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Abstract

Fungi have developed the ability to overcome extreme growth conditions and thrive in hostile environments. The model fungus
Aspergillus nidulans tolerates, for example, ambient alkalinity up to pH 10 or molar concentrations of multiple cations. The ability
to grow under alkaline pH or saline stress depends on the effective function of at least three regulatory pathways mediated by
the zinc-finger transcription factor PacC, which mediates the ambient pH regulatory pathway, the calcineurin-dependent CrzA
and the cation homeostasis responsive factor SItA. Using RNA sequencing, we determined the effect of external pH alkaliniza-
tion or sodium stress on gene expression. The data show that each condition triggers transcriptional responses with a low
degree of overlap. By sequencing the transcriptomes of the null mutant, the role of SItA in the above-mentioned homeostasis
mechanisms was also studied. The results show that the transcriptional role of SItA is wider than initially expected and implies,
for example, the positive control of the PacC-dependent ambient pH regulatory pathway. Overall, our data strongly suggest that
the stress response pathways in fungi include some common but mostly exclusive constituents, and that there is a hierarchical
relationship among the main regulators of stress response, with SItA controlling pacC expression, at least in A. nidulans.

DATA SUMMARY

The RNA sequencing data analysed in this work were
deposited and are freely available in the National Center for
Biotechnology Information (NCBI) Sequence Read Archive
(SRA) under BioProject ID PRJNA625291. All supporting
data, code and protocols have been provided within the article
or in the Supplementary Material.

BACKGROUND

The survival of organisms is subject to their ability to
adapt to and overcome diverse challenges or stresses in the

environment. The most general responses are produced by
coordinating the regulation of gene expression and those
mechanisms controlling the proper localization of proteins
in the cell. Gene expression can be enhanced or repressed by
the activity of transcription factors, which recognize specific
consensus sequences at gene promoters through their DNA-
binding domains. Concurrently, the activity of a transcription
factor can be modulated by other regulatory elements or by
post-translational modifications that may occur via elements
belonging to a signalling cascade activated by a given ambient
stimulus.
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The model organism Aspergillus nidulans is capable of
surviving a variety of ambient stresses, such as a wide range of
pH values or high extracellular concentrations of monovalent
and divalent cations [1]. Tolerance to ambient alkalinity has
been intensively studied in this fungus [2-4]. Previous work led
to the identification and functional characterization of three
zinc-finger transcription factors that coordinate a response to
ambient alkaline pH: PacC, regulator of the ambient pH regu-
latory pathway [2]; the calcineurin-dependent transcription
factor CrzA; and the cation homeostasis transcription factor
SItA [5]. The absence of any of these transcription factors
inhibits vegetative growth of A.nidulans at alkaline pH [5].

PacC is a 674-amino-acid transcription factor with an
N-terminally located DNA-binding domain consisting
of three classical Cys His, zinc-fingers and C-terminally
located key regulatory regions required for its signalling func-
tion [2, 6-8]. PacC can be found in three forms in the cell,
depending on extracellular pH conditions [9]. At extremely
acidic pH (4 or lower), the full-length form of 72 kDa is mainly
detected, which is in a closed conformation to prevent its
proteolysis [8]. At extracellular alkaline pH, PacC is activated
through two proteolytic steps. The first step is pH-dependent
and signalled by the Pal pathway [9]. PalH is the pH sensor
protein at the plasma membrane, and is stabilized by Pall,
another membrane-embedded protein [10]. PalF, an arrestin-
like protein [11], is in a complex with PalH at the plasma
membrane. At alkaline pH, PalH is phosphorylated and
PalF is ubiquitylated, and then the Vps23 homologue, an
element of the ESCRT-I complex, is recruited and possibly
also favours the polymerization of the rest of the complex
[12-14]. Subsequently, ESCRT-III and probably ESCRT-II
complexes polymerize at the same plasma membrane foci.
Finally in the PacC signalling cascade, Vps32, an ESCRT-III
element, recruits PalC and PalA [12, 15], and the latter inter-
acts with the PacC™® form [16]. Then, the putative calpain
protease PalB joins the complex through interaction with the
ESCRT-III component Vps24 and cleaves the PacC*" form
at a specific site, rendering the intermediate form of PacC*
[17]. The second proteolytic step is pH-independent and
carried out by the proteasome, resulting in the active form of
PacC, PacC¥*2 [18]. PacC plays a dual function at alkaline
pH by repressing those genes expressed at acidic pH (acid-
expressed genes) and positively regulating those genes whose
function is required at alkaline pH (alkaline genes) [19, 20].
An example of this dual function is the opposite regulation
of acid and alkaline phosphatases [21] or different xylanases
[22]. This pH-dependent regulation of gene expression is
possible due to the direct binding of PacC to 5'-GCCARG-3'
sequences at target promoters [2, 19, 20].

In contrast to PacC and CrzA, which can be found in most
ascomycetes, SItA is a transcription factor that is exclusive to
the subphylum Pezizomycotina [5, 23]. Only two elements
have been described in the Slt pathway so far: SItA itself and
its signalling protease SItB, also specific to Pezizomycotina
[24]. SItA is a 698-amino-acid protein with three classical
Cys,His, zinc-fingers located between residues 416 and 500
that bind to a 5'-AGGCA-3' target sequence [5, 25]. Initially,

Impact Statement

Concurrently with their extended use in biotechnology,
more than a thousand fungal species are known to act as
human, animal or plant pathogens. To adapt to and thrive
in host and natural environments, fungi have developed
an array of stress response pathways. Here we used an
RNA sequencing approach to analyse the transcriptional
response of the filamentous fungus Aspergillus nidulans,
one of the main reference systems within the subphylum
Pezizomycotina, to alkaline pH and sodium stress.
Sequencing was carried out in a wild-type genetic back-
ground and its transcriptional patterns were compared
to those of a null sltA strain. SItA is one of the master
regulators of alkaline pH and cation stress responses.
Thus, this study contributes to our understanding of
the level of overlap between stress response pathways,
the general regulators that could be involved in those
responses, and the level of dependence of each response
mechanism on SltA activity, not only in A. nidulans, but
also in other medically or industrially important Pezizo-
mycotina species.

sltA was identified by studying the loss-of-function muta-
tion sltA1, which truncates the protein at amino acid 502
and confers A. nidulans sensitivity to NaCl, UV radiation,
MNNG, 4NQO and arginine [26]. Further studies showed
that he absence of SItA function causes sensitivity to elevated
extracellular concentrations of other cations, such as potas-
sium, lithium, caesium or magnesium, but not to calcium, and
extreme sensitivity or complete inhibition of colonial growth
under ambient alkaline pH [5]. Similarly to PacC, SItA can be
found simultaneously in the cell in three forms: a full-length
form of 78kDa and two versions of the proteolysed form
of 32kDa, one of which is phosphorylated [23]. This single
proteolytic step that mediates the conversion of the 78 kDa
form into the 32kDa one is driven by the 1272-amino-acid
protein SltB, a serine protease with a large prodomain similar
to a pseudo-kinase domain [23, 24]. SItB is essential for SItA
proteolysis, but SItA transcriptional activity is also necessary
for sltB expression [23].

