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Abstract

Advances in the understanding of molecular systems depend on specific tools like the dis-
ruption of genes to produce strains with the desired characteristics. The disruption of any
mutagen sensitive (mus) genes in the model fungus Neurospora crassa, i.e. mus-51, mus-
52, or mus-53, orthologous to the human genes KU70, KU80, and LIG4, respectively, pro-
vides efficient tools for gene targeting. Accordingly, we used RNA-sequencing and reverse
transcription-quantitative polymerase chain reaction amplification techniques to evaluate
the effects of mus-52 deletion in N. crassa gene transcriptional modulation, and thus, infer
its influence regarding metabolic response to extracellular availability of inorganic phos-
phate (Pi). Notably, the absence of MUS-52 affected the transcription of a vast number of
genes, highlighting the expression of those coding for transcription factors, kinases, circa-
dian clocks, oxi-reduction balance, and membrane- and nucleolus-related proteins. These
findings may provide insights toward the KU molecular mechanisms, which have been
related to telomere maintenance, apoptosis, DNA replication, and gene transcription regula-
tion, as well as associated human conditions including immune system disorders, cancer,
and aging.

Introduction

Changes in the environment, including nutrient availability, can be sensed by all living
organisms. Thus, living systems react to changes with appropriate cellular responses, such as
regulation of growth, proliferation, metabolism, and apoptosis. The fungal lifestyle can be
determined depending on the strategies for nutrient acquisition [1-3]. The uptake and utiliza-
tion of nutrients including inorganic phosphate (Pi) is crucial in physiological metabolisms,
such as energy transduction, maintenance of genetic information, cell growth, synthesis of
membrane phospholipids, and cellular signalling processes in general [4]. The genetic and
molecular mechanisms controlling the response to Pi starvation in N. crassa include at least
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five regulatory genes (nuc-2, mak-2, preg, pgov, and nuc-1). The extracellular Pi shortage is
sensed by the NUC-2 protein, which transmits the signals downstream through a MAPK cas-
cade, inhibiting the function of the PREG-PGOV complex, probably by a putative interaction
with MAK-2. In turn, this allows translocation of the transcription factor NUC-1 into the
nucleus, enabling the transcription of nucleases, phosphatases, phosphodiesterase (s), polypho-
sphate kinase, endopolyphosphatase, heat shock proteins, and Pi transporters [4-10].

Systematic gene disruption constitutes an important strategy for determining the functions
of specific genes. In addition to the completion of N. crassa genome sequence, the availability
of a set of mutant strains individually knocked-out in particular genes, such as the mutagen
sensitive (mus) genes, provides an efficient tool for gene targeting [11-13]. In particular, N.
crassa mus-51, mus-52, and mus-53, homologous to human KU70, KU80, and LIG4 respec-
tively, play a vital role in DNA repair, binding tightly to the DNA ends and direct their ligation
independent of DNA homology [14]. The ku genes are also described as being associated with
telomere maintenance, apoptosis processes, DNA replication, gene transcription regulation,
and especially in non-homologous end-joining (NHE]) of double-stranded DNA breaks
[14,15]. In the absence of any of mus genes, the rate of homologous recombination (HR) is
considerably increased, which markedly enhances the ease of conducting procedures for
genetic alterations of targeted genes [11,13,16]. Otherwise, little information is available
regarding transcriptional regulation in these kinds of genetically modified organisms [11,17].

In a recent report, the deletion of N. crassa mus-52 gene was shown to affect the expression
of genes related to holocellulolytic degradation and transcription factors that regulate these
groups of enzymes [18]. In fact, the biological consequences of mus-52 deletion are not yet
well understood and sometimes even neglected. Thus, we hypothesize that the absence of
MUS-52 causes profound changes in fungal physiology that affect the dynamics and regulation
of diverse metabolic pathways; e.g., cell signalling, circadian rhythms, and others.

Aiming to contribute to increase the knowledge of the functionality of the gene mus-52 we
utilized RNA-sequencing (RNA-Seq) and reverse transcription-quantitative polymerase chain
reaction (RT-qPCR) techniques to identify transcriptional changes in two Neurospora strains
(wild-type FGSC 2489 and mutant FGSC 9568), cultivated in medium containing low- and
high-Pi concentrations. Our results indicated that the extracellular Pi availability influenced
the expression of genes involved in several biological functions. The main affected gene groups
were those associated with integral components of the membrane, such as transport, regula-
tion, and cell signalling pathways, as well as genes involved in the nucleolus and protein syn-
thesis. The absence of MUS-52 affected global gene transcription in all conditions tested,
highlighting the expression of some specific gene groups, such as transcription factors (TFs),
kinase proteins, circadian clock-controlled genes, oxi-reduction balance, phosphate pathways,
and general metabolism.

To avoid the possible effects of mus mutations, as shown here, the group involved in the
Neurospora knockout Project decided to cross the primary transformants to wild type to isolate
homokaryotic knockout mutants free of these mutations [11]. Therefore, all homokaryons
available at the Fungal Genetics Stock Center (http://www.fgsc.net/) are mus+. However, to
some fungal species whose mechanism of crossing is not known the present results are relevant
to alert about the consequence of the absence of MUS-52 to fungal physiology. These aspects
must be taken into consideration if a double mutant is analysed.

Results

For a comprehensive analysis of the N. crassa global transcriptome considering two biological
variables, one environmental (phosphate availability) and the other genetic (mus-52 gene
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disruption), we performed high-throughput sequencing (RNA-Seq) using the wild-type FGSC
2489 and mutant FGSC 9568 (Amus-52) strains cultivated in medium containing low- and
high-Pi concentrations (see the Methods section). Thus, by aligning the mapped reads against
the reference genome (ftp://ftp.broadinstitute.org/pub/annotation/fungi/neurospora_crassa/
assembly/NC12/), it was possible to identify approximately 88% of the 10,082 protein-coding
genes previously predicted in the N. crassa genome [19].

Molecular analysis reveals condition-specific expression of several N. crassa
genes

Using the experimental setup described in the Material and Methods section with an adjusted
P-value < 0.05 and an independent filter [20], we identified a set of differentially expressed
genes (DEGs) (S1 Table). Considering Pi availability as the first variable, and applying 2.8-fold
change (that is, log2 fold change > 1.5 or <-1.5) as the expression threshold, we have identi-
fied 68 DEGs, comprising 24 up- and 44 down-regulated genes (Fig 1A and 1C) in the wild-
type FGSC 2489 strain. Among the most up-regulated genes affected by the change in Pi avail-
ability in this strain, five were categorized as integral components of membrane (NCU08447,
NCU12021, NCU03921, NCU09173, and NCU06613).

FGSC 2489 FGSC 9568 low-Pi high-Pi
high-Pi vs low-Pi  high-Pi vs low-Pi FGSC 9568 vs FGSC 2489 FGSC 9568 vs FGSC 2489

C
Condition Total genes Up-regulated Down-reqgulated
FGSC 2489 (high-Pi vs low-Pi) 68 24 44
FGSC 9568 (high-Pi vs low-Pi) 144 4 140
low-Pi (FGSC 9568 vs FGSC 2489) 484 159 325
high-Pi (FGSC 9568 vs FGSC 2489) 537 216 321

Fig 1. Overall expression analysis of N. crassa wild-type FGSC 2489 and mutant FGSC 9568 strains grown in medium containing different Pi
availability (10 mM-high-Pi and 10 uM- low-Pi). (A) Venn diagram indicating the number of DEGs in the challenge condition (High-Pi) compared to
the control condition (Low-Pi) in the wild-type FGSC 2489 strain (blue) and mutant FGSC 9568 (yellow). (B) Venn diagram indicating the number of
DEGs by the mutant strain FGSC 9568 (test) compared to the control (FGSC 2489 strain) in medium containing low-Pi (blue) and high-Pi (yellow). (C)
The table indicates the number of DEGs in both N. crassa strains and both media conditions. Thresholds for calling DEGs were (P < 0.05) and up
regulated — log2 (Fold Change) > 1.5 / Down-regulated — log2 (Fold Change) < -1.5.

https://doi.org/10.1371/journal.pone.0195871.g001
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By way of contrast, for the mutant FGSC 9568 strain cultured in the same Pi availability
condition we have identified 144 DEGs, comprising 4 up- and 140 down-regulated genes;
from these, 2 up- (NCU11307 and NCU00552) and 4 down-regulated (NCU03921,
NCU04148, NCU09627, NCU00878) genes were highlighted as also related to integral mem-
brane components (Table B in S2 Table). Moreover, nine of the identified DEGs were shared
by both strains. It was also identified that 59 exclusive DEGs existed in the wild-type FGSC
2489 and 135 existed in the mutant FGSC 9568 strains (Fig 1A and 1C).

