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Abstract: Microbial cells interact with the environment by adapting to external changes. Signal
transduction pathways participate in both sensing and responding in the form of modification of
gene expression patterns, enabling cell survival. The filamentous fungal-specific SItA pathway
regulates tolerance to alkalinity, elevated cation concentrations and, as shown in this work, also
stress conditions induced by borates. Growth of s/tA- mutants is inhibited by increasing millimolar
concentrations of boric acid or borax (sodium tetraborate). In an attempt to identify genes required
for boron-stress response, we determined the boric acid or borax-dependent expression of sbtA and
sbtB, orthologs of Saccharomyces cerevisiae borl, and a reduction in their transcript levels in a As/tA
mutant. Deletion of sbtA, but mainly that of sbtB, decreased the tolerance to boric acid or borax. In
contrast, null mutants of genes coding for additional transporters of the Solute Carrier (SLC)
family, sB, sbtD or sbtE, showed an unaltered growth pattern under the same stress conditions.
Taken together, our results suggest that the SItA pathway induces, through SbtA and SbtB, the
export of toxic concentrations of borates, which have largely recognized antimicrobial properties.

Keywords: filamentous fungi; stress-response; boron tolerance; morphogenesis; transcriptional
regulation; SLC-family transporters

1. Introduction

The interaction of organisms with the environment involves sensing and responding
mechanisms. Filamentous fungi have developed multiple signal-transduction pathways. Some of
them induce developmental responses under suboptimal growth conditions or in the presence of
abiotic signals such as those involving air or light [1-3]. Others, such as those controlled by
transcription factors (TFs) AP-1, PacC/Rim101, Crzl or SltA/Acel, act as principal regulatory
mechanisms to minimize the effect of oxygen or nitrogen species (AP-1), control pH homeostasis
(PacC/Rim101), and avoid a toxic intracellular accumulation of numerous mono and divalent cations
(Crzl and SItA/Acel) [4-7].

SItA is a filamentous fungal-specific C2He-type zinc finger transcription factor mediating
tolerance of the model ascomycete Aspergillus nidulans to alkalinity and high extracellular
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concentrations of cations such as sodium, potassium, lithium, cesium or magnesium [8-10].
Different forms of SltA are found in the cell. The full-length SItA version of 78 kDa (SItA78kDa) is
proteolytically processed to render a truncated, active form of 32 kDa (SItA32kDa), which starts near
amino acid 400, comprises the DNA-binding domain plus a C-terminal region that is poorly
conserved among homologues and is subjected to a phosphorylation step (Figure 1) [6]. Proteolysis of
SItA is performed by SItB through the activity of its chymotrypsin-like-protease domain. Expression of
sltB is positively regulated by SItA and SItB auto-proteolyzes before proteolyzing SItA [6].

SItA::HA
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SltB-mediated
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—_>|: - TGt AIHe
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Figure 1. Proteolytic processing of SItA in Aspergillus nidulans. The full-length SItA78kDa form is
proteolytically cleaved by SItB to render a truncated, active form of 32 kDa (SItA32kDa). This form
comprises the DNA-binding domain (DBD) plus the poorly conserved C-terminal region, and is
phosphorylated (low mobility SIltA32kDa band). Shown is an immunodetection of SItA forms tagged
at the C-terminus with three copies of the hemagglutinin (HA) tag, SIltA:HA for brevity. Modified
from [6].

Despite recent knowledge of the signaling mechanism of SltA, little is known about its
transcriptional role. SItA recognizes a 5-AGGCA sequence through its highly conserved
DNA-binding domain, composed of three zinc fingers. Among genes positively regulated by SItA
are enaA, encoding a sodium pump ATPase, as well as pmaA and pmaB, encoding vacuolar calcium
ATPases [9,11]. In contrast, the vacuolar calcium exchanger-coding gene vcxA is negatively
regulated [9]. The hypervacuolization phenotype of sltA- mutations and their ability to suppress the
strong morphological defect caused by mutations in some of the vacuolar sorting protein genes
(vps), indicate that SItA is involved in the organization of intracellular transport and
endomembranes [8,11]. SItA also participates in the transcriptional regulation of nsdD, steA and brlA
expression, which code for key TFs of A. nidulans asexual and sexual development, and also in
sterigmatocystin production through positive regulation of afIR and stcU genes [12]. SItA
homologues have been characterized in Hypocrea jecorina (Acel) and Colletotrichum gloeosporioides
(CgSItA). Acel is a negative regulator of cellulase and xylanase genes [13], while CgSItA is a positive
regulator of pmkl and catl, encoding respectively a MAP kinase and a carnitine acetyl transferase
required for appressorium formation [14].