Despite the abundant genetic and molecular information
available regarding these regulatory systems, only sparse
data are available concerning the transcriptional response of
A. nidulans to ambient pH alkalinization or the stress caused
by an elevated concentration of sodium. When cultured on
solid medium, inhibition of asexual sporulation at pH 8 and
less dense growth in high sodium are observed in the wild-
type strain, indicating differential effects of these stresses on
colonial morphology (Fig. 1a). As reported previously [5, 23],
the absence of SItA function causes defects in colony growth
on standard minimal medium but renders both alkaline pH
and high sodium stresses lethal.
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Fig. 1. Phenotype of the sltAA strain and levels of the different SItA forms under cation or alkaline pH stresses. (a) Colonial growth of
wild-type (WT) and sitAA strains on AMM, AMM supplemented with 1.0 M NaCl or an alkalinized medium (addition of 100 mM Na,HPQ,;
pH 8) after 48 h of culture at 37 °C. Scale bar, 2cm. (b) Immunodetection of SltA:HA, in protein extracts obtained from mycelial samples
grown in AMM (C, control), or at 15, 30, 60 and 120 min after the addition of 1.0 M NaCl or 100 mM Na,HPO, (pH 8). a-actin was used as
control and to quantify the levels of the different SItA forms detected. Bottom: charts showing the relative levels of SItA forms. Values
were obtained by calculating the ratio between SltA and a-actin band intensities.

To determine the set of genes up- or downregulated under
the above-mentioned stress conditions, the role of SItA in
the corresponding homeostasis mechanisms and the exist-
ence of a transcriptional dependence of other regulators
(PacC, CrzA or other unknown transcription factors) on
SItA, we carried out RNA sequencing experiments on wild-
type and sltAA samples followed by multiple comparisons
of the transcriptomes. Our results show that there is a low
degree of overlap between the transcriptional responses

of A. nidulans to medium alkalinization or sodium stress,
suggesting that each stress response pathway is largely
distinct. In both cases, the expression of specific subsets of
genes remains independent of SItA activity. Other subsets
positively depend on SItA, including the PacC-dependent
ambient pH regulatory pathway, suggesting that there is a
hierarchical relationship among the main regulators of stress
response in fungi.
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METHODS
Strains, oligonucleotides and culture conditions

The oligonucleotides used in this study are shown in Table
S1 (available in the online version of this article), while
the genotypes of the strains used are shown in Table S2.
Strain MAD6669 was obtained by transformation of strain
MADI1427 using a fusion PCR fragment as described previ-
ously [23], allowing the tagging of SItA with three copies of
haemagglutinin epitope (HA,). The construct contained the
riboB gene from Aspergillus fumigatus (riboB*), which was
used as the selection marker in the transformation.

The sensitivity of the null sltA mutant to sodium stress or
medium alkalinity was compared to that of the reference
wild-type strain by culturing both strains on adequately
supplemented solid Aspergillus minimal medium (AMM)
[27], AMM supplemented with 1.0 M NaCl (sodium stress)
or AMM alkalinized to pH 8 by the addition of 100 mM
Na,HPO, [5, 24].

Samples for RNA extraction were cultured as follows (see also
the diagram in Fig. 2a). Four independent culture sets were
prepared for each strain (wild-type and null sitA) and condi-
tion (unstressed, 1 M sodium chloride and pH 8). Conidia
(10° conidia ml™) of each of the strains were inoculated into
100ml Erlenmeyer flasks containing 25ml of adequately
supplemented standard liquid AMM. After 18h of culture
at 37°C and 250 r.p.m., NaCl (1.0 M final concentration) or
Na,HPO, (100 mM final concentration) were added to each
set, and the third flask of each set was considered to be the
unstressed control condition. Cultures were further incubated
for 60 min. Then, mycelia were collected and two sets were
combined to minimize variations. The pH of filtered media
was monitored and both control and NaCl samples showed an
approximate final pH value of 4, while the sample containing
Na,HPO, showed a pH of 8. Mycelia of two combined samples
were processed as duplicates.

Samples for protein extraction were cultured as above in
liquid AMM for 18h. After the addition of 1.0 M NaCl or
100mM Na HPO,, mycelial samples were collected at 15, 30,
60 and 120 min and processed according to the alkaline lysis
procedure.

RNA extraction

Mpycelia cultivated under the conditions described in the
previous section were harvested by filtration using Miracloth
(Calbiochem, Merck-Millipore, Darmstadt, Germany). Myce-
lial samples of approximately 300 mg were frozen and ground
in liquid nitrogen before the addition of 1 ml per sample of
TRIreagent (Fluka, Sigma-Aldrich Quimica SL, Madrid,
Spain) and further processing according to the manufacturer’s
protocol. After TRIreagent addition, samples were incubated
for 5 min at room temperature (RT). Then, chloroform (0.2 ml
per sample) was added, mixed vigorously, incubated for 15 min
at RT and centrifuged at 12000 g and 4°C for 15min. After
collection of the aqueous (upper) phase, 2-propanol (0.5ml
per sample) was added to precipitate RNA, followed by a new

centrifugation at 12000 g and 4 °C for 10 min. Ethanol (75%;
1 ml) was added to wash the RNA, followed by centrifugation
at 7500 g and 4 °C for 5min., air drying and the addition of
200 pl of RNA-free milliQ water. A duplicate RNA extraction
was performed for each mycelial sample. Total RNA samples
were frozen at —80 °C until sequencing or use in quantitative
PCR (qPCR).

Library construction and RNA sequencing

Library construction and RNA sequencing were carried out
in Stabvida (Caparica, Portugal). Quality control of the total
RNA samples was based on an RNA integrity number (RIN)
equal to or higher than 6.5. Samples (input of >1 pg total RNA,
free of contaminating DNA) were directed for library prepara-
tion using the Kapa Stranded mRNA Library Preparation kit
(Roche Diagnostics Corporation, IN, USA) and sequencing
in an lllumina HiSeq 4000 platform, using 150 bp paired-end
sequencing reads. The RNA sequencing data analysed in this
work were deposited and are freely available at the National
Center for Biotechnology Information (NCBI) Sequence
Read Archive (SRA) under BioProject ID PRJNA625291.

Bioinformatic analyses

Adapters were trimmed using cutadapt version 2.5 (https://
cutadapt.readthedocs.io/en/stable/ [28]). Reads were
aligned to an Aspergillus genome reference file downloaded
from the FungiDB database (FungiDB_36_AnidulansF-
GSCA4 [29]) using STAR aligner (version 2.5.2a [30]) and
allowing no more than two mismatches. Counts for genes
were generated using featureCounts version 1.4.6 [31] in
the Rsubread package. The TPM calculation was performed
using Rsem version 1.2.31 [32], while sample distance or
PCA plots, as well as differential expression analyses, were
carried out using the DESeq package [33]. Cumulative
distribution fraction plots were generated using R version
3.3.3 [34].

