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Adaptation to changes in the environment is crucial for the viability of all organisms. Although the importance of calcineurin in
the stress response has been highlighted in filamentous fungi, little is known about the involvement of ion-responsive genes and
pathways in conferring salt tolerance without calcium signaling. In this study, high-throughput RNA-seq was used to investigate
salt stress-induced genes in the parent, AcnaB, and AcnaBAcchA strains of Aspergillus nidulans, which differ greatly in salt
adaption. In total, 2,884 differentially expressed genes including 1,382 up- and 1,502 downregulated genes were identified. Secondary
transporters, which were upregulated to a greater extent in AcnaBAcchA than in the parent or AcnaB strains, are likely to play
important roles in response to salt stress. Furthermore, 36 genes were exclusively upregulated in the AcnaBAcchA under salt stress.
Functional analysis of differentially expressed genes revealed that genes involved in transport, heat shock protein binding, and cell
division processes were exclusively activated in AcnaBAcchA. Overall, our findings reveal that secondary transporters and stress-
responsive genes may play crucial roles in salt tolerance to bypass the requirement for the CchA-calcineurin pathway, contributing

to a deeper understanding of the mechanisms that influence fungal salt stress adaption in Aspergillus.

1. Introduction

Rapid adaptation to different environmental conditions,
including appropriate adaptive responses to various cations,
is crucial for the survival and proliferation of microorgan-
isms. As a closed compartment, the cell possesses intra-
cellular signaling systems that can identify these stimuli in
order to implement cellular responses to counteract stress
conditions [1]. Calcium signaling is conserved in eukaryotes
and plays an important role in sensing environmental stimuli,
transmitting extracellular signals to the nucleus to mod-
ulate gene expression, regulating morphology, responding
to abiotic and biotic stresses, and defending against viru-
lence/pathogenicity [2-4]. Salt stress, one of the major abiotic
stresses affecting organismal growth, development, and pro-
ductivity, can result in damage due to loss of turgor pressure,
ion toxicity, membrane disorganization, the generation of
reactive oxygen species (ROS), and metabolic toxicity [5, 6].

Hyperosmotic stress caused by NaCl, LiCl, or sorbitol induces
an immediate and short duration (1 min) transient cytosolic
Ca*t ([Ca2+]cyt) increase in cells. Small changes in [CelzJ']Cyt
levels can activate various Ca2+-sensing proteins, such as
calmodulin and calcineurin, which then lead to the induc-
tion of various downstream signal transduction pathways
[7]. In Saccharomyces cerevisiae, the response to salt stress
is mediated by calcineurin, a conserved Ca**/calmodulin-
modulated protein phosphatase that plays an important role
in coupling Ca** signals to cellular responses. Calcineurin
(CaN) is a heterodimer consisting of two subunits, the
catalytic subunit A (CnA) and regulatory subunit B (CnB)
[8, 9]. Though highly conserved from lower eukaryotes to
humans, calcineurin plays diverse and distinct roles in differ-
ent organisms [10-13]. For instance, in the yeasts Schizosac-
charomyces pombe and S. cerevisiae, it regulates adaptation
to a variety of environmental stresses, cation homeostasis,
morphogenesis, cell wall integrity, and mating [7, 8, 14-16].
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In the pathogenic yeasts Cryptococcus neoformans and Can-
dida albicans, calcineurin regulates growth at alkaline pH
and elevated temperatures and under membrane stress, as
well as regulating dimorphism, mating, and virulence [17-
19]. In filamentous fungi, it regulates hyphal growth, stress
adaptation, and cell wall integrity [20-23].

Organisms employ various regulatory mechanisms for
responding to environmental stresses to improve their sur-
vival. In yeast, at least two signal transduction pathways are
activated to regulate the processes necessary for ion home-
ostasis and osmotic adjustment. The calcineurin pathway
regulates ion homeostasis, while the high osmolarity glycerol
(HOG) pathway is primarily responsible for the control
of osmotic adaptation [7]. In addition, many other genes,
including NHAI (encoding a Na*/H" antiporter located at the
plasma membrane), TRKI/TRK2 (encoding K* transporters
located at the plasma membrane), and NHXI (encoding a
Na'/H" antiporter localized in the vacuole), also participate
in the salt stress response [24, 25]. Recent studies have
indicated that the enzymes implicated in ROS scavenging are
crucial for the mitigation of salt-induced oxidative damage
[26]. In addition, many heat shock proteins have been
extensively identified to improve plant tolerance to salt stress.
For example, the overexpression of HSP18.3, OsHspl7.0, and
OsHsp23.7 confers salt stress tolerance in yeast [27] and rice
[28]. In spite of these findings, an integrated and comprehen-
sive dissection of the molecular mechanisms of salt tolerance
in Aspergillus, in particular, is lacking.

