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In order for eukaryotes to efficiently detect and respond to environmental stimuli, a
myriad of protein signaling pathways are utilized. An example of highly conserved
signaling pathways in eukaryotes are the mitogen-activated protein kinase (MAPK)
pathways. In fungi, MAPK pathways have been shown to regulate a diverse array
of biological processes, such as asexual and sexual development, stress responses
and the production of secondary metabolites (SMs). In the model fungus Aspergillus
nidulans, a MAPK pathway known as the pheromone module is utilized to regulate
both development and SM production. This signaling cascade consists of the three
kinases SteC, MkkB, and MpkB, as well as the SteD adaptor protein and the HamE
scaffold. In this study, homologs of each of these proteins have been identified in
the opportunistic human pathogen A. fumigatus. By performing epitope tagging and
mass spectrometry experiments, we have shown that these proteins form a pentameric
complex, similar to what is observed in A. nidulans. This complex has been shown to
assemble in the cytoplasm and MpkB enters the nucleus, where it would presumably
interact with various transcription factors. Pheromone module mutant strains exhibit
drastic reductions in asexual sporulation, vegetative growth rate and production of SMs,
such as gliotoxin. Mutants also display increased sensitivity to cell wall and oxidative
stress agents. Overall, these data provide evidence of the existence of a conserved
MAP kinase signaling pathway in Aspergillus species and suggest that this pathway is
critical for the regulation of fungal development and secondary metabolism.

Keywords: Aspergillus fumigatus, gliotoxin, pheromone module, secondary metabolism, MAP Kinases, stress
responses, asexual sporulation
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INTRODUCTION

Aspergillus fumigatus is a saprophytic fungus that is ubiquitous in
the environment and is an opportunistic human pathogen (Latge,
1999). This species reproduces predominately via the production
of hydrophobic conidia that can easily spread throughout the
air, allowing for the rapid colonization of new environments
(Dagenais and Keller, 2009). The conidia of this fungus can
pose severe threats to human health, as these spores are
commonly inhaled daily and can germinate in the alveoli in
the lungs (Latge, 1999). Within 4-6 h of colonization, conidia
can spread throughout the lungs, resulting in the development
of invasive pulmonary aspergillosis (van de Veerdonk et al.,
2017). Immunocompromised individuals, such as patients that
are undergoing chemotherapy or organ transplantations have
a much higher risk of developing pulmonary aspergillosis and
the mortality rate in these individuals is generally over 50%,
reaching as high as 95% in specific situations (Latge, 1999,
2001; Maschmeyer et al., 2007; Balloy and Chignard, 2009;
McCormick et al., 2010).

A myriad of virulence factors contribute to the survival
and spread of A. fumigatus spores in the human body,
making A. fumigatus a highly adaptable pathogen. For example,
A. fumigatus utilizes various systems that aid in the detoxification
of reactive oxygen species that are produced by phagocytic
immune cells like neutrophils and macrophages (Abad et al.,
2010; Hillmann et al., 2016). Another virulence factor is the
fungal cell wall, which is the main defense and source of structural
integrity for A. fumigatus cells as they colonize the lungs
(Abad et al., 2010). The cell wall retains high plasticity and its
composition is readily altered to adapt to various environmental
conditions and cell stressors, allowing for A. fumigatus spores to
avoid the body’s natural defense mechanisms (van de Veerdonk
et al., 2017). A. fumigatus growth and virulence is greatly
influenced by the ability of this species to produce various
bioactive compounds known as secondary metabolites (SMs),
which can possess a myriad of properties. A. fumigatus has
40 predicted SM core synthase enzyme-encoding genes, 19
of which have been shown to produce downstream products
(Romsdahl and Wang, 2019). The production of gliotoxin, a
SM with immunosuppressive properties is a major contributor
to virulence (Hof and Kupfahl, 2009) and is implicated in 96%
of cases of A. fumigatus infections (Ghazaei, 2017). Gliotoxin
inhibits the activity of various enzymes including nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases and alcohol
dehydrogenases. Gliotoxin is also capable of inducing apoptosis
and inhibiting various functions of macrophages and neutrophils
(Gardiner et al., 2005; Spikes et al., 2008). As a result, gliotoxin
production enables fungal growth and colonization of host tissue
via suppression of the immune system (Ghazaei, 2017).

In order for fungal species like A. fumigatus to regulate
their development, stress responses and secondary metabolism
in response to external stimuli, a variety of protein signaling
pathways are utilized (Bayram et al., 2008, 2012; Elramli et al,,
2019). Mitogen-activated protein kinase (MAPK) pathways
are highly conserved signaling cascades in eukaryotes that
are critical for the regulation of various biological processes

such as cell growth and immune responses, to name a few
(Marshall, 1994; Schaeffer and Weber, 1999; Widmann et al.,
1999; Shaul and Seger, 2007; Rincon and Davis, 2009). In
a general MAPK pathway, stimulus detection at a receptor
leads to the activation of three protein kinases, often termed
MAPKKK/MAP3K, MAPKK/MAP2K, and MAPK, which
phosphorylate each other sequentially. The MAPK translocates
into the nucleus when phosphorylated and activates various
transcription factors and regulators, which in turn, modulate
numerous biological processes (Marshall, 1994; Widmann et al.,
1999; Saito, 2010).

