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ABSTRACT Aspergillus fumigatus is a major cause of human disease. The survival of
this fungus is dependent on the cell wall organization and function of its compo-
nents. The cell wall integrity pathway (CWIP) is the primary signaling cascade that
controls de novo synthesis of the cell wall in fungi. Abundant conidiation is a hall-
mark in A. fumigatus, and uptake of conidia by a susceptible host is usually the ini-
tial event in infection. The formation of conidia is mediated by the development of
fungus-specific specialized structures, conidiophores, which are accompanied by cell
wall remodeling. The molecular regulation of these changes in cell wall composition
required for the rise of conidiophore from the solid surface and to disperse the
conidia into the air is currently unknown. Here, we investigated the role of CWIP in
conidiation. We show that CWIP pkcAS>7°R, AmpkA, and ArlmA mutants displayed re-
duced conidiation during synchronized asexual differentiation. The transcription fac-
tor RImA directly regulated the expression of regulators of conidiation, including
flbB, fIbC, brlA, abaA, and rasB, as well as genes involved in cell wall synthesis and
remodeling, and this affected the chitin content in aerial hyphae. Phosphorylation of
RImA and MpkA was increased during asexual differentiation. We also observed that
MpkA physically associated with the proteins FIbB, FIbC, BrlA, and RasB during this
process, suggesting another level of cross talk between the CWIP and asexual devel-
opment pathways. In summary, our results support the conclusion that one function
of the CWIP is the regulation of asexual development in filamentous fungi.

IMPORTANCE A remarkable feature of the human pathogen Aspergillus fumigatus is
its ability to produce impressive amounts of infectious propagules known as conidia.
These particles reach immunocompromised patients and may initiate a life-threatening
mycosis. The conidiation process in Aspergillus is governed by a sequence of pro-
teins that coordinate the development of conidiophores. This process requires the
remodeling of the cell wall so that the conidiophores can rise and withstand the
chains of conidia. The events regulating cell wall remodeling during conidiation are
currently unknown. Here, we show that the cell wall integrity pathway (CWIP) com-
ponents RImA and MpkA directly contribute to the activation of the conidiation cas-
cade by enabling transcription or phosphorylation of critical proteins involved in
asexual development. This study points to an essential role for the CWIP during
conidiation and provides further insights into the complex regulation of asexual de-
velopment in filamentous fungi.

KEYWORDS asexual development, Aspergillus fumigatus, cell wall integrity, MpkA,
PkcA, RImA
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he filamentous fungus Aspergillus fumigatus is the leading causative agent of

invasive pulmonary aspergillosis, a severe systemic infection with high mortality
rates in the immunocompromised population (1, 2). Asexual spores (conidia) are
infectious propagules of A. fumigatus and are dispersed through the air and water via
their displacement from fungal aerial structures (3). Other features of the conidia, such
as small size and high hydrophobicity, are well-established virulence determinants for
this pathogen (3-5). Infection usually occurs through the inhalation of conidia by the
host, which subsequently germinate into hyphae and form a mycelium within the lung
tissue (6, 7).

Fungal cell survival in the host and environment is highly dependent on the
function, organization, and composition of the cell wall. In addition to providing
structural integrity to the cells, this dynamic structure also stands out as the main line
of fungal defense against the environment (8). The cell wall undergoes constant
biosynthesis and remodeling due to natural processes that support fungal growth and
reproduction or environmental stress responses (9). The biosynthesis and maintenance
of the cell wall are controlled by the cell wall integrity pathway (CWIP), which is a
conserved signaling transduction cascade that maintains cell wall homeostasis in fungi
(10). Deficiencies in the proteins involved in this signaling cascade in A. fumigatus cause
virulence attenuation and increased sensitivity to antifungal agents (11-16). The CWIP
of A. fumigatus requires the activation of the apical kinase PkcA, which occurs via the
function of upstream components (13, 14). PkcA activates the three-component
mitogen-activated protein kinases (MAPKs) through the phosphorylation of Bck1, which
then activates the downstream kinase Mkk2 and finally MpkA (11, 12). MpkA therefore
controls the activity of the RImA transcription factor, which is responsible for regulating
the expression of genes related to cell wall biosynthesis (16).

The composition and organization of the cell wall varies according to the fungal
morphotypes. Although structural molecules, such as B-(1,3)-glucan, a-(1,3)-glucan,
galactomannan, and chitin, are present in the cell walls of both conidia and hyphae,
others can be found only in one morphotype. For instance, galactosaminogalactan is
found exclusively in hyphae, while the melanin pigment and the hydrophobic rodlet
proteins are enriched in conidia cell walls (8, 9). Despite these differences in the cell wall
between these morphotypes, the changes occurring in the cell wall during asexual
development and the role played by CWIP during this process are unknown.

Aspergillus asexual reproduction has been largely studied, and pivotal information
about this process is available (17-20). The entire process is genetically regulated by
upstream developmental activators (UDAs) and negative repressors, the central regu-
latory pathway (CRP), and light-responsive and velvet regulators (17-26). Six UDAs
control the initiation of the conidial developmental pathway in A. fumigatus: fluG, flbA,
flbB, flbD, fIbE, and fIbC (24, 26). Activation of the CRP is thus a consequence of the
expression of UDA genes. The CRP module contains three essential genes, brlA, abaA,
and wetA (23), which are sequentially responsible for coordinating conidiation and
gene-specific expression during this process (reviewed in references 18 to 20 and 27).
BrlA is a crucial activator for the initiation of development in Aspergillus, which is
required for proper expression of genes related to conidiation, such as abagA and
wetA, and for the transition between vesicles and metulae (22, 25). AbaA is also a
transcription activator and a key regulator for conidiophore morphology and phialide
formation, while wetA is essential for the final steps of conidiation and conidial cell wall
formation (25, 28).