In this work, we show that SItA is also required for the tolerance of A. nidulans to stress
conditions induced by high concentrations of borates. The addition of boric acid or borax (sodium
tetraborate) to the culture medium reduced radial extension of the null and specific loss-of-function
mutants of sltA. Since various boron-containing compounds have antimicrobial properties, we tried
to identify transporters involved in the detoxification of harmful concentrations of borate and
characterize their relationship with SItA. Considering that a member of the solute carrier
(SLC)-family protein, Borl, mediates the response to boron-stress in Saccharomyces cerevisiae [15], the
phenotype of strains bearing deletions in genes coding for SLC-family proteins was analyzed. Only
SbtA and SbtB, the putative orthologs of Borlp, were required for the tolerance to boron-stress,
being their transcript levels positively regulated by borate and SItA.
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2. Materials and Methods

2.1. Sequence Analyses

Sequence analysis of sbtA/An4904, sbtB/An0218, sB/An2730 [16], sbtD/An3157 and
sbtE/An3665 was done using our RNA-sequencing (RNA-seq) results [17,18] and AspGD
(http://www .aspergillusgenome.org/) or FungiDB (http://fungidb.org) databases. Mapping of
RNA-seq reads at corresponding loci was visualized using the Integrative Genomics Viewer (IGV)
software (Broad Institute, Cambridge, MA, USA). Predictions of the coding region of sbtB made by
the AspGD and FungiDB databases overlooked the presence of a processed intron within the
predicted third exon, which was confirmed by RNA-seq results (Figure S1) [18,19]. This intron
corresponded to a region of 21 amino acids (253-273) of SbtB, which was not considered for BLAST
analyses. These were done at the National Center for Biotechnology Information NCBI
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and EMBL-EBI (http://www.ebi.ac.uk/Tools/sss/ncbiblast/)
websites. The sequences of predicted homologs were aligned using ClustalW (http://www.ch.
embnet.org/software/ClustalW.html) or Clustal omega (http://www.ebi.ac.uk/Tools/msa/clustalo/) and
visualized with open-source Genedoc, version 2.7, windows program (Pittsburg supercomputing center,
Pittsburg, PA, USA). Phylogenetic trees were built using Mega, version 4.0 [20].

2.2. Strains, Oligonucleotides, Culture Conditions and Protoplast Transformation

The Aspergillus nidulans strains and oligonucleotides used in this work are shown in Tables S1
and S2. The Oligonucleotides were combined in different Polymerase Chain Reactions (PCR) in
order to amplify and subsequently fuse, through fusion-PCR, 5'- and 3'-UTR regions of sbtA, sbtB,
sB/sbtC, sbtD or sbtE, to Aspergillus fumigatus marker genes pyrG4 or riboB% (Figure S2) [21].
Fusion-PCR constructs were used to transform protoplasts of the wild-type strains TN0O2A3 or
TNO02A25 [22]. Selection of transformants was based on pyrG* or riboB* phenotypes, depending on
the selection marker (pyrG# or riboB#) included in the construct used to transform protoplasts. For
the generation of the double null AsbtA:pyrG4; AsbtB::riboB4 (MADG6426) strain, protoplasts of
TNO02A25 were first transformed so as to delete sbtB (using riboB# as the selection marker, generating
the strain MAD6425). In a second step, sbtA was deleted by transforming protoplasts of MAD6425
and using pyrG# as the selection marker. Protoplasts were generated and transformed following
standard procedures [23,24]. DNA samples for Southern-blot experiments were isolated and
manipulated as described previously [25].

Strains were cultivated at 37 °C in appropriately supplemented liquid or solid (plus 1% agar)
Aspergillus minimal (AMM; pH = 6.5) or complete (ACM) media, which contained glucose (1%) and
ammonia (10 mM) as carbon and nitrogen sources, respectively [26]. Stress conditions were induced
by adding boric acid (2, 5, 10, 15, 25, 50 or 100 mM), borax (1, 2, 5, 10 or 15 mM), L-methionine (1
mM), sodium sulfate (50 mM), thiosulfate (50 mM), sodium bicarbonate (25 mM) or potassium
bicarbonate (25 mM), respectively.

For RNA extraction, the wild-type MAD2666 or MAD4(097 strains and a AsltA mutant were
grown in adequately supplemented liquid AMM for 18 h at 37 °C and 250 rpm. Then, boric acid (50
mM), borax (5 mM) or sodium bicarbonate (25 mM) was added to the culture medium. Samples
were collected after 10, 20, 30 and 60 min of culture under the same temperature and shaking
conditions (New Brunswick™ Scientific Co., Inc., Edison, NJ, USA).

2.3. RNA Isolation and Northern-Blot Analyses

RNA samples were extracted using TriReagent (Sigma-Aldrich Quimica, Madrid, Spain) and
following the manufacturer's indications. A radioactive high prime DNA labeling kit (Sigma-Aldrich
Quimica) was used for the generation of probes. The hybridization solution described by Church
and Gilbert was used (1% BSA, 1 mM EDTA, 0.5 M NaPOs, pH =7.2 and 7% sodium dodecyl sulfate
(SDS)) [27]. Hybridizations were performed overnight at 55 °C, and the filters were washed twice
with a 2% saline-sodium citrate (SSC)/0.1% SDS solution at 55 °C and then with a 0.2% SSC/0.1% SDS
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solution, heated at the same temperature. Detection of sbtA, sbtB, enaA and pho8947% transcription
was performed by exposing the blots to a Phosphorlmager screen (Molecular Dynamics, GE
Healthcare Europe GmbH, Freiburg, Germany) and developing using a FLA-5100 Reader (Fujifilm
Life Science, FujiFilm Europe GmbH, Barcelona, Spain).

3. Results

3.1. sltA Mutants Are Less Tolerant to Boron Stress

Previous analyses showed that the SItA-SItB pathway is required for tolerance to bicarbonate
and alkali metal cation stress response [8,9]. In this context, different boron-containing compounds
have been described to have antimicrobial properties [28] and, thus, it would be of interest to
analyze how boron homeostasis is controlled. Here a possible implication of the transcription factor
SItA in response to high extracellular borate concentrations was analyzed. With that aim, the
phenotypes of the null sltA strain and loss-of-function mutants such as sltAl, resulting in a
truncation at amino acid 502 [10], and s/tA114, which resulted in a Lys431Thr substitution in the first
Zn finger [8], were compared to that of a wild-type strain (Figure 2).