The genus Aspergillus consists of several hundreds of
mold species that are medically and commercially important
and reside in various climates around the world. Among
these, Aspergillus nidulans is an excellent model organism
for filamentous fungi owing to its well-established genetic
system, making it easy to study growth, establishment, and
maintenance of growth polarity and asexual sporulation. Our
previous study revealed that the calcium channel CchA and
its regulatory subunit MidA facilitate calcium influx in low-
calcium environments and during the stress response in A.
nidulans. Moreover, the lack of cchA in a calcineurin deletion
strain (AcnaB) ameliorated hyphal growth defects induced
by salt stress (800 mM NaCl or 600 mM KCI) but not those
induced by osmotic stress (1 M sorbitol) [29, 30]. Considering
these findings, it is possible that calcineurin-independent
mechanisms exist to compensate for the loss of calcineurin-
CchA in fungal salt stress adaption.

In the present study, we performed a comprehensive anal-
ysis of the transcriptional profiles of genes involved in the salt
stress response in A. nidulans. We identified candidate genes
among differentially expressed genes (DEGs) and carried
out a detailed functional analysis of candidate genes and
pathways associated with salt tolerance in the parent, AcnaB,
and AcnaBAcchA strains. Analysis of DEGs demonstrated
that secondary transporters, which were upregulated to a
greater extent in AcnaBAcchA than in the parent or AcnaB
strains, probably play important roles in salt stress tolerance.
Collectively, our findings support previous evidence and indi-
cate that secondary transporters and other stress-responsive
genes may participate in a completely unexplored pathway
for enhanced salt tolerance. Analysis of such genes should
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allow for the identification of biomarkers to be used for the
establishment of salt tolerance in A. nidulans.

2. Materials and Methods

2.1. Strains, Media, Culture Conditions, and Experimental
Groups. A list of A. nidulans strains used in this study is
given in Table S1 in Supplementary Material available online
at https://doi.org/10.1155/2017/4378627. TNO2A7, carrying a
deletion of a gene required for nonhomologous end joining in
double-strand break repair [31], was used as the parent strain.
MMPDRUU minimal medium with 2% glucose, nitrate salts,
trace elements, 0.5 mg/l pyridoxine, 2.5 mg/l riboflavin, 5 mM
uridine, and 10 mM uracil, pH 6.5, was used; trace elements
and nitrate salts were added to the medium as described
previously [32, 33]. A total of six samples were analyzed:
TNO02A7, AcnaB, and AcnaBAcchA (Table S1) strains cultured
on MMPDRUU comprised groups I (Gl), II (G2), and
III (G3), respectively, and the same strains cultured on
MMPDRUU plus 800 mM NaCl comprised groups IV (G4),
V (G5), and VI (G6), respectively.

2.2. Total RNA Extraction and Sequencing. For RNA iso-
lation, a total of 1 x 10® conidia from the relevant strains
were incubated in 100 ml MMPDRUU at 37°C with shaking
at 220 rpm for 18 h. Then, cultures underwent an additional
incubation supplemented with or without NaCl (800 mM
final concentration) at 37°C for 30 min. The samples were
harvested by filtration and ground to a fine powder in
liquid nitrogen. Total RNA was isolated according to the
method of Simms et al. [34], using TRIzol (Invitrogen,
Carlsbad, CA, USA). The RNA was treated with DNase I
(amplification grade, Invitrogen) and purified using RNeasy
mini kit (Qiagen, Benelux BV, Venlo, The Netherlands) as
per the manufacturer’s instructions. The final RNA prepa-
rations were resuspended in a buffer containing 10 mM Tris
hydrochloride, pH 8.0, and 1 mM EDTA. RNA was quantified
using a NanoDrop 1000 spectrophotometer v3.7 (NanoDrop
Technologies, Inc., Wilmington, DE, USA). cDNA synthesis,
library preparation (200 bp inserts), and Illumina sequencing
(90 bp paired-end reads) were performed according to the
instructions of Trapnell et al. [35] at Oceancloud Gene
(Shanghai, China).