In the model ascomycete fungus A. nidulans, a MAPK
pathway known as the pheromone module has been characterized
(Bayram et al., 2012; Frawley et al., 2018). This pathway consists
of three kinases, known as SteC (MAP3K), MkkB (MAP2K),
and MpkB (MAPK), as well as the SteD adaptor protein and
the HamE scaffold protein. These proteins form a pentameric
complex that assembles at the plasma membrane and hyphal
tips in response to pheromone signaling. Once assembled, kinase
phosphorylation enables transduction of a signal downstream,
via translocation of MpkB into the nucleus where it interacts
with various transcription factors such as SteA and the velvet
protein VeA to modulate biological processes. Activation of the
SteA transcription factor results in the positive regulation of
hyphal fusion and formation of cleistothecia, which are sexual
reproductive structures. VeA activation results in assembly of
the trimeric velvet complex (VeA-VelB-LaeA) which regulates
secondary metabolism (Vallim et al., 2000; Atoui et al., 2008;
Bayram et al, 2008, 2012; Sarikaya Bayram et al, 2010).
Characterization of this pheromone module signaling pathway
led to the identification of a homologous signaling module
in the saprophytic fungus A. flavus (Frawley et al, 2020).
This species is a prolific producer of the carcinogen aflatoxin
Bl and causes contamination of a wide array of agricultural
crops (Lewis et al,, 2005; Yu et al., 2005; Amare and Keller,
2014; Rushing and Selim, 2019). The A. flavus pheromone
module consists of SteC, MkkB, MpkB, and SteD. However,
HamE was not shown to interact with the proteins of this
pathway. This tetrameric complex was shown to assemble in
the cytoplasm and is essential for the regulation of asexual
sporulation, sclerotia formation and aflatoxin B1 production
(Frawley et al., 2020).

Both secondary metabolism and various methods of fungal
development are co-regulated via pheromone module signaling
in A. nidulans (Bayram et al., 2012; Frawley et al., 2018) and
A. flavus (Frawley et al., 2020). This information, coupled with
the recent identification of the MpkB homolog in A. fumigatus
(Manfiolli et al., 2019), led to the proposal that A. fumigatus
may also utilize a similar mechanism of regulation to control
its developmental programs and SM production. In this work,
homologs of the remaining pheromone module proteins (SteC,
MKKkB, SteD, and HamE) have been identified in A. fumigatus.
Using a genetic and proteomic approach, we detected physical
interactions between these proteins. In combination with
confocal imaging, these data suggest that these proteins form
a MAP kinase pheromone module in the cytoplasm and that
MpkB enters the nucleus, similar to what is observed in both
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A. nidulans (Bayram et al., 2012; Frawley et al., 2018) and A. flavus
(Frawley et al., 2020). This work also provides evidence that
the pheromone module is critical for the regulation of asexual
sporulation, cell stress responses and secondary metabolism.
Overall, the data from this study suggests that the pheromone
module is a highly conserved signaling pathway that is critical
for the regulation of development and secondary metabolism in
Aspergillus species.

MATERIALS AND METHODS

Strains, Growth Media and Culturing

Conditions

Fungal strains used in this study are listed in
Supplementary Table S1. The Aspergillus fumigatus CEA17
(pyrG+) and CEA17 (pyrGA) strains served as wild-type hosts
for all deletions and epitope taggings. Various plasmids used
for the knock-out and epitope tagging experiments are listed
in Supplementary Table S2. Plasmids were cloned into Stellar
(Clontech) competent Escherichia coli cells and these cells
were cultured in LB medium (supplemented with 100 pg/ml
ampicillin) and SOC media. To induce asexual sporulation of
fungal strains, Glucose Minimal Medium (GMM) agar plates
were used. To promote vegetative growth, liquid complete
medium, Czapek-Dox medium and Sabouraud medium were
used. Details of the ingredients of each medium are provided in
the Supplementary Information.

Phenotypic Assays

Strains were point inoculated (5 x 103 spores) in triplicate
on GMM agar plates containing appropriate supplements.
Plates were incubated in the presence of light for 4 days to
induce asexual sporulation. All incubations were performed
at 37°C. Stereomicroscopic images were captured using an
Olympus szx16 microscope with Olympus sc30 camera. Digital
pictures were taken and processed with the Cell Sens Standard
software (Olympus). Quantifications of colony diameter and
asexual conidiation were performed using three independent
biological replicates. Bar charts represent the mean values =+ s.d.
P-values were calculated by performing unpaired Student’s ¢-tests
(*P < 0.05 **P < 0.01; ***P < 0.001), using Graphpad
Prism Version 6.

For testing the stress responses of A. fumigatus strains, strains
were inoculated on GMM agar plates containing appropriate
supplements and the following stress agents were used: Congo
Red (20, 30, 50 pg/ml), H,0; (2, 3, 4 mM) and NaCl (0.5, 1 and
1.5 M). All plates were incubated at 37°C for 3 days.

GFP/HA-Trap and Sample Preparation
for LC-MS Protein Identification

Isolation and preparation of GFP and HA fusion proteins for
mass spectrometry analysis was performed as explained in detail
(Bayram et al., 2008). Detailed descriptions of methods used are
given in the provided Supplementary Information.

RP-HPLC Analysis of Gliotoxin Levels

Detailed information on culturing conditions and preparation
of samples for RP-HPLC analysis is provided in Supplementary
Information. 3 biological replicates were prepared per strain and
data is presented as a bar chart, with the bars representing the
mean =+ s.d. P-values were calculated by performing unpaired
Student’s t-tests (*P < 0.05; **P < 0.01), using the Graphpad
Prism Version 6.

