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In the ascomycete fungus Neurospora crassa blue-violet light controls the expression of genes responsible for differentiation
of reproductive structures, synthesis of secondary metabolites, and the circadian oscillator activity. A major photoreceptor in
Neurospora cells is WCC, a heterodimeric complex formed by the PAS-domain-containing polypeptides WC-1 and WC-2, the
products of genes white collar-1 and white collar-2. The photosignal transduction is started by photochemical activity of an excited
FAD molecule noncovalently bound by the LOV domain (a specialized variant of the PAS domain). The presence of zinc fingers
(the GATA-recognizing sequences) in both WC-1 and WC-2 proteins suggests that they might function as transcription factors.
However, a critical analysis of the phototransduction mechanism considers the existence of residual light responses upon absence
of WCC or its homologs in fungi. The data presented point at endogenous ROS generated by a photon stimulus as an alternative

input to pass on light signals to downstream targets.

1. Introduction

The light perception of fungi is a part of the complex sensory
system responding also to changes in the concentrations of
nutrient substrates, hormones, temperature shifts, mechan-
ical damage, and so forth, which allows the fungus to adapt
its vital functions to environmental changes [1-3]. Fungi use
light as a source of information but not as a source of energy.

Light, as all stress agents, increases intracellular con-
centration of reactive oxygen species (ROS) in fungi [1,
4]. Experimentally detected relationship of developmental
processes with the action of factors increasing intracellular
ROS concentration indicated that ROS act as signaling
molecules regulating physiological responses and develop-
mental processes in fungi [3, 5-7].

Considerable recent attention is focused to molecular
mechanisms of ROS signal reception and transduction and
modification of gene activity in response to stress factors.

Absence of biological motility and lack of behavioral
responses in fungi led to induction of the synthesis of com-
pounds (especially carotenoids and melanins in the case of
light action) that ensure increased resistance to detrimental
effects. Another adaptive response is the differentiation of

survival structures such as sclerotia and, of course, spores—
the copies of genetic material of the organism, well protected
from damaging environmental influences.

Neurospora crassa has served as a model organism to
study light responses in eukaryotic cells for several decades
[2, 8-11]. In this organism, various processes of differen-
tiation such as the induction of carotenoid production in
mycelia [12], protoperithecial formation [13], phototropism
of perithecial beaks [14], perithecial polarity [15, 16], and
circadian rhythm [17, 18] are controlled by blue light, which
is associated with the generation of ROS [4, 19-21]. Under-
lying these biological phenomena is the regulation of many
Neurospora genes by light. Recently, of the 5600 detected
genes on a whole genome microarray, approximately 5.6%
or 314 responded to a light stimulus by a relatively rapid
increase in transcript amount [22].

Neurospora crassa uses blue light (350-500 nm) as the
primary signal for photoreception. The primary photorecep-
tor system for blue light in the fungus is the white collar
(WCC) complex, a protein complex formed by two proteins
WC-1 and WC-2. WC-1 is a protein with a flavin-binding
domain and a zinc-finger domain and interacts with WC-
2, another zinc-finger domain protein. The WCC complex
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operates as a photoreceptor and a transcription factor for
blue-light responses in Neurospora. It represents also a key
transcription factor for circadian oscillator [10, 23].

On the other hand it has been shown that manipulation
of ROS was a strategy to regulate cell differentiation in Neu-
rospora crassa [5, 7, 24, 25]. In order to take a step closer to
understanding ROS functions in Neurospora differentiation,
the present review considers participance of ROS in blue light
signal transduction through N. crassa WCC complex.

2. Light in Neurospora Development and
Differentiation

After the classic studies performed by Beadle and Tatum in
the 1940s, Neurospora became a recognized model in genetic
and biochemical studies. Neurospora is multicellular and
produces at least 28 morphologically distinct cell types, many
of which are derived from hyphae [26, 27]. The mycelium
of N. crassa is composed of multinuclear branched hyphae
which show apical polar growth. The hyphae are divided
into compartments (100-200 ym) by septa, each having a
central pore up to 0.5 ym in diameter. The pore is permeable
to cytoplasm, nuclei, and mitochondria. The septal pores
of N. crassa are considered to be functional analogues of
gap junctions of animal cells, plasmodesmata of plants, and
microplasmodesmata of filamentous cyanobacteria [28]. The
diffusional and electric relationships between hyphal cells are
local, as it is in other organisms, and involve three or four
compartments along the hypha. These relationships appear
to be genetically determined and controlled by the gradient
of membrane potential between hyphal compartments. They
are also controlled by light of the blue-violet spectral area
1, 28].

Frequent fusion among hyphal filaments produces a
complex hyphal network (the mycelium) [29] and promotes
the formation of heterokaryons in which multiple genomes
can contribute to the metabolism of a single mycelium.
Specialized aerial hyphae are differentiated from vegetative
hyphae in response to nutrient deprivation, desiccation,
or various stresses, and these form chains of asexual
spores (the multinucleate macroconidia) for dispersal [30]
(Figure 1). The timing of macroconidiation is controlled
by a circadian rhythm, which in turn is modulated by
exposure to blue light. Another type of asexual spore, the
uninucleate microconidium, is differentiated from micro-
conidiophores or directly from the vegetative hypha [27, 30—
32]. Limiting nitrogen induces a type of hyphal aggregation
that leads to generation of multicellular female sexual
organs (protoperithecia) [32, 33]. Mating is accomplished
by chemotropic growth of a specialized female hypha from
the protoperithecium toward the male cell (typically a
conidium) in a process involving pheromones [34]. Once
fertilized, protoperithecia increase in size, darken, and
transform into perithecia. The sexual process is followed
by a short-term diploid phase. In the perithecia, a fruiting
body, black (melanin-containing) ascospores (haploid spores
of the sexual cycle) mature for several days after meiosis. Each
perithecium comprises 200—400 asci, each containing eight
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FiGure 1: Life cycle of Neurospora crassa. Depending on environ-
mental conditions, the vegetative mycelium can undergo the asexual
sporulation processes (macroconidiation and microconidiation).
It can enter the sexual cycle by forming protoperithecia. Upon
fertilization, they initiate development leading to the production
of meiotically derived ascospores. Blue light inputs are shown by
arrows.

oval mononuclear haploid ascospores. During germination
of ascospores, hyphae of vegetative mycelium develop, as in
the case of conidia (Figure 1).