The involvement of the CWIP in conidiogenesis has been previously reported
deduced based on the impaired conidiation phenotype observed for the AmpkA and
ArlmA strains in radial colonies (12, 16, 29). However, the molecular interplay between
the CWI and conidiation pathways has not been established. Here, we observe that the
CWIP is induced both at the protein and transcriptional levels during asexual devel-
opment, and the loss-of-function of CWIP components results in impaired conidiation
in synchronized cultures. We observe that the RImA transcription factor directly binds
to the promoters of key conidiation regulators, including fibB, flbC, brlA, and rasB, as
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FIG 1 The CWIP mutants have delayed conidiation when asexual differentiation is induced and altered hydrophobicity of conidia. Conidia were counted by
sampling the mycelium of each strain subjected to synchronized asexual differentiation at 2-h intervals at 30°C (A) and 37°C (B). The results are the
averages * the standard deviations (SD; n = 3; *, P < 0.01 for all time points). Absolute values of quantification were log, transformed and raw data are
available in Data Set S1. (C) Altered hydrophobic properties of conidia in a 1:1 water-oil (tributyrin) interface. (D) Silver-stained SDS-PAGE showing the
hydrophobin content extracted from resting conidia. RodA corresponds to the native RodA, and RodA* corresponds to partially degraded or processed

RodA (according to reference 50).

well as cell wall remodeling genes, such as chitinases and glucanases, regulating their
expression. In addition, we observe that concomitant protein-protein interactions occur
between the MAPK MpkA and these conidiation regulatory proteins.

RESULTS

The CWIP mutants exhibit reduced conidiation. Following our phenotypic exam-
inations of the ArlmA strain (16), we noticed that this strain displayed reduced conidi-
ation and a fluffy-like phenotype in both complete and minimum media; this was
represented by the formation of seemingly undifferentiated aerial hyphae, which were
more evident at 30°C, suggesting that rImA is necessary for normal levels of conidiation
(see Fig. S1 in the supplemental material).

Subsequently, we decided to evaluate in more detail the conidiation defect of the
ArlmA mutant and the main upstream components of the CWIP, pkcA and mpkA, upon
synchronized asexual differentiation, at both 30 and 37°C (Fig. S2). We monitored
conidia production up to 48 h after the beginning of the asexual conidiation and the
results indicated a noticeable delay in the formation of conidia in the mycelia of the
ArlmA mutant at both temperatures. We observed that the pkcAS57°R and AmpkA
strains also exhibited the same phenotype, suggesting that the PkcA-MpkA-RImA
circuit is necessary for the timing of conidiation (Fig. 1A and B; Fig. S2). Notably, the
delay in conidiogenesis observed for the ArlmA mutant was more severe than that
displayed by the other mutants, even though the AmpkA strain has the most reduced
radial growth (12). For instance, the wild-type strain produced conidia after 10 h (30°C)
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or 6 h (37°C), whereas in the ArlmA mutant, conidia were initially detected only after
24h (30°C) or 16 h (37°C). Despite this marked defect in conidiation, no abnormalities
in the conidiophore structures of the ArlmA mutant were observed (Fig. S3). So, this
observation is likely a function of delayed onset of asexual development rather than the
rate of conidial production. Likewise, the pkcAS>7°R and AmpkA strains were able to
form normal conidiophores, as previously reported (11, 15).

Other factors, such as the hydrophobins, especially the RodA protein, which is
covalently bound to the conidial cell wall through glycosylphosphatidylinositol-
remnants, can play a role in asexual development, e.g., by allowing aerial structures to
move into the air. Since alterations in the composition of the cell wall have been
reported in the pkcA and rimA strains (11, 16), we investigated the hydrophobic
properties of the conidia and the content of surface hydrophobin in these mutants. For
all mutants, conidia showed a drastic alteration in hydrophobicity, and again, this
phenotype was more evident in the Ar/mA mutant. In addition, the RodA content was
highly reduced in the ArlmA and AmpkA strains (Fig. 1C and D). The lower accumulation
of RodA in the pkcAS57°R was previously reported (11).

The expression of pkcA and rImA and the phosphorylation of MpkA are
induced during synchronized asexual development in A. fumigatus. Based on the
aforementioned phenotypes, we hypothesized that the initial regulatory events of
asexual development require the function of CWIP. Next, we examined the expression
of pkcA, mpkA, and rImA during conidiation. Interestingly, an increase in the mRNA
accumulation of pkcA and rImA in the wild-type strain during asexual development at
30 and 37°C was observed, suggesting that transcriptional upregulation of CWIP is
linked to conidiation events (Fig. S4). However, we observed a decrease in mpkA mRNA
abundance during the developmental asexual induction, at both 30 and 37°C (Fig. S4).
Notably, /mA mRNA levels were induced at least 4-fold at both 30 and 37°C after the
submerged cultures were transferred to the solid surface-air interface. pkcA mRNA
levels were significantly reduced at both temperatures in the Ar/mA deletion compared
to the wild type. Consistently, mpkA mRNA levels were also lower in the ArlmA mutant
but only at 30°C, when the fluffy-like phenotype was more evident (Fig. S1).

To confirm the activation of CWIP during asexual development, MpkA phosphory-
lation was assessed by Western blotting in the wild-type, pkcAS>7°% and ArlmA strains.
Despite lower mpkA mRNA abundance, increased MpkA phosphorylation was observed
in the wild-type strain at both temperatures peaking after 36 h at 30°C and after 12 h
at 37°C (Fig. 2A and B). In contrast, MpkA phosphorylation was maintained at lower and
constant levels in the pkcAS>7°R mutant, whereas it was almost absent in the ArimA
mutant. To determine whether RImA activation also occurs during conidiation, we
investigated the phosphorylation state of RImA in wild-type cells containing a
C-terminal RImA::3 XFLAG epitope. Phosphorylated RImA was abundantly observed 6 to
24 h postinduction of conidiation at 37°C, while the unphosphorylated form of the
protein predominated in the hyphal state. Consistently, the bands indicating slower
migrating forms of RImA disappeared when protein extracts were treated with calf
intestinal alkaline phosphatase (Fig. 2C). This result suggests that multiple phosphor-
ylation sites are present in RImA and that the observed phosphorylation of this protein
is directed by the onset of conidiation and the cell wall composition changes that occur
during asexual development. Altogether, the data suggest that the signaling emerging
from PkcA-MpkA-RImA activity contributes to the early steps of conidiation.