In both Pi availability culture conditions, it was possible to observe how deeply the disrup-
tion in mus-52 affected the transcriptional modulation in the N. crassa mutant strain. The fold
change expression value between the wild-type FGSC 2489 and the mutant FGSC 9568 identi-
fied 484 DEGs in the low-Pi condition, wherein 159 genes were up-regulated, 325 were down-
regulated, and 245 were expressed exclusively under low-Pi conditions (Fig 1B and 1C). The
gene NCU04276 showed the highest down-regulation observed throughout this study, being
approximately 970-fold reduced (Log2 = —9.92; Table C in S2 Table). In addition, this gene
presented the same strong down-regulation expression pattern in the high-Pi condition as well
(Log2 = —8.87; Table D in S2 Table). NCU04276 encodes a protein with 99 amino acids, having
96% and 85% identity to hypothetical proteins from Neurospora tetrasperma and Sordaria
macrospora, respectively, and 100% identity with a hypothetical protein from Pseudomonas
syringae. In addition to possible phosphorylation and N-myristoylation sites, the in silico scan-
ning of the protein sequence using the PROSITE tool (http://prosite.expasy.org/prosite.html),
a database of protein domains and functional prediction, indicated the presence of a C-termi-
nal microbody targeting signal (Gly, Arg, and Ile) as the last three amino acids.

In high-Pi concentration culture medium, 537 DEGs were identified, of which 216 were
up- and 321 down-regulated, with 298 genes expressed exclusively in this culture condition.
Furthermore, 239 DEGs were shared by both N. crassa strains in both culture conditions (Fig
1B and 1C). The multidrug resistant protein coding gene (NCU00754) also showed a strong
down-regulation (675-fold [log2 = —9.4] and 265-fold [log2 = —8.05]) in both low- and high-Pi
conditions, respectively (Tables C and D in S2 Table), which is notable because its transcrip-
tion regulation is also highly dependent on MUS-52.

Relative expressions of the 23 mutagen-sensitive (mus) genes were investigated in both
strains in all tested conditions. Disruption of mutagen sensitive 52 (mus-52) affected two other
mus genes in N. crassa. mus-53 was the most affected among the mus genes, being up-regulated
approximately 5-fold (log2 = 2.30) in the low-Pi condition. mus-26 was up-regulated approxi-
mately 4.5-fold (log2 = 2.14) in the mutant strain, mainly in the high-Pi condition, although it
also presented a relative up-regulation of approximately 3.2-fold (log2 = 1.67) in low-Pi as well
(S3 Table). The mus-11 gene is adjacent to the most down-regulated NCU04276 DEG. Consid-
ering that they are on opposite strands of the DNA locus and in a different orientation, mus-11
did not present differential expression in any of the conditions investigated. Thus, they proba-
bly do not share the same regulatory system.

Gene Ontology (GO) enrichment analysis indicated that high-Pi availability down-regulates
the majority of DEGs in the wild-type FGSC 2489 strain compared with the low-Pi condition,
highlighting the 24 nucleolus-related and other genes that, directly or indirectly, are involved
in the process of protein synthesis. The only class of up-regulated genes showed ten genes asso-
ciated with an integral component of the membrane (Fig 2A). Additionally, eight up- and four
down-regulated genes were categorized as having unknown function. Notably, for the mutant
FGSC 9568 strain, the high-Pi condition down-regulated all the classes categorized, except for
genes with unknown function of which 43 were down- and two up-regulated (Fig 2B). More-
over, considering the integral component of the membrane group, the change of Pi availability
induced a down-regulation of 36 genes and up-regulation of only two (NCU00552 and
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Fig 2. Gene Ontology (GO) enrichment analysis. (A) The 10 classes of genes in the N. crassa FGSC 2489 strain most affected by Pi availability. (B) The
10 classes of genes in the N. crassa FGSC 9568 strain most impacted by Pi availability. (C, D) The 10 classes of the most affected genes in N. crassa FGSC
9568 with respect to the wild-type strain in the low-Pi (C) and high-Pi (D) culture condition. Significantly enriched categories (P < 0.05) are shown.

https://doi.org/10.1371/journal.pone.0195871.9002

NCU11307) in the mutant strain, although these genes differed from those described for the
wild-type FGSC 2489 strain in the same gene group (Fig 2A and 2B). One of the most impor-
tant points to consider is that the absence of MUS-52 affected the modulation of several genes
classified as integral membrane components regardless of Pi availability, down-regulating 77
genes in low-Pi and 91 in high-Pi conditions (Fig 2C and 2D), along with another group spe-
cifically classified as transmembrane transport with 13 down-regulated genes (Fig 2C). It was
also observed that deletion of mus-52 affected other classes of genes, such as down-regulating
genes of the oxidation-reduction process (38 genes in both low-Pi and high-Pi), while up-regu-
lating genes related to the nucleolus (18 and 59 genes in low- and high-Pi, respectively) and
the ATP-binding gene group (18 and 27 genes in low- and high-Pi, respectively). Furthermore,
the mus-52 mutation also affected several genes with unknown function, with 86 genes up-
and 36 down-regulated under the low-Pi condition, and 21 and 95 genes up- and down-regu-
lated, respectively, under high-Pi conditions (Fig 2C and 2D).

TF modulation

The change expression values of 9 specific and randomly selected differentially expressed TF
genes between mutant FGSC 9568 vs wild-type FGSC 2489 strains were analysed by the RNA--
Seq and validated by RT-qPCR techniques, to illustrate the effects of Pi availability and dele-
tion of the mus-52 gene in the modulation of these kinds of regulators. In low-Pi condition, six
TF genes were down-regulated, highlighting the putative C6 transcription factor protein
(NCUO02142) coding gene, which was also down-regulated in the high-Pi condition. Although
the NCU05257 gene displayed a fold change value (log2 = —1.47) lower than our expression
threshold, it was nevertheless considered in our analysis. Conversely, four genes were up-regu-
lated in low-Pi condition, highlighting cellulose degradation regulator-2 (clr-2, NCU08042),
which was transcribed approximately ten-fold higher (log2 = 3.42) in the mutant FGSC 9568
compared with the wild-type FGSC 2489 strain (Fig 3A and 3C). Under the high-Pi condition,
only one TF gene was up-regulated (coding for a C2H2 transcription factor, NCU00038),
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NCUO00017 Hypothetical protein (C6 Zinc Finger domain-containing protein) 1.92 0.50
NCUO00038 C2H2 Transcription fator 1.79 2.65
NCUO01386 Hypothetical protein (Zn2/Cys6 DNA-Binding protein) -2.07 -3.36
NCU02142 Hypothetical protein (Putative C6 Transcription factor protein) -4.62 -4.27
NCU02499 DNL Zinc finger domain-containing protein -3.07 -2.01
NCUO03643 Cutinase Transcription factor 1 beta -1.76 -1.69
NCU05257 Homeobox and C2H2 Transcription fator -1.47 -2.43
NCU08042 Cellulose degradation regulator-2 (cir-2) 3.43 -0.54
NCUO08507 Zinc finger protein zpr1 -3.99 -3.26

Fig 3. Expression analysis of the N. crassa genes encoding TFs in wild-type FGSC 2489 and mutant FGSC 9568 strains grown in media with
different Pi availability. (A, B) Fold change expression ratio of 9 genes encoding TFs in mutant FGSC 9568 vs FGSC 2489 grown in medium
containing low-Pi (A) or high-Pi (B) availability. (C) Gene ID and description of the TFs analysed and their respective relative expression (log2) under
conditions of low- and high-Pi availability.

https://doi.org/10.1371/journal.pone.0195871.g003

according to our expression threshold, and six TF genes were down-regulated, highlighting a
putative C6 transcription factor (NCU02142); these comprised the most affected TF coding
genes in this Pi condition (Fig 3B and 3C).

Kinase gene expression profile

The change expression value of the 27 kinase and kinase-related genes between the mutant
FGSC 9568 vs wild-type FGSC 2489 strains were used to construct an expression profile (heat
map). The large serine-threonine (S/T) class of the eukaryotic protein kinase superfamily
stands out among these kinase genes as having several genes down-regulated. Serine/threonine
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Fig 4. Kinase and kinase-related gene expression profile (heat map) of N. crassa FGSC 9568 mutant vs wild-type strains, grown in low- and high-
Pi availability conditions. Expression scale is represented as log2-fold change.

https://doi.org/10.1371/journal.pone.0195871.9004

protein kinase-4 (NCU03894) was the most affected kinase gene in the low-Pi condition (log2
fold change = —4.64). In high-Pi condition, the most down-regulated DEG was the thermore-
sistant gluconokinase (NCU07626; log2 fold change = —4.48), (Fig 4 and S4 Table). Another
specific down-regulated kinase was CK-1a (NCUO00685), which is part of the oscillator core of
N. crassa clock-controlled genes (ccgs) (fold change log2 = -2.93 and —2.71 in low- and high-
Pi conditions respectively), (Fig 4 and S4 Table).
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Circadian clock-controlled genes

We next analysed the fold change expression profile of the 28 circadian clock-controlled
genes. Among the five genes (frq, wc-1, we-2, frh, and ck-1a) of the core oscillator in N. crassa,
we-1 (NCU02356) and the previously cited ck-1a (NCU00685) were down-regulated in

the mutant FGSC 9568 compared with the wild-type FGSC 2489 strain. Conversely, frq
(NCU02265) and wc-2 (NCU00902) were slightly up-regulated but were not considered as
DEGs. The gene for FRQ-interacting RNA helicase (FRH, NCU03363) was strongly up-regu-
lated. Furthermore, the majority of the other ccgs were down-regulated, with lysozyme (lyz,
NCU00701) highlighted as the most down-regulated gene identified among the ccgs, being
decreased approximately 105-fold (log2 = —6.70) in low-Pi and approximately 125-fold

(log2 = —6.98) in high-Pi conditions (Fig 5 and S5 Table).