The genome of Neurospora, comprising 42.9 million
bp, has been decoded [35]. The network of the fungus
chromosomes includes 527 multigene families containing
approximately 10,000 genes. Consistent with the greater
biological complexity of filamentous fungi compared to both
fission and budding yeast, Neurospora possesses nearly twice
as many genes as Schizosaccharomyces pombe (4,800) and S.
cerevisiae (6,300). Neurospora contains almost as many genes
as Drosophila melanogaster (14,300), despite the relative
developmental complexity of the latter [35]. The Neurospora
gene complement also displays greater structure complexity
than that of the two yeasts.

Neurospora can be easily cultured on media of a specific
chemical composition. Its development cycle takes one to
two weeks. A change of morphologically distinct develop-
ment phases is easily induced by a change in the composition
of the culture medium or other related factors. Quiescent
spores germinate to form a haploid vegetative mycelium
with hyphae spreading over the substrate at a rate of up to
10 cm/day. Filamentous branching hyphae of the mycelium
are approximately 10-20 ym in diameter.

The effect of light is manifested at different stages of
the Neurospora life cycle (Figures 1 and 2). Light promotes
changes in the electrophysiological parameters of hyphae: the
input resistance increases, followed by hyperpolarization of
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the cytoplasmic membrane [36]. The last phenomenon may
be accounted for by regulation of activity of H*-ATPase, a
plasma membrane proton pump [37].

Changes in these parameters are transient, and their
values subsequently return to the initial level. Illumination
also affects the intercellular communication mechanism
(electric-bond coefficient) or, in other words, the rate of
diffusion of ions between interseptal hyphal areas. It can be
assumed that light-dependent changes in electrophysiolog-
ical parameters are part of the energy cooperation system
in interseptal hyphal areas, which allows the fungus to
more effectively supply energy in the form of membrane
potential for membrane transport in the apical compartment
of growing hyphae [28]. The photoreceptor mutant white
collar 1 (wc-1) has a lower constitutive membrane potential,
disrupted intrahyphal communication mechanisms, and it
lost all the blue-light induced electrical reactions: a transitive
increase of input resistance and membrane potential [28].
Thus changes in the electrical properties of the N. crassa
plasma membranes upon the light action appear to be
controlled via WCC complex (Figure 2).

Light induces the expression of genes albino (al-1, al-
2, and al-3) involved in carotenogenesis in hyphae and,
as a result, the accumulation of neurosporaxanthine and
other pigments imparting orange color to the mycelium
(Figure 3) [38, 39]. Carotenogenesis in conidia, in contrast
to mycelium, has a constitutive nature. The synthesis of
carotenoids—the quenchers of oxygen-excited states and the
inhibitors of free radical processes—is regarded as a means
of cell defense against light-induced damage.

Two light-regulated phenomena, the electrogenic trans-
port function of membrane and accumulation of carotenoids
in the cell, are apparently physiologically related. In the nap
mutant, damage of the proton pump which consumes as
much as 50% of intracellular ATP caused an increase in
the content of ATP and utilization of its energy in other
metabolic processes (including the synthesis of precursors of
carotenoids); as a result, the synthesis of pigments increased
[40].

Light also affects some mycelial enzymes. For example,
illumination increases the degree of phosphorylation of
nucleoside diphosphate kinase [16], activates cAMP phos-
phodiesterase [41], and changes the activity of molecular
forms of NAD*-kinase [42]. In addition, light changes the
inactive (reduced) form of nitrate reductase into the active
(oxidized) state [43]. Photoreactivation with near ultraviolet
light (UV-A) of DNA molecules damaged by more shortwave
radiation occupies a special place. This phenomenon is
based on DNA photolyase-catalyzed cleavage of C—C bonds
between neighboring pyrimidine bases [44].

As mentioned above, differentiation of reproductive
structures is controlled by a complex of external signals
whose effect is regulated by the cell, with light playing a
key role in this mechanism [45]. Exhaustion of a nutritive
substrate is a necessary condition of differentiation. Some
effects (e.g., carbon starvation or mycelium drying) promote
rapid conidiation, with light additionally stimulating this
process [45]. Nitrogen starvation induces the formation of
protoperithecia and simultaneous (yet less active than in

carbon starvation) conidiation. Unlike carbon starvation, in
nitrogen starvation light inhibits conidiation and simultane-
ously stimulates the formation of protoperithecia [46]. In
other words, under these conditions light determines the
selection of either the sexual or asexual development pathway
(Figure 1). Perithecia occurring during the sexual cycle are
also sensitive to light, which induces their polarity (i.e.,
formation of a so-called beak at one end of the perithe-
cium, which, in turns, exhibits positive phototropism) [14]
(Figure 2).

Light also affects the circadian rhythm endogenous sen-
sor function. Conidia are formed with a certain periodicity
on the mycelium that spreads over the substrate surface,
which leads to the occurrence of spatially separated sporu-
lation zones. Pulse illumination changes rhythm parameters,
and constant illumination suppresses manifestations of
rhythmicity [11].

