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Phosphohpase Cl1 (PLC1), secretory phospholipase A2 (sPLA2)
and Ca”'/H" exchanger proteins regulate calcium signaling
and homeostasis in eukaryotes. In this study, we investigate
functlons for phospholipase C1 (plc-1), sSPLA2 (splA2) and a

Ca®'/H" exchanger (cpe-1) in the filamentous fungus Neuro-
spora crassa. The Aplc-1, AsplA2, and Acpe-1 mutants ex-
hibited a growth defect on medium supplemented with the
divalent ionophore A23187, suggesting that these genes might
play a role in regulation of cytosolic free Ca™ concentration
([Ca®"]o) in N. crassa. The strains lacking plc-1, splA2, and
cpe-1 possessed higher carotenoid content than wild type at
8°C, 22°C, and 30°C, and showed increased ultraviolet (UV)-
survival under conditions that induced carotenoid accumu-
lation. Moreover, Aplc-1, AsplA2, and Acpe-1 mutants showed
reduced survival rate under hydrogen peroxide-induced oxi-
dative stress and induced thermotolerance after exposure
to heat shock temperatures. Thus, this study revealed mul-
tiple cellular roles for plc-1, splA2, and cpe-1 genes in regu-
lation of [Ca *]¢, carotenoid accumulation, survival under
stress conditions, and acquisition of thermotolerance induced
by heat shock.

Keywords: calcium signaling, Ca”"/H" exchanger, phospho-
lipase C-1, secretory phospholipase A2, Neurospora crassa

Introduction

Cell 51gnahng requires messengers including calcium ion
(Ca”*") whose concentration varies with space, time and am-
phtude (Berridge et al., 1998; Clapham, 2007). Binding of
Ca’" to target proteins changes their conformation, charge,
and thereby, governs protein functions (Clapham, 2007).

Thus, Ca®* has evolved as a universal messenger that plays
a versatile role in intracellular signaling in all cell types and
tissues (Berridge et al., 1998; Kazmierczak et al., 2013). Ca™'-
signaling is typically triggered by a transient increase in cyto-
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solic free Ca’* concentration ([Ca "]o). The resting [Ca’ ] is
~100 nM; however, when Ca**-signaling is triggered, [Ca’"].
rises transiently upto 1 M or more (Chin and Means, 2000;
Bootman et al., 2001).

In the filamentous fungus Neurospora crassa, low [Ca®"].
is maintained using active transport mechanisms across the
plasma membrane and bufferlng Ca™ in organelles (Bowman
et al., 2011). In N. crassa, Ca**-signaling is known to] be in-
volved in regulating a variety of processes such as Ca’" stress
tolerance, the circadian clock, growth, hyphal tip branching,
ion transport, sexual development and UV survival (Deka et
al., 2011; Deka and Tamuli, 2013; Tamuli et al., 2011, 2013;
Kumar and Tamuli, 2014). The predicted Ca’-signaling
machinery of N. crassa is complex and contains many dif-
ferent proteins including four novel phospholipase C-8
subtype (PLC-8) proteins (Galagan et al., 2003; Borkovich
et al., 2004). The PLC protein cleaves phosphotidylinositol
-4, 5-bisphosphate (PIP2) into second messengers, namely,
inositol 1, 4, 5-trisphosphate (IPs) and diacylglycerol (DAG)
(Chae et al., 2007). In animal cells, IP; diffuses through the
cytosol and binds to the IP; receptors, inducing Ca”" release
from vacuoles, whereas DAG activates protein kinase C
(PKC), triggering a range of cellular activities (Cornelius and
Nakashima, 1987; Chae et al., 2007). Interestingly, no rec-
ognizable IP; receptors has been identified in N. crassa and
both of its PKC proteins lack a C2 domain with Ca™ binding
sites (Galagan ef al., 2003; Borkovich et al., 2004).