General metabolism-related genes

The relative expression of four general metabolism-related genes and the fold change expres-
sion value between the mutant FGSC 9568 vs wild-type FGSC 2489 strains in both low- and
high-Pi culture conditions were also analysed. We found that two genes (NCU00306 and
NCU04597) were affected by the mus-52 gene disruption, with both being down-regulated,
regardless of the availability of Pi (in low- and high-Pi; Fig 6A and 6C), highlighting the MSF
multidrug transporter coding gene (NCU00306) as being markedly down-regulated. Only the
gene that codes for a hypothetical protein (NCU03649), which when blasted against NCBI
GenBank showed approximately 70% identity with the Metarhizium acridum (CQMa 102)
DNA repair protein Rad7, was up-regulated solely in the Pi starvation condition. Notably, the
N. crassa metabolism-related hypothetical protein NCU06977, when blasted against the NCBI
database, showed > 70% identity with a Colletotrichum graminicola ATP synthase, FO subunit.
The fold change expression value of NCU06977 in the wild-type FGSC 2489 strain under
high-Pi vs low-Pi conditions indicated a strong up-regulation. Conversely, the fold change
expression value of the mutant FGSC 9568 cultured in the same condition indicated an equiva-
lent down-regulation (Fig 6B and 6C). In comparison, no significant difference was observed
in the relative expression profile of two putative DNA methyltransferase (DMT) genes (dim-2
[NCUO02247] and rid-1 [NCU02034]), reported as critical for the genome repeat-induced point
mutation (RIP) defence system in N. crassa [21], which suggests that the absence of MUS-52
does not interfere with RIP in N. crassa.

Gene expression validation

Expression analysis by qRT-PCR of 13 selected genes using independent RNA samples vali-
dated the RNA-Seq data. The results of both experiments were compared with respect to the
log2 ratio between mus-52 mutant and wild-type FGSC 2489 strains (56 Table). The correla-
tion between the Illumina RNA-Seq and qPCR results, obtained from biological replicates, was
strong and was statistically significant (Pearson correlation, r = 0.97, P < 0.001).

Discussion

The acquisition of Pi by microorganisms depends on ambient signals, which are detected by
cellular sensors that initiate the flow of intracellular information. The transcriptional activa-
tion of Pi-related genes triggers an intricate mechanism for Pi homeostasis including phospha-
tases to release inorganic Pi from organic molecules and polyphosphates, and membrane
phosphate permeases to import the Pi into the cells [12,22]. Several studies have utilised the
ascomycete fungus N. crassa for insights regarding the molecular mechanism that controls the
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Fig 5. Circadian clock-controlled gene expression profile (heat map) of N. crassa FGSC 9568 mutant vs wild-type strains, grown in low- and high-
Pi availability conditions. Expression scale is represented as log2-fold change.

https://doi.org/10.1371/journal.pone.0195871.9005

response to phosphate availability. A suppression subtractive hybridization approach has been
applied to identify genes modulated by the transcription factor NUC-1 [6]. This approach has
identified hex-1, a gene classified as septal pore-associated (an organelle specific to filamentous
ascomycete fungi, known as the Woronin body, which acts in the prevention of cytoplasmic
bleeding after hyphal injury) as well as its association with extracellular Pi and pH changes [6].
The same approach was used to identify transcripts differently expressed in the N. crassa strain
lacking the phosphate sensor NUC-2, which regulates several genes associated with the phos-
phorus-sensing network, such as transport, transcriptional regulation, signal transduction,
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Fig 6. Expression analysis of the genes related to metabolism in N. crassa wild-type FGSC 2489 and mutant FGSC 9568 grown in media with
different Pi availability. (A) Fold change expression ratio of 4 genes related to the metabolism of the mutant FGSC 9568 vs FGSC 2489 strains cultured
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metabolism, protein synthesis, and development [5,23,24]. The authors highlighted the mak-2
gene, which codes for a mitogen-activated protein kinase (MAPK-MAK-2). In a subsequent
work, using a N. crassa mutant (Amak-2) strain grown under phosphate-shortage conditions,
the authors reported evidence that, in addition to involvement in metabolic routes (e.g., the
isoprenylation pathway), mak-2 participates in the hierarchical phosphate-signalling pathway,
being the fifth element in the control system of the Pi shortage response [4,5,25,26].

In the current study, we utilised high-throughput genomic approaches to investigate N.
crassa transcriptional regulation under different phosphate availability conditions. We
observed that in the N. crassa wild-type FGSC 2449 strain, the nucleolus-related genes were
the most down-regulated DEGs in high-Pi vs low-Pi (Fig 2A). Notably, the nucleolus partici-
pates in tRNA precursor processing, biogenesis and processing of rRNA, gene silencing,
senescence, stress sensing (influencing p53 protein activities), cell cycle regulation, tumour
suppression, assembly of signal recognition particles (machinery responsible for the proper
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localization of nascent proteins to their specific cellular localization), and modulation of telo-
merase functions [27-31].

Another example of a phosphate-repressive gene observed in the wild-type FGSC 2489
strain is that coding for cyanide hydratase (NCU04697, Table A in S2 Table), an enzyme
involved in the hydrolysis of cyanide to formamide [32]. In fungi, cyanide is produced as a
mechanism to provide a nitrogen and carbon source in fruiting bodies, and under damage or
stress conditions [33].

The gene group categorized by the GO database as an ‘integral component of membrane’ is
also notable. It is the only group up-regulated (except those with unknown functions) by phos-
phate availability in the wild-type FGSC 2489 strain (Fig 2A). This group is characterized by
gene products and protein complexes having at least some part of their peptide sequence
embedded in the hydrophobic region of the membrane. Although the majority of affected
genes from this specific group were classified as hypothetical proteins, we highlight two dis-
tinct members. The mitochondrial chaperone bes1 (NCU03921), which has a single trans-
membrane domain crossing the mitochondrial inner membrane, is reported to be involved
in the respiratory chain Complex III (also known as Ubiquinol-cytochrome ¢ oxidoreductase
or cytochrome be; complex) assembly. This complex is responsible for actively pumping pro-
tons across the inner membrane from the mitochondrial matrix to the intermembrane space,
thereby creating a membrane potential. The protons are thus attracted back to the matrix,
passing through ATP synthase (complex V), whereby the influx of protons generates the
energy necessary for the conversion of ADP to ATP [34-36]. Accordingly, it is reasonable to
suggest that the observed up-regulation of this gene (Table A in S2 Table), owing to the condi-
tion of high availability of phosphate, stimulated the mitochondrial activity and consequently
increased the ATP synthesis in the N. crassa wild-type FGSC 2489 strain. This hypothesis is
supported by the differentially expressed level shown by a putative ATP synthase-F0 subunit
(NCU06977). In high-Pi condition, the wild-type FGSC 2489 strain exhibits up-regulation of
this gene (Fig 6B and 6C). This result is consistent with both increased Pi availability and ATP
production by oxidative phosphorylation in mitochondria. In contrast, such increase in the
transcription level is not observed in the mutant FGSC 9568 strain. The fold change expression
value observed in the mutant compared to the wild-type FGSC 2489 strain shows a converse
response to the variations of Pi availability, with the highest transcription level occurring in
low-Pi and the lowest in high-Pi (Fig 6A and 6C).

The other up-regulated member of the ‘integral component of membrane’ category, modu-
lated in high Pi condition, is an ammonium transporter (NCU06613). This gene encodes a
protein present in the major kingdoms of living organisms, which displays an AmtB conserved
domain that is associated with the transportation of inorganic compounds (Table A in S2
Table). Similar to phosphate, ammonium is an important component of the metabolic process
for cell growth and development, being the main nitrogen source in all organisms. Thus,
ammonium transporter proteins such as ammonia channel protein AmtB comprise important
structures not only for transport but also to sense the environmental ammonium availability
[37].

The previously identified mus genes are sensitivity to a wide range of physical and chemical
mutagens (e.g., UV, X-Ray, methyl methanesulfonate, and histidine) [38-41]. Some of these
mus-mutations have been used for specific gene disruption and recombinant DNA integration
investigations. These tools, which require HR at the target locus, can be considered as a first
step in the rapid functional analyses of genes, such as those involved in virulence of pathogenic
organisms [42]. Disruption of N. crassa genes involved with the NHE] process (i.e., mus-51,
mus-52, and mus-53) dramatically increases the frequency of HR. Evidence suggests that
the NHE] system drives the random integration of exogenous DNA into ectopic sites of the
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genome, whereas HR promotes targeted site integration, thus representing an invaluable
genetic resource to facilitate physiologic, molecular, and biochemical studies [11,13,16,42].