Since our data suggest CWIP signaling is activated during asexual development and
required for wild-type levels of conidiation, we next investigated whether components
of the cell wall changed during this developmental program. As an initial approach to
address this question, we used calcofluor white (CFW) as a probe to detect fluctuations
in the chitin content of the aerial hyphae over time (30). Our results, surprisingly,
indicate that there are no differences between the wild-type and the pkcAS>7°R strains
with CFW staining. In contrast, AmpkA and ArlmA strains showed reduced or increased
CFW signals, respectively, in comparison to the wild-type strain (Fig. S5). This analysis
implies that the AmpkA strain accumulates or exhibits less chitin in the cell wall, while
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FIG 2 CWIP is activated during asexual development and is accompanied by RImA phosphorylation. (A and B)
Western blotting assay of MpkA phosphorylation in a time course experiment of synchronized asexual differenti-
ation. a-(P)-p44/42 or a-p44/42 antibodies were used to detect the phosphorylation and total MpkA, respectively.
a-y-Tubulin antibody was used as a loading control. Signal intensities were quantified, and the ratios of (P)-MpkA
to MpkA were calculated and are shown below the panels. (C) Western blot of protein from the rimA:3XFLAG
treated (+ CIP) or not (— CIP) with calf intestinal alkaline phosphatase and probed with «-FLAG antibody in
membranes obtained from Phos-tag or regular 8% SDS-PAGE. The arrows point to the phosphorylated forms of
RIMA, and the arrowhead points to the unphosphorylated protein. Predicted protein sizes on blot: MpkA, 48.5 kDa;
and RImA:3XFLAG, 70.3 kDa.

the opposite occurs in the ArlmA strain and suggests that alterations in cell wall
composition and organization correlate with the delay in conidiation observed in the
CWIP mutants.

mRNA abundance of the central regulators of asexual development is altered
upon defective CWIP signaling. We reasoned that the conidiation defects in the CWIP
mutants could be due to dysregulated expression of the asexual developmental
regulators. To test this hypothesis, we examined the mRNA abundance of the CRP
genes brlA, abaA, and wetA in the CWIP mutants and wild-type strain during conidio-
genesis. As widely expected, mRNA abundance of all three CRP genes was noticeably
induced in the wild-type strain at both temperatures (Fig. 3). In contrast, a strong
reduction of mRNA abundance of these genes was observed in all CWIP mutants.
Although not completely abrogated, the mRNA abundance of abaA and wetA reached
the lowest values in these mutant strains at both temperatures. The only exception was
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FIG 3 The CWIP mutant strains present lower mRNA abundance of genes encoding the central regulators of asexual development. Expression of brlA, abaA,
and wetA was investigated by RT-qPCR in the strains subjected to synchronized asexual differentiation during the indicated time points (hours) at 30°C (A) and
37°C (B). Values represent the averages of the results from three independent experiments with two technical repetitions each (see Fig. S6; *P = 0.01 one-way
ANOVA), presented as the relative expression of the mutant strain compared to the same time point of the wild-type strain.

observed for brlA mRNA abundance (37°C) in the AmpkA background (Fig. 3B). These
results strongly suggest that the CWIP is required for appropriate timing and expression
of asexual CRP genes.

Considering the delayed and lower conidiation observed in the ArlmA strain, we
subsequently hypothesized that this transcription factor could play a direct role in the
transcriptional activation of the conidiation genes. To address this question, we exam-
ined the A. fumigatus genome for the predicted RLM box motif at the promoter region
of genes encoding regulators of asexual development. The complete list of genes for
which the RImA binding motif was identified is available in Data Set S2. We screened
9841 promoter sequences for the putative MADS-box, and from this data set we were
able to identify 1,237 putative sites on the promoters of 544 genes representing 5.5%
of the total number of promoters. This search indicated that among the CRP genes, briA
and abaA but not wetA presented putative binding sites for RImA. In addition, we
identified the RImA binding motif at the promoter regions of two UDAs, i.e., flbB and
fIbC, and at the Ras family protein rasB, which plays crucial roles in morphogenesis and
conidiation (31).

In all these cases, except for the brlA and abaA promoters, the predicted binding
sites corresponding to the 5'-YTAWWWWTAR-3" motif were present (Fig. 4A). Since the
DNA core sequence 5-TAWWWWTA-3’ was fully conserved in the brlA and abaA
promoters, we decided to include these genes in further analysis because the nucle-
otides Y (=C or T) or R (=A or G) at the 5" or 3’ region of the DNA core sequence can
differ (29, 32). To examine the binding of RImA to the promoter region of the
conidiation genes, we carried out chromatin immunoprecipitation/quantitative PCR
(ChIP-gPCR) experiments using the rImA::GFP strain submitted to synchronized asexual
differentiation. The results revealed significant in vivo binding of RImA to the promoter
regions of fIbB, flbC, brlA, and abadA in at least two time points compared to the negative
(non-GFP tagged) control strain (Fig. 4B). Notably, binding of RImA to the promoter of
rasB was observed only after 24 h of conidiation, which coincides with the putative role
of the Ras signaling pathway in morphogenesis and vegetative growth (19).