Extraction of Fungal Compounds and
LC-MS Analysis

Strains were inoculated in triplicate in 40 ml of liquid GMM at a
concentration of 5 million spores/ml and incubated for 48 h on a
shaker at 37°C. The culture broth containing fungal mycelium
was homogenized using an ULTRA-TURRAX (IKA-Werke,
Staufen, Germany). Homogenized cultures were extracted twice
with a total of 100 ml ethyl acetate, dried with sodium sulfate
and concentrated under reduced pressure. For LC-MS analysis,
the dried extracts were dissolved in 1 ml of methanol and loaded
onto an ultrahigh-performance liquid chromatography (LC)-MS
system consisting of an UltiMate 3000 binary rapid-separation
liquid chromatograph with photodiode array detector (Thermo
Fisher Scientific, Dreieich, Germany) and an LTQ XL linear
ion trap mass spectrometer (Thermo Fisher Scientific, Dreieich,
Germany) equipped with an electrospray ion source. The extracts
(injection volume, 10 pl) were analyzed on a 150 mm by 4.6-mm
Accucore reversed-phase (RP)-MS column with a particle size of
2.6 pm (Thermo Fisher Scientific, Dreieich, Germany) at a flow
rate of 1 ml/min, with the following gradient over 21 min: initial
0.1% (v/v) HCOOH-MeCN/0.1% (v/v) HCOOH-H,O 0/100,
which was increased to 80/20 in 15 min and then to 100/0 in
2 min, held at 100/0 for 2 min, and reversed to 0/100 in 2 min.

Confocal Microscopy

Conidia were cultured in eight-chambered cover glasses (Lab-
Tek; Thermo Fisher Scientific) and incubated at 30°C for
various durations in 400 L of liquid GMM, containing
appropriate supplements. Additional details for DAPI staining,
immunostaining and confocal imaging are provided in the
Supplementary Information.

RESULTS

The SteC, MkkB, MpkB, SteD, and HamE
Homologs Physically Interact in

A. fumigatus

To determine whether A. fumigatus possesses homologs of the
pheromone module proteins that are present in A. nidulans,
reciprocal BLAST searches (Altschul et al., 1990) were performed
and the ASPGD website was utilized'. Homologs of all
five members of the A. nidulans pheromone module were
found to exist in the A. fumigatus genome. According
to BLAST and ASPGD, the A. fumigatus SteC homolog

'http://www.aspgd.org
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(Afu5g06420) exhibits 78.04% sequence similarity to the
A. nidulans protein, while A. fumigatus MKkB (Afu3g05900),
MpkB (Afu6g12820) (Manfiolli et al., 2019), SteD (Afu2gl17130)
and HamE (Afu5g13970) exhibit 80.19, 98.59, 75.65, and 64.57%
sequence similarity, respectively. To determine the sizes of
these A. fumigatus proteins and the domains they possess in
comparison to the A. nidulans proteins, “ScanProsite” (de Castro
et al., 2006) and “InterPro” (Mitchell et al., 2019) software was
used (Figures 1A,B).

It was found that SteC in both A. nidulans and A. fumigatus
possesses a SAM domain at the N-terminus. In A. nidulans, this
SAM domain is located between amino acid residues 63 and
126, while for A. fumigatus, it is present between amino acids
98 and 161. SteC in both species also contains a RA domain
and a protein kinase domain. The RA domain in A. nidulans is
located between amino acids 248 and 351, while the RA domain
in A. fumigatus is located at amino acids 311 and 414. The
protein kinase domain is located at amino acids 607 and 881 in
A. nidulans, while the protein kinase domain in A. fumigatus is
located at amino acids 672 and 947. According to ASPGD, the
sequence provided for A. fumigatus SteC is 1,007 amino acids in
length, considerably larger than the A. nidulans sequence (886
amino acids). However, attempts at tagging this sequence at the
C-terminus with various epitope tags proved to be unsuccessful.
This suggested that the sequence provided on ASPGD is
incorrect. Pair-wise sequence alignment of the A. nidulans
and A. fumigatus protein sequences using the Smith-Waterman
algorithm (Madeira et al, 2019) led to the determination
of the extent of homology (Supplementary Figure S3). This
alignment revealed the presence of an alternate stop codon,
ahead of the stop codon predicted on ASPGD. Tagging of the
SteC sequence from this stop codon proved to be successful
(Supplementary Figure S1B). This leads us to conclude that the
A. fumigatus protein sequence is 952 amino acids in length, as
opposed to 1,007 amino acids.

MKkB in both A. nidulans and A. fumigatus possesses a
protein kinase domain. This domain extends from amino acids
67-334 in both of these species, signifying high conservation
between these two orthologs. MpkB in both species also
possesses a protein kinase domain at very similar residues. In
A. nidulans, this domain is present at amino acids 22-310, while
in A. fumigatus, this domain extends from amino acids 21-
309. The SteD adaptor in both species contains SAM and RA
domains. The SAM domains in A. nidulans and A. fumigatus
are located at amino acids 66-129 and 67-130, respectively. The
RA domains are located at amino acids 370-459 and 365-455
in A. nidulans, and A. fumigatus, respectively. Lastly, the HamE
protein consists of WD40 repeats at the N-terminus of both
proteins between amino acids 30-300 and 38-348 in A. nidulans
and A. fumigatus, respectively.