In the current study, we used the N. crassa FGSC 9568 mutant strain to analyse the effect
of the absence of MUS-52 protein on global gene regulation under conditions of different Pi
availability. Notably, the regulation of the overall expression in the mutant strain relative to the
availability of Pi when compared to wild-type FGSC 2489 alignment was markedly distinct. In
general, the data suggest that considerable effort and consequently higher energy consumption
was required by the mutant strain (considering the number of DEGs in both Pi conditions) for
its adaptation to a variable environment when compared with the wild-type FGSC 2489 strain
(Fig 1). In fact, the data indicate that several metabolic pathways of the mutant FGSC 9568 fol-
low alternative routes or even opposite expression pattern of their respective genes. For exam-
ple, the nucleolus-related group, as categorized by the GO database (previously described for
the wild-type FGSC 2489 strain), showed that all DEGs in the mutant strain were up-regulated
in both Pi conditions, highlighting the high-Pi with 59 up-regulated genes (Fig 2C and 2D).
Among other aspects, the data suggest an increase in the protein synthesis process, which is
likely required for mutant adaptation to the changed environmental conditions of phosphate
availability. In contrast, the ‘integral component of membrane’ group consisted of >70 down-
regulated genes in the mutant compared with the wild-type FGSC 2489 strain in both Pi
conditions, with the multidrug resistance coding genes (NCU00306 and NCU00754) being
highlighted. Although further analyses are required, these data indicate that the N. crassa
mutant strain may be more sensitive to some chemical compounds, which could be of interest
for those studying other organisms with mus-52 (or its equivalents) disrupted. By comparing
the expression pattern of ‘integral component of membrane’ group genes in the wild-type
FGSC 2489 strain, we observed that only ten genes were up-regulated in high-Pi, whereas 36
genes were down-regulated in the mutant strain in the same experimental condition (Fig 2A
and 2B). Thus, cellular functions such as transport across membranes (considering both the
plasma membrane and cell organelle membranes) as well as cell signalling from membrane
receptors may have been affected by the absence of MUS-52. This hypothesis is supported by
the relative expression level of other specific membrane-related groups, such as ‘drug trans-
membrane transport’ and ‘plasma membrane proteins’ (Fig 2B). Moreover, approximately 50
DEGs associated with the oxidation-reduction process in mutant FGSC 9568 were down-regu-
lated in both, low- and high-Pi conditions compared with the wild-type FGSC 2489 strain (Fig
2C and 2D). This difference in expression may result in consequences for cellular metabolism,
especially with regard to the intracellular oxi-reduction balance; i.e., considering that several
fungal activities, such as host colonization by the fungal pathogens, depend on the efficiency of
the ROS detoxification systems, which must scavenge ROS, maintain reduced redox states at
the microenvironments, and repair ROS-triggered cellular and membrane damage [43].

After changes to the environment, such as nutritional availability, the signal transduction
pathways will likely be linked with the expression of targeted genes by specific TFs. The tran-
scription, or lack thereof, of a particular TF gene may represent a total metabolism modifica-
tion and indicate transcriptional rewiring of the regulatory mechanism [44]. Therefore, in the
current study, the expression analysis of 9 randomly selected TFs presented an informative
expression pattern upon the comparison between N. crassa wild-type FGSC 2489 and
mutant FGSC 9568 strains. Among these, seven genes (NCU00038; NCU001386; NCU02142;
NCU02499; NCU03643; NCU05257, and NCU08507) were concomitantly modulated in both
phosphate availability conditions, with NCU00038 as the only single DEG up-regulated in
both Pi conditions (Fig 3). Most of the TFs analysed exhibited a zinc finger domain (a short
peptide with the secondary structure stabilized by a zinc ion bound with conserved cysteine
and histidine residues) that could be classified into several groups according to their diverse
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zinc-binding motifs [45,46]. Notably, NCU00038, which contains Cys2His2 (C2H2, a classical
zinc finger [CZF] motif) and encodes a protein that binds both DNA and RNA molecules [47]
was the only gene up-regulated in both Pi conditions. Thus, considering the previously dis-
cussed up-regulation of the nucleolus-related genes (Fig 2C and 2D), which also occurred

in both Pi conditions, we could speculate that the up-regulation of this specific TF might indi-
cate a possible increase of protein synthesis, as it can be required for the initiation of 5S RNA
synthesis by RNA polymerase III, as described for TFIIA [47]. Moreover, the NCU00038
expression is also reported in other contexts, such as growth, conidiation, metabolism, sexual
reproduction, virulence, drug resistance, and stress response [46,48]. Conversely, the marked
down-regulation of the other six TFs, in both Pi conditions (Fig 3), may lead to an unpredict-
able transcription regulation of genes in the whole genome. Alternatively, the identification of
clr-2 (NCU08042), which constitutes a highly conserved fungal-specific zinc binuclear cluster
transcription factor that is responsible for the induction of genes encoding enzymes associated
with cellulose deconstruction, as the most up-regulated TF (Fig 3A) might indicate that the N.
crassa mutant FGSC 9568 strain would be a better producer of cellulose degradation enzymes
than the wild-type FGSC 2489 strain in low-Pi conditions. However, further analyses are nec-
essary regarding this issue.

Kinase proteins comprise another relevant group in the regulation of metabolic pathways
and, directly or indirectly, gene expression processes. These enzymes display a central role in
signalling pathways and, thus, in regulating proliferation, survival, apoptosis, general metabo-
lism, transcription, and differentiation [49,50]. In the present study, we show that absence of
MUS-52 down-regulates the majority of the kinase proteins in both low- and high-Pi condi-
tions. This expression pattern may indicate an interference arising from the mus-52 disruption
rather than the Pi availability in the transcriptional response of the protein kinases, especially
of a specific group known as serine/threonine kinases (STKs) (Fig 4 and S4 Table). STKs can
be further classified into groups based on their catalytic domains, with over a hundred mem-
bers associated with several cellular functions predicted in N. crassa [19,51].

The phosphorylation process is also associated with the regulation of the circadian clocks,
which synchronize the physiological and cellular activities of an organism for the appropriate
times of day, a process that is well described in N. crassa. Phosphorylation of the frequency
clock protein (FRQ), which is one of the main proteins related to the regulation of the circa-
dian clock, is a key step in ‘time counting’ and consequently in specific gene expression for a
giving period of the day [52]. In the present study, the down regulation of CK-1a (NCU00685)
observed in the mutant FGSC 9568 strain compared with the wild-type FGSC 2489 (Fig 4 and
S4 Table) may indicate that the circadian metabolism control system is affected by the absence
of MUS-52 in N. crassa. In this case, it might affect the FRQ phosphorylation pattern, leading
to a delay in its degradation and, consequently, in the circadian clock itself. A down-regulation
of CK-1b (NCU04005), a homologue to CK-1a, was also observed (Fig 4 and S4 Table); this
protein can phosphorylate FRQ in vitro as well, although it was described having no essential
function in the N. crassa circadian clock [53,54]. These findings indicate further that the mus-
52 disruption affects the expression of several ccgs and, consequently, the cellular processes
such as stress response, intermediary metabolism, protein synthesis, and development [55].

Furthermore, considering that the down-regulation of CK-1a might lead to hypophosphor-
ylation of FRQ, and consequently to a delay on its degradation, it would be reasonable to
hypothesize that we-1 and wc-2 would be up-regulated, and thus, the frq gene would be
increased as well as a result of WC-1 and WC-2 dimerization and consequent formation of the
WCC. In practice, a discrete up-regulation of frq and wc-2 were indeed observed (S5 Table). A
strong down-regulation of wc-1 was also noted, which might suggest that the FRQ phosphory-
lation pattern interferes directly with the transcription of wc-1, or even that there is another
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factor, dependent on CK-1a, acting on the regulation of this gene, which does not interfere in
we-2 and frq transcription. In addition, the vast majority of the other ccgs were down-regu-
lated in the mutant FGSC 9568 transcriptome compared to the wild-type FGSC 2489 strain,
corroborating the hypothesis that the temporal pattern of the mutant is altered and may lead
to unpredictable physiological consequences.

Notably, the two most affected genes (NCU04276 and NCU05498) observed in the mus-52
mutant strain upon culture in both high- and low-Pi, encode for hypothetical proteins (Tables
C and D in S2 Table). The NCU05498 gene sequence did not show homology with other genes
coding for proteins with known biological function. In comparison, the NCU04276 gene
sequence shares high degree of identity between N. tetrasperma, S. macrospora, and P. syringae,
and is probably associated with microbodies (i.e., glyoxysomes and peroxisomes) owing to the
tripeptide targeting signal at the C-terminal region. In phytopathogenic fungi (e.g., Sclerotinia
sclerotiorum and Sclerotium rolfsii) the microbodies contribute to virulence. These fungi pro-
duce and secrete oxalic acid that, during the infection process, acts in the degradation of the
plant cell wall. Two key enzymes in the production of oxalate (isocitrate lyase and glyoxylate
dehydrogenase) are located in the peroxisomes [56]. In human disorders, microbodies are
related to peroxisomal dysfunction, such as cerebrohepatorenal (Zellweger) syndrome, Refsum
disease, adrenoleukodystrophy, and acatalasaemia [57]. Thus, down-regulation of this gene
may affect the functioning of these organelles in N. crassa.