Domain analyses of protein sequences were performed using
Interpro [35]. Lists of DEGs were initially analysed using the
FungiDB database (https://fungidb.org/fungidb/), including
the distribution of DEGs by chromosomes, or the presence of
signal peptides and/or transmembrane domains in the corre-
sponding polypeptides. Fungifun (https://elbe.hki-jena.de/
fungifun/) was used for GO enrichment analyses [36], while
Interpro domain-enrichment analyses were carried out at
the ShinnyGO website (http://bioinformatics.sdstate.edu/go/
[37]). Heatmaps showing the expression changes of DEGs
were generated with Heatmapper (http://www.heatmapper.
ca/ [38]), using average linkage clustering and Pearson
distance measurement methods. Expression clusters were
inferred and the list of genes in each one was also obtained
also from Heatmapper. GraphPad was used to plot the expres-
sion pattern of genes in each cluster as well as ShinnyGO and
Fungifun results, and to obtain the correlation coefficients
between RNA sequencing duplicates. Venn diagrams were
generated and downloaded with InteractiveVenn (http://
www.interactivenn.net/ [39]).
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Fig. 2. Experimental design and number of significantly deregulated genes in each RNA sequencing comparison. (a) Experimental design
for the RNA sequencing experiment carried out in this work. Spores of wild-type and sltAA strains were collected and incubated (10°
conidia ml™') in AMM for 18h at 37 °C. Then, Na,HPQ, (100 mM) or NaCl (1.0 M), final concentrations in both cases, were added, followed
by an incubation of 60 min. Cultures grown in AMM were used as controls. Samples (duplicates; see the Methods section) were then
filtered and processed for RNA extraction and sequencing. (b) Diagram representing the five transcriptional comparisons carried out in
this work. Arrows indicate the direction of the comparison and boxes indicate the number of significantly up- and downregulated genes
in each transcriptional comparison. (c) Cumulative distribution fraction plots correlating, in each of the five transcriptomic comparisons,
log,FC values with the number of SItA target sites in gene promoters. Groups of promoters (1000 bp upstream of the starting ATG) with
0,1, 2,3, 4and >5 SltA target motifs were differentiated and plotted. The points in the lower part of each graph indicate when 50% of the
genes are reached. The P value for each plot is included.
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Quantitative PCR

The SuperScript First-strand Synthesis System for RT-PCR
(Invitrogen) was used to synthesize cDNA, following the
manufacturer’s instructions and, after having eliminated traces
of genomic DNA (DNAg) using deoxyribonuclease I, ampli-
fication grade (Invitrogen). Two micrograms of total RNA
were treated with 1 unit of DNAsel (Invitrogen) for 15 min at
RT (reaction volume of 10 pl). DNAg digestion was stopped
by the addition of 1 pl of EDTA and incubation for 10 min at
65°C. Total RNA concentration in samples was determined
using a NanoDrop ND-1000. First-strand cDNA reaction
consisted of 1ug of DNAsel-treated RNA, 1ul of 10mM
dNTPs mixture, 1 pl of oligonucleotide oligo(dT)12-18 and
milliQ water up to a final volume of 10 pl. Samples were incu-
bated at 65 °C for 5 min and then immediately transferred into
ice for 1 min. After ice incubation, a mixture consisting of 2 ul
of RT buffer 10x, 4 ul of MgCl, 25mM, 2 ul of DTT 0.1 M and
1 ul of the enzyme RNAseOUT (40U 1) was added. After
centrifugation at maximum speed for 20 s, samples were incu-
bated at 42°C for 2min. Then, 1 pl of the retrotranscriptase
SuperScript I RT was added to each reaction and incubated
at 42°C for 50 min, followed by a second incubation at 70 °C
for 15 min, allowing it to cool on ice for 2-3 min at the end of
the process. Finally, 1l of the enzyme RNAseH was added
per sample and the samples were incubated at 37°C during
20 min. The amount of cDNA obtained was measured in a
NanoDrop ND-1000. Samples were stored at —20 °C until use.

Once the cDNA samples of the strains of interests were
generated, dilutions were made at the final concentrations of
100and 10 ng pl™! in water PCR probe. Each reaction mixture
contained 1 pl of the corresponding dilution, 0.3 pl (300 nmol)
of each of the relevant oligonucleotides (Table S1), 8.4 ul of
PCR probe water and 10l of the 2x commercial reaction
mixture (SYBR Green Master Mix, Bio-Rad). A LightCycler96
(Roche) device was used and the PCR conditions applied
were: preincubation at 95 °C for 5min and 40 cycles of 95°C
for 10s plus 65°C for 30s. To obtain the melting curve, a
cycle was used in which the temperature was lowered from
95-65°C at a speed of 4.4°C 10s7".

Protein extraction and immunodetection

Protein extracts for immunodetection were obtained through
the alkaline lysis protocol [40]. Briefly, approximately 6 mg
of lyophilized mycelium was resuspended in 1 ml lysis buffer
(0.2M NaOH, 0.2% {-mercaptoethanol). After trichloroacetic
acid (TCA) precipitation, 100 uL Tris-base (1 M) and 200 pl of
loading buffer [62.5mM Tris/HCl pH=6.8, 2% SDS (p/v), 5%
B-mercaptoethanol (v/v), 6 M urea and 0.05% bromophenol
blue (p/v)] were added. Samples were then loaded and proteins
separated on SDS-polyacrylamide gels (%10), and electro-
transferred to nitrocellulose filters (Trans Blot Turbo transfer
packs) using the Trans Blot Turbo system (BioRad) following
the manufacturers instructions. HA -tagged proteins were
detected using a monoclonal rat a-HA3 (1:1000; clone 3F10;
Sigma-Aldrich). Actin, used as loading control, was detected
using monoclonal mouse a-actin (1:5000; clone C4; MP

Biomedicals). Peroxidase-conjugated goat anti-rat IgG +IgM
(1:4000; Southern Biotech) or anti-mouse (1:4000; Jackson
ImmunoResearch Laboratories) were used as secondary anti-
bodies. Western blots were developed using the Amersham
Biosciences ECL kit and chemiluminescence was detected
using a Chemidoc image system driven by Image Lab Touch
software (version 2.2.0.08; BioRad). Images were processed to
a minimum using Image Lab software (version 6.0; BioRad).

