cell Wall Integrity Signaling (CWIS) pathway. The ultimate role of the CWIS pathway is
to coordinate repair of cell wall damage and to restore normal hyphal growth. Echinocandins such as
micafungin represent a class of antifungals that trigger cell wall damage by affecting synthesis of
β-glucans. To obtain a better understanding of the dynamics of the CWIS response and its multiple
effects, we have coupled dynamic transcriptome analysis with morphological studies of Aspergillus
nidulans hyphae in responds to micafungin. Our results reveal that expression of the master regulator
of asexual development, BrlA, is induced by micafungin exposure. Further study showed that
micafungin elicits morphological changes consistent with microcycle conidiation and that this effect
is abolished in the absence of MpkA. Our results suggest that microcycle conidiation may be a general
response to cell wall perturbation which in some cases would enable fungi to tolerate or survive
otherwise lethal damage.
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1. Introduction
The cell wall is an important feature of filamentous fungi, where it is responsible for
the protection of hyphal integrity and the maintenance of hyphal morphology [1]. In fungi,
damage to the cell wall poses a serious threat to cell viability. To mitigate this possibility,
fungi employ cell surface sensors that detect damage to the cell wall and activate a suite
of mechanisms that repair the damage and enable the resumption of normal growth [1].
This response is known as the Cell Wall Integrity Signaling (CWIS) pathway [2]. This
pathway is found in many fungal species and key signaling features includes the Rho1
GTPase, protein kinase C, and the CWIS MAP kinase cascade [2]. In Aspergillus nidulans,
the pathway is conserved and terminates with the MAP kinase MpkA [3].
There are many perturbations that can trigger the CWIS pathway in fungi including
antifungals detected in the environment. Micafungin, an echinocandin antifungal drug, has
been shown to activate the CWIS pathway. It acts by inhibiting the activity of β-1,3 glucan
synthase, thereby depleting β-1,3 glucan from the cell wall and compromising hyphal integrity [4]. This leads to hyphal tip bursting and a decrease in internal hydrostatic pressure
of the hyphae [5]. The CWIS response to micafungin is well understood in yeast but is
less studied in filamentous fungi such as A. nidulans. Notably, the transcriptional output
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of the CWIS pathway differs significantly in A. nidulans than in the yeast Saccharomyces
cerevisiae [3]. To better understand the dynamic nature of the CWIS in A. nidulans, we have
employed a “multi-‘omics” approach aimed at characterizing key effectors and outputs of
micafungin perturbation [6].
The asexual life cycle of filamentous fungi is important for maintaining species viability in the face of adverse environmental conditions [7]. The formation of spores via
asexual means is typically a well-regulated global response to external stimuli [8]. However,
under some circumstances, such as specific environmental triggers, the normal regulatory
and developmental processes that underlie asexual sporulation can be short-circuited to
allow rapid production of spores [9]. The shortened cycle for the production of conidia
by newly germinated spores without any further hyphal growth is termed microcycle
conidiation [10]. At this time, the overall benefits of this process and the extent to which
fungi use it as a short-term survival strategy remain unclear. Microcycle conidiation has
been observed across many ascomycetes, including members of the genera Aspergillus,
Fusarium, and Metarhizium [8,9,11]. In these fungi, the genetic pathways that regulate
microcycle conidiation and coordinate its occurrence relative to environmental conditions
are poorly understood in limited detail.
The objective of this study was to gain a deeper understanding of the filamentous
fungal response to cell wall damage by exposing the model fungus A. nidulans response to
micafungin exposure as a paradigm. Upon exposure of growing hyphae to micafungin,
samples were taken over a time course and subjected to both phosphoproteomic and
transcriptomic analyses [6]. Here, we describe the impacts of exposure to micafungin on
patterns of gene expression in both wildtype and ∆mpkA mutants. Our results suggest that
the response to cell wall damage is attenuated in ∆mpkA mutants and reveal specific classes
of genes whose expression is dependent upon MpkA. Notably, this includes the master
regulator of conidiation, brlA. Indeed, we show that morphological changes consistent
with microcycle conidiation are triggered by exposure to micafungin, thereby raising
the possibility that microcycle conidiation might be a critical feature of the response to
anti-fungal drugs.