A AhalA mutant and the double-null AsltA;AhalA strain were included, since previous works
described the existence of a genetic interaction between sltA and halA [29]. HalA is a protein kinase
required for the correct expression of vacuolar calcium permeases. Tolerance of those strains to
stress conditions induced by boric acid (50 mM) or borax (5 mM) was analyzed, and the phenotypes
compared to those observed under sulfate stress induced by 50 mM sodium sulfate or thiosulfate, or
bicarbonate/alkaline-pH stress induced by sodium or potassium bicarbonate (25 mM). After 48 h of
cultivation at 37 °C all sltA mutants were, as expected, more sensitive than the wild-type to the
addition of bicarbonate (Figure 2). Under borate stress, these mutants, mainly null and sltAl strains
in medium with borax, showed a clear inhibition of radial extension, compared to the reference
wild-type strain. The effect on the growth of sltA mutants was less severe in medium with sulfate or
thiosulfate. Although borates had an almost negligible effect on the null halA strain, a role for this
kinase in borate-, and even sulfate-, stress response cannot be ruled out due to the additive
phenotype of the double null AsltA;AhalA mutant.
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Figure 2. Sensitivity of loss-of-function sltA mutants to stress. Phenotype of wild-type, AsitA, sltAl,
sltA114, AhalA and AsltA; AhalA strains after 48 h of cultivation at 37 °C in AMM (Aspergillus
minimal medium) and AMM with 50 mM boric acid, 5 mM Borax, 50 mM sodium sulfate, 50 mM
thiosulfate, or 25 mM of sodium or potassium bicarbonate. Scale bar = 2 cm.
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3.2. SbtA and SbtB Are Required for Tolerance to Borates

Next, we tried to identify putative membrane transporters required for borate detoxification so
as to subsequently analyze their relationship with SItA. Borlp is an SLC-family protein involved in
the detoxification of boron in S. cerevisize [15]. We identified by BLAST searches two putative
orthologs of Borl in A. nidulans, AN4904 and AN0218. Since both proteins were predicted to contain
sodium bicarbonate transporter domains [30], they were named as SbtA and SbtB (Figure 3A). Three
additional SLC-family proteins were identified: AN2730, which was previously characterized as SB
[16], AN3157/SbtD and AN3665/SbtE. These three SLC proteins were predicted to contain sulfate
transporter and STAS (sulfate transporter and antiSigma factor antagonist; [31]) domains (Figure 3A).

Coding sequences of sbtA, sbtB, sB, sbtD and sbtE were confirmed using our RNA-seq results
[17,18], but the presence of an additional intron within the third exon of sbtB was observed (see
Materials and Methods; see also Figure S1), making us remove 21 amino acids (253-273) from the
SbtB sequence used in the BLAST and evolutionary analyses. Orthologs of all A. nidulans SLC-family
proteins were identified in filamentous fungal classes, as for example, Eurotiomycetes and
Sordariomycetes; also in Saccharomycetes such as S. cerevisize and higher eukaryotes such as Hormo
sapiens or Arabidopsis thaliana (with the exception of SbtE, which apparently has no ortholog in H.
sapiens) (Table S3). As occurred with Borlp, the presence of a common ortholog of SbtA and SbtB
was predicted in filamentous fungal species such as Talaromyces stipitatus (TSTA_032150), Neurospora
crassa (NCUO01480) or Magnaporte oryzae (MGG_15203) (yellow background in Table S3), supporting
a common origin for these two SLC proteins. Accordingly, clades corresponding to SB, SbtD and
SbtE orthologs were clearly differentiated in the phylogenetic tree shown in Figure 3B while those
corresponding to SbtA and SbtB orthologs are evolutionarily closer.

To assess the participation of these putative five transporters in borate, sulfate, or
bicarbonate/alkaline-pH tolerance, we generated their null mutants and analyzed their phenotypes
under the same stress conditions shown in Figure 2 (the effect of 1 mM L-methionine was also
analyzed based on the phenotypic tests done by Pitsyk and colleagues with the null sB strain; [16])
(Figure 4). All strains showed the same phenotype as the wild-type strain under the sulfate-stress
conditions analyzed, while only AsB showed a clear inhibition of growth in medium with 25 mM
bicarbonate (middle and right block of images in Figure 4, respectively). The null sB strain showed a
slight decrease in radial growth under boron stress, with an apparent lower density of hyphae (left
block of images in Figure 4) [16]. AsbtD and AsbtE strains showed a wild-type phenotype under
borate stress. The growth of the null sbtB strain (also that of the double null AsbtA;AsbtB) was
completely inhibited in AMM with 50 mM boric acid or 5 mM borax, while no clear phenotypic
difference was observed between the wild-type and the AsbtA mutant.