Up-regulation of the mutagen sensitive genes mus-53 and mus-26 (S3 Table) as a conse-
quence of mus-52 disruption, is not surprising because both are described as being part of the
DNA repair system. In N. crassa, mus-53 encodes a DNA ligase (homologous to human Lig4)
that belongs to the NHE] recombination repair system, which can also act in a MUS-52-inde-
pendent pathway [16]. In addition to being related to UV mutagenesis, mus-26, which is
homologous to yeast REV7, is also a DNA damage-inducible gene [58].

We have shown here that the absence of MUS-52 profoundly alters several metabolic path-
ways that are extremely important for physiological homeostasis, which involve protein func-
tions such as cell signalling, phosphorylation, redox balance, oxidative stress response, gene
transcription, and molecular adjustments to circadian rhythm via ccgs.

A plausible explanation for these abnormal metabolic changes may, at present, only be
given speculatively. It is difficult to attest whether MUS-52 affects all of these cellular pro-
cesses by direct interaction or, likely in an indirect manner, reducing the access of enhancers
and TFs to the promoter region of some specific genes. Conversely, these adjustments could
act by affecting one or several of these pathways thus triggering a type of cascade effect.
Therefore, this effect could elicit transcriptional feedback loops of specific genes from differ-
ent pathways (mainly negative transcriptional feedback, as shown here for the majority of
the gene groups from the mutant strain), creating molecular links as a sort of crosstalk. Such
links may exist between alternative signalling cascades driven by kinases and membrane pro-
teins, and gene transcription regulation driven by TFs and related transcriptional proteins.
Accordingly, organisms containing these derived mutations deserve further and profound
molecular evaluation.

Materials and methods
N. crassa strains and culture conditions

N. crassa St.L.74-OR23-1VA (wild-type FGSC 2489; control strain) and the FGSC 9568 strain
(FGSC No. 9568; mat a, mus-52::hyg) were from the Fungal Genetics Stock Center, FGSC,

Kansas State University, Manhattan, KS, USA (www.fgsc.net). These strains were maintained
on solid Vogel’s minimal medium, pH 5.8 containing 2% sucrose at 30°C [4]. Gene knockout
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in the mutant strain was confirmed by qRT-PCR using specific oligonucleotides by compari-
son to the amplification of genomic DNA from the wild-type FGSC 2489 strain.

Conidia from 6 day-cultures of each N. crassa strain (approximately 10° cells ml™') were
germinated for 5 h at 30°C in an orbital shaker (200 rpm), in low- and high-Pi media (final
concentrations, 10 pM or 10 mM Pj, respectively). Media were supplemented with 44 mM
sucrose as the carbon source, and the pH was adjusted to 5.4 (buffered with 50 mM sodium cit-
rate), as previously described [25,59]. The mycelium was harvested on Millipore filters (pore
size 0.22 um), rinsed 3 times with 5-10 ml aliquots of distilled water, frozen in liquid nitrogen,
and stored at —80°C until use.

RNA extraction

Frozen mycelia from both N. crassa strains were used for isolation of total RNA through a TRI-
zol RNA kit (Invitrogen Life Technologies, Carlsbad, CA, USA) and treated with RNase-free
DNAse I (Thermo Fisher, Waltham, MA, USA). RNA concentrations were determined using
a NanoDrop ND-1000 spectrophotometer (Wilmington, DE, USA), and RNA integrity was
verified using both agarose electrophoresis and the Agilent Bioanalyser platform 2100 (Agilent
Technologies, Santa Clara, CA, USA).

RNA-Seq analyses

A total of four cDNA libraries were sequenced (N. crassa wild-type FGSC 2489 and FGSC
9568 mutant strains, cultivated in high- and low-Pi concentration media), with their respective
biological triplicates corresponding to the paired libraries, using an Illumina HiSeq2000
sequencer, to generate 100 bp paired-end reads. FastQC software was used to visualize the
library quality before and after trimming. For quality and -sequence filtering, a Phred score
lower than 20 was employed to remove sequencing bases from the read ends. Filtered reads
were mapped onto the N. crassa genome (ftp://ftp.broadinstitute.org/pub/annotation/fungi/
neurospora_crassa/assembly/NC12/) using Bowtie2 software [60]. The mean coverage and
alignments of the transcripts were visually inspected using Integrative Genomics Viewer soft-
ware (IGV) [61,62]. After the library alignment and quality filter steps, the reads count values
were obtained and used to calculate the expression variation of the transcripts from different
conditions, considering the statistical significance of the differential gene expression [63]. In
addition, an independent filter was applied to increase the accuracy of the data, to minimize
the occurrence of false positives owing to low read counts [20]. Afterward, the False Discovery
Rate statistical test was applied on the significance of the gene expression value among the
samples, using the DESeq package, manipulated in the R statistical environment [63]. After
that, an exclusion criterion of 2.8-fold (that is, log2 fold change > 1.5 or <-1.5) was applied as
an expression threshold. Functional annotation of the DEGs was performed according to GO
[64], using Bast2GO software [65]. GO term enrichment was performed using the BayGO algo-
rithm [66]. To identify metabolic pathways in which genes could be modulated in response to
phosphate availability, annotation was performed using Kegg Orthology [67], using the Kegg
Automatic Annotation Server (KAAS) and N. crassa as a reference organism. Expression graph-
ics were constructed using GraphPad Prism v 5.1 Software (LaJolla, CA, USA).

Idiomorph-related genes

As the N. crassa wild-type FGSC 2489 and the mutant FGSC 9568 strains have different mating
systems, conferred by the idiomorphic mat locus (mat A and mat a, respectively), we used the
microarray data available in the GEO database (GSE41484) [68] to exclude the DEGs that
could be regulated by the mating type system during the asexual development of N. crassa

PLOS ONE | https://doi.org/10.1371/journal.pone.0195871 April 18,2018 15/20


ftp://ftp.broadinstitute.org/pub/annotation/fungi/neurospora_crassa/assembly/NC12/
ftp://ftp.broadinstitute.org/pub/annotation/fungi/neurospora_crassa/assembly/NC12/
https://doi.org/10.1371/journal.pone.0195871

@° PLOS | ONE

mus-52 disruption in Neurospora crassa

(S7 Table). In addition, we also used a highly conserved MAT1-1-1 DNA binding motif
(5'-CTATTGAG-3') [69], which shares similarities with known DNA-binding motifs of pro-
teins involved in the regulation of sexual reproduction in yeast and embryonic development in
vertebrates, to analyse 1000 bp upstream of the entire N. crassa genome and exclude the DEGs
that contain this DNA binding motif in their respective promoter regions (S8 Table).

RT-qPCR analyses

The expression profile of selected genes was quantified by performing qRT-PCR using Power
SYBR Green PCR Master Mix (Applied Biosystems, Foster City, CA, USA) with the StepOne-
Plus Real-Time PCR System (Applied Biosystems). One pug of total RNA, extracted from myce-
lia, was reverse transcribed into cDNA using the High Capacity cDNA Reverse Transcription
Kit (Applied Biosystems) according to the manufacturer’s instructions. The PCR protocol
included an initial denaturation step at 50°C for 2 min and at 95°C for 10 min, followed by 40
cycles of 95°C for 15 s and 60°C for 1 min. A dissociation curve was generated at the end of
each PCR cycle to verify the amplification of a single product. Each reaction was done in tripli-
cate. The actin (NCU04173) and S-tubulin (NCU04054) genes were used as endogenous con-
trols. Relative expression levels of each gene were calculated using the Livak (2724Y method
[70]. Statistical analyses were performed using a two-tailed Student’s ¢-test.

Supporting information

S1 Table. Genes of N. crassa modulated in response to mus-52 deletion (FGSC 9568 vs
FGSC 2489).
(DOCX)

S2 Table. Top 10 most significantly up- or down-regulated differentially expressed genes.
(DOCX)

S3 Table. Log2 fold-change mutagen sensitive gene expression.
(DOCX)

S$4 Table. Log2 fold-change kinase gene expression.
(DOCX)

S5 Table. Log2 fold-change circadian clock-related gene expression.
(DOCX)

$6 Table. Comparison of the gene expression levels assayed by RNA-Seq and qPCR
approaches.
(DOCX)

S7 Table. Genes potentially involved in the mating-type mechanism.
(DOCX)

S8 Table. In silico prediction of the DNA-binding motif for the regulator MAT1-1-1
(5’ -CTATTGAG-3').
(DOCX)

Acknowledgments

We are grateful to Dr. Maria Celia Bertolini for kindly providing the N. crassa mus-52 knock-
out mutant.

PLOS ONE | https://doi.org/10.1371/journal.pone.0195871 April 18,2018 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0195871.s008
https://doi.org/10.1371/journal.pone.0195871

@° PLOS | ONE

mus-52 disruption in Neurospora crassa

Author Contributions

Conceptualization: Nilce M. Martinez-Rossi, Antonio Rossi.

Data curation: Pablo R. Sanches.

Formal analysis: Eriston V. Gomes, Pablo R. Sanches, Antonio Rossi.

Funding acquisition: Nilce M. Martinez-Rossi, Antonio Rossi.