To assess protein-protein interactions between these
pheromone module proteins, the C-terminal ends of the
steC, mkkB, mpkB, and steD genes were fused to an sgfp
epitope tag (Supplementary Figure S1). All attempts to
successfully detect the hamE gene tagged with sgfp via
western blotting and mass spectrometry (MS) failed. We
therefore coupled the C-terminus of the hamE gene to a 3xha

epitope tag (Supplementary Figure S2). Each tagged protein
was immunoprecipitated from strains that had undergone
vegetative growth for 24 h. These samples were run on a MS
to detect the tagged proteins and their interaction partners
(Figure 1C). It was found that SteC-GFP pulldowns co-purified
the adaptor protein SteD (Supplementary Table S4), MkkB-
GFP pulldowns co-purified SteC, MpkB, SteD, and HamE
(Supplementary Table S5), MpkB-GFP pulldowns co-purified
MKkB and SteD (Supplementary Table S6) and SteD-GFP
pulldowns co-purified SteC (Supplementary Table S7). Despite
HamE being detectable in purifications of MkkB-GFP, HamE-
HA pulldowns did not co-purify any pheromone module
components (Supplementary Table S8) and so this interaction
may be transient or the binding affinity may be too low to allow
co-purifications under the conditions we used. Taken together,
this interactome data provides evidence that a complex of at least
four proteins is assembled in A. fumigatus (Figure 1D). This
complex consists of the three kinases SteC, MkkB, and MpkB,
as well as the adaptor protein SteD and possibly the HamE
scaffold protein.

Each Pheromone Module Protein Is
Critical for the Regulation of Asexual

Sporulation and Vegetative Growth

In order to assess whether the pheromone module protein
homologs in A. fumigatus contribute to the regulation of asexual
sporulation, mutant strains were generated. The respective
steC, mkkB, mpkB, steD, and hamE gene open reading
frames were deleted (Supplementary Figures S1, S2) by
replacing these genomic regions with either the pyrithiamine
resistance gene (ptrA) or the A. fumigatus pyrG gene. To
determine whether phenotypic differences observed in the
mutant strains were due to the deletion of specific genes
and not secondary abnormalities, complementation strains
were made. A functional copy of each gene open reading
frame, including the promoter and terminator regions were
reinserted into the respective mutant strains to restore the wild-
type phenotype.

Each mutant and complementation strain were spot
inoculated on GMM agar plates. These plates were incubated in
the presence of light for 4 days to induce asexual reproduction
and production of conidia (Figure 2A). For each of the five
mutant strains, a dramatic reduction in sporulation was
observed, similar to what is observed in both A. nidulans
(Bayram et al., 2012; Frawley et al., 2018) and A. flavus (Frawley
et al., 2020), with the exception of the A. flavus hamE mutant,
which did not show any defects in asexual reproduction. For the
A. fumigatus mutants, the average values of conidia produced
were expressed as a percentage of the CEA17 wild-type average,
which was chosen to represent 100% production (Figure 2C).
The average percentage range for these mutants was between
10.16 and 27.02%. The complementation of each gene restored
the ability of these strains to undergo asexual sporulation to a
similar degree to that of the wild type. The average percentage
range of sporulation for the complementation strains was
between 63.06 and 102.89%.
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248 351 607

W ‘ Protein Kinase C 886aa
MkkB N C 539aa

881

% Unique % Unique % Unique % Unique
Coverage | Peptides | Coverage| Peptides | Coverage | Peptides [ Coverage | Peptides

SteC | 3158 | 22 |6326| 50 3168 | 23
MkkB 708 29 [1474] 5
MpkB 1813 5 |77.34| 20

SteD| 2016 | 9 |6242| 22 | 760 | 2 |5318| 16

HamE 1312 12

FIGURE 1 | Detection of interactions between pheromone module proteins in A.

MpkB N C 354aa
66 129 370 459
SteD N G oz
HamE N C 1,570aa
B 31 414 612 947
SteC N W Protein Kinase C 952aa
MkkB N c 536aa
MpkB N C 353aa
67 130 365 455
SteD N C 487aa
HamE N C 1,593aa
(o] GFP pulldowns

module proteins in A. nidulans. Amino acids (aa). N (N-terminal), C (C-terminal). SAM (Sterile Alpha Motif), RA (Ras-associated). Detection of protein sizes and
domains were performed using a combination of ScanProsite (de Castro et al., 2006) and InterPro software (Mitchell et al., 2019). (B) Schematics illustrating the
structures of the pheromone module proteins in A. fumigatus. Reciprocal BLAST searches were performed to detect protein homologs (Altschul et al., 1990).

(C) GFP-pulldowns and LC-MS/MS analysis of the pheromone module kinases and SteD. GFP-tagged proteins are given at the top of the table and co-purified
proteins are given on the left-hand side. The percentage of coverage and unique peptides of each detected protein are displayed. Two biological replicates of each
strain were used. Strains were cultured vegetatively for 24 h in complete media. (D) Interaction network of the pheromone module components based on unique
peptides detected in each GFP pulldown. Each black dot represents a protein detected in two independent biological replicates but not in the wild type.

fumigatus. (A) Schematic diagrams illustrating the structures of the pheromone

To determine whether the pheromone module proteins
contribute to regulating vegetative growth in A. fumigatus, the
colony diameters of each strain were measured (Figure 2B). It
was observed that each mutant exhibited a significantly smaller

colony diameter in comparison to the CEA17 strain, with the
hamE mutant displaying the highest degree of reduction. Aside
from the hamE mutant phenotype, these data support the
findings in A. nidulans, where the deletion of either steC, mkkB,
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c % Asexual Sporulation
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WT hamEA steCA mkkBA mpkBA steDA hamE  steC mkkB mpkB steD
comp comp comp comp comp
FIGURE 2 | Rates of asexual sporulation and vegetative growth in deletion and complementation strains. (A) Asexual phenotypes of deletion and complementation
strains. Each strain was spot inoculated (5 x 102 spores) in triplicate on GMM agar plates containing appropriate supplements. Wild type refers to the CEA17 strain.
All plates were incubated at 370C for 4 days. The Olympus szx16 microscope with an Olympus sc30 camera was used to capture close-up images at
2 x magnification. (B) Rates of vegetative growth for each strain. The average values from three independent biological replicates were plotted + s.d. as a
percentage of the WT strain. P-values were calculated by performing unpaired Student’s t-tests (*P < 0.05; **P < 0.01; ***P < 0.001). (C) Rates of asexual
sporulation for each strain calculated by performing spore counts of colonies on plates.

mpkB, or steD results in a dramatic reduction in vegetative
growth (Frawley et al., 2018). However, these results contradict
the findings in A. flavus since no reductions in the rates
of hyphal extension were observed in any of these mutants
(Frawley et al., 2020). For the A. fumigatus deletion strains,
the average percentage range of colony diameters was between
83.22-94.61%. Complementation of each gene restored the wild
type phenotype and the average percentage range of hyphal
extension was 98.2-111.37%.