PLC proteins are involved in diverse cell functions in dif-
ferent organisms. In the budding yeast Saccharomyces cer-
evisiae, Plclp, a phosphatidylinositol-specific phospholipase
C (PI-PLC) shows sequence homology to the mammalian
PI-PLC-§ isoforms and is involved in nutritional and stress-
related responses (Flick and Thorner, 1993). In S. cerevisiae,
Plclp is necessary for growth at nonpermissive temperatures
(above 35°C), survival under hyperosmotic stress, and utili-
zation of galactose, raffinose, or glycerol as a carbon source
at permissive temperatures (23 to 30°C) (Flick and Thorner,
1993). In the grey mold fungus Botrytis cinerea, a necrotro-
phic plant pathogen, PLC1 homologue BcPLCI functions in
growth, conidiation, germination and virulence (Schumacher
et al., 2008). In Magnaporthe oryzae, the rice blast fungus, the
MoPLCI gene encodes a fungal PI-PLC-9 isoform that re-
gulates intracellular Ca®* fluxes essential for fungal develop-
ment, appressorium formation and pathogenicity (Rho et al.,
2009). Moreover, two other PLC isozymes MoPLC2 and
MoPLC3 exhibit, respectively, 58% and 49% identity to the
PLCI gene of N. crassa (NCU06245), and play distinct roles
in M. oryzae including regulating development and appres-



sorium-mediated penetration (Choi et al., 2011). In Alternaria
alternata, the citrus fungal pathogen, the PLCI homologue
plays an imzportant role in vegetative growth, conidial for-
mation, Ca™" homeostasis, and virulence (Tsai and Chung,
2014). In the encapsulated yeast and human pathogen Cry-
ptococcus neoformans, CnPlcl, a homologue of the mam-
malian PI-PLC-§, supplies the IP3 substrate required for
the catalytic activity of the major IP3 kinase, Argl, which is
essential for cellular homeostasis and virulence (Lev et al.,
2013).

In contrast to these other fungi, little is known about the
N. crassa homologues of PLC homologs. The NCU06245
gene encodes a homologue of PLC-§ that is highly divergent
among the natural isolates of N. crassa. The NCU06245
gene exhibits high incidence of polymorphisms resulting in
a coding sequence changes for amino acid positions 200-250
unique to Neurospora (Gavric et al., 2007).

The N. crassa Ca®*-signaling machinery also includes 23
members of Ca’* and/or CaM binding protein families (Gala-
gan et al., 2003; Borkovich et al., 2004; Tamuli et al., 2013).
One member of this group shows sequence similarity to secre-
tory phospholipase A2 (sPLA2). sPLA2, comprises a diverse
family of low-molecular weight secretory enzymes possessing
the ability to hydrolyze the ester bond at the sn-2 position of
glycerophospholipids in a Ca** dependent manner, thereby,
liberating fatty acids and lysophospholipids (Murakami and

Table 1. Neurospora crassa strains used in this study
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Kudo, 2002). Various sPLA2 proteins play roles in numerous
biological processes such as atherosclerosis, host defense,
inflammation, and regulation of eicosanoid synthesis (Mura-
kami and Kudo, 2002; Boilard et al., 2010). A novel secretory
protein, p15, isolated from Helicosporium sp. HN1 has been
shown to induce outgrowth of neurites and neuronal diffe-
rentiation from rat pheochromocytoma PC12 cells (Wakat-
suki et al., 1999; 2001). Another sPLA2 homologue Scpl15
isolated from Streptomyces coelicolor displays similar neu-
rite inducing activity in PC12 cells (Nakashima et al., 2003).
Fungi possesses a heterogeneous group of PLA, proteins with
a variety of structural domains that could play an important
role in nutrient acquisition and interaction with the host
(Kohler et al., 2006). In the symbiotic fungus Tuber borchii,
the phospholipase A TbSP1 is strongly up-regulated and
activated via autoproteolysis that may enhance establishment
of symbiosis and mycorrhiza formation in response to nu-
trient starvation (Soragni et al., 2001; Cavazzini et al., 2013).
In the filamentous ascomycete Aspergillus oryzae, two dis-
tinct sSPLAss, sPlaA and sPlaB exhibit distinct physiological
properties such as pH optimum for enzyme activity, Ca”™*
requirement, substrate preferences, expression profile, and
cellular localization (Nakahama et al., 2010). In mice, sSPLA2
regulates phagocytosis and contributes to the innate im-
mune response against Candida albicans (Balestrieri et al.,
2009). Furthermore, in humans, a group of sPLA2 enzymes