Based on these observations, we utilized RT-gPCR to analyze the mRNA abundance
of fIbB, fIbC, and rasB in the CWIP mutant strains under the same growth conditions. The
results show that pkcA, mpkA, and rImA are required for the transcription of both flbB
and fIbC since the mRNA abundance of both genes is significantly reduced in the CWIP
mutants (Fig. 5). Although the promoter region of rasB possesses a functional RImA
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FIG 4 RImA binds to the promoter region of central regulators of conidiation. (A) Location of RImA binding motifs at the promoter region of the tested genes.
Green letters indicate the DNA core sequence 5'-TAWWWWTA-3" (W = A or T), while black letters indicate the described variations “Y” and “R” at the 5’ and
3’ (1st and 10th base) regions of the motif (Y = C or T; R = A or G). Blue letters indicate a single base variation observed in the binding motif at the promoter
region of the brlA and abaA genes. (B) ChIP-gPCR assays of the wild-type and rI/mA::GFP strains subjected to synchronized asexual differentiation. Graphs show
the average * the SD from three independent biological experiments (with two technical repetitions each). The percent input is the ratio of the signals obtained
from the immunoprecipitated sample and the starting DNA material (input sample) used for the ChIP reaction. Statistical analysis was performed using a
one-tailed, paired t test compared to the wild-type control condition (*, P < 0.0001; #, P < 0.005). As a negative binding control, an oligonucleotide located at
an exonic region of the prxB gene was used (47).

binding motif, RImA is dispensable for rasB expression since the mRNA abundance of
rasB at 37°C is dramatically increased after 24 h of asexual differentiation in all three
mutants, remarkably in the AmpkA and ArlmA mutants (Fig. 5B). Altogether, we
interpret these findings as evidence that RImA is essential to coordinate asexual
development.

The MAPK MpkA associates with regulators of asexual development in A.
fumigatus. To investigate further the mechanisms of CWIP and asexual development
regulation, we evaluated whether MpkA contributes to the activation of the UDAs
FIbB-C, the central regulator BrlA, and the late regulator RasB. To test this hypothesis,
we looked for a physical interaction between these proteins and MpkA by using
coimmunoprecipitation (Co-IP) experiments. Therefore, we generated several strains in
which the flbB, flbC, brlA, and rasB genes were individually replaced by an allele
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FIG 5 CWIP genes are required for the expression of flbB and fIbC. The expression of flbB, flbC, and rasB was investigated by RT-qPCR in the strains subjected
to synchronized asexual differentiation during the indicated time points (hours) at 30°C (A) and 37°C (B). Values represent the averages of results from three
independent experiments with two technical repetitions each (see Fig. S7; *, P = 0.01 one-way ANOVA) and are presented as the relative expression of the

mutant strain compared to the same time point of the wild-type strain.

encoding a green fluorescent protein (GFP) tag and used them to transform the
cassette mpkA:3XHA to obtain double-tagged strains. The results of the immunoblot-
ting analyses indicated that MpkA was recovered by coimmunoprecipitated samples
from only the GFP-tagged FIbB, FIbC, BrlA, and RasB strains (Fig. 6A and B). Identical
results were obtained in the reciprocal experiment where MpkA:3XHA was pulled
down (Fig. 6C and D). It is worth noting that under the control condition (hyphal state),
no interaction between MpkA and RasB was recorded.

RImA controls mRNA abundance of cell wall-degrading enzymes during conidi-
ation. To gain more insight into how CWIP and RImA coordinate the expression of
genes involved in cell wall remodeling during conidiation, we reanalyzed a data set of
genes previously described as transcriptionally upregulated in a wild-type strain 24 h
postinduction of asexual development (33). We focused on the 2,752 transcripts that
were induced at least 2-fold and used the FungiFun tool to identify overrepresented GO
terms in this data set (Data Set S3). The analysis returned 23 enriched categories, and
we focused on the 63 genes belonging to the category “carbohydrate metabolic
process” to identify genes annotated as chitinases, glucanases, or glycosyl hydrolases.
Subsequently, we examined the presence of the RImA binding motif in the promoter
regions of the chosen genes. Table 1 summarizes the results for the selected genes that
fulfill this criterion. Genes displaying very high expression levels that presented a
predicted RImA binding sequence were selected to be assayed by ChIP-gPCR. Curiously,
for the genes Afu3g07160, Afu3g11280, and Afu3g07110, we observed a variation
within the core DNA sequence of the motif (5'-TAWWWWTA-3’) in which the TA after
the A/T stretches was replaced by a TT or TC (Fig. 7A). Considering the location of these
putative binding sequences in the promoter regions, we included them in the ChlIP-
gPCR analyses.

We observed that the promoter regions for 9 out of 10 genes tested were signifi-
cantly enriched (Fig. 7B). The only exception was the glycosyl hydrolase Afu6g08080,
which presented two overlapping and fully conserved RImA binding motifs. Consis-
tently, the transcription of Afu6g08080 was not completely abrogated in the ArlmA
background (Fig. S8). All other genes, especially chi4, chi5, chiB1, nagA, and Afu3g11280,
were strongly upregulated during conidiation and fully required rImA for expression
(Fig. S8). Remarkably, the promoter regions of all the chitinases that possessed a
predicted RImA binding motif were bound by RImA (Fig. 7B). Collectively, our results
suggest that RImA directly controls the transcription of chitinases and glucanases
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FIG 6 MpKA interacts with FIbB, FIbC, BrlA, and RasB during the early stages of conidiation. Co-IP was performed with total protein extracts
from the wild-type and the respective strains expressing both GFP and the 3XHA C-terminal tag subjected to synchronized asexual
differentiation at 37°C. (A and B) Co-IP experiments performed with an a-GFP antibody that specifically isolates the MpkA 3 XHA protein
only in the presence of the GFP-tagged proteins. (C and D) Reciprocal Co-IP experiments using an a-HA antibody to isolate the
corresponding GFP-tagged proteins. a-Pgk1 was used as an input control. Predicted fusion protein sizes on the blot: FIbB::GFP, 72 kDa;
FIbC::GFP, 63.2 kDa; BrlA:GFP, 74.9 kDa; RasB:GFP, 51.5 kDa; and MpkA::3XHA, 51 kDa.

during conidiation, suggesting that massive cell wall remodeling occurs during this
process. This emphasizes the importance of RImA function for both the synthesis and
the degradation of the fungal cell wall in A. fumigatus.