RESULTS

Modification of the proteolytic pattern of SUtA in
response to sodium or alkaline pH stress

To establish the timing for sample collection, immunodetec-
tion experiments were carried out with protein samples of a
strain expressing the fusion protein SltA::HA, (Fig. 1b) [23].
As expected, the three main forms of SItA were immuno-
detected in mycelia grown under standard culture condi-
tions (AMM): the full-length form of 78 kDa, SItA7, and
a proteolysed version of 32kDa, SItA*", also found in a
phosphorylated state, SItA**?*-P (C, control, in Fig. 1b) [23].
Distinctive patterns of SItA 78 kDa and 32kDa forms have
been repeatedly observed (Figs 1b and S1). The addition of 1.0
M sodium (as NaCl) or ambient pH alkalinization (pH 8) by
the addition of 100 mM Na,HPO, caused differential effects
on the relative quantities, and probably on the total quantity,
of these SItA forms. The presence of 1.0 M Na* in the medium
induced a reduction in the levels of SItA7"# in the first 30 min,
followed by an accumulation over time. In contrast, medium
alkalinization caused a transient increase in the levels of
SItA78P2 at 30 min. Both stresses induced a peak of SItA32<P2-p,
the proteolysed and phosphorylated form, at 30 min (Fig. 1b).
However, the 60 min time repeatedly showed a coincidence in
the pattern of SItA forms between both conditions, offering
a comparable time point for further experimental analysis of
gene expression in these abiotic stresses. Thus, to investigate
the effects of these stresses and the role of SItA on the pattern
of gene expression, we decided to extract and sequence RNA
samples after 60 min of induction of sodium or alkaline pH
stress.

Transcriptional profiles under alkaline pH or
sodium stress

Since growth of the sltAA strain under sodium or alkaline pH
stress was completely inhibited on solid medium (Fig. 1a),
sample collection was carried out from liquid cultures after
addition of the compound causing stress (Fig. 2a; see also
the Methods section). Mycelial samples cultured in AMM
were used as controls. Importantly, mycelial cultures had a
pH value of approximately 4 before the addition of sodium
or the shift to pH 8. Both control and sodium stress-induced
cultures maintained the same acidic pH at the time of sample
collection. RNA was extracted in biological duplicates and
sequenced (see the Methods section). PCA and sample
distance plots showed that sample duplicates clustered
together, with a higher similarity between sodium stress and
control samples than those corresponding to alkaline pH
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stress (Fig. S2a, b). The correlation values obtained followed
the general guidelines for biological duplicates, since in all
cases they were between 0.94 and 0.97 (higher than 0.90;
https://www.encodeproject.org/).

Five transcriptional comparisons were carried out with
expression data (Fig. 2b; see also the dispersion of log fold
change values in the MA plots of Fig. S2c). First, the tran-
scriptomes of the reference wild-type strain grown in pH
8 medium versus standard (pH 4) AMM were compared
(number 1 in Fig. 2b). The expression of 1248 genes showed a
log FC value higher than 2 or lower than -2, and were consid-
ered as significantly deregulated. This represents nearly 10%
of the genes annotated in the 36th version of the A. nidulans
genome (https://fungidb.org/common/downloads/release-
36/AnidulansFGSCA4/fasta/data/). Of these, 387 genes were
found to be upregulated (log FC >2) and 861 genes were
found to be downregulated (log,FC <-2) at pH 8. The second
analysis compared the transcriptome of the wild-type strain
grown in AMM supplemented with 1.0 M sodium against the
control condition (number 2 in Fig. 2b), finding 183 genes
up- and 217 genes downregulated. The third set of compari-
sons used the transcriptomes of the null sltA and the refer-
ence wild-type strains in the three culture conditions tested
(numbers 3: AMM; 4: pH 8; and 5: 1.0 M sodium in Fig. 2b),
rendering 348, 750 and 341 upregulated genes, and 764, 735
and 754 downregulated genes, respectively. The number of
differentially expressed genes (DEGs) in each transcriptional
comparison established the framework for further analyses.

Finally, and considering the affinity of SItA for the target
sequence 5-AGGCA-3' [5], cumulative distribution fraction
plots were drawn with the aim of correlating in each of the
above-described transcriptomic comparisons log FC values
with the number of SItA target sites in gene promoters (groups
of promoters with 0, 1, 2, 3, 4 and >5 SItA target motifs in the
first 1000 bp upstream of the starting ATG were differenti-
ated) (Fig. 2¢). The general results suggest that mainly the
response to pH 8, but also that to NaCl, does not exclusively
depend on the number of putative SltA-binding sites on target
promoters (first two plots in Fig. 2c). In all probability, this
occurs because SltA-independent regulatory mechanisms are
also required for alkaline pH and sodium homeostasis. They
also suggest that an increase in the number of SItA target
sequences in a given promoter correlates with a stronger
dependence on the positive regulatory activity of SItA (lower
log FC values) in any of the three culture conditions tested
(sItAA vs wild-type comparisons in Fig. 2¢).

Alkaline pH causes a deregulation of genes coding
for membrane transporters, with different levels of
dependence on SItA activity

In the wild-type strain, there were twice as many downregu-
lated genes at pH 8 compared to upregulated genes (861 vs
387 genes), suggesting that adaptation to medium alkaliniza-
tion after a shift from an acid culture involves the induction
but mainly the repression of specific sets of genes. Analyses
of the lists of significantly up- and downregulated genes

(Table S3; see also a specific bioinformatic analysis of genes
with the Top100 log,FC values in Tables S4 and S5) confirmed
the previously described upregulation of ‘alkaline-expressed
genes’ such as pacC/An2855, aflR/An7820 and enaA/An6642
[2, 5, 41, 42], and the downregulation of ‘acid-expressed
genes’ such as palF/An1844 (see below) [43]. These results
support the reliability of the expression values obtained by
RNA sequencing. Nevertheless, the expression of sitA/An2919
itself was high and was not significantly altered in the wild-
type strain, suggesting that the transcription factor plays
important roles in the three culture conditions studied.

The heatmap in Fig. 3a includes all the genes up- and down-
regulated at pH 8 in the reference wild-type strain, but was
built considering their row Z scores for all conditions and
genetic backgrounds tested. The upper clade in the tree
contains genes that are upregulated and the lower clade those
downregulated at pH 8 (blue and red, respectively). Multiple
gene expression patterns could be differentiated. Highlighted
are five main expression clusters among upregulated genes
and three among downregulated genes at alkaline pH. Those
clusters of gene expression also uncovered different levels
of dependence on SItA activity. Clusters B to D (Fig. 3b-d)
correspond to those genes upregulated in the wild-type strain
at pH 8. We differentiated three patterns of expression upon
SItA activity: (i) the transcription of those in (b) is partially
dependent on SItA (Fig. 3b), (ii) the transcription of those in
(c) is totally dependent on SItA (Fig. 3c); and (iii) the tran-
scription of those in (d) is apparently independent of SItA
activity (Fig. 3d). These results suggest that the response to
alkaline pH implies SltA-dependent and SltA-independent
mechanisms and, in some cases, most probably the participa-
tion of additional regulators in cooperation with SItA.

Cluster E (Fig. 3e) includes genes that are upregulated both
at pH 8 and in medium supplemented with 1.0 M Na*. This
result showed that the responses to these two types of abiotic
stress may partially overlap. The expression of genes in cluster
E is SltA-dependent under all conditions tested. To extend the
diversity of gene expression patterns at pH 8, we show a small
cluster (Fig. 3f) in which most genes are upregulated at pH 8
in the wild-type strain and also in the sltAA strain under all
conditions tested.