2.3. Processing and Mapping of Raw Sequences. To obtain
high-quality data for analysis, raw reads were cleaned, includ-
ing removal of reads with adapters. Furthermore, reads with
“N” (representative of an ambiguous base) and reads that
contained more than 20% bases with Q < 20 were discarded.
Clean reads were then mapped to the A. nidulans genome
(assembly ASMI14920v1, https://www.ncbi.nlm.nih.gov/ge-
nome/17?genome_assembly_id=22574) using TopHat version
v2.0.12 [36-38]. Default parameter settings were used for
TopHat alignment except “mismatch” which was set to
2. The full data set of this study was deposited in the
Gene Expression Omnibus (GEO) with the accession num-
ber GSE63019 (https://www.ncbi.nlm.nih.gov/geo/query/acc
.cgi?acc=GSE100353).
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2.4. Analysis of Gene Expression and DEGs. Gene expres-
sion analysis was performed via RNA-seq by expectation-
maximization (RSEM) [39]. Briefly, the transcript abundance
for a given gene was quantified by calculating the frequency
of RNA-seq reads aligned to it, and this was expressed as an
RPKM value (reads per kilobase of transcript sequence per
million mapped reads). Identification of DEGs between two
samples was performed using DEGseq [40] after normalizing
the read count using TMM [41]. P values were adjusted by g
values, and the threshold for significant differential expres-
sion was set at P value < 0.001 and [log, (fold change)| > 1.

2.5. Enrichment Analysis Using Gene Ontology (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG). Functional
enrichment of DEGs was determined by GO analysis. GO
(http://www.geneontology.org/) is a functional classification
system for genes with international standards and is com-
prised of three ontologies: biological process (BP), cellular
component (CC), and molecular function (MF). GO enrich-
ment analysis was performed using GOseq software [42],
which is based on Wallenius’ noncentral hypergeometric
distribution. KEGG (http://www.genome.jp/kegg/) pathway
enrichment was performed using KOBAS (2.0) software
(http://kobas.cbi.pku.edu.cn/), and DEGs were considered to
be significantly enriched in a pathway at a false-discovery rate
(FDR) < 0.05.

2.6. Verification of the Reliability of RNA-seq by Quantitative
Reverse Transcription Polymerase Chain Reaction (qRT-PCR).
Eight genes from among the DEGs were randomly selected
for qRT-PCR verification. Gene-specific primers (Table S2)
were designed using Primer 5 software, and the actin gene
was used as an internal standard. Total RNA isolation was
performed as described above. RT-PCR was carried out using
HiScript™ Q RT SuperMix (Vazyme, Jiangsu Sheng, China),
and the resulting cDNA was used for real-time analysis
using SYBR Premix Ex Taq™ (TaKaRa, Tokyo, Japan) asin a
previous study [43] on an ABI one-step fast thermocycler as
described previously. PCR conditions were as follows: initial
denaturation at 95°C for 10 min, followed by 40 cycles of
denaturation at 95°C for 5s, and annealing and extension
at 55-58°C for 30s. Three independent biological replicates
were performed, and transcript levels were calculated by the
comparative AC method and normalized against the level of
actin mRNA. Fold changes in expression were determined by
the 274“T method [44].

3. Results

3.1. Global Analysis of RNA Transcript Data. Approximately
33.3 (Gl), 35.6 (G2), 40.7 (G3), 37.6 (G4), 35.7 (G5), and 35.2
(G6) million raw reads were generated, and approximately
28.5 (Gl), 30.6 (G2), 35.1 (G3), 32.4 (G4), 30.6 (G5), and
30.2 (G6) million clean reads were obtained, for a total of
218.1 million raw reads and 187.4 million clean reads in this
analysis. Clean reads were aligned and mapped against the A.
nidulans reference genome, resulting in an average of 75.5% of
reads mapped (71.4-79.2%). Of the mapped reads, an average
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FIGURE 1: Hierarchical cluster analysis of DEGs. Expression patterns
of DEGs in the parent, AcnaB, and AcnaBAcchA strains in the
absence and presence of salt stress treatment.

0f 0.26% (0.2-2.3%) was multiply-mapped to the genome, for
a final average of 75.2% (71.2-78.9%) that mapped to unique
locations in the genome.