S.No. FGSCno. (a/A) or strainno. ~ NCU no. or strain type Type of protein Source
1 11248/11249 7075.2 Ca®*/H" exchanger FGSC
2 12376/12375 795.2 Ca’*/H" exchanger FGSC
3 11530/11529 2826.2 Ca®*/H" exchanger FGSC
4 11407/11408 6366.2 Ca’*/H" exchanger FGSC
5 12468/NA 8490.2 Ca®*/H" exchanger FGSC
6 NA/11253 7605.2 Ca’* permeable channel FGSC
7 11707/11708 6703.2 Ca”" permeable channel FGSC
8 13287/NA 3305.2 Ca® ATPase FGSC
9 NA/13071 4736.2 Ca’" ATPase FGSC
10 13036/13037 5154.2 Ca’" ATPase FGSC
11 NA/13040 4898.2 Ca’ ATPase FGSC
12 11410/11409 7966.2 Cation- ATPase FGSC
13 12022/NA 1266.2 Phospholipase C FGSC
14 11411/NA 6245.2 Phospholipase C FGSC
15 11271/11271 9655.2 Phospholipase C FGSC
16 12023/NA 2175.2 Phospholipase C FGSC
17 11405/11406 5225.2 Ca’"and/or CaM binding protein FGSC
18 13049/NA 2115.2 Ca’*and/or CaM binding protein FGSC
19 15890/NA 2738.2 Ca’"and/or CaM binding protein FGSC

20 11541/11542 6948.2 Ca’*and/or CaM binding protein FGSC
21 11403/11404 4379.2 Ca’"and/or CaM binding protein FGSC
22 11531/NA 3750.2 Ca’*and/or CaM binding protein FGSC
23 12448/12449 2283.2 Ca’"and/or CaM binding protein FGSC
24 12548/12547 9123.2 Ca’*and/or CaM binding protein FGSC
25 11169/11170 2814.2 Ca’"and/or CaM binding protein FGSC
26 11545/NA 9212.2 Ca’*and/or CaM binding protein FGSC
27 11246/11247 6650.2 Ca’"and/or CaM binding protein FGSC
28 11537/11536 6177.2 Ca’*and/or CaM binding protein FGSC
29 988/987 Wild type FGSC
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possibly plays a novel anti-inflammatory role in immune
complex-mediated arthritis (Boilard et al., 2010). However,
little is known about the sole sPLA2 protein identified in
N. crassa.

The high [Ca "]c is reduced to the restrng level by another
group of Ca’*-signaling proteins, Ca”* exchangers that pump
Ca out of the cell and transport Ca’* into the intracellular
Ca®" storage organelles with the simultaneous exchange of
positive ions across membranes (Zelter et al., 2004; Tamuli
et al., 2013). The N. crassa Ca’*-signaling machinery pos-
sesses six novel Ca’*/H" exchangers and two putative Ca”*/
Na' exchangers, and all of these exchangers contain con-
served Ca’* exchanger domains (Galagan et al., 2003; Bor-
kovich et al., 2004; Zelter et al., 2004). One of the N. crassa
Ca’"/H" exchangers called CAX is homologous to Vcxlp
from S. cerevisiae. The Acax mutant accumulates very little
Ca’" in the dense vacuolar fraction, and therefore, CAX
could be involved in maintaining intracellular Ca* levels in
N. crassa (Bowman et al., 2011). Phylogenetrc analysis has
revealed that one of the N. crassa Ca’*/H" exchangers, en-
coded by NCUO06366, is significantly different from homo-
logues found in S. cerevisiae and M. grisea (Zelter et al.,
2004). However detailed knowledge about the NCU06366-
encoded Ca”'/H" exchanger has remained largely unknown.