Investigation: Maira P. Martins, Eriston V. Gomes, Wellington R. Pedersoli.
Methodology: Maira P. Martins, Pablo R. Sanches, Wellington R. Pedersoli, Antonio Rossi.
Project administration: Nilce M. Martinez-Rossi, Antonio Rossi.

Resources: Nilce M. Martinez-Rossi, Antonio Rossi.

Software: Pablo R. Sanches.

Supervision: Nilce M. Martinez-Rossi, Antonio Rossi.

Validation: Maira P. Martins, Eriston V. Gomes.

Visualization: Pablo R. Sanches.

Writing - original draft: Eriston V. Gomes, Nilce M. Martinez-Rossi, Antonio Rossi.

Writing - review & editing: Eriston V. Gomes, Nilce M. Martinez-Rossi, Antonio Rossi.

References

1. Zeilinger S, Gupta VK, Dahms TE, Silva RN, Singh HB, Upadhyay RS, et al. Friends or foes? Emerging
insights from fungal interactions with plants. FEMS Microbiol Rev. 2016; 40: 182—207. https://doi.org/
10.1093/femsre/fuv045 PMID: 26591004

2. Nahas E, Rossi A Properties of a repressible alkaline-phosphatase secreted by the wild-type strain 74A
of Neurospora crassa. Phytochemistry. 1984; 23: 507-510.

3. Nahas E, Terenzi HF, Rossi A Effect of carbon source and pH on the production and secretion of acid-
phosphatase (EC3.1.3.2) and alkaline-phosphatase (EC3.1.3.1) in Neurospora crassa. J Gen Microbiol.
1982; 128:2017-2021.

4. Gras DE, Persinoti GF, Peres NT, Martinez-Rossi NM, Tahira AC, Reis EM, et al. Transcriptional profil-
ing of Neurospora crassa Deltamak-2 reveals that mitogen-activated protein kinase MAK-2 participates
in the phosphate signaling pathway. Fungal Genet Biol. 2013; 60: 140—-149. https://doi.org/10.1016/j.
fgb.2013.05.007 PMID: 23733042

5. Gras DE, Silveira HC, Peres NT, Sanches PR, Martinez-Rossi NM, Rossi A Transcriptional changes in
the nuc-2A mutant strain of Neurospora crassa cultivated under conditions of phosphate shortage.
Microbiol Res. 2009; 164: 658—664. PMID: 19230635

6. LealJ, Squina FM, Freitas JS, Silva EM, Ono CJ, Martinez-Rossi NM, et al. A splice variant of the Neu-
rospora crassa hex-1 transcript, which encodes the major protein of the Woronin body, is modulated by
extracellular phosphate and pH changes. FEBS Lett. 2009; 583: 180—184. https://doi.org/10.1016/j.
febslet.2008.11.050 PMID: 19071122

7. Metzenberg RL Implications of some genetic control mechanisms in Neurospora. Microbiol Rev. 1979;
43: 361-383. PMID: 232242

8. PerssonBL, Lagerstedt JO, Pratt JR, Pattison-Granberg J, Lundh K, Shokrollahzadeh S, et al. Regula-
tion of phosphate acquisition in Saccharomyces cerevisiae. Curr Genet. 2003; 43: 225-244. https://doi.
org/10.1007/s00294-003-0400-9 PMID: 12740714

9. Squina FM, Leal J, Cipriano VT, Martinez-Rossi NM, Rossi A Transcription of the Neurospora crassa
70-kDa class heat shock protein genes is modulated in response to extracellular pH changes. Cell
Stress Chaperones. 2010; 15: 225-231. https://doi.org/10.1007/s12192-009-0131-z PMID: 19618296

10. Gleason MK, Metzenberg RL Regulation of phosphate metabolism in Neurospora crassa: isolation of
mutants deficient in ther repressible alkaline phosphatase. Genetics. 1974; 78: 645-659. PMID:
4280980

PLOS ONE | https://doi.org/10.1371/journal.pone.0195871 April 18,2018 17/20


https://doi.org/10.1093/femsre/fuv045
https://doi.org/10.1093/femsre/fuv045
http://www.ncbi.nlm.nih.gov/pubmed/26591004
https://doi.org/10.1016/j.fgb.2013.05.007
https://doi.org/10.1016/j.fgb.2013.05.007
http://www.ncbi.nlm.nih.gov/pubmed/23733042
http://www.ncbi.nlm.nih.gov/pubmed/19230635
https://doi.org/10.1016/j.febslet.2008.11.050
https://doi.org/10.1016/j.febslet.2008.11.050
http://www.ncbi.nlm.nih.gov/pubmed/19071122
http://www.ncbi.nlm.nih.gov/pubmed/232242
https://doi.org/10.1007/s00294-003-0400-9
https://doi.org/10.1007/s00294-003-0400-9
http://www.ncbi.nlm.nih.gov/pubmed/12740714
https://doi.org/10.1007/s12192-009-0131-z
http://www.ncbi.nlm.nih.gov/pubmed/19618296
http://www.ncbi.nlm.nih.gov/pubmed/4280980
https://doi.org/10.1371/journal.pone.0195871

@° PLOS | ONE

mus-52 disruption in Neurospora crassa

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Colot HV, Park G, Turner GE, Ringelberg C, Crew CM, Litvinkova L, et al. A high-throughput gene
knockout procedure for Neurospora reveals functions for multiple transcription factors. Proc Natl Acad
SciU S A. 2006; 103: 10352—10357. https://doi.org/10.1073/pnas.0601456103 PMID: 16801547

Dick CF, Dos-Santos AL, Meyer-Fernandes JR Inorganic phosphate uptake in unicellular eukaryotes.
Biochim Biophys Acta. 2014; 1840: 2123-2127. PMID: 24674820

Ninomiya Y, Suzuki K, Ishii C, Inoue H Highly efficient gene replacements in Neurospora strains defi-
cient for nonhomologous end-joining. Proc Natl Acad Sci U S A. 2004; 101: 12248—12253. https://doi.
org/10.1073/pnas.0402780101 PMID: 15299145

Gullo C, Au M, Feng G, Teoh G The biology of Ku and its potential oncogenic role in cancer. Biochim
Biophys Acta. 2006; 1765: 223—-234. https://doi.org/10.1016/j.bbcan.2006.01.001 PMID: 16480833

Fell VL, Schild-Poulter C The Ku heterodimer: function in DNA repair and beyond. Mutat Res Rev Mutat
Res. 2015; 763: 15-29. https://doi.org/10.1016/j.mrrev.2014.06.002 PMID: 25795113

Ishibashi K, Suzuki K, Ando Y, Takakura C, Inoue H Nonhomologous chromosomal integration of for-
eign DNA is completely dependent on MUS-53 (human Lig4 homolog) in Neurospora. Proc Natl Acad
Sci U S A. 2006; 103: 14871-14876. https://doi.org/10.1073/pnas.0604477103 PMID: 17003123

Davis RH, Perkins DD Timeline: Neurospora: a model of model microbes. Nat Rev Genet. 2002; 3:
397-403. https://doi.org/10.1038/nrg797 PMID: 11988765

Campos Antonieto AC, Ramos Pedersoli W, Dos Santos Castro L, da Silva Santos R, Cruz AH,
Nogueira KM, et al. Deletion of pH Regulator pac-3 Affects Cellulase and Xylanase Activity during Sug-
arcane Bagasse Degradation by Neurospora crassa. PLoS One. 2017; 12: e0169796. https://doi.org/
10.1371/journal.pone.0169796 PMID: 28107376

Galagan JE, Calvo SE, Borkovich KA, Selker EU, Read ND, Jaffe D, et al. The genome sequence of the
filamentous fungus Neurospora crassa. Nature. 2003; 422: 859-868. https://doi.org/10.1038/
nature01554 PMID: 12712197

Bourgon R, Gentleman R, Huber W Independent filtering increases detection power for high-throughput
experiments. Proc Natl Acad Sci U S A. 2010; 107: 9546-9551. https://doi.org/10.1073/pnas.
0914005107 PMID: 20460310

Freitag M, Williams RL, Kothe GO, Selker EU A cytosine methyltransferase homologue is essential for
repeat-induced point mutation in Neurospora crassa. Proc Natl Acad Sci U S A. 2002; 99: 8802—8807.
https://doi.org/10.1073/pnas. 132212899 PMID: 12072568

Toh-e A, Ohkusu M, Li HM, Shimizu K, Takahashi-Nakaguchi A, Gonoi T, et al. Identification of genes
involved in the phosphate metabolism in Cryptococcus neoformans. Fungal Genet Biol. 2015; 80: 19—
30. PMID: 25957252

Palma MS, Han SW, Rossi A Dissociation and catalytic activity of phosphate-repressible alkaline-phos-
phatase from Neurospora crassa. Phytochemistry. 1989; 28: 3281-3284.