Taken together, these data suggest that the pheromone
module proteins are essential for the regulation of both asexual
sporulation and vegetative hyphal growth. These findings also

suggest that these five proteins may act as a complex to regulate
these processes due to the similarities of the mutant phenotypes.

The Pheromone Module Proteins
Contribute to the Regulation of Cell Wall

and Oxidative Stress Responses

Fungi like A. fumigatus utilize multiple MAPK pathways to
respond to various cell stressors, such as cell wall, osmotic and
oxidative stresses (Rispail et al., 2009; Hamel et al., 2012). To
determine the relevance of the pheromone module proteins
with respect to the responses to cell stressors, each mutant
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and complementation strain was spot inoculated on GMM agar
plates containing various exogenous stress agents. The radial
growth phenotypes of each strain were compared to the wild-type
phenotypes. In order to assess whether the pheromone module
proteins play a role in the response to osmotic stress, each strain
was inoculated on plates containing various concentrations of
the osmotic stress agent NaCl (Supplementary Figure S4). It
was observed that in the presence of 0.5 M NaCl, the radial
growth of all strains, including the wild type was not inhibited.
At higher concentrations of NaCl (1 M and 1.5 M), the radial
growth of all strains, including the wild type was significantly
reduced. At 1.5 M NaCl, growth of all strains was minimal

but overall, no differences were observed between strains with
regards to the rates of vegetative growth in the presence of
osmotic stress. The complementation of each gene resulted in
similar phenotypes as those observed for the mutant strains and
wild type (Supplementary Figure S5).

To assess the influence of the pheromone module proteins
in the response to cell wall stress specifically, each strain was
inoculated on plates containing various concentrations (20, 30,
and 50 pg/ml) of the cell wall stressor Congo Red (Figure 3A).
It was observed that the CEA17 wild-type strain exhibited
significant sensitivity to Congo Red at higher concentrations
(50 pg/ml). However, it was evident that the deletion of steC,
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mkkB, mpkB, steD, and hamE resulted in increased sensitivity
to all Congo Red concentrations tested. Each of these mutant
strains displayed significant growth defects in the presence of
each concentration of Congo Red, suggesting that these proteins
may play a role in cell wall biosynthesis or maintenance.
Complementation of each gene resulted in increased radial
growth when compared to the respective mutants and the
phenotypes of each complementation strain more closely
resembled the wild-type phenotypes (Supplementary Figure S6).

To determine whether the pheromone module proteins
contribute to the response to oxidative stress, each strain was
inoculated on plates containing various concentrations (2, 3,
and 4 mM) of the oxidative stress agent H,O, (Figure 3B).
It was observed that the CEA17 wild-type strain did not
exhibit any significant growth impairments in the presence
of any of the H,O, concentrations tested. The radial growth
of each inoculated CEA17 colony in the presence of H;0O;
was similar to the growth on the control plates. However,
it was observed that the wild-type colonies inoculated in the
presence of H,O, displayed significantly reduced sporulation
levels in comparison to colonies on the control plates. For each
of the mutant strains, it was apparent that the presence of
H, O significantly impaired radial growth. The growth of each
strain was reduced in the presence of all H;O, concentrations
tested and minimal growth was observed for each strain in the
presence of 4mM H,0,. The complementation of each gene
resulted in the restoration of radial growth, comparable to the
rates observed for the wild-type colonies, albeit slightly smaller
(Supplementary Figure S7). In the presence of each H,0,
concentration, these complementation strains closely resembled
the wild-type colonies with regards to both radial growth and
levels of sporulation.

Taken together, the results of these stress tests indicate that
the pheromone module proteins contribute to the regulation of
cellular responses to cell wall and oxidative stressors but do not
influence sensitivity to osmotic stress. The deletion of any of
the five members of the pheromone module results in increased
sensitivity to both the cell wall stress agent Congo Red and the
oxidative stressor H,O5.

The Levels of Secondary Metabolite
Production Are Reduced in Pheromone
Module Mutant Strains

In order to determine the roles of the pheromone module
proteins with regards to the regulation of secondary metabolism
in A. fumigatus, the levels of various SMs produced by the
pheromone module mutants were determined by LC-MS
analysis (Figure 4 and Supplementary Table S9). A. fumigatus
is capable of producing a myriad of SMs, many of which are
uncharacterized. The most notable SM is the immunosuppressive
agent gliotoxin, which is a major contributor to A. fumigatus
virulence (Hof and Kupfahl, 2009; Ghazaei, 2017). Other
notable SMs produced by A. fumigatus include (i) pseurotin
A, a competitive inhibitor of chitin synthase which is
also an inducer of nerve cell proliferation and acts as an
immunosuppressive agent (Maiya et al., 2007; Ishikawa et al.,

2009), (ii) pseurotin D, which exhibits apomorphine-antagonistic
activity (Ishikawa and Ninomiya, 2008), (iii) fumagillin, an anti-
angiogenic compound (Mc et al., 1951; Sin et al, 1997) and
(iv) pyripyropene A, which exhibits insecticidal properties
(Horikoshi et al., 2017).