3.2. Overall Analysis of DEGs. A total of 2,884 genes were
identified as DEGs, including 1,382 that were upregulated
and 1,502 that were downregulated genes when comparing
the mRNA levels of strains under salt stress with those of
strains not under salt stress. By comparing the various strains
used in the experiment, 1,964 DEGs (1,067 upregulated and
897 downregulated) and 1,863 DEGs (1,016 upregulated and
847 downregulated) were induced by salt stress in AcnaB
and AcnaBAcchA, respectively, in comparison to 2,159 DEGs
(1,153 upregulated and 1,006 downregulated) induced by
salt stress in the parent strain. To characterize patterns of
differential gene expression in response to salt stress, a heat
map was constructed to visualize the expression patterns
of the 2,884 DEGs under different experimental conditions.
As shown in Figure 1, DEGs showed different magnitudes
of up- and downregulation in response to salt stress in the
various strains. Though the DEGs from AcnaB were similar
to those of AcnaBAcchA, many genes were identified as
being differentially expressed between these two strains. In
addition, DEGs clearly self-segregated into salt stress and
control clusters.

3.3. Shared and Unique DEGs Induced by Salt Stress. With
the aim of better understanding the shared and unique DEGs
induced by salt stress in various strains, we compared changes
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FIGURE 2: Venn diagram summarizing genes up- or downregulated in each strain under salt stress. DEGs shared by two or three strains
are shown in overlapping sections. (a) Numbers of upregulated genes in the parent, AcnaB, and AcnaBAcchA strains under salt stress. (b)
Numbers of downregulated genes in the parent, AcnaB, and AcnaBAcchA strains under salt stress.

in gene expression between salt-stressed and nonstressed
strains. We used a Venn diagram to reveal DEG distributions
after exposure to salt stress in the different strains. A total of
1,382 genes were upregulated in the salt stress strains when
compared with expression levels in the control strain, includ-
ing 802 genes (58.03%) that were upregulated in all three
salt-treated strains. Interestingly, fewer genes were exclusively
upregulated in AcnaBAcchA (36) than in the parent (235) or
AcnaB (59) strains under salt stress (Figure 2(a)). Moreover,
1,502 genes were downregulated, among which only 431
were shared among all strains, and the numbers of genes
that were exclusively downregulated in the parent, AcnaB,
and AcnaBAcchA strains were 437, 134, and 114, respectively
(Figure 2(b)). Interestingly, the largest number of DEGs was
observed in the parent strain, while the fewest were observed
in AcnaBAcchA.

3.4. Identification of Candidate Genes for Salt Tolerance in
AcnaBAcchA. Since our previously published data showed
that the deletion of cchA could suppress hyphal growth
defects caused by the loss of calcineurin under salt stress in
A. nidulans [30], we sought to identify the genes respon-
sible for the restoration of hyphal growth in AcnaBAcchA.
Candidate genes for hyphal growth remediation were those
that were upregulated to a greater extent in AcnaBAcchA
than in the other strains and that were exclusively induced
in AcnaBAcchA. 1t is noteworthy that secondary transporter
genes, including AN2841 (MFS_1 major facilitator superfam-
ily), AN8585 (Rossmann-fold NAD(P)(+)-binding proteins),
ANI10499 (secondary metabolite biosynthesis, transport, and
catabolism), AN2638 (hexokinase), AN9168 (MFS, conserved
hypothetical protein-putative sugar transporter), and AN3210
(MFS myo-inositol transporter), were significantly upreg-
ulated more than 4.5-fold under salt stress in all strains.
However, the above secondary transporters were upregulated
to a greater extent in AcnaBAcchA than in the other strains.
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FIGURE 3: Relative upregulation in mRNA levels of secondary
transporter genes under salt stress. Fold changes in mRNA levels of
AN2841 (MFS_I major facilitator superfamily), AN8585 (Rossmann-
fold NAD(P)(+)-binding proteins), AN10499 (aldo/ketoreductase,
related to diketogulonate reductase, secondary metabolite biosyn-
thesis, transport, and catabolism), AN2638 (hexokinase), AN9168
(conserved hypothetical protein-putative sugar transporter), and
AN3210 (MFS myo-inositol transporter) after salt stress treatment.