Among downregulated genes at pH 8, we point to three
interesting clusters. There are those genes whose expression
is downregulated at pH 8 but not under 1.0 M Na* stress
(cluster G in Fig. 3g), and there are those whose expression
is downregulated under both stress conditions (cluster H in
Fig. 3h). Notably, SItA activity is required for the expression
of those genes in any condition. The third cluster shows an
opposed effect of lacking SItA activity, since in the wild-type
strain these genes are downregulated at pH 8 but upregulated
in the sitAA background under all conditions tested (cluster
Iin Fig. 3i). The overall data suggest that besides acting as an
inducer, SItA may have a role as a repressor of transcription.

Finally, we analysed the enrichment of Interpro domains
within proteins coded by genes significantly up- or down-
regulated at pH 8 (Fig. 3j). In both groups, the MFS and
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Fig. 3. Transcriptional response of A. nidulans to alkaline pH. (a) Heatmap showing the changes in expression of the genes significantly
upregulated (blue; upper clade of the tree) and downregulated (red; bottom clade) at pH 8, for all six conditions and backgrounds tested.
(b—i) Multiple expression clusters can be differentiated. (b) Genes upregulated at pH 8 and partially dependent on SltA at pH 8. (c) Genes
upregulated at pH 8 and downregulated in the sltAA background under all conditions tested. (d) Genes upregulated at pH 8, almost
independently of SItA at pH 8. (e) Genes upregulated both at pH 8 and in medium supplemented with 1M Na*; SltA-dependent. (f) Genes
upregulated at pH 8 and also upregulated in the sltAA background under all conditions tested. (g) Genes downregulated at pH 8 but not
in culture medium supplemented with 1.0 M Na*, and in a SltA-dependent manner. (h) Genes downregulated at pH 8 and in the sltAA
background under all conditions tested. (i) Genes downregulated at pH 8 but upregulated in the sltAA background under all conditions
tested. (j) Bar plot showing the number of DEGs coding for proteins predicted to contain significantly enriched Interpro domains. Blue
indicates significantly upregulated genes at pH 8, while downregulated genes are highlighted in red. Genes coding for major facilitator
superfamily transporters are the Top1 up- and downregulated gene family.
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NAD(P)-binding domain-containing proteins were the
Topl and Top2 families, suggesting that the response to pH 8
involves a significant reorganization of the plasma membrane
(and other subcellular membranes) and its transporters. In
this sense, the enrichment of ABC transporters and cation/
H* exchangers among proteins coded by genes upregulated at
pH 8 is also of note. Other enriched Interpro domains were,
for example, those related to primary and secondary metabo-
lism among the downregulated set of genes and transcription
factors (mainly Zn cluster-type TFs) in the upregulated set.

Transcriptional response to sodium stress

A similar approach was followed to analyse RNA sequencing
data for the samples corresponding to sodium stress compared
to the control condition. In this case, the number of signifi-
cantly up- or downregulated genes is clearly lower than the
figures described for pH 8, suggesting that sodium stress
has a smaller impact on the transcriptome of A. nidulans.
Similarly, a preliminary analysis of the lists of significantly
up- and downregulated genes (Table S6; see also a specific
bioinformatic analysis of Top100 genes in Tables S7 and S8)
showed that among previously known SltA-dependent and/or
stress response genes, only sB/An2730, coding the principal
sulfate transporter, varied (upregulation) significantly in its
expression under sodium stress (see e.g. the upregulation of
pacC/An2855, enaA/An6642 or aflR/An7820, but not that of
sB, at pH 8) (Tables S6 and S7).

Six gene expression clusters are highlighted in the heatmap
in Fig. 4a [see panels (b-g)], with two of them corresponding
to the clade of upregulated genes and the remaining four
corresponding to the clade of downregulated genes. Among
the upregulated genes, we identified two clusters that were
dependent on SItA activity and also activated by sodium stress.
Cluster B shows the presence of multiple genes that are upregu-
lated mainly or exclusively under sodium stress (Fig. 4b), while
cluster C highlights genes that are upregulated both at pH 8 and
under 1.0 M Na* stress (Fig. 4c). Those genes would be common
to both response mechanisms (see also Fig. 3e).

Among downregulated genes, cluster D contains genes that
were downregulated at pH 8, though mainly in 1.0 M Na’,
but were upregulated in the sltAA background under all
conditions tested (Fig. 4d). Cluster E groups genes that were
upregulated at pH 8 but downregulated in medium supple-
mented with 1.0 M Na*, with different patterns of depend-
ence on SltA activity at pH 8 (independent or with positive
dependence on SltA; Fig. 4e). Cluster F designates genes that
were only downregulated in medium supplemented with 1.0
M Na* and that were strongly dependent on the positive SItA
activity in AMM and at pH 8 (Fig. 4f). Finally, the genes in
cluster G were expressed in AMM and downregulated in the
rest of conditions and backgrounds tested (Fig. 4g).

The significantly enriched Interpro domains predicted in the
proteins encoded by genes with up- or downregulation under
sodium stress (Fig. 4h) differed from those described in the
case of pH 8 (see Fig. 3j for a comparison). However, other
families, such as MFS (Top1, upregulated), NAD(P)-binding

domain or Zn binuclear cluster-type TFs (Top2, upregulated),
were common to the response to alkaline pH. Thus, we decided
to analyse the sets and specific subsets of genes significantly
deregulated at pH 8 and under sodium stress in greater depth.

Transcriptional responses under alkaline pH and
sodium stress differ significantly

Only 43 genes were upregulated by both alkaline and salt stress
from a total number of 387 (pH 8) and 183 (1.0 M Na*), respec-
tively (only 3 when Top100 tables were compared; Fig. 5a). Those
genes upregulated simultaneously included the ethanol regulon
[44], which extends from An8977 to An8982 in ChrVII (only
An8982 was not significantly upregulated in both conditions).
This observation, as well as the upregulation of genes coding for
MES proteins annotated as solute : H* symporters with a role
in glycerol transport (such as An9168, the orthologue of slt1 of
Saccharomyces cerevisiae, which is induced by osmotic shock
[45]), may be related to an osmoregulation mechanism induced
by pH 8 but primarily sodium stress. Indeed, in the yeast Pichia
sorbitophila it has been seen that the ethanol regulon is induced
by glycerol accumulated in response to sodium stress and that
the main role of this system is osmoregulation, through accu-
mulation of glycerol inside cells to compensate stress caused by
alkaline pH or NaCl [46].

The number of simultaneously deregulated genes at pH 8 and
1.0 M Na* increased to 74 in the sets of downregulated genes,
from a total number of 861 (pH 8) and 217 (1.0 M Na*), respec-
tively (only 18 when Top100 tables were compared; Fig. 5a).
Again, we found little overlap when up- and downregulated
genes coding for MFS or TFs were compared (Fig. 5a) or in
the heatmaps shown in Fig. 5b, ¢ (see e.g. genes coding for
TFs that are upregulated both at pH 8 and 1.0 M Na* in a SItA-
dependent manner, such as An8978/alcR, coding for the TF of
the ethanol regulon, An11818 or An6747). The differences in
the transcriptional responses to alkaline pH and sodium stress
were also supported by the analysis of those genes coding for
proteins involved in secondary metabolite (SM) production
(Fig. 5a). Panel (d) shows the deregulation of mainly different
subsets of SM genes, such as the upregulation of penicillin
and sterigmatocystin cluster genes at pH 8 [42, 47], or the
downregulation of pkdA, aspyridone and pkh clusters at pH
8, with only the dba cluster also being downregulated under
sodium stress [48-51]. Overall, the results strongly suggest
that the transcriptional responses to sodium and alkaline pH
stress differ significantly.