In this work, we describe the cellular roles of plc-1, splA2,
and NCU06366 in regulation of [Ca’"]., carotenoid accu-
mulation, survival under stress conditions, and acquisition
of thermotolerance.

Materials and Methods

Strains, media, and growth conditions

N. crassa wild type stralns 74-OR23-1 A (FGSC 987) and
ORS-1 a (FGSC 988), Ca™* signaling mutants ANCU06245.2
a (FGSC 11411), ANCU06650.2 A (FGSC11247), ANCU-
06650.2 a (FGSC11247), ANCU06366.2 A (FGSC 11408),
ANCU06366.2 a (FGSC 11407), and other strains (Table 1)
were obtained from the Fungal Genetics Stock Center (FGSC;
University of Missouri, Kansas city, MO 64110) (McCluskey,
2010). We verified knockout mutants using the gene-spe-
cific primers along with the common reverse hph primer in
polymerase chain reactions (Supplementary data Fig. S1).
Media and procedures for growth and maintenance of N.
crassa strains were essentially as described (Davis and De-
Serres, 1970). For vegetative growth, strains were routinely
cultured on 1X Vogel’s (Vogel, 1964) glucose medium (VGM)
with 1.5% D-glucose as a carbon source and 1.5% Bacto Grade
Agar (SRL).

Sequence analysis

The sequences of N. crassa NCU06245, NCU06650 and
NCU06366 proteins were downloaded from Broad Institute
Neurospora database version 7 (http://www.broadinstitute.
org/annotation/genome/neurospora/MultiHome.html)
and used as queries to search against the non-redundant
protein sequence databases at the NCBI using BLASTP
(http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990)
with the default parameters. Proteins were selected based

on % identities, % similarities and E values. Multiple se-
quence alignments of the selected proteins were built using
CLUSTALX 1.83 (Thompson et al., 1997) and alignments
visualized using the GeneDoc program (Nicholas and Ni-
cholas, 1997). These alignments were used for constructing
phylogenetic trees using the minimum-evolution method
(Rzhetsky and Nei, 1992), 500 bootstrap replication as test
of phylogeny (Felsenstein, 1985) and the software MEGAS5
(Tamura et al., 2011).

Calcium ionophore assay

To test for elevated intracellular Ca™* sensitivity in the mu-
tants, an agar block was inoculated onto one corner of petri
dishes and 10 pl each of a 9.5 mM stock solution of A23187
(test) or ethanol (control) was spotted onto the other cor-
ner on the VGM media as described previously (Lew et al.,
2008). Plates were incubated at 30°C for 2-3 days and colo-
nies were observed under a Trinocular inverted microscope
(Axio Vert.Al FL, Carl Zeiss). Hyphal images were captured
with an AxioCam ICc3 CCD camera. The petri dishes were
also photographed after 38 h of growth using a digital cam-
era (Nikon Coolpix P500).

Carotenoid analysis

For carotenoid analysis, sterile petri dishes containing liquid
VGM supplemented with 0.2% tween 80 were inoculated with
conidia at a concentration of ~1 x 10° conidia/ml (Zalokar,
1954). Cultures were initially incubated for 48 h in the dark
at 30°C and further incubated at the indicated temperature
either with or without an exposure to white light for 24 h
(illuminated with two fluorescent bulbs, Philips TL-D 18W/
54 lamp, 18W, 6500 K, 1015 lumens). Mycelia from these
cultures were collected, lyophilized and pulverized into
fine powder with mortar and pestle. Subsequently, acetone
and hexane were used in consecutive steps for extraction of
total carotenoids from 25 mg (dry weight) of the powdered
sample. Total carotenoid content was determined by meas-
uring the absorbance value at 470 nm and using the formula:

Total carotenoid content (pg/g) = [Total absorbance x
Total volume of extract (1 ml) x 10] / [Absorption coefti-
cient (2500) x sample weight (g)] as described previously
(Rodriguez-Amaya and Kimura, 2004).