Mendes NS, Silva PM, Silva-Rocha R, Martinez-Rossi NM, Rossi A Pre-mRNA splicing is modulated by
antifungal drugs in the filamentous fungus Neurospora crassa. FEBS Open Bio. 2016; 6: 358—368.
https://doi.org/10.1002/2211-5463.12047 PMID: 27239448

Gras DE, Silveira HC, Martinez-Rossi NM, Rossi A Identification of genes displaying differential expres-
sion in the nuc-2 mutant strain of the mold Neurospora crassa grown under phosphate starvation.
FEMS Microbiol Lett. 2007; 269: 196—200. https://doi.org/10.1111/j.1574-6968.2006.00613.x PMID:
17229059

Rossi A, Cruz AHC, Santos RS, Silva PM, Silva EM, Mendes NS, et al. Ambient pH Sensing in Filamen-
tous Fungi: Pitfalls in Elucidating Regulatory Hierarchical Signaling Networks. IUBMB Life. 2013; 65:
930-935. https://doi.org/10.1002/iub.1217 PMID: 24265200

Olson MO, Dundr M The moving parts of the nucleolus. Histochem Cell Biol. 2005; 123: 203-216.
https://doi.org/10.1007/s00418-005-0754-9 PMID: 15742198

Olson MO, Hingorani K, Szebeni A Conventional and nonconventional roles of the nucleolus. Int Rev
Cytol. 2002; 219: 199-266. PMID: 12211630

Shaw P, Doonan J The nucleolus. Playing by different rules? Cell Cycle. 2005; 4: 102—105. https://doi.
org/10.4161/cc.4.1.1467 PMID: 15655371

Wang L, Ren XM, Xing JJ, Zheng AC The nucleolus and viral infection. Virol Sin. 2010; 25: 151-157.
https://doi.org/10.1007/s12250-010-3093-5 PMID: 20960288

Akopian D, Shen K, Zhang X, Shan SO Signal recognition particle: an essential protein-targeting
machine. Annu Rev Biochem. 2013; 82: 693—721. https://doi.org/10.1146/annurev-biochem-072711-
164732 PMID: 23414305

Dent KC, Weber BW, Benedik MJ, Sewell BT The cyanide hydratase from Neurospora crassa forms a
helix which has a dimeric repeat. Appl Microbiol Biotechnol. 2009; 82: 271-278. https://doi.org/10.
1007/s00253-008-1735-4 PMID: 18946669

PLOS ONE | https://doi.org/10.1371/journal.pone.0195871 April 18,2018 18/20


https://doi.org/10.1073/pnas.0601456103
http://www.ncbi.nlm.nih.gov/pubmed/16801547
http://www.ncbi.nlm.nih.gov/pubmed/24674820
https://doi.org/10.1073/pnas.0402780101
https://doi.org/10.1073/pnas.0402780101
http://www.ncbi.nlm.nih.gov/pubmed/15299145
https://doi.org/10.1016/j.bbcan.2006.01.001
http://www.ncbi.nlm.nih.gov/pubmed/16480833
https://doi.org/10.1016/j.mrrev.2014.06.002
http://www.ncbi.nlm.nih.gov/pubmed/25795113
https://doi.org/10.1073/pnas.0604477103
http://www.ncbi.nlm.nih.gov/pubmed/17003123
https://doi.org/10.1038/nrg797
http://www.ncbi.nlm.nih.gov/pubmed/11988765
https://doi.org/10.1371/journal.pone.0169796
https://doi.org/10.1371/journal.pone.0169796
http://www.ncbi.nlm.nih.gov/pubmed/28107376
https://doi.org/10.1038/nature01554
https://doi.org/10.1038/nature01554
http://www.ncbi.nlm.nih.gov/pubmed/12712197
https://doi.org/10.1073/pnas.0914005107
https://doi.org/10.1073/pnas.0914005107
http://www.ncbi.nlm.nih.gov/pubmed/20460310
https://doi.org/10.1073/pnas.132212899
http://www.ncbi.nlm.nih.gov/pubmed/12072568
http://www.ncbi.nlm.nih.gov/pubmed/25957252
https://doi.org/10.1002/2211-5463.12047
http://www.ncbi.nlm.nih.gov/pubmed/27239448
https://doi.org/10.1111/j.1574-6968.2006.00613.x
http://www.ncbi.nlm.nih.gov/pubmed/17229059
https://doi.org/10.1002/iub.1217
http://www.ncbi.nlm.nih.gov/pubmed/24265200
https://doi.org/10.1007/s00418-005-0754-9
http://www.ncbi.nlm.nih.gov/pubmed/15742198
http://www.ncbi.nlm.nih.gov/pubmed/12211630
https://doi.org/10.4161/cc.4.1.1467
https://doi.org/10.4161/cc.4.1.1467
http://www.ncbi.nlm.nih.gov/pubmed/15655371
https://doi.org/10.1007/s12250-010-3093-5
http://www.ncbi.nlm.nih.gov/pubmed/20960288
https://doi.org/10.1146/annurev-biochem-072711-164732
https://doi.org/10.1146/annurev-biochem-072711-164732
http://www.ncbi.nlm.nih.gov/pubmed/23414305
https://doi.org/10.1007/s00253-008-1735-4
https://doi.org/10.1007/s00253-008-1735-4
http://www.ncbi.nlm.nih.gov/pubmed/18946669
https://doi.org/10.1371/journal.pone.0195871

@° PLOS | ONE

mus-52 disruption in Neurospora crassa

33.

34.

35.

36.

37.

38.

39.

40.

M.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Ezzi MI, Lynch JM Biodegradation of cyanide by Trichoderma spp. and Fusarium spp. Enzyme and
Microbial Technology. 2005; 37: 849-854.

Neuwald AF, Aravind L, Spouge JL, Koonin EV AAA+: A class of chaperone-like ATPases associated
with the assembly, operation, and disassembly of protein complexes. Genome Res. 1999; 9: 27—43.
PMID: 9927482

Smith PM, Fox JL, Winge DR Biogenesis of the cytochrome bc(1) complex and role of assembly factors.
Biochim Biophys Acta. 2012; 1817: 276—286. https://doi.org/10.1016/j.bbabio.2011.11.009 PMID:
22138626

Sawamura R, Ogura T, Esaki M A conserved alpha helix of Bcs1, a mitochondrial AAA chaperone, is
required for the Respiratory Complex Ill maturation. Biochem Biophys Res Commun. 2014; 443: 997—
1002. https://doi.org/10.1016/j.bbrc.2013.12.084 PMID: 24361883

Paul JA, Barati MT, Cooper M, Perlin MH Physical and genetic interaction between ammonium trans-
porters and the signaling protein Rho1 in the plant pathogen Ustilago maydis. Eukaryot Cell. 2014; 13:
1328-1336. https://doi.org/10.1128/EC.00150-14 PMID: 25128189

Delange AM, Mishra NC The isolation of MMS- and histidine-sensitive mutants in Neurospora crassa
Genetics. 1980; 97: 247-259.

Inoue H Exploring the processes of DNA repair and homologous integration in Neurospora. Mutat Res.
2011; 728: 1-11. https://doi.org/10.1016/j.mrrev.2011.06.003 PMID: 21757027

Inoue H, Ishii C Isolation and characterization of MMS-sensitive mutants of Neurospora crassa. Muta-
tion Research. 1984; 125: 185-194. PMID: 6230534

Kéfer E, Perlmutter E Isolation and genetic analysis of MMS-sensitive mus mutantes of Neurospora.
Can J Genet Cytol. 1980.

Roche CM, Loros JJ, McCluskey K, Glass NL Neurospora crassa: looking back and looking forward at a
model microbe. Am J Bot. 2014; 101: 2022—-2035. https://doi.org/10.3732/ajb.1400377 PMID:
25480699

SunY, Wang Y, Tian C bZIP transcription factor CgAP1 is essential for oxidative stress tolerance and
full virulence of the poplar anthracnose fungus Colletotrichum gloeosporioides. Fungal Genet Biol.
2016; 95: 58-66. https://doi.org/10.1016/.fgb.2016.08.006 PMID: 27544415

Todd RB, Zhou M, Ohm RA, Leeggangers HA, Visser L, de Vries RP Prevalence of transcription factors
in ascomycete and basidiomycete fungi. BMC Genomics. 2014; 15: 214. https://doi.org/10.1186/1471-
2164-15-214 PMID: 24650355

Berg JM, Godwin HA Lessons from zinc-binding peptides. Annu Rev Biophys Biomol Struct. 1997; 26:
357-371. https://doi.org/10.1146/annurev.biophys.26.1.357 PMID: 9241423

Xiong Y, Coradetti ST, Li X, Gritsenko MA, Clauss T, Petyuk V, et al. The proteome and phosphopro-
teome of Neurospora crassa in response to cellulose, sucrose and carbon starvation. Fungal Genet
Biol. 2015; 72:21-33.