Deletion of SltA causes a profound reprogramming
of gene expression, with specific subsets of DEGs
depending on culture conditions

Next, we focused on the effect of sltA deletion on gene expres-
sion, based on three transcriptomic comparisons with the
reference wild-type strain: under standard culture conditions
(AMM), at pH 8 and after the addition of 1.0 M NaCl. We
found that 139 genes were significantly upregulated and 295
were downregulated simultaneously in the three transcriptomic
comparisons, with additional subsets of genes being deregu-
lated in 2 or only 1 of the comparisons (Fig. 6a, b; see also Venn
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Fig. 4. Transcriptional response of A. nidulans to sodium (1.0 M NaCl) stress. (a) Heatmap showing the changes in expression of the
genes significantly upregulated (blue; upper clade) and downregulated (red; bottom clade) in medium supplemented with 1.0 M Na*, for
all six conditions and backgrounds tested. (b—i) Again, multiple expression clusters can be differentiated. (b) Genes upregulated mainly
or exclusively under sodium stress and in a SltA-dependent way. (c) Genes upregulated both at pH 8 and in medium supplemented with
1.0 M Na*; SltA-dependent. (d) Genes downregulated at pH 8 but mainly in 1.0 M Na* but upregulated in the sltAA background under
all conditions tested. (e) Genes upregulated at pH 8 but downregulated in medium supplemented with 1.0 M Na* (different dependence
patterns on SUtA at pH 8). (f) Genes downregulated only in medium supplemented with 1.0 M Na*; SltA-dependent in standard minimal
medium and at pH 8. (g) Genes expressed in AMM and downregulated for the rest of the conditions and backgrounds tested. (j) Bar
plot showing the number of genes coding for proteins predicted to contain significantly enriched Interpro domains. Blue indicates
significantly upregulated genes under Na* stress, while downregulated genes are highlighted in red. As at pH 8, the genes coding for
MFS transporters are the Top1 up- and downregulated gene family.

diagrams corresponding to Top100 lists of DEGs). These figures
suggest that deletion of sifA has a general effect on gene expres-
sion independently of culture conditions, but also that there are
most probably specific roles for SItA in transcriptional regula-
tion at alkaline pH or sodium stress, as suggested earlier.

10

Again, multiple expression clusters could be differentiated from
the expression patterns of significantly deregulated genes when
sltAA and wild-type samples cultured in AMM were compared
(Fig. 6¢-1). In the tables of genes corresponding to this compar-
ison (Table S9; see also a specific bioinformatic analysis of
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Fig. 5. Differential transcriptional responses of A. nidulans to alkaline pH or cation stress. (a) Venn diagrams showing specific and
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the first 100 DEGs of each comparison. The rest of the Venn diagrams

focus on the up-/downregulation of genes coding for MFS, TFs and SM clusters. (b, c) Heatmaps showing the changes in expression of
the genes that, coding for MFS transporters (b) or TFs (c), are significantly deregulated at pH 8 and/or in 1.0 M Na*, for all six conditions

and backgrounds tested. The results suggest a very low degree
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Fig. 6. Comparison of s{tAA and wild-type transcriptomes under standard culture conditions. (a,b) Venn diagrams showing the number
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proteins predicted to contain significantly enriched Interpro domains. Blue indicates significantly upregulated genes in the sltAA strain
in AMM, while downregulated genes are highlighted in red.
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Top100 genes in Tables S10 and S11), we found that previously
known SltA-related genes such as enaA/An6642, aflR/An7820
or brlA/An0973 were significantly downregulated and putative
vacuolar calcium ATPases pmcA/An1189 and pmcB/An4920
were upregulated in the null sitA strain [5, 52, 53]. Cluster
D corresponds to genes upregulated under all conditions in
the sltAA strain and at pH 8 in the reference wild-type strain
(Fig. 6d). Cluster E highlights genes with lower expression
levels in the wild-type strain compared to the null sitfA mutant
(Fig. 6e), under all conditions, and probably corresponds to the
subset of 139 genes mentioned in Fig. 6a (left). The remaining
four expression clusters highlighted in the heatmap of Fig. 6
correspond to genes that were downregulated in the null sitA
strain in AMM (lower clade of the heatmap). Cluster F shows
genes that were downregulated in the sltA mutant under all
conditions tested (Fig. 6f). Cluster G includes those genes
with higher expression levels in the wild-type strain in AMM
but downregulated in the rest of samples (Fig. 6g). Cluster H
highlights those genes downregulated under all conditions in
the sltAA strain and at pH 8 in the reference wild-type strain
(Fig. 6h). Finally, cluster I groups genes were upregulated at
pH 8 in the wild-type strain but downregulated in the null sltA
background under all conditions (Fig. 6i).

GO enrichment analyses showed that most GO terms among
upregulated genes were related to ribosome biogenesis and
translation (Fig. 6j), suggesting that deletion of sltA caused
a ribosomal stress that would correlate with the vegetative
growth and developmental phenotypes of the null strain on
AMM (see Fig. 1a). We also found that a majority of GO terms
related to primary and mainly secondary metabolism among
deregulated genes. A hypothetical deregulation of secondary
metabolism would correlate with an induction of ribosomal
stress [50, 51]. These results were confirmed by the Interpro
domains enriched in the proteins coded by DEGs (Fig. 6k).
Of note is, again, the downregulation of MFS transporter-
coding genes, those coding for NAD(P)-binding proteins
and those coding for TFs, suggesting that the previously
mentioned deregulation of these groups of genes depends, at
least partially, on SItA.