Nevertheless, considering the high amino acid sequence conservation between both SLC-family
proteins, we decided to proceed with a deeper characterization of the phenotypic effect that the
addition of borax (1-15 mM) or boric acid (2-100 mM) to the culture medium had on these strains
(Figure 5A, B, respectively). No variation in the pH value of the culture medium was observed at the
end of the culture time, suggesting that the phenotypic features that will be described were not due
to alkalinization. After 48 h of cultivation at 37 °C, we confirmed that the minimum boric acid or
borax concentrations required for the total inhibition of the growth of the AsbtB strain lay between
26-50 mM and 3-5 mM, respectively. Again, AsbtA showed no inhibition of radial growth compared
to the wild-type. However, a role for SbtA in borate-stress response can be suggested, since the
double-null AsbtA;AsbtB mutant showed severe growth inhibition compared to the AsbtB strain.
Growth of the double-null was completely inhibited with concentrations of boric acid or borax as
low as 5 mM and 1 mM, respectively (Figure 5). Overall, it seems that the role of SbtA in tolerance to
borate stress is complementary to that of SbtB. Of note, in AMM amended with borax, the AsltA
strain showed a more limited radial extension than the single AsbtB strain, but not more than that of
the double null AsbtA;AsbtB mutant, suggesting that additional factors may control the expression or
activity of these transporters.
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Figure 3. Phylogenetic analysis of A. nidulans Sbt proteins. (A) Domain organization of SbtA, SbtB,
SB, SbtD and SbtE. The position and extension of predictably functional domains is indicated
according to the information provided by the AspGD database. Nomenclature: Tm, transmembrane
domain; HCOs cotransp, bicarbonate transporter domain (IPRO11531); Sulfate_tra_GLY, sulfate
transporter N-terminal domain with GLY motif (PF13792.1); Sulfate transporter, SLC26A/SulP
transporter domain (IPRO11547); STAS, sulfate transporter and antisigma factor antagonist domain
(IPRO02645); Cyclic nt-binding, cyclic nucleotide-binding domain (IPRO00595). This database did
not predict the presence of an intron within the third exon of sbtB, which is spliced according to our
RNA-seq results (see also Figure S1) [17,18]. This intron corresponds to a region of 21 amino acids
between positions 253 and 274 of the protein sequence predicted by the AspGD. This region was not
present in orthologs of SbtB and was, consequently, not considered for evolutionary analyses. (B)
Phylogenetic tree for the ortholog groups of Sbt-s. While groups of SB, SbtD and SbtE are clearly
differentiated, the conservation among SbtA and SbtB orthologs is higher (not shown) and the
evolutionary distance lower. MEGA software (version 4) was used [20]. Nomenclature: An: A.
nidulans; Afum: Aspergillus fumigatus; Anig: Aspergillus niger; Ater: Aspergillus terreus; Pita: Penicillium
italicum; Cimm: Coccidioides immitis; Tsti: Talaromyces stipitatus; Ncra: Neurospora crassa; Foxy:
Fusarium oxysporum; Mory: Magnaporthe oryzae; Scer: Saccharomyces cerevisiae.
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Figure 4. Sensitivity of sbt deletion mutants to stress. Phenotype of wild-type, AsbtA, AsbtB,
(AsbtA;AsbtB), AsB, AsbtD and AsbtE strains after 48 h of cultivation at 37 °C in AMM and AMM with
50 mM boric acid, 5 mM Borax, 1 mM L-methionie, 50 mM sodium sulfate, 50 mM thiosulfate, or 25
mM of sodium or potassium bicarbonate. Scale bar =2 cm.
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Figure 5. Tolerance of sbtA and sbtB deletion mutants to stress conditions induced by borates.
Phenotype of wild-type, AsltA, AsbtA, AsbtB and (AsbtA;AsbtB) after 48 h of culture at 37 °C in AMM
with increasing concentration of Borax (1-15 mM) (A) or boric acid (2-100 mM) (B). Scale bar in both
panels =2 cm.

3.3. The Expression of sbtA and sbtB Is Induced Under Borate Stress and Depends on the Regulatory Activity
of SItA

To analyze whether the transcription of sbtA and sbtB depends on the regulatory activity of SItA
and on the presence of borates in the medium, Northern-blot experiments were performed (Figure
6). First, expression of sbtA or sbtB was analyzed in AMM (control) and compared to that in AMM
supplemented with 50 mM boric acid or 5 mM borax (Figure 6A). Samples were collected before and
after 10, 20, 30 and 60 min of the addition of these compounds.
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Figure 6. Transcriptional control of sbtA/B expression by SltA. Northern-blot experiments showing:
(A) expression of sbtA and sbtB in a wild-type strain after 10, 20, 30 or 60 min of cultivation in
medium with 50 mM boric acid or 5 mM Borax, (B) null expression of sbtB in a wild-type background
after 10, 20, 30 or 60 min of culture in medium with 25 mM sodium bicarbonate (enaA and An8956,
two of the most upregulated genes in medium with bicarbonate, were used as positive controls), and
(C) downregulation of sbtA and sbtB expression in medium with boric acid (50 mM) or Borax (5 mM)
in a AsltA background. Ribosomal RNA (rRNA) levels are shown as loading controls in all panels.
The graphs below each Northern-blot show the ratios between the average pixel intensity (quantified
using open-source Image] software (National Institutes of Health, Bethesda, MA, USA) of each
Northern-blot band and the corresponding rRNA (large subunit) band.