DISCUSSION

Over the last decade, several studies have shed light on how CWIP impacts the
regulation of diverse cellular processes, such as cell wall maintenance, secondary
metabolite production, drug tolerance, and ultimately virulence in A. fumigatus (29,
34-37). Here, we report that the defective function of genes critical for the CWIP impairs
the timing of conidiation in A. fumigatus. Despite the vegetative growth defect de-
scribed for the AmpkA strain (12, 15), the most severe conidiation defect was observed
for the ArlmA mutant, suggesting that the MpkA-dependent RImA activity is essential
for the initial stages of the asexual development. Consistently, we show that MpkA
phosphorylation increases in the wild-type strain during asexual differentiation in a
time-dependent manner, while MpkA phosphorylation is either lower in the pkcAS>7°R
mutant or almost absent in the ArlmA strain (Fig. 2). We have shown that phosphor-
ylation of MpkA is reduced in the Ar/mA mutant in response to cell wall stress (16). We
initially interpreted this result as a potential positive regulatory role for rimA during cell
wall stress, which could intensify the activity of the CWIP. Here, our results confirm this
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TABLE 1 Selected cell wall remodeling genes involved in glucan and chitin metabolism upregulated by 24 h postinduction of asexual
development

Gene Gene name Fl@ Putative RImA motif (5'-3') Position Description

Afu1g02800 Afu1g02800 3.6 Putative family 18 chitinase

Afu1g04260 engl1 19.9 B-1,3-Endoglucanase, associated with cell wall

Afu1g05290 eng3 5.6 TTAAAATTAC -593 GH16 endo-1,3(4)-B-glucanase, putative

Afulg17410 exgl5 2.2 Putative B-glucosidase

Afu3g07110 chi5 9.4 TTATTTTTCC -1391 Class Ill chitinase, putative

Afu3g07160 Afu3g07160 46.6  TTAWWWWT -180 Class V chitinase, putative

Afu3g11280 Afu3g11280 7.7 TTATTAATTT/CTATTATTTA —300/—328 Class V chitinase, putative

Afu4g13360 eng5 7.4 Predicted hydrolase activity, hydrolyzing O-glycosyl compounds;
activity and role in carbohydrate metabolic process

Afu5902280 eng4 9.4 CTATTTTTAG -444 GH16 endo-1,3(4)-B-glucanase, putative

Afu5g03530 chi4 16.1  CCTAAATTTG -2007 Class Ill chitinase, putative

Afu5906840 Afu5g06840 2.9 Class V chitinase, putative

Afu5g07190 exgl8 7.7 B-Glucosidase

Afu6g08080 Afu6g08080 23.8  TTATTAATAA/TTAATAATAA  -929/-932  Glycosyl hydrolase, putative

Afu6g08700 exg20 29.6 B-Glucosidase, putative

Afu6g12010 Afu6g12010 6.6 Putative B-glucosidase with a predicted role in degradation
of glucans

Afu6g12380 scw4 78.1 Cell wall glucanase (Scw4), putative

Afu6g13720 Afu6g13720 7.5 Class V chitinase, putative

Afu7g05610 exg3 34 Glucanase, putative

Afu7g06140 exgl3 307.2 Putative secreted 1,4-B-D-glucan glucan hydrolase

Afu8g01410 chiB1 498.7 TTAATATTAT -202 Class V chitinase ChiB1

Afu8g02100 exgl6 3.6 B-Glucosidase, putative

Afu8g02510 Afu8g02510 66.9  TTAATTATAG -555 Predicted hydrolase activity, hydrolyzing O-glycosyl compounds;
activity and role in carbohydrate metabolic process

Afu8g05020 nagA 79.5  GTATAATTAT —1348 B-N-Acetylhexosaminidase NagA, putative

aFl, fold increase after 24 h of synchronized asexual differentiation assessed by RNA-seq analysis (33).

interpretation and suggest that lower MpkA phosphorylation may occur under any
growth condition when RImA function is absent. Our data also suggest that transcrip-
tion levels of the pkcA gene are reduced in the Ar/mA mutant (Fig. S4), which might
cause lower levels of the PkcA protein and reduced activation of CWIP signaling.
However, the underlying mechanisms that explain this effect remain undescribed. In
addition, RImA phosphorylation highly increases throughout conidiation, suggesting
that the transcriptional activation elicited by RImA is required at the start of the
conidiation and is likely to become more prominent at later times of the process.
Supporting this idea, we find that UDAs, CRPs, and Ras components are direct RImA
transcriptional targets.

The data presented in this study point to a particular role of MpkA and RImA during
the initial phases of conidiophore development that culminates with the observed
phenotype of delayed conidiation. This outcome is consistent with the observed
defects in the expression of abaA and wetA in these deletion mutants (Fig. 3). However,
we found the conserved TAWWWWTA motif in brlA and abaA, but not in wetA,
suggesting that the lack of wetA expression could be due to a downstream conse-
quence of the lack of abaA expression and not by the absence of RImA binding to the
wetA promoter. RImA binds to the promoters of brlA and abaA with maximum binding
levels between 6 and 12 h after induction of conidiation, which coincides with the onset
of the expression of these genes. The conserved RImA motif was also found in the
promoters of flbB and fIbC but not in the promoters of other fluffy genes. Although
the fluffy genes are expressed during vegetative growth (17, 18, 38), RImA only binds
to the promoters of fIbB and fIbC 12 to 24 h postinduction. These are the only fluffy
genes present in vesicles, the metula, and phialides but not in conidia (39, 40).
Therefore, MpkA and RImA seem to be involved in the regulation of genes that
participate in the formation of such structures but not necessarily in the formation of
conidia. Importantly, the lack of rImA results in massive reductions in flbB and flbC
mRNA levels. FIbB and FIbC participate in vesicle swelling and metula development
together with BrlA (38), but the roles of these genes during these conidiation phases
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FIG 7 RImA binds to the promoter region of chitinase and glucanase genes during conidiation. (A) Location of predicted RImA binding motifs in the promoter
region of the tested genes. Green letters indicate the DNA core sequence 5'-TAWWWWTA-3" (W = A or T), and red letters indicate a variation within this core
sequence. Black letters indicate the described variation at Y and R position (1st and 10th base) regions of the motif (Y = Cor T; R = A or G). Blue letters indicate
a variation observed at the Y or R position. (B) ChIP-qPCR assays of the wild-type and rImA::GFP strains subjected to synchronized asexual differentiation. Graphs
show the averages = the SD from three independent biological experiments (with two technical repetitions each). Statistical analysis was performed using a