UV sensitivity assay

Conidia were grown in flasks containing VGM (without
tween 80 supplement) agar medium at 30°C in the dark for
48 h and then at the indicated temperature with or without
illumination as described for the carotenoid analysis above.
For quantitative analysis, conidia were plated on FGS (0.05%
fructose, 0.05% glucose, 0.05% sorbose plus 2% agar) me-
dium and irradiated with different doses of UV in a UVC
500 cross linker (Hoefer, UK). The plates were incubated at
30°C in the dark for 48 h and number of colonies on each
plate counted.

Oxidative stress resistance and thermotolerance studies

For hydrogen peroxide induced oxidative stress assay, conidia
of N. crassa strains were inoculated at a concentration of
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Fig. 1. Sequence analysis of plc-1, splA2, and cpe-1 homologues. (A) Sequence alignment of PLC-1 homologues. The positions of the hydrogen binding
residues are indicated above the sequence (inverted triangles) and the Ca™ binding residues are indicated below the sequence (filled triangles) (Chung et
al., 2006). (B) Sequence alignment of sPLA2 homologues. The predicted secretion signal peptide is underlined in red. The highly conserved portion of
sPLA2 (positions 122-153) is underlined in black. The positions of the catalytic histidine residue (open circle) and disulphide bonded cysteine residues
(filled triangles) are indicated below the sequences (Soragni et al., 2001). (C) Sequence alignment of CPE-1 homologues. The sequence corresponds to
transmembrane segments (I to IX) as predicted with TMHMM program are shown underlined (http://www.cbs.dtu.dk/servicess TMHMMY/) (Zelter et al.,
2004; Guttery et al., 2013). The sequences used in the analyses are AC, A. capsulatus; ArC, Acremonium chrysogenum; AM, Aureobasidium melanogenums;
AN, Aspergillus niger; AO, A. oryzae; BB, Beauveria bassiana; CF, Colletotrichum fioriniae; CH, C. higginsianum; CI, Coccidioides immitis; CM, Cordyceps
militaris; CP, Cladophialophora psammophila; CrP, C. parasitica; CvP, Claviceps purpurea; CT, Chaetomium thermophilum; FO, Fusarium oxysporum; GC,
Grosmannia clavigera; GG, Gaeumannomyces graminis; HN1, Helicosporium sp.; GL, Glarea lozoyensis; MA, Metarhizium anisopliae; MB, Marssonina
brunnea; MO, M. oryzae; MP, Macrophomina phaseolina; MT, Myceliophthora thermophila; NC, N. crassa; NH, Nectria haematococca; OP, Ophiostoma pi-
ceae; PA, Podospora anserine, PB, Paracoccidioides brasiliensis; PO, Pyronema omphalodes; PT, Pyrenophoratritici-repentis; SA, Scedosporium apio-
spermum; SB, Sclerotinia borealis; SM, Sordaria macrospora; SS, Sporothrix schenckii; TB, T. borchii; TE, Trichophyton equinum; TR, Trichoderma reesei;
VA, Verticillium alfalfae; VD, Verticillium dahliae; VV, Villosiclava virens. Conserved amino acids are indicated in black (100%), dark grey (>80%) and

light grey (>60%) in the alignments.

~1x10° conidia/ ml into liquid VGM and germinated with
shaking at 200 rpm for 2 h in the dark at 30°C. Germlings
were supplemented with hydrogen peroxide (test) or with-
out (control) at a final concentration of 10 mM and further
germinated for 1 h at 30°C. Germlings were plated on FGS
medium and incubated at 30°C for 24 h. Percent survival
was scored by dividing the number of viable colonies from
plates exposed to H,O (test) by the number of colonies from
plates not exposed to H,O, (control) and multiplying by
100.

Similarly, for thermotolerance assays, 2 h germlings ob-
tained as mentioned above were held at 30°C (control), 30°C
(uninduced thermotolerance), and 44°C (induced thermo-
tolerance). Both 30°C (uninduced) and 44°C (induced)

germlings were then given a 52°C lethal heat shock for 20
min. Germlings were finally plated on FGS media followed
by incubation at 30°C for 24 h (Yang and Borkovich, 1999).
Percent survival was calculated by dividing the number of
viable colonies from plates subjected to heat-treatment (in-
duced or uninduced) by the number of colonies on plates
held at 30°C (control) and multiplying by 100.