3. Light Effects Are Accompanied by
Formation of ROS

All of the environmental stresses triggering N. crassa differ-
entiation are apparently sources of ROS [24, 25, 47]. Among
these factors are ionizing radiation (alpha, beta, gamma, and
X-ray beams), UV radiation (far 200-290 nm, medium 290-
320 nm, and near 320-420 nm), and visible light. ROS appear
to mediate blue light effects in cells, but the sources of ROS
and their respective roles in the cellular response to blue
light are not completely understood. Direct evidence of ROS
formation under light on various objects is given hereinafter.
High-fluence blue light can induce H,O, generation at
both the plasma membrane and the chloroplast of Arabidop-
sis. The high-fluence blue light-induced H,O, generation
can be abolished by the administration of the H,O,-
specific scavenger catalase and other antioxidants or by
the addition of diphenyleneiodonium, which is an NADPH
oxidase inhibitor, and the blocker of electron transport
chain dichlorophenyl dimethylurea [48]. The generation of
O, *—(by the coleoptile tip of Sorghum bicolor and wheat
(Triticum vulgare) was augmented upon illumination with
blue light. Various thiol blockers caused powerful inhibition
of blue light induced O,™" generation [49]. Blue light
increased intracellular ROS equally in both normal human
epidermal keratinocytes and oral squamous cell carcinoma.
Blue light-generated ROS suppress cellular mitochondrial
activity. However, the identity of blue light targets that
mediate these changes remains unclear [21]. In addition, it
was found that acute exposure of keratinocytes to both UVA
and UVB results in activation of NOX and generation of
ROS [50-52]. These studies suggest that a rapid activation
of NOX by UV irradiation in these cells may have a distinct
physiological importance. How irradiation activates NOX is
not totally understood [47]. Thus UV-blue light effects on
various organisms provide ROS formation inside the cells.

4. Intracellular Sources of ROS in Fungi

ROS are formed in fungi in the course of metabolic activity.
The involvement of oxygen in metabolic processes in fungi is
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FIGURE 2: Blue light reception through WCC complex. (a) WCC-mediated gene expression and various light responses in Neurospora crassa.
(b) Photoreceptor proteins in Neurospora crassa. The figure shows two multidomain proteins WC-1 and WC-2 forming photoresponsive
WCC complex. WC-1 interacts with WC-2 through PAS (protein-protein interaction) domains. LOV-domain (a specialized variant of the
PAS domain) in photoreceptor WC-1 noncovalently binds FAD. The two proteins contain activation domains (ADs), DNA-binding Zn-

finger domains, and nuclear localization domains (NLSs).

coupled to its activation and formation of number of highly
reactive compounds such as (O, "), hydrogen peroxide
(H203), and OH". In addition to the respiratory chain, as
an intermediate product ROS are generated in reactions with
involvement of xanthine oxidase, microsomal monooxyge-
nases, lipoxygenase, and, as a result, of autooxidation of
thiols, flavins, quinones, and catecholamines, as well as the
reduction of xenobiotics [53].

Certain intracellular enzymes producing ROS cannot
be ruled out. These include, first of all, NADPH-oxidases
(NOX)), specifically producing ROS and playing a significant
role in growth and differentiation of Neurospora crassa
[54-56]. It is known that specific enzymes, such as NOX,
produce ROS to regulate different cellular functions, includ-
ing growth, cell differentiation, development, and redox-
dependent signaling [47, 54—56]. The fact that NOX regulate
developmental processes in different microbial eukaryotes
suggests that ROS regulate cell differentiation, and that this

is a ROS ancestral role conserved throughout the eukaryotes
[47]. Enzymes belonging to the NOX family produce O, *
in a regulated manner. It has been shown in N. crassa that
NOX-1 and NOX-2 are both involved in different aspects of
growth and development; a single regulatory subunit, NOR-
1, an ortholog of the mammalian NOX-2 regulatory subunit
gp67 (phox), is regarded for the function of both NOX.
N. crassa NOX-1 elimination results in complete female
sterility, decreased asexual development, and reduction of
hyphal growth. The lack of NOX-2 did not affect any of
these processes but led instead to the production of sexual
spores that failed to germinate, even in the presence of
exogenous oxidants. These results indicate a link between
NOX-generated ROS and the regulation of growth [55].

It was revealed that NO*® synthase participated in asexual
spore development of N. crassa and in differentiation of
other fungi [57]. Glyoxal oxidase appeared to be involved in
differentiation of phytopathogenic fungi [58, 59].
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FiGure 3: The enzyme pathway of carotenoid biosynthesis in Neurospora crassa. NCU numbers of light-regulated genes are shown. The

figure is modified from Uspekhi Biologicheskoi Khimii [1].

5. ROS in Neurospora Development and
Differentiation

5.1. Changes in ROS Concentration and Differentiation in
Fungi. High reactivity of ROS is responsible for oxidation
of proteins, lipids, and nucleic acids. Consequently, systems
defending against ROS by repair or resynthesis of damaged
molecules are present in the cell. Nevertheless, impairment
of intracellular redox status, as a result of an increase in
generation of oxygen radicals exceeding the cellular capacity
to neutralize them, can generate a hyperoxidation state
(oxidative stress). As distinct from growth and differentiation

state, oxidative stress is an unstable one, and elimination
or partial inhibition of intracellular antioxidant systems
may cause cell death [5, 7]. Intracellular ROS increase is
accompanied by the cessation of growth, and it provokes
morphological changes leading to cell adaptation to changes
in life conditions as well as the decrease in intracellular oxi-
dants. Numerous experimental data support the relationship
of differentiation triggering processes with an increase in
intracellular ROS [5, 60-63]. Just so, in the myxomycete
D. discoideum an increase in intracellular O, " as well as
extracellular one provoked aggregation of myxamoebae and
subsequent differentiation, and the aggregation process was



prevented by O, ° scavengers together with an increase in
expression of genes controlling antioxidant defense systems
(ADS) [62].