As shown in Figure 3, in AcnaBAcchA, expression levels of
AN2841, AN8585, and AN9I68 were upregulated 10.0-, 8.5-,
and 8.2-fold, respectively, in response to salt stress while they
were upregulated only 7.0-, 6.8-, and 71-fold, respectively, in
AcnaB. As expected, the above secondary transporter genes
were among the top 12 genes with the greatest upregulation
in AcnaBAcchA. Based on this, these transporter genes were
selected as candidate genes for both salt tolerance and hyphal
growth remediation. Specifically, among the 36 upregulated
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FIGURE 4: Validation of RNA-seq data by qRT-PCR. Eight genes were randomly selected from the entire genome, and expression levels were
measured by qRT-PCR in the relevant strains in the presence and absence of salt stress treatment.

genes unique to AcnaBAcchA, AN0531 (secondary trans-
porter AcrB), AN5593 (F-box and WD domain protein),
AN6718 (AAA family ATPase), AN8035 (heat shock tran-
scription factor), and AN9528 (maintenance of mitochon-
drial morphology protein 1, MMMI) have been reported to be
activated by abiotic stress in other organisms [45-51]. Hence,
it seems that the upregulation of secondary transporters and
increased expression of the above DEGs in AcnaBAcchA may
lead to hyphal growth remediation in response to salt stress.

3.5. Validation of RNA-seq Results by qRT-PCR. To validate
the reliability of our transcriptome sequencing data, eight
DEGs were randomly selected for gRT-PCR validation in the
relevant strains in the presence or absence of 800 mM NaCl
Fold changes from qRT-PCR were compared with the RNA-
seq expression analysis results. As expected, the results of
qRT-PCR were similar to those of RNA-seq, with virtually

identical trends in up- or downregulation for each gene in
the indicated strains (Figure 4), suggesting the reliability and
accuracy of the RNA-seq expression analysis.

3.6. Gene Ontology Analysis of DEGs. To gain insight into
the functional roles of DEGs in the regulation of fungal
hyphal growth under salt stress, we conducted GO enrich-
ment analysis of DEGs using GOseq software. For GO
term analysis, up- and downregulated DEGs were annotated
with the biological process, molecular function, and cellular
component ontologies. Of the 30 most enriched GO terms,
17 were shared by AcnaB and AcnaBAcchA, such as the terms
cellular response to oxidative stress, negative regulation of
GO to Gl transition, mitochondrial outer membrane, intra-
cellular, glycerol-3-phosphate metabolic process, and phos-
phatidylinositol metabolic process (Figures 5(a) and 5(b)). In
particular, 12 significantly enriched GO terms, such as those
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FIGURE 5: Most enriched GO terms among DEGs in AcnaB and AcnaBAcchA strains. (a) Most enriched GO terms among DEGs induced by
salt stress in AcnaB. (b) Most enriched GO terms among DEGs induced by salt stress in AcnaBAcchA. For each enriched GO term with a
Bonferroni P value < 0.05, the ontology to which the GO term belongs is shown (BP = biological process; CC = cellular component; MF =
molecular function). *P < 0.05.
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FIGURE 6: KEGG pathway enrichment analysis of DEGs in AcnaB and AcnaBAcchA strains. (a) KEGG pathway enrichment of DEGs in AcnaB.
(b) KEGG pathway enrichment of DEGs in AcnaBAcchA. The x-axis indicates the enrichment factor of each pathway, and the y-axis indicates

each pathway.

related to transport processes (i.e., the GO terms transport,
Golgi to plasma membrane protein transport, and P-P-bond-
hydrolysis-driven protein transmembrane transporter activ-
ity), protein binding processes (heat shock protein binding
and proteasome binding), and cell growth processes (mitotic
spindle elongation and spindle midzone), were associated
with response to salt stress exclusively in AcnaBAcchA (Table
S3). As shown in Figure S1, the most enriched GO terms
in response to salt stress in the parent strain were transla-
tion, nucleolus, cytosol, ribosome associative function, RNA
binding, and RNA polymerase activity (RNA polymerase I
and RNA polymerase III). In addition, GO terms associ-
ated with calcium channels, such as calcium ion transport,
cellular calcium ion homeostasis, sulfate transport, cellular
iron ion homeostasis, cellular response to osmotic stress,
nucleocytoplasmic transport, protein channel activity, and
electron carrier activity, were exclusively enriched in the
parent strain (Table S4), further indicating that the calcium
signaling pathway plays a vital role in the adaptation of
fungi to salt stress by regulating the influx and efflux of
ions.