In the tables of genes corresponding to the comparison
between sltAA and wild-type strains at pH 8 (Table S12;
see also a specific bioinformatic analysis of Top100 genes in
Tables S13 and S14) or sodium stress (Tables S15-S17), we
found that previously known SltA-regulated genes such as
vexA/An0471, pmcA/An1189 and pmcB/An4920 were signifi-
cantly upregulated, while others such as sltB/An6132, afIR/
An7820, enaA/An6642 and brlA/An0973 were downregulated
[5, 24, 52, 53]. The clusters inferred from the heatmaps in
Figs S3a and S4a confirmed most of the gene expression
patterns described above for the comparison of the same
strains in AMM (see Figs S3b—h and S4b-j). In this case, and
as described for the wild-type strain, genes coding for MFS
transporters, NAD(P)-binding domain proteins and TFs
(Zn2Cys6 and C2H2 types) were among most significantly
deregulated ones (Figs S3h-k). Overall, the results suggest
that SItA has a broad positive role in the control of genetic
pathways.
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SUtA function is required for proper expression of
pacC and palF genes

The RNA sequencing data agreed with previous results that
showed that pacC is an alkaline-expressed gene and palF is
an acid-expressed gene [2, 43]. In this opposed regulation
PacC has been suggested to play an important role in an
auto-regulatory model of the ambient pH regulatory system.
However, the expression levels of pacC and palF were markedly
altered in the null sitA background. RNAseq data evidenced
that upregulation of pacC expression caused by medium alka-
linization was lost in the sltA mutant (Fig. 7a) without being
affected at those levels found at acid pH (AMM). In contrast,
palF expression was notably reduced at acid pH, close to those
levels found at alkaline pH (Fig. 7b). To verify this finding,
independent biological repetitions were performed and pacC
and palF expression was determined by means of quantitative
PCR. The results of qPCRs, using a-tubulin coding gene benA
as a control, were similar to those found in RNA sequencing
experiments (Fig. 7a, b, compare RNA-seq and qPCR charts).
Absence of SItA activity caused deregulation of these prin-
cipal genes in the ambient pH regulatory system.

Finally, to determine whether the expression of sitA and pacC
was interdependent, we analysed the relative expression of the
former in pacC 6309 and pacC 6310 mutants, suppressors
of pacC63 allele, which express truncated non-functional
versions of PacC (Met5fs and His164fs, respectively) [54].
qPCR results did not show any downregulation (but a slight
upregulation) of sltA in these pacC™ mutant backgrounds
(Fig. 7c), suggesting that the expression of both genes is not
interdependent.

DISCUSSION

Tolerance to abiotic stress conditions has served as a basis for
the classification of micro-organisms. The capacity to grow at
a given pH results in differentiating acidophiles, neutrophiles
and alkaliphiles, while those organisms able to thrive when
alkali cations, such as sodium, are present in high quantities
are known as halo-tolerants (recently reviewed in [55]). Of
course, tolerance relies on genomes coding for subsets of
proteins enabling adaptation to those abiotic stress conditions
and also the induction of regulatory mechanisms that coordi-
nate the scheduled expression of those resistance genes [56].
A. nidulans has served as an important reference system to
investigate these abiotic stress-responsive pathways (recently
reviewed in [1]).

In this work, we have focused on studying the transcriptional
response to alkalinization of the extracellular medium and
to high concentrations of extracellular sodium. Both stress
conditions compromise the colonial growth capacity of
A. nidulans, particularly when the function of the transcrip-
tional factor SItA is lost (Fig. 1a) [5, 23]. Here we show that
over time A. nidulans modulates the relative amounts of the
three main forms of SItA, SItA”* as well as phosphorylated
and non-phosphorylated SItA’*P forms, differently, after the
induction of each stress condition (Fig. 1b). This observation
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suggests that all forms of SItA may play a role in control-
ling gene expression, and that specific relative amounts are
required to coordinate the adequate transcriptional response
to each stimulus. To determine this transcriptional response,
we concentrated at the time point of 60 min after the induc-
tion of stress, because this time point consistently showed a
similar distribution of SItA forms in two markedly different
response patterns to both stresses (Fig. 1b).

Comparisons of RNA sequencing results in the wild-type
strain revealed important transcriptomic differences between
the responses to medium alkalinization and sodium stress.
The PCA plot (Fig. S1) denotes that ambient pH alkalinization
causes a major modification of the transcriptional pattern,
while the addition of sodium has a more specific effect.
Subsequent comparisons supported the above conclusion,
with the observation that only a few genes are simultaneously
deregulated in the wild-type strain when each of the two types
of stress is induced (Fig. 5a). Among upregulated genes, 43
are common but 344 are specific to alkaline pH response
and 140 are specific to high sodium response. By contrast,
74 genes are downregulated in both conditions and 788 and
143 genes are specifically downregulated at pH 8 and under
high sodium, respectively. Ethanol regulon and glycerol/H*
symporters are part of this common response. The accumula-
tion of osmolytes such as glycerol or trehalose is a common
mechanism of osmoregulation [57]. Although the anabolic
pathway of glycerol (or the expression of vosA/An1959, which
codes for a transcriptional regulator of trehalose synthesis
[58]) is not found in the list of DEGs, the upregulation of
the ethanol regulon and glycerol/H* symporters suggests that
intracellular accumulation of glycerol is probably a primary
response to these abiotic stresses in A. nidulans, and one that
is more prominent in the case of high sodium concentrations.

Intracellular production of glycerol as an osmolyte is regu-
lated by the mitogen-activated protein kinase cascade HOG
through the transcription factor MsnA/An1652 [41, 59, 60].
In the wild-type strain, none of the genes encoding elements
of this pathway (reviewed in [56, 61, 62]) are included in the
DEG lists of this work. This is interesting because the absence
of any of the elements of the MAP kinase cascade, sskB/
An10153 (MAPKKK), pbsA (alias pbsB)/An0931 (MAPKK)
and hogA/sakA/An1017 (MAPK), cause sensitivity to high
NaCl [61]. The work of Han and Prade [41] showed a transient
upregulation of pbsA and hogA after exposure to 1 M sodium.
Our results agree with their observation that expression of
both genes decreased after a peak at 30 min and led us to
conclude that this key signalling pathway in osmoregulation
is not subjected to transcriptional up- or downregulation after
60 min of the response to alkaline or sodium stress. Which,
then, is the main transcriptional response observed in the
wild-type? At alkaline pH, among the most upregulated genes
are those coding for sodium ATPases, enaA/AN6642 and
enaB/AN1628, the Pi/Na* symporter Pho89-like/AN8956,
and two sodium/H* antiporters (AN5035 and AN4131) of
the Nhal family [5, 41, 63]. The upregulation of these ion
transporters could reflect the need for sodium and phos-
phate detoxification or for the accumulation of protons to
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compensate for intracellular alkalinization caused by the
addition of the buffer. However, this response is specific to
alkaline pH because these genes are not significantly deregu-
lated in the response to sodium. In contrast, sodium generates
a more general response: the previously described activation
of ethanol regulon and a deregulation of genes related to
primary metabolism of carbon and nitrogen sources. This
effect on primary metabolisms has previously been described
as a general response to environmental stress [56, 62].

What is the role of SItA in transcription? The absence of
SItA causes evident changes in the pattern of gene expres-
sion compared to the wild-type strain, both in the absence
or presence of alkaline pH/sodium stress conditions. This is
well illustrated by the PCA plot in Fig. Sla, in which data
from the null strain do not cluster with and are distant from
those of the reference strain. The need for SItA activity under
non-stressing conditions is well supported by the vegetative
growth and developmental phenotype of the null strain, and
also the detection of the three forms of SItA in the wild-type
background (Fig. 1b). The increase of full-length SItA form at
early time-points after alkaline pH stress induction suggests
either a role for this form or the effect of a pH-dependent
upregulation of sltA expression which is not observed in our
RNA sequencing data at 60 min. In contrast, the truncated
32kDa form predominates at high sodium concentrations.
These observations might explain previous results in which
the sole expression of a form mimicking the SItA**™ truncated
version suffices to enable wild-type growth rates in sodium
stress, but not at alkaline pH [23]. Thus, SItA”"* may play
a role in the response to alkalinity and SItA*** under both
stress conditions. In addition, these changes in the patterns
of SItA forms in response to pH 8 and sodium stress predict
differential expression levels of sItA, but our RNA sequencing
data showed no major changes at 60 min. Interestingly, sitA
promoter contains four putative SltA-binding sites within
1.5kb from ATG, two very close to the possible transcription
start point, suggesting the possibility of autorregulation. Thus,
extensive and specific studies on the mechanisms affecting
sltA expression levels will be required (see also below).