By performing LC-MS analysis, the levels of each of the
compounds listed above were determined in the pheromone
module mutant strains and complementation strains. Gliotoxin
was detected in all strains (Figure 4A). It was found that each
mutant produces significantly less gliotoxin than the wild type.
The average reductions in gliotoxin production for the mutant
strains were between 63 and 80%. It was observed that the
complementation of each gene restored the ability of these strains
to produce gliotoxin to a level similar to that observed for
the wild-type strain. The average levels of gliotoxin production
for the complementation strains ranged between 87 and 145%
of the wild-type average. Pseurotin A, pseurotin D, fumagillin
and pyripyropene A were detected in the wild type, hamE
mutant, mkkB mutant and respective complementation strains.
Interestingly, the hamE mutant and the mkkB mutant exhibited
different trends in production of all four metabolites tested.
It was observed that pseurotin A production (Figure 4B) is
increased in the hamE mutant (63% increase) and significantly
decreased in the mkkB mutant (65% decrease). For pseurotin
D (Figure 4C), the levels showed a similar trend, with an
increase in production being observed in the hamE mutant (37%
increase) and a significant decrease being evident in the mkkB
mutant (69% decrease). Fumagillin production (Figure 4D)
shows no significant difference between the wild type and
hamE mutant, whereas in the mkkB mutant, the levels of
production are dramatically reduced (31% decrease). Lastly, the
levels of pyripyropene A (Figure 4E) were slightly increased
in the hamE mutant (20% increase), whereas production of
this compound was significantly decreased in the mkkB mutant
(50% decrease).

Overall, these data suggest that MKkB is critical for the
positive regulation of gliotoxin, pseurotin A, pseurotin D,
fumagillin and pyripyropene A. However, HamE is required for
the positive regulation of gliotoxin and negative regulation of
pseurotin A, pseurotin D and pyripyropene A, whilst having
no apparent effects in the regulation of fumagillin production.
This could suggest that HamE may also act independently
of the pheromone module to regulate secondary metabolism,
perhaps in a similar manner to what is observed in A. flavus
(Frawley et al., 2020).

The Deletion of mkkB and hamE Does
Not Reduce Virulence in a Murine

Infection Model

To assess the influence of both mkkB and hamE in the regulation
of A. fumigatus virulence, both mutant strains and the respective
complementation strains were inoculated in mice to test the
infectivity of these strains in a murine infection model of invasive
aspergillosis (Supplementary Figure S8). When compared to the
wild-type strain, it was evident that the deletion of both mkkB
and hamE did not influence virulence, which complements the
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findings for mpkB (Manfiolli et al., 2019). This suggests that the
pheromone module pathway is not required for the regulation of
fungal virulence in murine infection models.

The Localization of the Pheromone
Module Is Cytoplasmic and MpkB Is the
Only Protein That Translocates Into the

Nucleus

Confocal microscopy imaging was performed to determine the
sub-cellular localizations of the pheromone module proteins
in vivo (Figure 5). To monitor the localizations of these
proteins in living material, strains were initially imaged without
DAPI staining. To then compare the localizations of these
proteins with respect to the nuclei, samples were subsequently
fixed and stained with DAPI. Confocal microscopy imaging

revealed that SteC-GFP displayed cytoplasmic fluorescence that
was uniform throughout hyphae. This fusion protein was also
shown to be excluded from interphase nuclei (Figure 5A).
MKkB-GFP fluorescence was uniformly distributed throughout
fungal hyphae. It was observed that this fusion protein is
mostly cytoplasmic and is excluded from interphase nuclei and
vacuoles. This protein was also observed to be enriched at the
central portion of some septa and hyphal tips (Figure 5B).
MpkB-GFP exhibited mostly uniform cytoplasmic distribution
throughout fungal hyphae. However, MpkB was also observed
to be slightly more concentrated in interphase nuclei and at
the hyphal apices (Figure 5C). SteD-GFP fluorescence was
faint and mostly uniform throughout the fungal hyphae. This
fusion protein was found to be cytoplasmic and is excluded
from interphase nuclei and vacuoles (Figure 5D). To observe
the sub-cellular localization of HamE in vivo, immunostaining
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FIGURE 5 | Sub-cellular localization patterns of the pheromone module proteins in vivo. (A) Sub-cellular localization of SteC-GFP. Strains from panels A-D were
incubated at 30°C for various durations in 400 L of liquid GMM, containing appropriate supplements. “BF” (brightfield images). “GS” (grayscale images). To
visualize the nuclei, DAPI staining was performed. White arrows depict the accumulation of fusion protein in the nuclei. “HT” refers to accumulation of protein at
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supplements. This strain were left to incubate at 30°C for 16 h. (F) Schematic model of the pheromone module in A. fumigatus. MkkB, MpkB, and HamE localize to
the hyphal tips. These three proteins interact with the SteC-SteD dimer in the cytoplasm to form a pentameric complex which results in MpkB activation and
transduction of a signal downstream to the nucleus. MpkB translocates into the nucleus, where it presumably interacts with transcription factors to positively
regulate asexual sporulation, vegetative growth, stress responses and production of various SMs. “P” represents phosphate groups.
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was performed, using the HamE-HA strain. It was observed
that the HamE protein becomes enriched at the hyphal tips
and the plasma membrane and is absent from interphase
nuclei (Figure 5E).