3.7 KEGG Classifications of DEGs. To gain insight into the
physiological and gene pathways involved in the response
to salt stress in each strain, DEGs were classified using the
KEGG database (Figures 6(a) and 6(b) and S2). This database
integrates genomic, chemical, and systemic functional infor-
mation, aiding in the study of the complex biological behav-
iors of genes. KEGG classification of genes differentially
expressed in strains under salt stress revealed that the RNA
polymerase, ribosome biogenesis in eukaryotes, and vitamin
B6 metabolism pathways were the most enriched in the
parent strain (Figure S2), while the taurine and hypotaurine
metabolism, nitrogen metabolism, and steroid biosynthesis
pathways were the most enriched in AcnaB (Figure 6(a)). In
AcnaBAcchA under salt stress, the most enriched pathways
were nitrogen metabolism, followed by steroid biosynthesis
and folate biosynthesis (Figure 6(b)).

4. Discussion

Our previously published data showed that the deletion
of cchA could ameliorate hyphal growth defects caused by
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the loss of calcineurin under salt stress in A. nidulans.
A number of studies have highlighted the importance of
calcineurin in the stress response in both fungi [11, 14, 19, 23];
however, the complex molecular responses and signal trans-
duction pathways that may compensate for the function of
calcineurin-CchA in fungi under salt stress remain to be fully
elucidated. RNA-seq analyses of transcriptomic profiles are
commonly used as a robust approach for assessing transcrip-
tional responses to different experimental conditions [52, 53].
Therefore, we explored global expression differences among
the parent, AcnaB, and AcnaBAcchA strains of A. nidulans in
response to salt stress in order to identify candidate genes that
mediate salt tolerance in a calcineurin/CchA-independent
manner. From the results, we developed a tentative model for
the signal tranduction network of salt stress responses and
growth in A. nidulans (Figure 7). The keys to understand the
potential mechanisms of salt stress adaption in A. nidulans
are discussed below.

Emerging data have shown that secondary metabolism
is closely related to the regulation of the oxidative stress
response in fungi. In A. nidulans, Emri et al. identified
that various stresses, including NaCl, significantly influence
the synthesis of secondary metabolites, as they affect the
transcription of secondary metabolite biosynthetic loci [54].
Similarly, our transcriptome data also indicated that the GO
term “Biosynthesis of secondary metabolites” was enriched
in both the parent and the deletion strains (data not shown).
Moreover, previous studies have indicated that A#fA is essen-
tial for the tolerance to oxidative and heat stress, as well as
normal vegetative growth and sporulation in A. nidulans [55-
57]. In addition, numerous genes are regulated through the
SskA-HogA-AtfA signaling pathway in response to nonionic
osmotic stress in A. nmidulans triggered by sorbitol [55].

Our study found that the MAPK pathway was typical of
the upregulated genes and that the expression of hogA
and atfA was upregulated in all strains under unstressed
conditions, indicating that the salt stress regulation of atfA
was calcium channel-independent. In the present study, the
parent strain demonstrated a transcriptional upregulation
of genes encoding proteins involved in carbohydrate, lipid,
and trehalose metabolic processes, while genes encoding
proteins involved in primary metabolic processes, RNA
processing, and DNA-dependent DNA replication initiation
were downregulated, which is in accordance with the results
for Aspergillus fumigatus under osmotic stress [58].

To date, it has been revealed that secondary transporters,
including uniporters, symporters, and antiporters, facilitate
tolerance to salt stress through the transportation of a
number of ions and secondary metabolic substrates across
cytoplasmic or internal membranes in a variety of organisms.
The MFS are a primary class of uniporters, symporters, and
antiporters [59, 60]. These proteins play vital roles in ion
homeostasis, such as Na* uptake via phosphate, potassium,
and hydrogen ions under salt stress [60, 61]. In the rat,
uniporters have been reported to play an important role in
maintaining cell permeability [62]. Moreover, symporters are
major determinants in the resistance of Mesembryanthemum
crystallinum to salt stress [63]. Studies in adult Drosophila
have shown that when exposed to dietary salt stress, genes
encoding symporters were significantly overexpressed. Fur-
thermore, the critical roles of antiporters in salt stress
resistance have been widely reported. For instance, a study
in Drosophila and humans revealed that Nhal and Nha2,
members of the cation/proton antiporter (CPA) family, are
essential for ion homeostasis and salt stress [64]. Similarly,
a recent study indicated that TaNHX3, a Na*/H" antiporter
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gene, plays an important role in regulating cytosolic Na*
transport within vacuoles under high salinity, alleviating
the damaging effects of Na®; overexpression of TaNHX3
enhances salt tolerance in tobacco plants [65].