Statistical analysis

Statistical analysis was carried out using the data obtained
from at least three independent replicates by one-way
ANOVA (Microsoft Excel).



Results and Discussion

Sequence analysis of NCU06245, NCU06650 and NCU06366

N. crassa NCU06245, NCU06650, and NCU06366 encode
three distinct types of Ca’'signaling proteins. The NCU-
06245 gene is predicted to encode a 711 amino acid resi-
dues phospholipase C-1 (PLC-1) with similarity to PLC ho-
mologues in Ajellomyces capsulatus, Colletotrichum higgin-
sianum, and MoPLC2 and MoPLC3 of M. oryzae (43, 52,
51, and 43% identities; Fig. 1A). Sequence ali%nment of
NCU06245 homologues revealed important Ca™" and H"
binding residues similar to PLC homologues from Crypho-
necttia parasitica, M. grisea, and Arabidopsis thaliana (Chung
et al., 2006). The NCU06650 gene is predicted to encode a
conserved hypothetical secretory phospholipase A2 (sPLA2)
of 186 amino acid residues that shares sequence similarity
with A. capsulatus, A. oryzae, T. borchii, and Verticillium
alfalfa sPLA2 proteins (55, 41, 50, and 57% identities; Fig.
1B). The protein encoded by the NCU06650 gene also pos-
sesses conserved signal peptide residues (positions 1-30) and
a highly conserved region (positions 122-153) that possesses
catalytic histidine residues and disulphide-bonded cysteine
residues similar to the SPLA2 homologue of T. borchii (So-
ragni et al., 2001). The NCU06366 gene encodes a Ca”*/H*
exchanger (calcium proton exchanger-1; CPE-1) of 505 amino
acid residues sharing sequence similarity with A. capsulatus,
A. niger, C. higginsianum and M. oryzae homologues of CPE
(50, 52, 59, and 68% identities; Fig. 1C). The NCU06366 gene
product contains nine transmembrane helices as predicted
by the TMHMM program (http://www. cbs.dtu.dk/services/
TMHMMY/; Zelter et al., 2004; Guttery et al., 2013). These
results indicate that NCU06245, NCU06650 and NCU06366
correspond to N. crassa homologues of the plc-1, splA2,

Ethanol zone

Ionophere zone
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and cpe-Igenes, respectively. In addition, the PLC-1, sPLA2,
and CPE-1 proteins from N. crassa were found clustered
within the Sordariomycetes clade during phylogenetic ana-
lysis with a subset of homologues from other fungi (Supple-
mentary data Fig. 2).

Aplc-1, AsplA2 and Acpe-1 mutants show §rowth defects in
response to increased intracellular free Ca™

We found that growth rates of the Aplc-1, AsplA2, and
Acpe-1 mutants on VGM were similar to the wild-type
(Supplementary data Table S1). However, the Aplc-1, AsplA2,
and Acpe-1 mutants exhibited morphological defects when
cultured on VGM containing the divalent ionophore A23187
(Fig. 2). The A23187 ionophore causes an increase in cyto-
solic free Ca®* concentration ([Ca*']¢ Nelson et al., 2004).
In the ionophore zone, the Aplc-1 mutant exhibited reduced
branching with characteristic spherical sac-like structures at
the apex of the growing hyphae. Similar sac like structures
and more compact hyphal branching was observed in the
AsplA2 mutant. In case of the Acpe-Imutant, apical hyper
branching of hyphae was observed. These results indicate
that the plc-1, splA2, and cpe-1 genes may play a role in the
regulation of [Ca*']¢ in N. crassa. We also studied growth
of 25 additional knockout mutants lacking predicted Ca**
signaling on medium containing the A23187 ionophore, but,
these mutants were similar to wild-type (Supplementary
data Table S2).