H,0; is considered as one of the most important
metabolites in all respiring cells. H,O, provoked global
changes of gene transcription, including the ADS genes,
in A. nidulans [60], as well as sclerotial differentiation
in Sclerotium rolfsii [63], increased expression of genes of
carotenogenesis in N. crassa [64], and promoted transition
to filamentous growth in U. maydis and development of its
pathogenicity [59]. It is known that sclerotial differentiation
in S. rolfsii is coupled to H,O, generation inside the cell. Its
concentration increased under the action of light and iron
ions [63].

OH" formed on the interaction of transition metals
with H,O, was inhibited by such scavengers as dimethylsul-
foxide, phenylthiourea, p-nitrosodimethylaniline, ethanol,
and benzoate, which suppress sclerotial differentiation in S.
rolfsii [65]. Sclerotial differentiation was similarly inhibited
by antioxidants (ascorbic acid, 8 carotene) [66, 67]. It was
shown that O, * increased cleistothecium differentiation in
A. nidulans [68], while NO® promoted fruit body develop-
ment in F. velutipes [69].

At the onset of different stages of N. crassa macroconidia
differentiation (aggregation of hyphae, aerial hyphae forma-
tion, differentiation of macroconidium), a spontaneous, low-
level chemiluminescence was detected enhanced by lucigenin
and/or luminol, indicative of an increase in level of intra-
cellular oxygen radicals. Antioxidants abolished chemilumi-
nescence and stopped differentiation, which supports the
formation of ROS ahead of every stage of fungal development
[70]. Thus ROS formation is essential for differentiation of
N. crassa as well as development of other fungi.

5.2. Changes in Fungal Cell Metabolism under ROS Action.
An increase of oxidant level inside the cell inevitably causes
the oxidation of organic molecules. It has been shown that
differentiation of sclerotia on the mycelium of S. rolfsii
was accompanied by lipid peroxidation [70]. Light and
Fe?* enhanced lipid peroxidation as well as the intensity of
sclerotium formation [63], and lipid peroxides and aldehyde
degradation products inhibited many proteins, affected
cell differentiation and proliferation, and might promote
apoptosis [71].

Oxidation of sulthydryl groups in proteins upon ROS
action promotes a change in activity of some enzymes. As
an example, decrease in glycolytic enzymes and decline of
protein synthesis enzymes have been observed, coupled to
cessation of growth [72, 73].

Oxidative stress was accompanied by cessation of growth
and severe metabolic changes directed towards decrease
in primary metabolites (acetate, glucose) and synthesis of
compounds participating in cell protection, for example,
carotenoids, melanins, proline, and polyols [3]. Trehalose
is of fundamental importance in defending yeast cells in
oxidative stress [74]. At the start of separate steps of
macroconidium differentiation in N. crassa, mass protein
oxidation and their subsequent degradation [75], release
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of iron ions upon oxidation of [Fe-S] clusters of enzymes,
oxidation of intracellular NADP and NADPH, glutathione
oxidation, glutathione disulfide excretion to the extracel-
lular medium [76], synthesis of antioxidant enzymes [7,
77], and ROS-dependent chemiluminescence [24] were the
experimental evidence of hyperoxidant state. An increase in
protein carbonylation by ROS has been observed in different
species of mycelial fungi: Mucor racemosus, Humicola lutea,
E oxisporum, A. solani, Cladosporium elatum, Penicillium
chrysogenum, P. brevicompactum, P. claviforme, P. roquefortii,
A. niger, A. argilacceum, A. oryzae, and N. crassa [78].

A comparative study of the changes in the components
of the ADS, the activity of superoxide dismutase (SOD) and
catalase and the level of extractable SH-groups, during the
growth of wild-type and N. crassa mutants (white collar-1
and white colar-2) showed that oxidative stress developing
during spore germination and upon the transition to a
stationary growth phase was accompanied by an increase
in the level of extractable SH-groups and SOD activity in
all the strains, whereas the total catalase activity decreased
during growth. However, in contrast to the wild-type strain,
the activity of the catalase in the mutant strains we-1
and wc-2 slightly increased upon the transition to the
stationary phase. In the wc-2 mutant, SOD activity and the
level of extractable SH-groups in the exponential growth
phase were always lower than those in the wild-type and
we-1 strains [79]. As in previous works [5, 7, 75, 76],
our data pointed to formation of ROS upon transition
to interchangeable phases of development. Moreover, the
data revealed that mechanisms of inactivation of increased
intracellular ROS, developing during spore germination and
entry into the stationary growth phase, distinguished wec-
1 and wc-2 mutants from the wild strain [79]. These data
prompted us to pay a closer attention to mechanisms of blue
light signal transduction through WCC and to the role of
ROS in this process.

6. Photoreceptor Complex, Other
Photoreceptors, and Other Signal
Transduction Pathways

6.1. Photoreceptor Complex WCC. The main blue-light
responses in Neurospora include induction of sporulation
and sexual development, induction of carotenoid synthesis
in mycelium, and the regulation of circadian clock. All
of the mentioned processes require the products of white
collar 1 (wc-1) and white collar 2 (wc-2) genes-GATA zink
finger family members [80]. WC-1 is the product of the
we-1 gene, a protein with a Zn-finger, two PAS domains
involved in protein-protein interactions, a putative tran-
scriptional activation domain, a nuclear localization signal,
and a chromophore-binding domain [81] (Figure 2). The
chromophore binding domain binds the flavin chromophore
FAD allowing WC-1 to act as a photoreceptor [82, 83].
The WC-1 flavin-binding domain (LOV-light, oxygen, volt-
age) has been described in other photoreceptor proteins,
most notably in plant phototropins [84]. The primary
photochemical event in phototropins is the formation of
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a flavin-cysteinyl adduct at a cysteine of the LOV domain
[85], suggesting that WC-1 activation occurs through the
formation of a light-dependent flavin-cysteinyl adduct [86].