2. Materials and Methods
2.1. Media and Growth Conditions
All strains used in this study are described in Supplementary Table S1. Standard media
and growth conditions were employed [12,13]. Media included Yeast Extract-GlucoseVitamin (YGV; 0.5% yeast extract, 1% glucose, 0.1% vitamins) [13], and Malt Extract-Glucose
(MAG; 2% malt extract, 2% glucose, 0.2% peptone, 0.1% trace elements, 0.1% vitamins) [13].
2.2. Global Analysis Strain Generation, Growth Conditions, RNA Extraction, and
RNA Sequencing
The generation of all strains, growth conditions for RNA-Sequencing samples, RNA
extraction, and RNA Sequencing pipeline can be found in our previous paper [6]. Note
that the RNA-Sequencing bioinformatics pipeline, DESeq2 1.20.1, was the bioinformatics
package used to analyze the read counts generated by HISAT2 2.1.0 and HTSeq-Counts
0.9.1. The FDR is calculated for every gene though DESeq2 at every time point and is called
“adjusted p-value”. The adjusted p-value is what was used in addition of the Log2Fold
(+/−) 2 cut off to generated the DE genes list used in this study’s investigation. Significance
for the RNA-Sequencing gene expression was also based on our previous paper with a
less strenuous adjusted p-value of ≤0.1. This was done to facilitate the incorporation of
proteomic and transcriptomic data into a predictive gene expression model. NCBI Sequence
Read Archive Accessions can be found in (Supplementary Table S2).
2.3. QRT-PCR for RNA-Sequencing Verification
Wildtype and ∆mpkA hyphae grown in YGV for 11 h were exposed to 1 ng of micafungin per 1 mL growth media for 75 min [12]. Control hyphae were left untreated [12].
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The hyphae were frozen with liquid nitrogen, and RNA was then extracted and purified. A
cDNA library was generated using the cDNA Library Kit from Thermo Fisher Scientific
(catalog A48571) and the Reverse transcription PCR kit from Millipore Sigma, St. Louis,
Mo USA (Product No. HSRT100), with specific primers designed for each target gene
(Supplementary Table S3). The samples were analyzed using Bio-Rad CFX Manager 3.1.
There were three biological replicates, and the fold-change was determined by comparing
the treated and untreated samples using the ∆∆Ct method [14]. Histone H2B was used as
a control for qRT-PCR normalization.
2.4. Microscopy
Images were collected using either an Olympus BX51 microscope with a reflected
fluorescence system fitted with a Photometrics CoolSnap HQ camera coupled to Lambda
B10 Smart Shutter control system (Sutton Instruments), or an EVOS FL microscope (Advanced Microscopy Group). Images were initially processed using MetaMorph software
(Molecular Devices).
2.5. Micafungin Concentration Experiments
Wildtype and ∆mpkA hyphae were inoculated and grown as mentioned above on
cover slips in 60 mm × 15 mm Petri dishes for 11 h in 25 mL of YGV media. At this
time, micafungin (0.0 ng/mL, 0.01 ng/mL, 0.1 ng/mL, 1.0 ng/mL) was added and hyphae
grown for an additional 3 h before viewing.
2.6. Microcycle Conidiation Experiment with Wildtype and ∆mpkA
Wildtype and ∆mpkA hyphae were inoculated and grown as mentioned above with
the micafungin dosage of 0.1 ng/mL in a total of 25 mL of YGV media. Hyphae were
grown an additional 9 h post antifungal addition.
2.7. Up-Regulation of brlA Experiments
The alcA::brlA strain constructed by Adams et al. (1988) was grown on cover slips in
YGV for 11 h, then the cover slips were shifted into MNV 100 mM L-Threonine to induce
the alcA promoter [15,16]. The strains were allowed to grow an additional 3 h in MNV
100 mM L-Threonine media then imaged [12].