To test whether the hyphal growth defect of Aplc-1, AsplA2,
and Acpe-1 mutants upon ionophore treatment was due to
dissipation of membrane potential, we used the membrane
potential sensitive fluorescent dye DiBAC that fluoresces
when membranes are depolarized (Alcantara-Sanchez et
al., 2004). Germlings of Aplc-1, AsplA2, and Acpe-Imutants

Fig. 2. Calcium ionophore assay. N. crassa
wild type and the three mutant strains were
grown in petri dishes containing the ion-
ophore A23187 zone (test) and the ethanol
zone (control). Images were taken when hy-
phae of the strains touched both the zones
(38 h of growth at 30°C). Ten images were
captured for each strain and a representa-
tive image is shown.
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Table 2. Carotenoid content of N. crassa strains at three different temperatures.

Carotenoids (ug/g dry wt.)"

Strains 8°C 22°C 30°C
Light Dark Light Dark Light Dark
Wild type 151 £ 20.1 21+43 66 + 12 35+4 74+5.4 18+3
Aple-1 253 £ 3 (**) 34 +6.1 (%) 126 + 11(**) 55+ 3.1 (*¥) 144.2 +£20.2 (**) 494+ 8 (*)
AsplA2 255 + 12.2 (**) 46 £ 6 (%) 169 + 3.1 (**) 41£5(%) 177.4 + 14 (**) 38.1+9 (%)
Acpe-1 235+ 6.1 (**) 50 +11.2 (*) 175 + 17.2 (***) 48 +4 (%) 160.1 + 10 (***) 47 + 2 (%)

* Results are shown as mean + standard deviation for three independent experiments (n=3) with P-values < 0.05 (*), < 0.01 (**), and < 0.001 (***) compared with the wild type

strain as measured by one-way ANOVA test.
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treated with 5 uM A23187, followed by DiBAC incubation
showed no fluorescence, suggesting that the effect of A23187
on the germlings of Aplc-1, AsplA2, and Acpe-1 mutants was
not due to dissipation of membrane potential (Supplementary
data Fig. S3).

Assessment of conidiation, carotenoid accumulation, and
survival after exposure to UV light in Aplc-1, AsplA2, and
Acpe-1

Conidia amounts in the Aplc-1, AsplA2, and Acpe-1 mutants
were similar to the wild-type, suggesting that these mutations
do not affect asexual sporulation in N. crassa (Supplementary
data Fig. S4). We also measured carotenoid amounts in the
three mutants. The characteristic orange pigmentation of
N. crassa strains is caused by the accumulation of the xantho-
phyll neurosporoxanthin and variable amounts of carotenoid
precursors (Zalokar, 1954; Avalos et al., 2013). Carotenoid
biosynthesis is affected by light and temperature, with neu-
rosporoxanthin biosynthesis greatly enhanced upon illumi-
nation at low temperature whereas illumination at normal
temperature results in the accumulation of carotenoid pre-
cursors (Harding et al., 1969; Harding, 1974; Estrada et al.,
2008; Diaz-Sanchez et al., 2011). Based on this, we deter-
mined carotenoid contents in light and dark at three different
temperatures, 8°C, 22°C, and 30°C in the three mutants. Our
results demonstrated that the three mutants had higher car-
otenoid content than wild type at all three temperatures, and
this was statistically significant (ANOVA, P < 0.05) (Table 2).

It has been reported in the literature that the antioxidant
activity of carotenoids against reactive oxygen species pro-
vides protection against UV damage in fungi and humans
(Luque et al., 2012). Therefore, we tested whether the in-
creased carotenoid accumulation in the Aplc-1, AsplA2, and
Acpe-1 mutants was linked to protection against harmful
UV radiation. To test this, N. crassa strains were grown under
conditions similar to those used for the carotenoid analysis.
We found that conidia from these mutants produced at 8°C,
22°C, or 30°C in light or dark, showed increased survival
relative to wild type after UV irradiation (Fig. 3). Extrapola-
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ting from our analysis of carotenoids profile, the increased
UV survival of these mutants at 8°C, 22°C, and 30°C in light
illumination could be due to higher carotenoid accumulation.
In contrast, the UV-dose response curves of Aplc-1, AsplA2,
and Acpe-1 mutants were similar to wild type under con-
ditions that did not induce carotenoid accumulation (i.e.
incubation at 30°C for 48 h followed by illumination under
light at room temperature for 96 h; data not shown). These
results support the notion that the increase in carotenoid
content in the N. crassa mutants of plc-1, splA2, and cpe-1
is contributing to their increased UV survival.