Results showed that the expression of both genes was detected ten minutes after the addition of
boric acid or borax, and that in general (with the exception of sbtA in medium with borax) transcript
levels increased with the time of culture under borate-stress (see quantification below the
Northern-blot in Figure 6A). sbtB levels seemed to be higher than those of sbtA in almost all
time-points analyzed, which correlated with the previously mentioned hypothesis that SbtB
apparently has a more important role in tolerance to borates than SbtA. Transcription of sbtB was
undetectable when mycelia were cultured in AMM supplemented with 25 mM sodium bicarbonate,
while in the expression of controls enaA and An8956—the latter predictably coding for an inorganic
phosphate transmembrane transporter similar to Pho89 of S. cerevisine—were strongly upregulated
(Figure 6B), as confirmed by RNA-seq experiments. These results support the idea that SbtB (and
probably SbtA) has no role in the response to bicarbonate/pH stress.

Finally, we compared the transcript levels of sbtA and sbtB in wild-type and AsltA strains by
culturing mycelia in AMM without or with 50 mM boric acid or 5 mM borax (Figure 6C). We
concluded that SItA has a major role in the control of the transcription of both genes, since in the null
sltA mutant sbtA and sbtB levels were completely inhibited in AMM with boric acid. Expression was
delayed but not abolished when borax was used, suggesting that additional regulatory factor(s) might
participate in controlling the expression of sbtA or sbtB under these stress conditions (see Discussion).

4. Discussion

Since ancient times, civilizations have used sulfates, carbonates and borates as useful chemicals
for cleansing and food preservation, or even as desiccators during the mummification process [32].
Boron-derived compounds have been widely used due to both its positive and negative effects on
organisms (reviewed in [33]). Boron is beneficial, sometimes essential, for plant growth and animal
health, and toxicity merely depends on the levels at which it is accumulated in tissues [15].
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In nature, boron is mainly found as boric acid [34]. Environmental levels and transport are two
main factors of boric acid toxicity for plants and microorganisms. Compared to A. thaliana seeds, S.
cerevisiae cells tolerate at least a nine times higher concentration of boric acid (10 mM versus 90 mM,
respectively) ([15] and references therein). Meanwhile in S. cerevisiae the Borlp transporter has been
identified as a key factor in detoxifying the yeast cytoplasm of borate [35], there is little knowledge
of the mechanisms of boron homeostasis in filamentous fungi. In this work we have identified two
putative borate exporters. sbtA and sbtB genes encode highly similar intramembrane proteins
containing domains previously defined to participate in bicarbonate transport across the plasma
membrane. Similarity searches and functional studies described here support that SbtA and SbtB are
both putative homologues of Borlp of S. cerevisiae. Interestingly, SbtA, SbtB and Borlp present high
similarity to Arabidopsis thaliana BOR1 and animal bicarbonate transporters (such as NaBCl, an
eletrogenic Na+-coupled borate transporter also involved in boron homeostasis) [35,36]. Bicarbonate
has been found to modulate colonial growth in A. nidulans [37]. However, single or double null sbtA
and stbB strains do not exhibit colonial growth defects that could be associated to intracellular toxic
levels of bicarbonate or the accumulation of bicarbonate salts in the medium.

The genes sbtD and sbtE encode predicted transmembrane proteins related to the sulfur
transporter SB, which was previously characterized in A. nidulans as a protein required for the
uptake of diverse sources of sulfur [16]. Although SbtD, SbtE and SB proteins share a common
sulphur transport (STAT) domain, null sbtD or sbtE mutants do not display the same phenotype as
the AsB strain. This strain was described to show limited growth, with an apparently lower hyphal
density, on AMM plates lacking an additional source of sulphur or in the presence of sulfate, but
exhibited normal growth in the presence of L-methionine [16]. In contrast, null sbtD and sbtE strains
grew as the wild-type in all tested conditions, including those with toxic levels of borate and
bicarbonate salts. Although putative homologues of SbtD and SbtE were found in all fungal species
searched, including S. cerevisiae, their role remains unknown.

This work is the first characterization of the mechanism that makes A. nidulans tolerant to high
borate concentrations. A wild-type strain showed a moderate reduction in colonial growth when
cultured with a 100 mM concentration of boric acid. The addition of 10 mM borax had a stronger
inhibitory effect on growth, indicating that this boron compound is more toxic. Considering that A.
thaliana is unable to germinate at 10 mM borate and that A. nidulans can deal with borate (boric acid)
concentrations as high as 100 mM, this model fungus could be included within the group of
high-boron-tolerant organisms, as occurs with S. cerevisiaze [15]. Borlp is responsible for boron
tolerance in yeast, and as occurs with its null mutant [15,35], susceptibility of A. nidulans to boric acid
and borax increases when the activity of its ortholog transporter, SbtB, is abrogated. Nevertheless,
deletion of both sbtA and sbtB increased the sensitivity of A. nidulans to borate concentrations as low
as 1 mM borax or 5 mM boric acid. This suggests that both putative borate exporters act coordinately
in detoxifying the intracellular medium of borate excess, with SbtB having a more central role. Since
homologues of SbtA and SbtB transporters can be found in most (but not all) of the fungal proteomes
analyzed in this work, and both are orthologs of Borlp from S. cerevisiae, it can be hypothesized that:
(1) sbtA and sbtB arose by duplication, and (2) this dual exporter system may be a general
mechanism of borate detoxification in multiple filamentous fungal species.