WC-2 is the product of the wc-2 gene, a protein with a
zink finger, a single PAS domain, a putative transcriptional
activation domain, and a nuclear localization signal [87]
(Figure 2). WC-1 and WC-2 interact through the PAS
domains to form a WCC complex [88-93]. In the WCC
complex, WC-1 is the limiting factor while WC-2 is in excess
[89, 93]. WCC binds the promoter of light inducible genes
(81, 82, 94-96]. Light causes a decrease in the mobility of
the WCC complex bound to the promoter, suggesting a light-
dependent aggregation of WCC complexes [82, 96].

The WCC proteins are present in the dark [92, 93, 97]
and are preferentially located in the nucleus although WC-
2 is also observed in the cytoplasm and is more abundant
than WC-1 [92, 95, 97, 98]. Nuclear localization of either
WC-1 or WC-2 is not affected by light and is not altered
by mutations in wc-2 or wc-1, respectively, indicating that
nuclear localization does not require a complete WCC
complex [97].

Microarray analysis showed that the expression of 314
genes responded to the light stimulus by increasing transcript
levels [22]. Most of the identified genes (92%) were either
early (45%), with peak expression between 15 and 45
minutes, or late (55%), with the induced expression peaking
between 45 and 90 minutes after lights on [1, 99]. Genes
related to the synthesis of photoprotective pigments (7.1%),
vitamins, cofactors, and prosthetic groups (4.7%), secondary
metabolism (4.7%), DNA processing (6.3%), cellular signal-
ing (5.5%), and environmental sensing and response (1.6%)
were found enriched in the early light response. In contrast,
genes involved in carbohydrate metabolism (20%), oxidation
of fatty acids (1.9%), and oxygen detoxification reaction
(2.5%) were found enriched in the late light response. Within
the early group were several transcription factors most of
which show mutant phenotypes during development. Tran-
scription factor SUBI is required for efficient transduction of
light signals to the most of late light response genes [22, 99].

Gene photoactivation is transient. After further light
exposure, WC-1 is phosphorylated [93, 96, 97, 100] leading
to exclusion of the WCC complex from the promoter and the
end of gene transcription.

The protein VIVID, an additional N. crassa photore-
ceptor, is a flavoprotein and serves as a fungal blue light
photoreceptor for photoadaptation [22]. VIVID (VVD) is a
small protein (186 amino acids) with a single LOV domain
functioning downstream of the WCC to regulate negatively
the light responses initiated by the WCC [22, 86, 101-104].
The induced VVD protein accumulates in the nucleus and
physically interacts with WCC to regulate photoadaptation
by repressing WCC activity in constant light. The kinetics of
photoadaptation is predominantly regulated by the amount
of VVD protein in the system [105].

The excluded WCC complex is dephosphorylated and
partially degraded, probably through an interaction with
the protein kinase C (PKC). Since protein phosphatase
2A participates in the dephosphorylation and activation
of the WCC complex in vivo [95], it is possible that this

enzyme is also involved in the dephosphorylation of the
WCC complex after light exposure. After a certain period
in the dark the WCC complex, probably with the addition
of newly synthesized WC-1 and WC-2, is ready for gene
photoactivation again.

The amount of WC-1 and the kinetics of the light-
dependent phosphorylation is altered by the presence of a
mutant form of WC-2 suggesting that WC-2 is necessary to
sustain the transiency and magnitude of WC-1 phosphoryla-
tion [93, 97, 106].

In Neurospora, the photoreceptor complex WCC serves
as an exogenous regulator of the circadian clock which
is an important recipient of light information (Figure 2).
The circadian clock controls the program of Neurospora
development [107, 108]. When cultured in the dark in the
absence of external signals, the fungus periodically (with
an approximately 21.5-hour period in the case of wild-
type cells) switches from mycelial growth to conidiation.
VVD has been shown to take part in regulating various
circadian clock properties, most likely through its effects on
the WCC, including gating of light input to the clock [101],
maintenance of the clock during the light phase [102, 103],
and temperature compensation of the circadian phase [104].

Thus, the first fungal photosensor identified was White
collar-1 (WC-1) of N. crassa [108], and this system has been
extensively studied with emphasis on the circadian clock of
this fungus and how it is regulated by the WC-1 and WC-2
proteins, the clock protein FRQ and interacting factors [109,
110]. More recently, WC-1 homologues have been identified
in basidiomycetes [111, 112] and zygomycetes [113, 114]
as well as other ascomycetes [115, 116]. This information
extends the function of WC-1 homologues in photosensing
across the fungal kingdom.

6.2. Other Photoreceptors. The Neurospora genome contains
genes for additional photoreceptors, including a cryp-
tochrome gene (cry), an opsin gene (nop 1), and two
phytochrome genes (phy 1 and phy 2), but their function in
Neurospora photobiology remains mostly unknown [26, 35].

It has been shown recently that the activity of the WCC
is negatively regulated by the photoreceptors CRY-1, NOP-1,
and PHY-2, presumably through the light-dependent activa-
tion of a putative repressor of the WCC. It is possible that
each photoreceptor may activate an independent repressor
of the WCC [117].

The regulation by secondary photoreceptors of the WCC
may modify the activity of some genes, as it was observed
for con-6, al-1, and vvd. It has been suggested that a light-
dependent repressor of the WCC may be a general feature of
light reception in N. crassa [117].

A major regulator of conidiation in Aspergillus nidulans
is the product of the gene veA. VeA is preferentially
located in the nucleus in cells grown in the dark, which
is consistent with the role of VeA as a repressor of light-
dependent processes [118], and the VeA protein interacts
in a complex with other regulatory proteins for the regu-
lation by light of development and secondary metabolism
[119]. The Neurospora ortolog ve-1 encodes a protein Ve-1.
A pronounced reduction in light-dependent carotenoid



accumulation (threefold) was observed in the ve-1 strain
suggesting that the putative regulatory Ve-1 protein is
required for full photocarotenogenesis in Neurospora [117].