More than a thousand genes are likely to be significantly
deregulated in each of the three wild-type versus sltAA
comparisons (i.e. 1112 genes under standard, non-stressing,
culture conditions; Fig. 2b) and may require the direct or
indirect activity of SItA. Among them, we found genes that are
up- and downregulated, confirming our previous hypothesis
that SItA may play a dual role as a repressor and as an activator
[5,52]. RNA sequencing data confirm that SItB, coding for the
protease that cleaves SItA, is among the genes that are posi-
tively dependent on SItA activity [23]. Other known targets of
SItA are also present among DEGs (see the Results section).
However, the most representative GO classes upregulated in
the null sltA strain under non-stressing conditions are related
to ribosome biogenesis and translation (Fig. 6j, k), indicating
that the absence of SItA forces a mis-scheduled regulation of
the expression of these genes. The deregulation of the expres-
sion of ribosome-forming or regulatory proteins has been
related to a general response to ambient stress [56]. It must
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therefore be assumed that part of the deregulation observed
here may be due to an indirect effect of the absence of SltA.
Using other means to establish the genes that are regulated
directly by SItA itself or by transcriptional factor cascades
regulated by SItA will help to provide a definitive picture.
The presence of SItA targets in the promoters will help us to
determine the range of action of SItA.

Several transcriptional regulators are subject to SItA control.
Expression of msnA/Anl652, a transducer of the HOG
osmoregulatory pathway [41], is significantly downregulated
in the null sltA background. In S. cerevisiae, ALD2 gene,
coding for cytoplasmic aldehyde dehydrogenase [64], is under
regulation of Msn1p, the MsnA homologue. In concordance,
the homologue of ALD2 in A. nidulans, AN9034, is strongly
downregulated in the null sitA background. Predictably, the
product of AN9034 converts acetaldehyde in acetyl-CoA
and its downregulation in the null sltA strain might cause
the intracellular elevation of toxic aldehydes, as has been
described in yeast [64], contributing to the reduced viability of
the sltAA mutant under the stress conditions analysed in this
work. Other transcription factor-coding genes deregulated in
the sitA deletion strain belong to well-known SM biosynthetic
clusters [65], evidencing regulation by ambient stress and/
or in concert with SItA regulation. As previously known, the
penicillin cluster is one of this alkaline pH-activated SM path-
ways [47], but only acvA/An2622 (ACV-peptide synthase)
and ipnA/An2621 (isopenicillin N synthase), the genes coding
for the first two enzymes, are among the Top100 upregulated
genes at alkaline pH (Fig. 5d). The penicillin pathway is not
under SItA regulation, but certainly SItA plays an important
role in the regulation of the aflatoxin pathway [53], probably
by positively regulating the expression of the zinc binuclear
cluster-coding gene afIR/An7820 (Tables S9 and S12). Other
deregulated SM pathways at alkaline pH are the pkh cluster,
most likely through downregulation of the predicted specific
regulator AN2036, the pkdA cluster, the aspyridone pathway
(probably via downregulating the specific transcription factor
apdR/An8414) or upregulation of the terrequinone cluster, via
upregulation of tdiB/An8514 and tdiC/An8518 genes. Several
genes of contiguous clusters dba and F9775 are deregulated
under sodium stress (Fig. 5d). Thus, abiotic stresses and SItA
are key regulators of several SM pathways [65].

In particular, this investigation opens an avenue for defining
the hierarchy among the main transcriptional regulators
controlling the response to ambient pH. PacC, the transcrip-
tion factor regulating ambient pH response, is upregulated
at alkaline pH, as has been shown previously (Figs 5c and
7) [2, 43]. The absence of SItA function strongly reduces
the upregulation of pacC/An2855 at alkaline pH, and this
has been confirmed using an alternative null slfA strain and
through qPCR analyses (Fig. 7a). Transcriptional upregula-
tion of pacC has been proposed as a key step in the PacC-Pal
ambient pH pathway, and thus the fact that pacC transcription
levels remain close to those determined at acid pH in the null
sltA mutant suggests that there is a significant mismatch in
the PacC signalling process. In agreement with this idea, the
acid-expressed gene palF/An1844, coding for the signalling
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arrestin-like protein [43], is also not properly upregulated at
acid pH in the sltA mutant. Overall, these data suggest an
important role of SItA in modulating signalling in the PacC/Pal
pathway in response to alkaline pH. Recently, PacX/An0766,
a negative regulator, was included in this pathway [43]. Here,
SItA is proposed to act as a positive regulator of pacC and palF
expression. The presence of three putative SltA-binding sites
at the pacC promoter (first 1000 bp; not shown) suggests a
direct role of SItA through direct interaction with those sites.
Furthermore, here we have described a correlation between
the number of SItA target sites in a promoter and an increase
in the fold change values of wild-type versus sitfAA samples,
although this is clearly not the only requirement for a direct
transcriptional dependence on SItA activity, since there are
multiple genes with multiple SItA sites in their promoters, but
with log FC values between —1 and 1. On the other hand, no
SItA-binding sites are found in the palF promoter, suggesting
an indirect function or recognition of alternative target sites.
Future work will focus on delimiting the role of SItA on the
ambient pH regulatory pathway and whether corregulation
with PacX/An0766 occurs, since both SltA and PacX are tran-
scription factors specific to the subphylum Pezizomycotina
[5,23, 43]. In the context of ancient gene rewiring phenomena
[66], both factors may have been recruited for new functions
in ancestors of Aspergillus species. Deciphering the roles of
SItA in distant Pezizomycotina species would contribute to
our understanding these genetic processes and dissection of
the mechanisms of abiotic stress response in fungi.

CONCLUSIONS

Our data suggest that alkaline pH and sodium stress responses
in Aspergillus nidulans are largely distinct, with only a small
fraction of common elements. Adaptation to alkaline pH
apparently requires a more general transcriptional response,
while the response is more specific in the case of sodium
stress. Both stress responses probably include a general
reorganization of lipid bilayers and their transporters, but
probably using different subsets of proteins, suggesting that
the study of each response will require specific experimental
approaches in the future. The transcription factor SItA plays a
key role in both responses, and also the control of, for example,
SM and development. Furthermore, there is a dependence of
pacC expression on SItA activity, but not in the opposite way,
suggesting that there is a hierarchical relationship between
these two transcription factors. Future studies will elucidate
how this dependence is established in A. nidulans.
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