OsPIP2;4 and OsPIP2;7 are rice genes encoding boron transporters [38]. Both are upregulated in
soil or media with an excess of boron. Similarly, our transcriptional studies show that sbtA and sbtB
are upregulated when either boric acid or borax are added to the culture medium. sbtA and sbtB
transcripts were not detected in the standard Cove AMM, which contains 40 mg/L (0.2 mM) of
sodium tetraborate [26]. Addition of 50 mM boric acid or 5 mM borax allowed the detection of sbtA
and sbtB transcripts as soon as 10 min after stress induction, indicating that transcriptional
regulation is a major element for borate tolerance in this fungus. These results contrast with the
absence of boron-dependent induction of BOR1 transcription in S. cerevisae [39]. Consequently,
posttranslational modifications were proposed as the main mechanism for the control of Borlp
activity upon boron insult at the plasma membrane [35].
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This work shows that SItA plays a key role in the transcriptional control of borate tolerance. The
sensitivity of loss-of-function sltA mutant strains to boric acid and borax is probably due to the
inability to induce the expression of sbtA and sbtB, as shown by Northern-blot assays. The
phenotype of sltA mutants has been repeatedly analyzed in several genetic backgrounds and has
always been consistent (see our previous references on SltA). The same occurs with the deletion of
sbtB (it has been carried out in this work at least in two genetic backgrounds, TN02A3 and TN(02A25)
and the described sensitivity to boric acid and borax. Overexpression of sltA may result in an
upregulation of sbtA and sbtB expression but we have always failed when trying to increase s/tA
levels using either constitutive or inducible promoters (not shown). Thus, we concluded that sitA
overexpression is lethal, hampering the analysis of its effects on the levels of the two borate
transporters. Rather than generating sbtA or sbtB overexpression strains by genetic recombination,
which would probably have a low impact on the understanding of their physiological roles and their
general regulatory mechanisms, mutants showing a constitutive or conditional (i.e.
thermo-sensitive) increase in sbtA and sbtB transcript levels should be isolated. This could further
the identification of a borate-specific activator and/or gain-of-function mutations in SItA which have
not been isolated to date. Our previous works have shown that SItA controls the expression of target
genes by binding 5'-AGGCA-3' sequences within their promoters [9,11,12]. Promoters of sbtA and
sbtB contain four SltA-target sequences each (not shown); thus, this transcriptional regulator could
exert a direct effect on the expression of both genes. However, sbtA and sbtB expression is delayed
but not completely inhibited in AMM with borax, suggesting that there are additional factors
controlling their expression after an initial SItA-mediated fast response. For example, boron stress
activates the expression and increases protein levels of the transcriptional regulator of amino acid
synthesis Gend (CpcA in A. nidulans), and the null gcn4 strain showed increased sensitivity to boric
acid [40]. Similarly, the requirement of additional yeast membrane transporters for the response to
boron stress have been described [15,41]. Future studies will also focus on the identification of
additional regulators and transporters involved in A. nidulans tolerance to borates and the analysis
of their functional or transcriptional relationship with SItA.

5. Conclusions

Our work identifies members of the SLC-family of transporters in A. nidulans, the Sbt
transporters. Among them we focused in SbtA and SbtA which we characterize as homologs to S.
cerevisiae Borlp and exporters of borate. SbtA and SbtB participate in the tolerance of A. nidulans to
elevated concentrations of borate compounds. Presence of boric acid or borax in the medium induces
the expression of sbtA and sbtB. Importantly, we identified the transcriptional factor SItA, which
mediates tolerance to alkaline pH and cations, as an important regulatory element required for a
proper expression pattern of sbtA and sbtB genes.

Supplementary Materials: The following are available online at www.mdpi.com/2073-4425/8/7/188/s1.
Figure S1: RN Aseq results for sbtB/AN0218. Figure S2: Procedure followed for the generation of null mutants of
Aspergillus nidulans. Table S1: Strains used in this work. Table S2: Oligonucleotides used in this work. Table S3:
Orthologs of SbtA, SbtB, SB, SbtD and SbtE in filamentous fungal species, yeast and higher eukaryotes.

Acknowledgments: Work at CIB-CSIC was funded by MINECO project BFU2012-33142 and
MINECO/FEDER/EU project BFEU2015-66806-R to E.A.E. Work at the UPV/EHU lab was funded by the Basque
Government (grant 1T599-13 to U.U.) and UPV/EHU (grant EHUA15/08 to O.E.). MV held a contract under
project BFU2012-33142. We acknowledge support of the publication fee by the CSIC Open Access Publication
Support Initiative through its Unit of Information Resources for Research (URICI).

Author Contributions: M.V., A.G. and G.M. performed the experiments. U.U. and E.A.E. conceived and
designed the experiments. O.E. and E.A.E. analyzed the data and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in
the decision to publish the results.



Genes 2017, 8, 188 12 of 13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Corrochano, L.M.; Kuo, A.; Marcet-Houben, M.; Polaino, S.; Salamov, A.; Villalobos-Escobedo, J.M.;
Grimwood, J.; Alvarez, M.L; Avalos, J.; Bauer, D.; et al. Expansion of Signal Transduction Pathways in
Fungi by Extensive Genome Duplication. Curr. Biol. 2016, 26, 1577-1584.

Rodriguez-Romero, J.; Hedtke, M.; Kastner, C.; Miiller, S.; Fischer, R. Fungi, Hidden in Soil or Up in the
Air: Light Makes a Difference. Annu. Rev. Microbiol. 2010, 64, 585-610.

Etxebeste, O.; Ugalde, U.; Espeso, E. Adaptative and developmental responses to stress in Aspergillus
nidulans. Curr. Protein Pept. Sci. 2010, 11, 704-718.