3. Results
3.1. Global Transcript Expression
To better understand the dynamic response of the CWIS pathway to cell wall damage,
hyphae exposed to micafungin were harvested at 0, 5, 10, 15, 20, 25, 30, 40, 50, 60, 75, 90,
120 min, and subjected to transcriptomic analysis as described in Chelius et al. (2020) [6].
The zero-minute time point had no micafungin exposure and served as our untreated
control for transcript expression. Significantly expressed genes (p-value ≤ 0.1) were identified following analysis using DESeq2 in RStudio [17]. The wildtype strain showed an
exponential increase in significantly expressed genes beginning at 25 min through to the
last time point with the total of 1614 genes showing altered expression (Figure 1A and
Supplementary Table S4). The ∆mpkA strain showed a linear increase in significantly
expressed genes from beginning at 30 min through to the last time point with a total of
964 significantly expressed genes (Figure 1A and Supplementary Table S5).

J.J.Fungi
Fungi2021,
2021,7,7,525
x FOR PEER REVIEW

44of
of13
13

Figure 1. Global Gene Expression (A) Wild type showed exponential increase in significantly expressed genes post
Figure 1. Global Gene Expression (A) Wild type showed exponential increase in significantly expressed genes post micamicafungin
exposure.
∆mpkA
showed
increase
in significantly
expressed
post micafungin
exposure.
Data
fungin exposure.
ΔmpkA
showed
linearlinear
increase
in significantly
expressed
genesgenes
post micafungin
exposure.
Data points
points
for
both
up-regulated
and
down-regulated
genes.
(Significantly
expressed
genes
=
p-value
<
0.1).
Three
biological
for both up-regulated and down-regulated genes. (Significantly expressed genes = p-value < 0.1). Three biological replireplicates.
(B) Wildtype
DE genes.
DE gene
in wild
at 15
themin.
15 min.
(C) ∆mpkA
DE genes.
The first
DE
cates. (B) Wildtype
DE genes.
The The
first first
DE gene
in wild
typetype
was was
at the
(C) ΔmpkA
DE genes.
The first
DE gene
gene
in ∆mpkA
was
25 min.
(DE genes
= adjusted
p-value
0.1, Log2Fold
change
(+/−
) 2.0)biological
Three biological
replicates.
in ΔmpkA
was at
25at
min.
(DE genes
= adjusted
p-value
< 0.1,<Log2Fold
change
(+/−) 2.0)
Three
replicates.
X-axis
is minutes.
X-axis
is minutes.

There
There was
was aa linear
linear increase
increase in
in both
bothup
upand
anddown-regulated
down-regulatedDifferently
DifferentlyExpressed
Expressed
(DE)
−) 2.0)
2.0) in both wildtype
(DE)genes
genes(adjusted
(adjustedp-value
p-value≤≤ 0.1
0.1and
andlog2fold
log2fold(+/
(+/−)
wildtype and
and ∆mpkA
ΔmpkA
starting
starting at
at the
the 30
30 min
min time
time point
point (Figure
(Figure 1B,C
1B,C,and
andSupplementary
SupplementaryTable
TableS6).
S6).There
Therealso
also
were
DE genes
genesininboth
bothwildtype
wildtypeand
and
∆mpkA
strains.
In wildtype,
were more
more up-regulated
up-regulated DE
ΔmpkA
strains.
In wildtype,
274
274
DE
genes
were
up-regulated
and
55
DE
genes
down-regulated,
whereas
in
∆mpkA
DE genes were up-regulated and 55 DE genes down-regulated, whereas in ΔmpkA 264
264
genes
were
up-regulated
24 down-regulated
DE down-regulated
(Figure
1B,C
SupplemenDE DE
genes
were
up-regulated
andand
24 DE
(Figure
1B,C,
andand
Supplementary
tary
Table
S6).
Some
of
the
DE
genes
were
up-regulated
in
both
wildtype
and
∆mpkA
Table S6). Some of the DE genes were up-regulated in both wildtype and ΔmpkA
(Supplementary Figure S1). The first shared DE genes were AN1199 (Uncharacterized),

J. Fungi 2021, 7, 525

5 of 13

(Supplementary Figure S1). The first shared DE genes were AN1199 (Uncharacterized),
AN3888 (Uncharacterized), and AN8342 (Uncharacterized) at time point 50 min. The
number of shared DE genes increased throughout the time course, such that at the last
time point there were eighty-five shared genes between wildtype and ∆mpkA. These genes
seemingly define a large and previously unrecognized component of the CWIS that is
independent of MpkA.