Consistent with previous reports, our data indicate that
the mRNA levels of secondary transporter genes are signif-
icantly increased in response to salt stress. The expression
levels of AN2841, AN8585, and AN9168 were upregulated to
a greater extent in AcnaBAcchA than in AcnaB in response
to salt stress. With the exception of AN2638, all secondary
transporter genes were upregulated to a greater extent in
AcnaBAcchA than in the parent and AcnaB strains, suggesting
that secondary transporters may help cells to avoid the
toxicity of harmful ions via the transport system. These
transporters likely play a critical role in improving salt
stress tolerance in fungi, thus bypassing the requirement for
calcineurin to some extent during salt stress in AcnaBAcchA.

Among the 36 genes exclusively induced in AcnaBAcchA,
the increased expression of six responsive genes in par-
ticular, transporter AcrB, AAA family ATPase, F-box and
WD protein (FBO), heat shock protein, and maintenance
of mitochondrial morphology protein 1 (MMM]I), has been
reported to be activated by abiotic stress in other organisms
and may lead to hyphal growth remediation and salt adaption
in response to high NaCl stress in AcnaBAcchA. For example,
the multidrug transporter AcrB, a heavy metal cation efflux
protein, plays a significant role in salt resistance in Escherichia
coli [45]. According to previous reports [46], AAA family
ATPase contributes to shoot adaption to salt stress in Tibetan
wild barley. In addition, previous research on the fungus
Ascochyta rabiei found that expression of F-box and WD
protein (FBO) and several heat shock proteins was highly
induced under oxidative stress [47]. Moreover, FBO proteins
have been shown to act as scavenger proteins in the cell
[48] and to control the cell division cycle, morphogenesis,
nutrient sensing, and calcium signaling in various fungi,
such as Magnaporthe oryzae and Fusarium oxysporum [49].
Furthermore, F-box domain proteins have been reported
to play crucial roles in regulating various developmental
processes and stress responses [51]. A study in A. fumigatus
showed that the MMMI protein is important in maintaining
mitochondrial morphology; the ER-mitochondria structure
accelerates hyphal growth and is involved in virulence of the
pathogenic mold [50]. Therefore, it is probable that FBO and
MMMILI have an active influence on growth and development
in fungi. Taken together, these findings suggest that the
increased expression of the above genes in AcnaBAcchA may
mediate salt adaptation in a calcineurin/CchA-independent
manner in response to salt stress.

Filamentous fungi grow through elongating hyphae at
their tips to generate primary hyphae that branch to produce
secondary hyphae [66]. This involves cytoplasmic streaming
to the apical tip, which occurs by the establishment of internal
osmotic gradients involving the transport of various ions
toward the hyphae [67]. As expected, in the present study, the
functional classification of DEGs in AcnaBAcchA showed that
transport processes (transport, Golgi to plasma membrane
protein transport, and P-P-bond-hydrolysis-driven protein
transmembrane transporter activity), heat shock protein

binding, and cell growth processes (mitotic spindle elon-
gation and spindle midzone) were specifically induced by
salt stress, while the parent strain was exclusively enriched
for functions related to calcium, indicating that cellu-
lar transportation mechanisms compensate for the loss of
calcineurin-CchA and play pivotal roles in fungal hyphal
growth under salt stress. Spindle elongation and spindle mid-
zone processes play important roles in mitosis, and previous
studies from our laboratory and from others have consistently
shown that timely cytokinesis/septation (cell division) is
essential for hyphal growth in filamentous fungi [68, 69].
Consequently, these results imply that transporter genes
represent a potentially unexplored pathway for enhancing
salt tolerance. Genes related to transport, heat shock, and
mitosis may play roles in the restoration of hyphal growth in
AcnaBAcchA under salt stress.

In summary, this work identified the roles of secondary
transporters and other stress-responsive genes in the abiotic
salt stress response, providing the basis for a calcineurin-
CchA-independent mechanism of salt stress adaption in
Aspergillus. The candidate genes identified here should be
valuable for further targeted studies on salt tolerance in
fungi. However, more work is needed to further characterize
the products of these calcineurin-independent genes and
to elucidate their roles in the response to environmental
stress in Aspergillus. Notably, more detailed knowledge of
the genes involved in salt tolerance in fungi, together with
a greater understanding of the mechanisms underlying the
development of fungal polarized growth, will be of great help
in finding novel drug therapies for fungal infections.
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