one-tailed, paired t test compared to the control condition (*, P < 0.0001; #, P < 0.005).

are still unknown. These events require cell wall remodeling, but since the conidiophore
morphology is normal (Fig. S3), it is possible that the lack of transcriptional activation
promoted by RImA or the lack of MpkA-mediated phosphorylation on the target genes
identified here is not sufficient to produce detectable abnormalities in the conidio-
phore stalks but is sufficient to impair the timely emergence of conidia. One explana-
tion is that this may be a function of delayed onset rather than the rate of asexual
development or conidial production. The slopes of all the curves shown in Fig. 1 are
reasonably similar, so the kinetics of conidiation are comparable, although the effect is
lower conidia number. Future experiments in strains carrying mutations in the identi-
fied binding sites will provide information about the individual contribution of RImA in
the activation of FIbB-C, BrlA, and AbaA in conidiation.

The function of the CWIP during conidiation suggests that the typical structural
organization of carbohydrate in the A. fumigatus conidia can be highly dependent on
this cascade. RImA regulates the expression of genes related to cell wall biosynthesis,
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FIG 8 The CWI pathway contributes to the regulation of the conidiation onset and cell wall remodeling during asexual
differentiation. The CWI pathway is activated during the initial stages of asexual competence and culminates with the
phosphorylation and activation of the MAP kinase MpkA (red circles). MpkA migrates to the nucleus and phosphorylates RImA
(the details on the interaction between MpkA and RImA will be published elsewhere). Active RImA participates in the control
of the metabolic changes that take place during the asexual differentiation via the activation of two distinct sets of genes. (i)
RImA binds to the promoter regions of genes involved in conidiation, including the UDAs fIbB and flbC and the CRP genes brlA
and abaA, allowing timely transcription of such regulators. In addition, the Ras signaling pathway is activated late in the
cascade. (ii) RImA binds to the promoter regions of several genes involved in glucan and chitin metabolism. These enzymes
can act on the cell wall (not shown) to cause cell wall remodeling aiming to adapt cells to the formation of aerial structures
and conidiation or to induce autolysis, thus contributing to the supply of nutrients required for conidiation. In an additional
regulatory event, the active MpkA in the cytosol physically associates with proteins involved in the conidiation pathway.
Collectively, the combined actions of activated MpkA and RImA coordinate alterations in the cell wall composition and timely
expression of UDAs and CRP, contributing to the formation of conidia and vegetative growth. The organization of the
conidiation pathway was based on references (20, 27, 41). This image was created using BioRender.

and we found an increase in the chitin content in aerial hyphae of the Ar/mA strain (16).
All these processes that occur during conidiophore development required the reorga-
nization of the cell wall, i.e., erection of the stalk, the swelling of the vesicle, and
budding of the metula and phialides. We hypothesize that rimA and mpkA cooperate
at the cross talk between cell wall formation and the regulation of conidiophore
development by coregulating the expression of the conidiation regulators and glucan
and chitin metabolic genes, participating until the formation of the phialides. The
formation of the conidial cell wall is, however, a downstream process during the life
cycle of the fungus; it requires wetA, which is not a RImA direct target but is also
controlled by a completely different set of regulators, such as vosA and velB, (25, 41)
that are not investigated here (Fig. 8).

It has been demonstrated in A. nidulans that RImA regulates the expression of
glucanases and chitinases, which are thought to promote autolysis in submerged
cultures (42). Our results also demonstrate that RImA regulates the expression of genes
involved in cell wall remodeling and autolysis during asexual differentiation. The
production of extracellular autolytic enzymes such as chitinase and glucanase is
induced by carbon starvation in A. nidulans (43). Intriguingly, the strain defective in
both chiB and engA produced fewer conidia on medium containing low concentrations
of glucose (44). This observation indicates that autolysis contributes to the supply of
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TABLE 2 A. fumigatus strains used in this study

Strain Relevant genotype? Source or reference
AKU80 pyrG1 AakuB; pyrG-MAT1-1 60

ArlmA ArlmA:pyrG; AakuB 16

ArlmA:rimA~ ArimA:rimA~*; AakuB 16

rimA:=3XFLAG rimA:3XFLAG:pyrG; AakuB This study

rImA::GFP rimA:GFP::pyrG; AakuB 16

pkcAGS79R pkcAS>79R:pyrG; AakuB 1

pkcAG579R:pkcA™ DpkcAS579R::pkcA™; AakuB 1

AmpkA AmpkA:prtA; AakuB, PtrA* 12

AmpkA:zmpkA* AmpkA:mpkA+; AakuB 12

flbB::GFP mpkA::3 XHA flbB::GFP::pyrG; mpkA:3XHA:ptrA; AakuB; Pt This study
fIbC::GFP mpkA:3XHA fIbC::GFP::pyrG; mpkA::3XHA:ptrA; AakuB; Pt This study
brlA:GFP mpkA:3XHA brlA::GFP::pyrG; mpkA:3XHA:ptrA; AakuB; Pt This study
rasB:GFP mpkA:3XHA rasB::GFP:pyrG; mpkA:3 XHA:ptrA; AakuB; Pt This study

aPtr, pyrithiamine resistant.

nutrients required for conidiation. The corresponding genes, chiB1 and engll1, were
highly induced during conidiation in wild-type A. fumigatus, although only chiB1 is a
RImA target (Table 1 and Fig. 7). From these results, we suggest that cell wall
remodeling is a crucial process that takes place during conidiation. It is tempting to
assume that RImA coordinately regulates the induction of autolytic enzymes to provoke
autolysis and conidiation, although further clarification is required.