Brown RS, Sander C, Argos P The primary structure of transcription factor TFIIIA has 12 consecutive
repeats. FEBS Lett. 1985; 186: 271-274. PMID: 4007166

Hoi JWS, Dumas B Ste12 and Ste12-like proteins, fungal transcription factors regulating development
and pathogenicity. Eukaryot Cell. 2010; 9: 480—485. https://doi.org/10.1128/EC.00333-09 PMID:
20139240

Fabbro D, Cowan-Jacob SW, Moebitz H Ten things you should know about protein kinases: [IUPHAR
Review 14. Br J Pharmacol. 2015; 172: 2675-2700. https://doi.org/10.1111/bph.13096 PMID:
25630872

Munoz L Non-kinase targets of protein kinase inhibitors. Nat Rev Drug Discov. 2017; 16: 424—440.
https://doi.org/10.1038/nrd.2016.266 PMID: 28280261

Park G, Servin JA, Turner GE, Altamirano L, Colot HV, Collopy P, et al. Global analysis of serine-threo-
nine protein kinase genes in Neurospora crassa. Eukaryot Cell. 2011; 10: 1553—1564. https://doi.org/
10.1128/EC.05140-11 PMID: 21965514

Gorl M, Merrow M, Huttner B, Johnson J, Roenneberg T, Brunner M A PEST-like element in FRE-
QUENCY determines the length of the circadian period in Neurospora crassa. EMBO J. 2002; 20:
7074-7084.

Yang Y, Cheng P, He Q, Wang L, Liu Y Phosphorylation of FREQUENCY protein by casein kinase Il is
necessary for the function of the Neurospora circadian clock. Mol Cell Biol. 2003; 23: 6221-6228.
https://doi.org/10.1128/MCB.23.17.6221-6228.2003 PMID: 12917343

Heintzen C, Liu Y The Neurospora crassa circadian clock. Adv Genet. 2007; 58: 25-66. https://doi.org/
10.1016/S0065-2660(06)58002-2 PMID: 17452245

PLOS ONE | https://doi.org/10.1371/journal.pone.0195871 April 18,2018 19/20


http://www.ncbi.nlm.nih.gov/pubmed/9927482
https://doi.org/10.1016/j.bbabio.2011.11.009
http://www.ncbi.nlm.nih.gov/pubmed/22138626
https://doi.org/10.1016/j.bbrc.2013.12.084
http://www.ncbi.nlm.nih.gov/pubmed/24361883
https://doi.org/10.1128/EC.00150-14
http://www.ncbi.nlm.nih.gov/pubmed/25128189
https://doi.org/10.1016/j.mrrev.2011.06.003
http://www.ncbi.nlm.nih.gov/pubmed/21757027
http://www.ncbi.nlm.nih.gov/pubmed/6230534
https://doi.org/10.3732/ajb.1400377
http://www.ncbi.nlm.nih.gov/pubmed/25480699
https://doi.org/10.1016/j.fgb.2016.08.006
http://www.ncbi.nlm.nih.gov/pubmed/27544415
https://doi.org/10.1186/1471-2164-15-214
https://doi.org/10.1186/1471-2164-15-214
http://www.ncbi.nlm.nih.gov/pubmed/24650355
https://doi.org/10.1146/annurev.biophys.26.1.357
http://www.ncbi.nlm.nih.gov/pubmed/9241423
http://www.ncbi.nlm.nih.gov/pubmed/4007166
https://doi.org/10.1128/EC.00333-09
http://www.ncbi.nlm.nih.gov/pubmed/20139240
https://doi.org/10.1111/bph.13096
http://www.ncbi.nlm.nih.gov/pubmed/25630872
https://doi.org/10.1038/nrd.2016.266
http://www.ncbi.nlm.nih.gov/pubmed/28280261
https://doi.org/10.1128/EC.05140-11
https://doi.org/10.1128/EC.05140-11
http://www.ncbi.nlm.nih.gov/pubmed/21965514
https://doi.org/10.1128/MCB.23.17.6221-6228.2003
http://www.ncbi.nlm.nih.gov/pubmed/12917343
https://doi.org/10.1016/S0065-2660(06)58002-2
https://doi.org/10.1016/S0065-2660(06)58002-2
http://www.ncbi.nlm.nih.gov/pubmed/17452245
https://doi.org/10.1371/journal.pone.0195871

@° PLOS | ONE

mus-52 disruption in Neurospora crassa

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Vitalini MW, de Paula RM, Park WD, Bell-Pedersen D The rhythms of life: circadian output pathways in
Neurospora. J Biol Rhythms. 2006; 21: 432—444. https://doi.org/10.1177/0748730406294396 PMID:
17107934

Armentrout VN, Graves LB, Maxwell DP Localization of enzymes of oxalate biosynthesis in microbodies
of Sclerotium rolfsii. Phytopathology. 1978; 68: 1597—-1599.

Schutgens RBH, Heymans HSA, Wanders RJA, Bosh HVD, Tager JM Peroxisomal disorders: A newly
recognised group of genetic diseases. Eur J Pediatr. 1986; 144: 430—-440. PMID: 3514227

Sakai W, Wada Y, Naoi Y, Ishii C, Inoue H Isolation and genetic characterization of the Neurospora
crassa REV1and REV7homologs: evidence for involvement in damage-induced mutagenesis. DNA
Repair (Amst). 2002; 2: 337-346.

Nyc JF, Kadner RJ, Crocken BJ A repressible alkaline phosphatase in Neurospora crassa. J Biol
Chem. 1966; 241: 1468—1472. PMID: 5946607

Langmead B, Salzberg SL Fast gapped-read alignment with Bowtie 2. Nat Methods. 2012; 9: 357-359.
https://doi.org/10.1038/nmeth.1923 PMID: 22388286

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative geno-
mics viewer. Nat Biotechnol. 2011; 29: 24-26. https://doi.org/10.1038/nbt. 1754 PMID: 21221095

Thorvaldsdottir H, Robinson JT, Mesirov JP Integrative Genomics Viewer (IGV): high-performance
genomics data visualization and exploration. Brief Bioinform. 2012; 14: 178—192. https://doi.org/10.
1093/bib/bbs017 PMID: 22517427

Anders S, Huber W Differential expression analysis for sequence count data. Genome Biol. 2010; 11:
R1086. https://doi.org/10.1186/gb-2010-11-10-r106 PMID: 20979621

Blake JA, Harris MA The Gene Ontology (GO) project: structured vocabularies for molecular biology
and their application to genome and expression analysis. Curr Protoc Bioinformatics. 2008; Chapter 7:
Unit7 2.

Gotz S, Garcia-Gomez JM, Terol J, Williams TD, Nagaraj SH, Nueda MJ, et al. High-throughput func-
tional annotation and data mining with the Blast2GO suite. Nucleic Acids Res. 2008; 36: 3420—3435.
https://doi.org/10.1093/nar/gkn176 PMID: 18445632

Vencio RZ, Koide T, Gomes SL, Pereira CA BayGO: Bayesian analysis of ontology term enrichment in
microarray data. BMC Bioinformatics. 2006; 7: 86. https://doi.org/10.1186/1471-2105-7-86 PMID:
16504085

Kanehisa M, Goto S, Furumichi M, Tanabe M, Hirakawa M KEGG for representation and analysis of
molecular networks involving diseases and drugs. Nucleic Acids Res. 2009; 38: D355-360. https://doi.
org/10.1093/nar/gkp896 PMID: 19880382

Wang Z, Kin K, Lopez-Giraldez F, Johannesson H, Townsend JP Sex-specific gene expression during
asexual development of Neurospora crassa. Fungal Genet Biol. 2012; 49: 533-543. https://doi.org/10.
1016/j.fgb.2012.05.004 PMID: 22626843

Becker K, Beer C, Freitag M, Kuck U Genome-wide identification of target genes of a mating-type
alpha-domain transcription factor reveals functions beyond sexual development. Mol Microbiol. 2015;
96: 1002—-1022. https://doi.org/10.1111/mmi.12987 PMID: 25728030

Livak KJ, Schmittgen TD Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25: 402—408. https://doi.org/10.1006/meth.2001.
1262 PMID: 11846609

PLOS ONE | https://doi.org/10.1371/journal.pone.0195871 April 18,2018 20/20


https://doi.org/10.1177/0748730406294396
http://www.ncbi.nlm.nih.gov/pubmed/17107934
http://www.ncbi.nlm.nih.gov/pubmed/3514227
http://www.ncbi.nlm.nih.gov/pubmed/5946607
https://doi.org/10.1038/nmeth.1923
http://www.ncbi.nlm.nih.gov/pubmed/22388286
https://doi.org/10.1038/nbt.1754
http://www.ncbi.nlm.nih.gov/pubmed/21221095
https://doi.org/10.1093/bib/bbs017
https://doi.org/10.1093/bib/bbs017
http://www.ncbi.nlm.nih.gov/pubmed/22517427
https://doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
https://doi.org/10.1093/nar/gkn176
http://www.ncbi.nlm.nih.gov/pubmed/18445632
https://doi.org/10.1186/1471-2105-7-86
http://www.ncbi.nlm.nih.gov/pubmed/16504085
https://doi.org/10.1093/nar/gkp896
https://doi.org/10.1093/nar/gkp896
http://www.ncbi.nlm.nih.gov/pubmed/19880382
https://doi.org/10.1016/j.fgb.2012.05.004
https://doi.org/10.1016/j.fgb.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22626843
https://doi.org/10.1111/mmi.12987
http://www.ncbi.nlm.nih.gov/pubmed/25728030
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609
https://doi.org/10.1371/journal.pone.0195871