Effects of the Aplc-1, AsplA2, and Acpe-1 mutations on sur-
vival under oxidative stress and acquisition of thermotol-
erance

We tested the viability of the Aplc-1, AsplA2, and Acpe-1 mu-
tants upon exposure tol0 mM hydrogen peroxide-induced
oxidative stress and found that all had reduced survival
percentage compared to the wild type that was statistically
significant (ANOVA, P < 0.05) (Fig. 4A). The resistance to
hydrogen peroxide-induced oxidative stress tolerance fol-
lowed the trend wild type>Acpe-1>AsplA2>Aplc-1. These
results are supported by results in A. oryzae for splA2 homo-
logs demonstrating that AsplaB displays increased sensitivity
to peroxide and splaA is strongly upregulated by oxidative
stress (Nakahama et al., 2010).

We also investigated roles for plc-1, spIA2 and cpe-1 in ther-
motolerance-to a lethal temperature. Previous work has shown
that incubation of cells at a sublethal (heat shock) temperature
leads to increased survival after subsequent exposure to a
lethal temperature and this phenomenon has been called
induced thermotolerance (Kapoor et al., 1990). N. crassa
cells when incubated at sub lethal heat shock temperatures
leads to synthesis of heat shock proteins which in turn pro-
tects the cells from lethal temperature (Kapoor et al., 1995;
Yang and Borkovich, 1999). In contrast, uninduced thermo-
tolerance refers to survival of cells after exposure to a lethal
temperature, without preincubation at a heat shock tempera-
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Fig. 4. Oxidative stress and thermotolerance assay. (A) Germlings (2 h old) were incubated in medium containing 10 mM H,O, at 30°C and percent sur-
vival determined. (B) Viability of 2 h old germlings after exposure to 52°C lethal temperature with (induced) or without (uninduced) pre-exposure to a
sublethal heat shock temperature of 44°C. Error is calculated as the standard deviations, using data from three independent experiments (n=3).

Statistically significant values are indicated by asterisks, “P < 0.05; * P < 0.01.
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ture. The Aplc-1, AsplA2, and Acpe-1 mutants had decreased
survival relative to wild type under induced thermotolerance.
In contrast survival was slightly greater than wild type for the
AsplA2 and Acpe-1 mutants under uninduced thermotole-
rance conditions (Fig. 4B). In addition, statistical signifi-
cance was achieved for the thermotolerance assay, accord-
ing to variance analysis (ANOVA, P < 0.05). Interestingly,
no viable colony was observed in the Aplc-1 mutant under
uninduced thermotolerance conditions. These results sug-
gested that plc-1, splA2, and cpe-1 may play a role in survival
at lethal temperatures mediated by prior expression of heat
shock proteins. Of interest, splaB in A. oryzae is weakly up-
regulated by heat shock (Nakahama et al., 2010).

Conclusion

The N. crassa strains lacking plc-1, splA2, and cpe-1 displayed
growth defects in response to increases in [Ca’*]. induced
by the Ca*"ionophore A23187. Moreover, the carotenoid pro-
file in the plc-1, splA2, and cpe-1 mutants was altered and
the increased carotenoid amount was linked to UV-survival
of the strains. Furthermore, plc-1, splA2, and cpe-1 mutants
had decreased survival after exposure to hydrogen peroxide-
induced oxidative stress and in induced thermotolerance
experiments. These phenotypes may result from a disruption
in calcium homeostasis in the mutants, suggesting that cal-
cium signaling regulates numerous cellular pathways in N.
crassa.
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