In summary, this study demonstrates the participation of CWIP in the progression of
conidiogenesis in Aspergillus. This highlights the complexity underlying cell wall re-
modeling during asexual differentiation in filamentous fungi coupled with the multi-
tude of signaling pathways involved in the regulation of such processes. We argue that
the ability of RImA to bind to the promoters of conidiation genes as well as glucanases
and chitinases and the physical interaction between MpkA and FIbB, FIbC, BrlA, and
RasB are key events required for conidiation timing. Especially in the case of MpkA-
mediated phosphorylation of the developmental regulators highlighted here, the
specific residues that undergo phosphorylation and the impact of these events on the
conidiation remain to be determined.

MATERIALS AND METHODS

Strains and culture conditions. The A. fumigatus strains used in this study are described in Table 2.
All the strains were maintained in complete medium or minimal medium as described previously (45). To
grow the AakuB pyrG1 strain, the medium was supplemented with 1.2 g/liter uridine and uracil.
Synchronized asexual differentiation was conducted as described previously (46). Briefly, 1 X 108 conidia
of the wild-type, pkcAS57°R, or ArlmA strains were inoculated in 100 ml of liquid minimal medium
supplemented with 0.1% yeast extract and incubated at 37°C (200 rpm) for 18 h (Fig. S2). For the AmpkA
mutant, the amount of conidia used was four times that of the wild-type strain to achieve equal glucose
consumption (35). Mycelia from the submerged cultures (5 g [wet weight]) were then harvested by
filtration and flash frozen in liquid nitrogen or transferred to solid complete medium and further
incubated at 30°C (for 12, 24, and 36 h) or at 37°C (for 6, 12, and 24 h). Mycelia obtained from the
submerged cultures (hyphal state) were considered the control condition for the experiments. Samples
were collected at each time point and stored at —80°C until they were used for either RNA or protein
extractions. To visualize the conidiophores of the CWIP mutants, we used a slide culture as previously
described (11).

Construction of GFP-, 3XFLAG-, and 3 xHA-tagged strains. All gene replacement cassettes were
constructed by in vivo recombination in S. cerevisiae, as reported previously (45). The flbB::GFP, flbC::GFP,
brlA::GFP, and rasB::GFP cassettes were generated using the primers and strategies described in Table S1
and Fig. S9, respectively, in the supplemental material. The GFP:pyrG cassette employed in these
constructs was amplified from plasmids described earlier (47). The mpkA:3XHA:ptrA cassette was
amplified from the plasmid pUC19-mpkA::3XHA (48) and transformed into flbB:GFP, flbC::GFP, brlA::GFP,
and rasB::GFP strains to obtain double-tagged alleles. To construct the rimA:3XFLAG strain, a substitu-
tion cassette was obtained in which the rimA genomic sequence without stop codon was cloned in-frame
with the 3XFLAG in a C-terminal fusion separated by a (GA); linker fused with the pyrG gene a selection
marker. All gene replacements were confirmed by PCR with the primers described in Fig. S9. We observed
no changes in the phenotypes of the tagged strains compared to wild-type (Fig. S10).

Quantification of conidia during asexual development. Conidial counts for each strain subjected
to synchronized asexual differentiation at 30 or 37°C were performed by sampling 0.5 g of mycelium at
2-h intervals for up to 48 h. The conidia were collected in 0.01% Tween 20 solution and counted in a
Neubauer chamber. Experiments were repeated three times.
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Analysis of hydrophobic properties of conidia and rodlet layer extraction. The distribution of the
conidia on a water-oil interface was performed by the addition of 1 X 108 conidia of each strain in a
solution containing water and tributyrin (1:1 [vol/vol]) as described previously (49). The hydrophobins
were extracted from the dormant conidia surface by incubating freshly harvested conidia with 48%
hydrofluoric acid for 72 h at 4°C according to the previous description (11, 50).

Chitin content determination during asexual development. Continuous photometric reading and
parallel quantification of hyphal growth and fluorophore detection directly on solid medium was used
as described previously (30). Briefly, conidia from each strain were inoculated on solid media in a 96-well
plate, followed by incubation at 37°C for different periods to cover an ample spectrum of growth. Then,
150 ul of CFW stock solution (10 wg/ml 10 mM Tris HCI [pH 8], 0.1% Tween 80) was added to each well.
The fluorescence (excitation, 360 nm; emission, 460 nm) and the absorbance at 600 nm were measured
in a BioTek HTX multimode plate reader. Fluorescence was plotted against the absorbance for each
strain, and the slope was calculated. The experiment was repeated four times with technical duplicates.

RNA extraction and RT-qPCR analysis. Samples from the synchronized asexual differentiation
obtained at 30 and 37°C were disrupted, and the total RNA obtained was extracted and processed for
cDNA synthesis as previously described (11, 51). The primers for the individual genes are listed in Table
S2. At least three independent biological replicates were used for each condition and the relative fold
change for each gene was calculated using comparative cycle threshold (C,), i.e., AAC;, analysis (52). All
values were normalized to the expression of the A. fumigatus tubA gene. Statistical analysis was
performed by using one-way analysis of variance (ANOVA) with a Tukey's post hoc test to assess
differences in the mutant strains compared to the same developmental time point in the wild-type strain
(P =0.05).