Mendoza-Martinez, A.E.; Lara-Rojas, F.; Sdnchez, O.; Aguirre, J. NapA Mediates a Redox Regulation of
the Antioxidant Response, Carbon Utilization and Development in Aspergillus nidulans. Front. Microbiol. 2017,
8, 516.

Penialva, M.A.; Tilburn, J.; Bignell, E.; Arst, HIN. Ambient pH gene regulation in fungi: Making
connections. Trends Microbiol. 2008, 16, 291-300.

Mellado, L.; Arst, H.N.; Espeso, E.A. Proteolytic activation of both components of the cation
stress-responsive Slt pathway in Aspergillus nidulans. Mol. Biol. Cell 2016, 27, 2598-612.

Hernandez-Ortiz, P.; Espeso, E.A. Spatiotemporal dynamics of the calcineurin target CrzA. Cell Signal.
2017, 29, 168-180.

Mellado, L.; Calcagno-Pizarelli, A.M.; Lockington, R.A.; Cortese, M.S.; Kelly, ].M.; Arst, H.N,, Jr.; Espeso,
E.A. A second component of the SltA-dependent cation tolerance pathway in Aspergillus nidulans. Fungal
Genet. Biol. 2015, 82, 116-128.

Spielvogel, A.; Findon, H.; Arst, H.N.; Aratjo-Bazan, L.; Hernandez-Ortiz, P.; Stahl, U.; Meyer, V.; Espeso,
E.A. Two zinc finger transcription factors, CrzA and SltA, are involved in cation homoeostasis and
detoxification in Aspergillus nidulans. Biochem. |. 2008, 414, 419-429.

O’Neil, ].D.; Bugno, M.; Stanley, M.S.; Barham-Morris, J.B.; Woodcock, N.A.; Clement, D.J.; Clipson, N.J.
W.; Whitehead, M.P.; Fincham, D.A.; Hooley, P. Cloning of a novel gene encoding a C:2H: zinc finger
protein that alleviates sensitivity to abiotic stresses in Aspergillus nidulans. Mycol. Res. 2002, 106, 491-498.
Calcagno-Pizarelli, A.M.; Hervas-Aguilar, A.; Galindo, A.; Abenza, ].F.; Pefialva, M.A.; Arst, H.N. Rescue
of Aspergillus nidulans severely debilitating null mutations in ESCRT-0, I, I and III genes by inactivation of
a salt-tolerance pathway allows examination of ESCRT gene roles in pH signalling. J. Cell Sci. 2011, 124,
4064-4076.

Shantappa, S.; Dhingra, S.; Hernandez-Ortiz, P.; Espeso, E.A.; Calvo, AM. Role of the Zinc Finger
Transcription Factor SItA in Morphogenesis and Sterigmatocystin Biosynthesis in the Fungus Aspergillus
nidulans. PLoS ONE 2013, 8, €68492.

Saloheimo, A.; Aro, N.; Ilmén, M.; Penttild, M. Isolation of the acel gene encoding a Cys(2)-His(2)
transcription factor involved in regulation of activity of the cellulase promoter cbh1 of Trichoderma reesei. |.
Biol. Chem. 2000, 275, 5817-5825.

Dubey, AK.; Barad, S.; Luria, N.; Kumar, D.; Espeso, E.A.; Prusky, D.B. Cation-Stress-Responsive
Transcription Factors SItA and CrzA Regulate Morphogenetic Processes and Pathogenicity of
Colletotrichum gloeosporioides. PLoS ONE 2016, 11, e0168561.

Nozawa, A.; Takano, J.; Kobayashi, M.; von Wirén, N.; Fujiwara, T. Roles of BOR1, DUR3, and FPS1 in
boron transport and tolerance in Saccharomyces cerevisiae. FEMS Microbiol. Lett. 2006, 262, 216-222.

Pitsyk, S.; Natorff, R.; Sienko, M.; Paszewski, A. Sulfate transport in Aspergillus nidulans: A novel gene
encoding alternative sulfate transporter. Fungal Genet. Biol. 2007, 44, 715-725.

Garzia, A.; Etxebeste, O.; Rodriguez-Romero, J.; Fischer, R.; Espeso, E.A.; Ugalde, U. Transcriptional
changes in the transition from vegetative cells to asexual development in the model fungus Aspergillus
nidulans. Eukaryot. Cell 2013, 12, 311-321.

Oiartzabal-Arano, E.; Garzia, A.; Gorostidi, A.; Ugalde, U.; Espeso, E.A.; Etxebeste, O. Beyond asexual
development: Modifications in the gene expression profile caused by the absence of the Aspergillus
nidulans transcription factor FIbB. Genetics 2015, 199, 1127-1142.

Coradetti, S.T.; Xiong, Y.; Glass, N.L. Analysis of a conserved cellulase transcriptional regulator reveals
inducer-independent production of cellulolytic enzymes in Neurospora crassa. Microbiologyopen 2013, 2,
595-609.

Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular Evolutionary Genetics
Analysis version 6. Mol. Biol. Evol. 2013, 30, 2725-2729.



Genes 2017, 8, 188 13 of 13

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

Yang, L.; Ukil, L.; Osmani, A.; Nahm, F.; Davies, J.; De Souza, C.P.C; Dou, X.; Perez-Balaguer, A.; Osmani,
S.A. Rapid production of gene replacement constructs and generation of a green fluorescent
protein-tagged centromeric marker in Aspergillus nidulans. Eukaryot. Cell 2004, 3, 1359-1362.