Overall, these data complement findings in both A. nidulans
(Bayram et al, 2012; Frawley et al, 2018) and A. flavus
(Frawley et al., 2020), suggesting that a conserved mechanism
of complex assembly and signaling exists in A. fumigatus. The
kinases MkkB and MpkB may accumulate and interact with
HamE at the hyphal tips, in response to pheromone signaling
between neighboring hyphae. Signal detection could lead to the
interaction of this trimer with the cytoplasmic SteC-SteD dimer
to form a pentameric complex which enables efficient kinase
phosphorylation and MpkB activation. Presumably, MpkB then
translocates into the nucleus, where it interacts with various
transcription factors to regulate a myriad of biological processes,
such as vegetative growth, asexual sporulation, stress responses
and secondary metabolism (Figure 5F). However, the exact
molecular mechanism of signal transduction from hyphal tip to

the nuclear envelope, as well as the direct targets of MpkB in the
nucleus are currently unknown.

DISCUSSION

Eukaryotic organisms utilize a myriad of MAP kinase pathways
to regulate a diverse range of biological processes (Schaeffer
and Weber, 1999). The pheromone module in the model
ascomycete fungus A. nidulans is a MAPK cascade that is
activated in response to pheromone signaling, which occurs
between neighboring hyphae and is critical for initiating hyphal
fusion events (Bayram et al, 2012; Frawley et al, 2018). In
this pathway, the three kinases SteC, MkkB, and MpkB are
tethered to the membrane and hyphal tips via SteD adaptor
interactions. MkkB and MpkB are bound by the HamE scaffold
protein and this allows for efficient kinase phosphorylation
in response to a detected stimulus. MpkB phosphorylation
and translocation into the nucleus results in the activation
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of various transcription factors. Consequently, the pheromone
module is involved in the regulation of asexual and sexual
development, as well as secondary metabolism (Bayram et al.,
2012; Frawley et al., 2018). The pheromone module is a highly
conserved pathway that has been shown to exist in many
organisms. For example, the homologous yeast Fus3 pathway is
extensively studied and is responsible for promoting cell fusion
and sexual development in response to pheromone signaling
(Bardwell, 2005). The homologous MAK-2 pathway in the model
filamentous fungus Neurospora crassa regulates germling and
hyphal fusion (Pandey et al., 2004; Li et al., 2005). Recently, we
have identified a homologous pheromone module in the plant
and human pathogen A. flavus. This complex consists of the three
kinases SteC, MkkB and MpkB, as well as the SteD adaptor. This
pathway was shown to be critical for the regulation of asexual
sporulation, sclerotia development and aflatoxin B1 production
(Frawley et al., 2020).

Due to the high degree of conservation of the pheromone
module, it was hypothesized that a similar mechanism of
signaling could be utilized by the opportunistic human pathogen
A. fumigatus to regulate development and secondary metabolism.
This work highlights the identification of four homologous
pheromone module proteins in A. fumigatus (SteC, MKKB,
SteD and HamE). The A. fumigatus MpkB homolog has been
previously identified and characterized (Manfiolli et al., 2019)
but has not been studied within the context of the pheromone
signaling pathway. In this study, we have shown, via a genetic
and proteomic approach that these A. fumigatus homologous
proteins physically interact to form a complex (Figures 1C,D
and Supplementary Tables S4-S8), similar to what is observed
in both A. nidulans (Bayram et al., 2012; Frawley et al,
2018) and A. flavus (Frawley et al., 2020). This complex could
potentially consist of two sub-complexes. MkkB, MpkB and
HamE have been shown to become enriched at the hyphal tips
(Figures 5B,C,E, respectively) and thus, it is possible that they
form a trimeric complex. Both SteC and SteD were dispersed
throughout the fungal hyphae, indicating that they may form a
dimer in the cytoplasm (Figures 5A,D, respectively). Interactions
between these two sub-complexes could lead to assembly of
the pentameric pheromone module in the cytoplasm, which
complements the findings in A. flavus (Frawley et al., 2020).
This would allow for MpkB activation and translocation into the
nucleus, where it could interact with various transcription factors
to modulate a diverse range of biological processes.

This work provides evidence that the pheromone module
proteins are required for the positive regulation of both asexual
sporulation and vegetative growth rate (Figure 2). All pheromone
module mutants exhibited dramatically reduced sporulation
levels (Figures 2A,C), as well as reduced colony diameters
(Figure 2B). These data support the findings in A. nidulans,
in which each mutant produced fewer conidia and the rates of
hyphal growth were hindered in all mutants, aside from the hamE
deletion strain (Frawley et al., 2018). These results do not fully
duplicate the phenotypes observed in A. flavus, however, as the
deletion of hamE in this species did not result in any defects in
asexual sporulation or vegetative growth rate. Also, the deletion
of steC, mkkB, mpkB or steD does not hinder the rates of hyphal

growth in A. flavus (Frawley et al., 2020). Interestingly, in the
study by Manfiolli et al. the deletion of A. fumigatus mpkB did
not cause any defects in radial growth rate (Manfiolli et al., 2019).
However, this mutant did exhibit significantly reduced levels of
sporulation. The discrepancies in vegetative growth of the mpkB
mutant in our study could be due to factors such as differences
in the composition of the media used, the quantity of spores
used for inoculation and the duration of incubation. Overall,
our phenotypic data suggest that each of the pheromone module
proteins contribute to the regulation of asexual development
and hyphal growth in A. fumigatus. Due to the similarities
in phenotypes observed for each mutant, these data provide
evidence that each of these proteins function within the same
pathway to regulate fungal development.