6.3. The Complexity of Neurospora Light Sensing Cascade.
It cannot be ruled out that there are possibly multiple
intertwined pathways in the mechanism of photosignal
transduction. The analysis of promoters of approximately
20 light-inducible genes did not reveal any common cis-
acting elements (i.e., DNA sequences that are recognized
by light-dependent transcription factors). The situation is
additionally complicated by the fact that there are light-
dependent genes whose expression is not mediated by the
functional proteins WC-1 and WC-2 [87, 120].

An additional complicating factor may be chemical
modification (enzymatic methylation) of these sequences.
Although the genome of Neurospora is methylated fairly
weakly, it is known that the level of methylation may undergo
changes in the course of ontogeny [121]. It should be noted
that methylation plays an important role in ontogenetic
photoregulation. There are grounds to believe that the WCC
complex is involved in the regulation of DNA methylation,
the level of which determines the light-dependent selection
of either sexual or asexual development by the fungus.
It was shown that 5-azacitidine, an inhibitor of DNA
methylation, suppressed photoinduced formation of sexual
structures (protoperithecia) and simultaneously abolished
the inhibitory effect of light on conidiogenesis [46, 122].

It should be noted that illumination induced a rapid
and transient (30-600s) decrease in the cAMP content in
Neurospora mycelium [123, 124] as a result of increase in
the activity of cAMP phosphodiesterase [41]. The treatment
with 3-isobutyl-1-methylxanthine, an inhibitor of phospho-
diesterase, as well as addition of exogenous cAMP, inhibited
the cell response to illumination (expressed as the synthesis
of carotenoids), whereas a decrease in the cAMP level,
observed in some mutants, was accompanied by induction
of carotenogenesis in the dark. Exogenous cAMP completely
inhibited photoinduction of expression of the genes al-
1, al-2, bli-3, bli-4, ccg-2, con-8, and con-10. It can be
assumed that the effect of cAMP may be implemented at
the transcriptional level via the cyclic AMP response element
(CRE) in the promoters of photoinducible genes [125].
In addition, it cannot be excluded that photoregulation
influences the change in phosphorylation of WC proteins
that is catalyzed by cAMP-dependent protein kinase. The
involvement of cAMP pathway in blue light signal trans-
duction, possibly with the involvement of RAS protein, was
mentioned in several investigations on N. crassa [22, 126,
127] and Trichoderma atroviride [128]. Possibility of ROS
participation in blue-light signal transduction makes the
regulatory networks of the Neurospora light-sensing cascade
far more complicated.

7. ROS Affected WCC Signal Transduction

According to previous studies with various fungi an assump-
tion was produced that intracellular redox state and light-
induced carotenogenesis were related processes [129, 130].
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Sure enough, some experimental data consider partic-
ipance of ROS in blue light signal transduction through
WCC complex in N. crassa. It was shown that illumination
of Neurospora mycelium under O,-enriched air increased
transcript level of al-1 encoding phytoene dehydrogenase. It
also highly enhanced carotenoid production in the mycelium
[131]. These results suggest that increased ROS, under
oxygen enriched air, could increase light-induced carotenoid
production and might act as a controlling factor in the WCC-
signaling cascade, because the light-induced expression of
al-1 mRNA depends on WCC complex function [64].
This assumption was supported by the fact that sod-1
mutant, with a defective Cu, Zn-SOD showed accelerated
light-dependent induction of carotenoid biosynthesis in the
mycelium compared to the wild type [131]. In N. crassa,
catalase-3-deficient mutants showed increased carotenoid
production in colonies under illumination [25]. It was
found that menadione treatment of Neurospora wc mutants
restored circadian conidiation in N. crassa [127].

Thus intracellular ROS apparently enhance several light-
induced responses in N. crassa. They increase the blue-light
action but apparently do not trigger WCC-induced blue-light
responses.

It is well known at present that increase in intracellular
ROS is accompanied by activation of intracellular ADS
specific to developing ROS [132]. Antioxidant enzymes
(SOD and catalase) in wild type and we-1 and wc-2 mutants
of N. crassa responded differently to various stress factors
(oxygen, light, temperature increase) which rise intracellular
ROS in cells. Menadione treatment provided SOD increase in
the wild type. The enzyme activity did not change in WCC-
mutants (wc-1 and we-2) [133]. Protein carbonyls (oxidative
stress marker) showed a double increase in the wild type
(but not in the mutants) as a result of menadione treatment
[133]. No increase in SOD activity as well as no rise in protein
carbonyls was revealed in WCC mutants thus demonstrating
high resistance of the mutant strains to menadione.

It should be noted that a high increase in catalase
activity was found only in WCC mutants (wc-1 and we-
2) upon action of stress agents increasing intracellular
ROS [134]. Increase in catalase activity in the mutants
upon H,0, treatment points to H,O, signal transduction
independent of WCC. Thus WCC apparently participates in
environment signal transduction forming intracellular O,*
in the wild type. Lack of SOD activity increase upon stress
agents, including light, and high resistance of WCC mutants
to menadione, points apparently to some other systems
preventing intracellular O, * formation in we-1 and we-2
[134].

As it has been mentioned before, each morpho-
genetic step of N. crassa conidiation was preceded by
NAD(P)(H)/NAD(P) and GSH/GSSG redox imbalance [76].
Generation of singlet oxygen was observed during germina-
tion of N. crassa conidia [135]. Exposure of fungal cells to
oxidative stress results in the modulation of various signaling
pathways. Oxidation and reduction of protein thiols are
thought to be the major mechanisms of ROS integration
into cellular signaling pathways. It has been shown that
incubation in air (increased intracellular ROS) provided
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a significant protein disulfide increase only in the N. crassa
wild type mycelium particularly under light treatment. A
decrease in the formation of disulfide bonds in the proteins
of wc-1 and we-2 mutants (as compared with the wild type
strain) was recorded [134]. It can be assumed that at least
one ROS signal transduction pathway may be controlled by
the WCC.