Global MADS box motif identification. The analysis of promoter regions was performed based on
previous reports describing the predicted conserved poly A/T stretches (5'-TAWWWWTA-3; W= A or T),
which are recognized by the MADS-box RImA transcription factors of A. niger, A. nidulans, and A.
fumigatus (29, 42, 53) and conserved with S. cerevisiae RIm1 (32). We also took into account the vicinity
of the motif core, which included the 5'-YTAWWWWTAR-3’ (Y =C or T; R= A or G) or 5'-YTAWWWWT
AN-3’ sequences, as previously reported (29, 32, 54). Motifs were identified using the ad hoc scripts
written in Perl. For this, a fasta file with 9,841 promoter sequences was screened for the putative
MADS-box motif using regular expressions. Putative binding sites localized between positions —~1000 to
-1 were initially identified. Manual inspection of the putative binding sites located between -3000 and
-1 was also conducted for brlA, abaA, and wetA and the chitin-metabolizing genes chi5, chiB1, and nagA,
which were previously found to be putative RImA transcriptional targets in A. nidulans (42).

Chromatin immunoprecipitation coupled to qPCR. The wild-type and rImA:GFP strains were
subjected to the synchronized asexual differentiation protocol (37°C). Cross-linking and sonication of the
samples were carried out as described previously (55) with slight modifications in the sample volumes.
Samples were processed as described previously (34, 55). Samples (2 ml) were sonicated for 15 cycles of
30 s, each using an Ultrasonic processor VCX-500 (Sonics & Materials), centrifuged for 5 min at 4°C, and
stored at —80°C. Sonication was evaluated by using 60 ul of reverse cross-linked material for each sample,
which was analyzed in agarose gel to detect bands in the range of 200 to 600 bp. Immunoprecipitation
was then carried out with 900 ul of the sonicated sample and 20 ul of GFP-Trap (ChromoTek). The resin
was equilibrated three times and incubated with the samples for 4 h (4°C). Sample washes and reverse
cross-linking were performed as described previously (34). Relative signal abundance in regions of
interest in sample DNA was measured by qPCR using Power SYBR (Thermo Fisher). The qPCRs were
carried out using 0.5 ul of sonicated and purified DNA per reaction (34). Primers flanking the predicted
RImA binding motif were designed to amplify the promoter regions of the target genes (Table S3).
Cross-linked and sonicated samples (nonimmunoprecipitated) were used as positive controls (input). The
relative signal enrichment was calculated and normalized according to the percent input method (34).

Protein extraction and immunoblot analyses. For protein extraction, 0.5 ml of lysis buffer, as
described previously (12), and 1X Complete-Mini protease inhibitor (Roche) were added to the ground
mycelium. Extracts were centrifuged at 20,000 X g for 40 min at 4°C. The supernatants were collected,
and the protein concentrations were determined using Lowry’s modified method (56). Fifty micrograms
of protein from each sample was resolved in a 12% (wt/vol) SDS-PAGE and transferred to polyvinylidene
difluoride membranes (Bio-Rad). To assess MpkA phosphorylation, protein extracts were subjected to
immunoblotting procedures described previously using a-phospho p44/42 and «a-p44/42 MAPK anti-
bodies (11, 51). Western blot signals were quantitated using ImageJ (National Institutes of Health) and
normalized to total MpkA protein levels. To assess the presence of phosphorylated RImA during asexual
development, samples were separated on Phos-tag acrylamide gels. Proteins were extracted according
to the manufacturer’s recommendations and as described earlier (57). Phos-tag acrylamide gels consisted
of 8% SDS-PAGE gels containing 100 uM Phos-tag acrylamide AAL-107 (Wako Chemicals) and 100 uM
MnCl,. To verify phosphate-specific signals, samples were treated with 100 U of calf intestinal alkaline
phosphatase (New England Biolabs, M0290) for 40 min (37°C), followed by boiling in 1X Laemmli sample
buffer. Protein samples were loaded and separated on either Phos-tag or regular 8% SDS-PAGE gels and
electroblotted onto a polyvinylidene difluoride membrane.

Detection of RImA:3XFLAG and MpkA::3XHA was achieved by using mouse «-FLAG (Sigma, F1804)
or a-HA (Sigma, H3663), respectively, in Tris-buffered saline/Tween (TBST) with 3% skimmed milk at a
1:1,000 dilution with overnight incubation (4°C). GFP was detected using a mouse monoclonal a-GFP
primary antibody (Santa Cruz Biotechnology, sc-9996) at a 1:1,000 dilution in TBST with 3% skimmed milk
(4°C overnight). Secondary a-mouse IgG-HRP antibody (Sigma, A4416) in TBST (1:3,000 dilution) was used
for a 2-h incubation period at room temperature. Goat a-y-tubulin (Santa Cruz Biotechnology, yN-20)
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was used as loading control under conditions previously indicated (47). Chemiluminescent detection for
each antibody was achieved by using an ECL Prime western blot detection kit (GE HealthCare). Images
were generated by exposing the membranes to the ChemiDoc XRS gel imaging system (Bio-Rad).

Coimmunoprecipitation assays. The double-tagged strains containing both in-frame GFP fusions
with either rasB, flbB, flbC, or brlA and 3 XHA with mpkA were used. For GFP-Trap Co-IP, experiments were
performed by using 20 ul of GFP-trap and 5 mg of protein, which were extracted and processed for IP
as described elsewhere (34). For reciprocal Co-IP using a-HA affinity gel (EzView; Sigma, E6779), samples
were extracted using B250 buffer (58) and processed for immunoprecipitation as described previously
(59), using 30 ul of resin and 5mg of protein. Hemagglutinin (HA) resin was centrifuged for 30 s
(13,000 X g) for recovery and washed with B250 buffer. For both procedures, proteins were released from
resin by boiling in 30 ul of 2X Laemmli buffer. Portions (20 wl) of each sample were run on a 10%
SDS-PAGE gel. The proteins were electroblotted and detected as described above.
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