The influence of the pheromone module proteins in the
regulation of various cell stress responses was also examined.
Three main MAPK pathways become activated in A. fumigatus in
response to stress. The CWI pathway is activated in response to
cell wall stress agents and signals via the MAPK MpKkA (Valiante
et al,, 2015; van de Veerdonk et al., 2017). The HOG pathway
is required for the response to osmotic stressors and signals via
the MAPK SakA (Du et al., 2006; Martinez-Montanes et al.,
2010; de Nadal and Posas, 2015). Lastly, the HOG pathway, in
cooperation with the MAPK MpkC have been shown to regulate
cellular responses to osmotic, oxidative and cell wall stresses
(Bruder Nascimento et al., 2016). It was observed that each
pheromone module mutant strain exhibited significant defects
in growth when cultured in the presence of exogenous stress
agents such as the cell wall stressor Congo Red (Figure 3A)
and the oxidative stressor H,O, (Figure 3B). In relation to
stress tests performed by Manfiolli et al, it was found that
MpkB localization is increased in the nucleus in the presence
of cell wall, oxidative and osmotic stress agents (Manfiolli et al.,
2019). The A. fumigatus mpkB mutant also exhibited increased
sensitivity to H,O; as sporulation was drastically reduced in the
presence of all HO, concentrations tested, which complements
our findings. Interestingly, the presence of Congo Red did not
impair vegetative growth of the wild type or the mpkB mutant.
However, addition of the cell wall perturbing agent caspofungin
caused significant reductions in the radial growth rates of this
mutant. While this does not fully complement our findings, it
does provide further evidence that MpkB plays a role in either
the response to cell wall stressors or in cell wall biosynthesis.
It appears that the strains used in the study by Manfiolli et al.
(2019) exhibited increased resistance to Congo red as the growth
of the wild type was not significantly impaired, even at 150 pg/ml
concentration.However, in our study, a dramatic reduction in
vegetative growth is evident for the wild type strain in the
presence of 50 pg/ml Congo red. This could explain why the
mpkB mutant in our study exhibits significantly reduced growth
in the presence of Congo Red. Overall, these data provide
evidence that the pheromone module proteins contribute to the
regulation of cellular responses to stress, particularly cell wall and
oxidative stress.

LC-MS analysis revealed that the pheromone module proteins
are required for the regulation of SM production (Figure 4).
A. fumigatus is a prolific producer of SMs, most notably the
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immunosuppressive agent gliotoxin (Hof and Kupfahl, 2009;
Romsdahl and Wang, 2019). It was evident that the deletion
of any of the five pheromone module genes results in dramatic
reductions in gliotoxin production in comparison to a wild type
strain (Figure 4A). It was also observed that the deletion of mkkB
results in significantly reduced levels of pseurotin A, pseurotin
D, fumagillin and pyripyropene A (Figures 4B-E). However,
the deletion of hamE resulted in increased production of each
of these compounds, with the exception of fumagillin, which
showed no significant differences in comparison to the wild-type.
Taken together, these data suggest that the pheromone module
proteins contribute to the positive regulation of SM production,
which complement the findings observed in both A. nidulans
(Bayram et al., 2012; Frawley et al., 2018) and A. flavus (Frawley
et al., 2020). However, these data also propose that HamE may
exert regulatory roles that are independent of the pheromone
module signalling pathway, which supports findings in A. flavus
(Frawley et al., 2020).

In summary, this study has identified pheromone module
homologs in the opportunistic human pathogen A. fumigatus
and has provided evidence of the existence of a cytoplasmic
pentameric complex, similar to what is observed in both
A. nidulans (Bayram et al., 2012; Frawley et al., 2018) and A. flavus
(Frawley et al., 2020). This complex consists of the three kinases
SteC, MkkB and MpkB, as well as the SteD adaptor and the
scaffold HamE, which together, enable transduction of a signal
downstream and translocation of MpkB into the nucleus. MpkB
would then presumably interact with transcription factors to
regulate asexual sporulation, vegetative growth, stress responses
and secondary metabolism (Figure 5F). According to the IP-
MS data for MpkB-GFP (Supplementary Table S6), it was
found that MpkB interacts with the SteA transcription factor,
similar to what is observed in A. nidulans (Bayram et al., 2012).
This transcription factor has been shown to be involved in the
regulation of sexual development and hyphal fusion in various
fungal species (Wong Sak Hoi and Dumas, 2010). MpkB was
also found to interact with DvrA which is a C2H2 transcription
factor. Orthologs of DvrA are predicted to play roles in the
suppression of the host inflammatory response. Interestingly,
MpkB was also found to interact with Afulg04550. This is an
uncharacterized protein in A. fumigatus, however, the ortholog
of this protein in A. nidulans is HmbC. HmbC is a high
mobility group box (HMGB) protein which is a chromatin-
associated protein that has also been shown to interact with
VeA, allowing for the regulation of development and secondary
metabolism (Bokor et al., 2019). This could explain why MpkB
in A. fumigatus was not found to interact directly with any of
the velvet complex components, yet defects in both development
and SM production were observed in the pheromone module
mutant strains. However, despite the roles of the pheromone
module in the regulation of both development and secondary
metabolism, it was evident that this pathway is not essential
for A. fumigatus virulence in a murine model, suggesting that
compensatory mechanisms may also be utilized by this species
to promote its virulence. These data also suggest that HamE may
perform functions that are not associated with the pheromone
module. Future studies will focus on characterizing the molecular

roles of HamE to determine its functions within the context of
the pheromone module signaling pathway as well as possible
independent functions.

Overall, this work has provided insight on the molecular roles
of the pheromone module in A. fumigatus and has contributed
to the understanding of how MAPK signaling is utilized by
filamentous fungal species to regulate their development and
secondary metabolism in response to environmental stimuli.
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