Analysis of DE genes in both wildtype and the ∆mpkA strain at each time point
revealed that a number of apparent gene clusters (solely defined as three or more genes with
consecutive ANID numbers) were differentially regulated upon exposure to micafungin
(Supplementary Table S7). For example, as early as 40 min post micafungin exposure,
expression of the AN5269-5273 cluster was up-regulated in an MpkA-dependent manner
whereas that of the AN7952-7955 cluster was up-regulated even in the absence of MpkA.
In total, ten of the 19 presumptive gene clusters could be sorted into three groups whose
expression was affected by micafungin; (i) MpkA-dependent micafungin induced (three),
(ii) MpkA-independent micafungin-induced (four), and (iii) MpkA-dependent micafunginrepressed (three). Moreover, seven of these ten DE clusters responded within the first
60–75 min post-exposure. The remaining nine DE clusters were dependent on MpkA for
expression but were not affected by exposure to micafungin and were similar to those
identified in our earlier study of MpkA-dependent gene expression in the absence of cell
wall stress [18]. With some exceptions (Andersen et al., 2013), the precise function of the
apparent micafungin-induced gene clusters is unknown, but this observation highlights
the complexity of the CWIS and the presence of both MpkA-dependent and -independent
components [10].
3.2. GO Term Analysis
The distribution of DE genes amongst Gene Ontology (GO) categories were analyzed
using the Aspergillus Database [19,20]. In wildtype the up-regulated GO term categories
showed a shift in gene expression starting at the 60 min time point (Figure 2A and Supplementary Table S8). From the 25 min time point to the 60 min time point, the data
revealed a response to micafungin that featured increases in oxidoreductase activity genes
including; AN7708 (predicted NADP+ 1-oxidoreductase activity) (Log2Fold 2.25), AN3043
(predicted role in oxidation-reduction process) (Log2Fold 2.66), AN9375 (predicted oxidoreductase activity and role in oxidation-reduction process) (Log2Fold 2.71), uaZ (urate
oxidase) (Log2Fold 2.19), and aoxA1 (urate oxidase) (Log2Fold 2.90) (Figure 2A and Supplementary Table S8). However, at the 75 min time point, additional GO term categories
such as light-induced genes (brlA µORF (brlA regulator leader sequence), brlA (zinc finger
transcription factor), prtA (thermostable alkaline protease), and AN0045 (uncharacterized)) are up-regulated. The last time point had nine light-induced DE up-regulated genes
(brlA, prtA, AN0045, AN0693 (uncharacterized), silA (uncharacterized), AN3304 (GABA
transporter), AN3872 (uncharacterized), conJ (conidiation gene), AN8641(uncharacterized)
(Figure 2A and Supplementary Table S8). Additionally, there is a known connection with
secondary metabolism and light induced genes, which is particularly evident at the 75 min
time point and beyond. Examples mdpE (zinc finger transcription) (Log2Fold 2.55), pkdA
(polyketide synthase) (Log2Fold 4.31), AN6962 (predicted secondary metabolism gene
cluster member) (Log2Fold 4.38), AN9314 (protein with homology to entkaurene synthases)
(Log2Fold 5.79), and AN2116 (predicted catalytic activity) (Log2Fold 6.34) (Figure 2A and
Supplementary Table S8) [21]. Notably, the distribution of DE up-regulated GO terms
for the ∆mpkA mutant does not display this apparent shift, as there are no light-induced
up-regulated in any of the time points of the ∆mpkA strain (Figure 2A and Supplementary
Table S8).
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feature of the MpkA-dependent component of the CWIS might be temporal, which would
presumably ensure a rapid “all hands-on deck” response to repair the damaged cell wall.