Nayak, T.; Szewczyk, E.; Oakley, C.E.; Osmani, A.; Ukil, L.; Murray, S.L.; Hynes, M.].; Osmani, S.A.;
Oakley, B.R. A versatile and efficient gene-targeting system for Aspergillus nidulans. Genetics 2006, 172,
1557-1566.

Szewczyk, E.; Nayak, T.; Oakley, C.E.; Edgerton, H.; Xiong, Y.; Taheri-Talesh, N.; Osmani, S.A.; Oakley,
B.R. Fusion PCR and gene targeting in Aspergillus nidulans. Nat. Protoc. 2007, 1, 3111-3120.

Tilburn, J.; Scazzocchio, C.; Taylor, G.G.; Zabicky-Zissman, J.H.; Lockington, R.A.; Davies, R.W.
Transformation by integration in Aspergillus nidulans. Gene 1983, 26, 205-221.

Etxebeste, O.; Ni, M.; Garzia, A.; Kwon, N.J.; Fischer, R; Yu, JH. Espeso, E.A.,; Ugalde, U.
Basic-zipper-type transcription factor FIbB controls asexual development in Aspergillus nidulans. Eukaryot.
Cell 2008, 7, 38-48.

Cove, D.J. The induction and repression of nitrate reductase in the fungus Aspergillus nidulans. Biochim.
Biophys. Acta Enzymol. Biol. Oxid. 1966, 113, 51-56.

Church, G.M.; Gilbert, W. Genomic sequencing. Biochemistry 1984, 81, 1991-1995.

Borokhov, O.; Schubert, D. Antimicrobial Properties of Boron Derivatives. In New Biocides Development: The
Combined Approach of Chemistry and Microbiology; Zhu, P.C., Ed.; American Chemical Society: Washington,
DC, USA, 2007; pp. 412-435.

Findon, H. Calcagno-Pizarelli A.-M.; Martinez, ].L.; Spielvogel, A.; Markina-Ifiarrairaegui, A.;
Indrakumar, T.; Ramos, J.; Pefialva, M.A.; Espeso, E.A.; Arst, H.N. Analysis of a novel calcium auxotrophy
in Aspergillus nidulans. Fungal Genet. Biol. 2010, 47, 647-655.

Shibata, M.; Katoh, H.; Sonoda, M.; Ohkawa, H.; Shimoyama, M.; Fukuzawa, H.; Kaplan, A.; Ogawa, T.
Genes essential to sodium-dependent bicarbonate transport in cyanobacteria: Function and phylogenetic
analysis. J. Biol. Chem. 2002, 277, 18658-18664.

Aravind, L.; Koonin, E.V. The STAS domain—A link between anion transporters and antisigma-factor
antagonists. Curr. Biol. 2000, 10, R53-R55.

Weser, U.; Kaup, Y. Borate, an Effective Mummification Agent in Pharaonic Egypt. Z. Naturforsch. 2002, 57,
819-822.

Scorei, R. Is Boron a Prebiotic Element? A Mini-review of the Essentiality of Boron for the Appearance of
Life on Earth. Orig. Life Evol. Biosph. 2012, 42, 3-17.

Loomis, W.D.; Durst, R.W. Chemistry and biology of boron. Biofactors 1992, 3, 229-239.

Takano, J.; Kobayashi, M.; Noda, Y.; Fujiwara, T. Saccharomyces cerevisiae Borlp is a boron exporter and a
key determinant of boron tolerance. FEMS Microboil. Lett. 2006, 267, 230-235.

Park, M.; Li, Q.; Shcheynikov, N.; Zeng, W.; Muallem, S. NaBC1 Is a Ubiquitous Electrogenic Na*-Coupled
Borate Transporter Essential for Cellular Boron Homeostasis and Cell Growth and Proliferation. Mol. Cell
2004, 16, 331-341.

Rodriguez-Urra, A.B.; Jimenez, C.; Duefias, M.; Ugalde, U. Bicarbonate gradients modulate growth and
colony morphology in Aspergillus nidulans. FEMS Microbiol. Lett. 2009, 300, 216-221.

Kumar, K.; Mosa, K.A.; Chhikara, S.; Musante, C.; White, ].C.; Dhankher, O.P. Two rice plasma membrane
intrinsic proteins, OsPIP2;4 and OsPIP2;7, are involved in transport and providing tolerance to boron
toxicity. Planta 2014, 239, 187-198.

Jennings, M.L.; Howren, T.R.; Cui, J.; Winters, M.; Hannigan, R. Transport and regulatory characteristics
of the yeast bicarbonate transporter homolog Borlp. Am. ]. Physiol. Cell Physoil. 2007, 293, 468-476.
Uluisik, L; Kaya, A.; Fomenko, D.E.; Karakaya, H.C.; Carlson, B.A.; Gladyshev, V.N.; Koc, A.; Lustig, A.].
Boron Stress Activates the General Amino Acid Control Mechanism and Inhibits Protein Synthesis.
PLoS ONE 2011, 6, 27772.

Bozdag, G.O.; Uluisik, I.; Gulculer, G.S.; Karakaya, H.C.; Koc, A. Roles of ATR1 paralogs YMR279c and
YOR378w in boron stress tolerance. Biochem. Biophys. Res. Commun. 2011, 409, 748-751.

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ \ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