The main intracellular source of ROS is the mitochondria
respiratory chain. Comparative analysis of respiratory activ-
ity in the N. crassa wild type and its photorecepror complex
mutants (wc-1 and wc-2) revealed high cyanide-resistant
respiration in the mutant strains under glucose oxidation
pointing to the increased activity of alternative oxidase in
the mutant strains. This fact was confirmed by inhibitory
analysis [136]. Transfer of electrons through alternative
oxidase is not coupled with ATP synthesis. Alternative
oxidase prevents autooxidation of electron carriers under
ROS increase [137]. It can be assumed that antioxidant
defence in WCC mutants is performed using catalase and
alternative oxidase.

The data presented show that signal transduction via
WCC complex enhances oxidative stress in Neurospora cells.
In the WCC mutants—wc-1 and wc-2—no experimental
evidence of oxidative stress was revealed. On the other
hand, alternative signal transduction pathways apparently
functioned. The fact is confirmed by increase in catalase
and alternative oxidase levels in wc-1 and we-2 mutants. It
can be assumed that accomplishment of blue-light responses
through WCC-complex in Neurospora cells is coupled to
oxidative stress.

8. Conclusion

Light signaling pathways and circadian clock have profound
effects on behavior in most organisms. N. crassa is eukaryotic
model for light responses and circadian clock. Sequence and
functional orthologs of WC-1 and WC-2 and most of the
other light signaling components are widespread among the
fungal kingdom. Recent studies have demonstrated that WC-
1- and WC-2-like molecules in various fungal species play an
essential role in mediating light signals from the Ascomycota,
Basidiomycota, and Zygomycota phyla [8-10, 138, 139].
Successful work on the WCC in Neurospora has led
to fundamental breakthroughs in understanding photo-
biology in other fungi. While many of the downstream
genes regulated by the WCC are not well studied or are
uncharacterized, most of them have homologs in plants and
mammals. Unfortunately even after extensive research, little
is known about mechanisms that directly link photoreceptor
activation to signaling pathways eliciting light responses.
Proteomic analysis across human, yeast, and bacterium has
raised that the cellular stress response can be characterized
by the induction of a limited number (300) of highly
conserved proteins [140]. It is noteworthy that among the 44
proteins with known functions, 40% of them are related to
regulation of the intracellular redox status. It is noticed that
increased reactive oxygen species (ROS) generation seems
to be a common response in fungal organisms exposed to
stresses; thus, redox regulation in fungal cells may represent

a second messenger system that is upstream of the fungal
stress signaling network. It cannot be excluded that reactive
oxygen species generated by a photon stimulus might provide
a transcriptional response through redox signaling pathways
or serve as an input pass on some extra signal transduction
systems to downstream targets correcting for the complexity
of Neurospora light sensing cascade.

References

[1] V. Y. Sokolovsky and T. A. Belozerskaya, “Effect of stress
factors on differential gene expression in the course of
differentiation of Neurospora crassa,” Uspekhi biologicheskoi
khimii, vol. 40, pp. 85-152, 2000 (Russian).

[2] Y. S. Bahn, C. Xue, A. Idnurm, J. C. Rutherford, J. Heitman,
and M. E. Cardenas, “Sensing the environment: lessons from
fungi,” Nature Reviews Microbiology, vol. 5, no. 1, pp. 57-69,
2007.

[3] N. N. Gessler, A. A. Aver’yanov, and T. A. Belozerskaya,
“Reactive oxygen species in regulation of fungal develop-
ment,” Biochemistry, vol. 72, no. 10, pp. 1091-1109, 2007.

[4] L. Peraza and W. Hansberg, “Neurospora crassa catalases,
singlet oxygen and cell differentiation,” Biological Chemistry,
vol. 383, no. 3-4, pp. 569-575, 2002.

[5] W. Hansberg and J. Aguirre, “Hyperoxidant states cause
microbial cell differentiation by cell isolation from dioxygen,”
Journal of Theoretical Biology, vol. 142, no. 2, pp. 201-221,
1990.

[6] C. D. Georgiou, N. Patsoukis, I. Papapostolou, and G.
Zervoudakis, “Sclerotial metamorphosis in filamentous fungi
is induced by oxidative stress,” Integrative and Comparative
Biology, vol. 46, no. 6, pp. 691-712, 2006.

[7] J. Aguirre, M. Rios-Momberg, D. Hewitt, and W. Hansberg,
“Reactive oxygen species and development in microbial
eukaryotes,” Trends in Microbiology, vol. 13, no. 3, pp. 111-
118, 2005.

[8] J. C. Dunlap and J. J. Loros, “The Neurospora circadian
system,” Journal of Biological Rhythms, vol. 19, no. 5, pp. 414—
424,2004.

[9] J. Purschwitz, S. Miiller, C. Kastner, and R. Fischer, “Seeing
the rainbow: light sensing in fungi,” Current Opinion in
Microbiology, vol. 9, no. 6, pp. 566-571, 2006.

[10] L. M. Corrochano, “Fungal photoreceptors: sensory
molecules for fungal development and behaviour,”
Photochemical and Photobiological Sciences, vol. 6, no.
7, pp. 725-736, 2007.

[11] C. Heintzen and Y. Liu, “The Neurospora crassa Circadian
Clock,” Advances in Genetics, vol. 58, pp. 25-66, 2007.

[12] R. W. Harding and R. V. Turner, “Photoregulation of the
carotenoid biosynthetic pathways in albino mutants and
white collar mutants of Neurospora crassa,” Plant Physiology,
vol. 68, pp. 745-749, 1981.