Second, certain classes of genes whose expression is up-regulated do in fact appear to be
dependent upon the presence of functional MpkA. This includes sets of genes implicated
in responses to light and in secondary metabolism. Other than the observation that their
expression is induced by light, the function of most of the genes that fall into the former
class remains unknown with the exception of brlA (see below) and conJ (AN5015) [25,26].
Amongst those genes that fall into the latter class, a small set of gene clusters potentially
involved in secondary metabolite biosynthesis exhibited MpkA-dependent up-regulation
in response to micafungin. On the other hand, another equally small set displayed MpkAindependent up-regulation. Other than underscoring the complexity of the transcriptional
response to micafungin, the implications of the observed up-regulation of these gene
clusters awaits their functional characterization. Of note, several additional gene clusters,
including some encoding known polyketide synthases or non-ribosomal peptide synthases
showed dynamic MpkA-dependent expression even though they were not induced by
micafungin [27]. This presumably reflects the established role of MpkA in the regulation of
secondary metabolism though the underlying mechanism remains to be determined [18,28].
Microcycle conidiation has been observed in a variety of filamentous fungi, and generally appears to serve as a “fail-safe” mechanism that enables fungi to efficiently divert
resources from cellular growth to sporulation under adverse conditions [9,10]. The types
of stress reported to trigger microcycle conidiation include nutrient depletion, high temperatures, altered pH, and high cell density [9]. The morphological steps that underlie
microcycle conidiation vary across fungi, and relatively little is known about the precise
mechanisms that subvert growth and cause sporulation. In A. nidulans, it has been previously shown that forced expression of brlA under conditions that normally do not promote
sporulation results in the cessation of growth and the production of terminal conidia [15].
Although somewhat artificial, this form of microcycle conidiation requires the developmental regulators AbaA and WetA, as well as a functional Cdc42 GTPase module [15,16]. Other
developmental regulators such as veA and wetA regulate microcycle conidiation in other
fungi [11,29]. Here, we show that micafungin-induced expression of brlA coincides with
the apparent occurrence of microcycle conidiation in A. nidulans. Although a functional
test of the role played by BrlA in micafungin-induced microcycle conidiation awaits full
investigation, preliminary analysis using the blrA42 mutant [30] revealed that it exhibits
poor growth and no obvious morphological changes when exposed to micafungin (Supplementary Figure S2). It is important to note here that our study did not detect significant
changes in the expression of abaA or wetA during the 120 min period sampled following
exposure to micafungin. However, we cannot exclude the possibility that expression did
occur following this period but before morphological changes were observed at hyphal tips
(i.e., starting at 180 min post micafungin exposure). Alternatively, it remains possible that
the observed micafungin-induced morphological changes may not be dependent on all
known components of the known regulatory pathways that control asexual development.
Our results highlight the potential importance of microcycle conidiation as a survival
strategy for fungi that encounter adverse environmental conditions. We propose that the
CWIS is a multi-faceted response that is primarily dedicated to maintaining the integrity
of growing hyphae through the repair of damaged cell walls. The existence of additional
outputs such as microcycle conidiation conceivably provides alternative survival options
should the damage be persistent or irreparable.
The echinocandins are an efficacious class of anti-fungal drugs that include micafungin [31]. However, the usefulness of the echinocandins is threatened by the emergence of
resistance in fungi such as Candida species, and the genetic analysis of resistant isolates
shows that they often harbor mutations in genes other than the known target FKS1 [32,33].
These other genes appear to primarily control processes that compensate form reduced
cell wall β-glucans. Our results imply that microcycle conidiation represents another
compensatory mechanism that might contribute to echinocandin resistance and suggest
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that further mechanistic study of this survival strategy might facilitate discovery of new
approaches for countering resistance.
Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jof7070525/s1, Figure S1: Shared DE Genes, Figure S2: brlA42 Mutant Exposed to Micafungin,
Table S1: Strains used in this study, Table S2: NCBI SRAs, Table S3: qRT-PRC Primers, Table S4: WT
RNA-Seq Data, Table S5: KO RNA-Seq Data, Table S6: RNA-Sequencing DE Genes, Table S7: Gene
Clusters, Table S8: Up-regulated GO Terms for RNA-Seq.
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