[13] E Degli-Innocenti and F. E. A. Russo, “Isolation of new
white collar mutants of Neurospora crassa and studies of
their behavior in the blue light-induced formation of pro-
toperithecia,” Journal of Bacteriology, vol. 159, no. 2, pp. 757—
761, 1984.

[14] R. W. Harding and S. Melles, “Genetic analysis of the
phototropism of Neurospora crassa peritecial beaks using
white collar and albino mutants,” Plant Physiology, vol. 72, pp.
996-1000, 1984.

[15] K. Oda and K. Hasunuma, “Genetic analysis of signal
transduction through light-induced protein phosphorylation



10

(18]

(19]

(20]

(21]

(22]

(23]

in Neurospora crassa perithecia,” Molecular and General
Genetics, vol. 256, no. 6, pp. 593-601, 1997.

Y. Ogura, Y. Yoshida, N. Yabe, and K. Hasunuma, “A point
mutation in nucleoside diphosphate kinase results in a
deficient light response for perithecial polarity in Neurospora
crassa,” Journal of Biological Chemistry, vol. 276, no. 24, pp.
21228-21234, 2001.

M. L. Sargent and W. R. Brigg, “The effects of light on
a circadian rhythm of conidiation in Neurospora,” Plant
Physiology, vol. 42, pp. 1504-1510, 1967.

J. E Feldman, “Genetic approaches to circadian clocks,”
Annual Review of Plant Physiology, vol. 33, pp. 583—608, 1982.
V. Massey, “The chemical and biological versatility of
riboflavin,” Biochemical Society Transactions, vol. 28, no. 4,
Pp. 283-296, 2000.

D. E. J. G. J. Dolmans, D. Fukumura, and R. K. Jain,
“Photodynamic therapy for cancer,” Nature Reviews Cancer,
vol. 3, no. 5, pp. 380-387, 2003.

Y. Omata, J. B. Lewis, S. Rotenberg et al., “Intra- and
extracellular reactive oxygen species generated by blue light,”
Journal of Biomedical Materials Research Part A, vol. 77, no. 3,
pp. 470-477, 2006.

C. H. Chen, C. S. Ringelberg, R. H. Gross, J. C. Dunlap, and J.
J. Loros, “Genome-wide analysis of light-inducible responses
reveals hierarchical light signalling in Neurospora,” EMBO
Journal, vol. 28, no. 8, pp. 1029-1042, 2009.

K. M. Smith, G. Sancar, R. Dekhang, C. M. Syllivan, S. Li
et al.,, “Transcription factors in light and circadian clock
signaling networks revealed by genome-wide mapping of
direct targets for Neurospora WHITE COLLAR COMPLEX,”
Eukaryotic Cell, vol. 9, pp. 1549-1556, 2010.

W. Hansberg, H. De Groot, and H. Sies, “Reactive oxygen
species associated with cell differentiation in Neurospora
crassa,” Free Radical Biology and Medicine, vol. 14, no. 3, pp.
287-293, 1993.

S. Michan, F. Lledias, and W. Hansberg, “Asexual develop-
ment is increased in Neurospora crassa cat-3-null mutant
strains,” Eukaryotic Cell, vol. 2, pp. 798-808, 2003.

K. A. Borkovich, L. A. Alex, O. Yarden et al., “Lessons
from the genome sequence of Neurospora crassa: tracing the
path from genomic blueprint to multicellular organism,”
Microbiology and Molecular Biology Reviews, vol. 68, no. 1,
pp. 1-108, 2004.

G. N. Bistis, D. D. Perkins, and N. D. Read, “Cell types of
Neurospora crassa,” Fungal Genetics Newsletter, vol. 50, pp.
17-19, 2003.

T. A. Belozerskaya and T. V. Potapova, “Intrahyphal commu-
nication in segmented mycelium,” Experimental Mycology,
vol. 17, no. 3, pp. 157-169, 1993.

P. C. Hickey, D. J. Jacobson, N. D. Read, and N. Louise Glass,
“Live-cell imaging of vegetative hyphal fusion in Neurospora
crassa,” Fungal Genetics and Biology, vol. 37, no. 1, pp. 109—
119, 2002.

A. Musacchio and K. G. Hardwick, “The spindle checkpoint:
structural insights into dynamic signalling,” Nature Reviews
Molecular Cell Biology, vol. 3, no. 10, pp. 731-741, 2002.

R. Maheshwari, “Microconidia of Neurospora crassa,” Fungal
Genetics and Biology, vol. 26, no. 1, pp. 1-18, 1999.

M. A. Nelson, “Mating systems in ascomycetes: a romp in the
sac,” Trends in Genetics, vol. 12, no. 2, pp. 69-74, 1996.

N. D. Read, “Cellular nature and multicellular morphogene-
sis in higher fungi,” in Shape and Form in Plants and Fungi,
D. S. Ingram and A. Hudson, Eds., pp. 251-269, Academic
Press, London, UK, 1994.

(34]

(35]

(36]

(37]

(38]

(42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

Journal of Signal Transduction

G. N. Bistis, “Chemotropic interactions between trichogynes
and conidia of opposite mating-type in Neurospora crassa,”
Mycologia, vol. 73, pp. 959-975, 1981.

J. E. Galagan, S. E. Calvo, K. A. Borkovich et al., “The
genome sequence of the filamentous fungus Neurospora
crassa,” Nature, vol. 422, no. 6934, pp. 859-868, 2003.

T. V. Potapova, N. N. Levina, and T. A. Belozerskaya, “Investi-
gation of electrophysiological responses of Neurospora crassa
to blue light,” Archives of Microbiology, vol. 137, no. 3, pp.
262-265, 1984.

T. A. Belozersksaya, “Functional role of H'-ATPase of
the fungal cell plasma membrane,” Uspekhi Biologicheskoi
Khimii, vol. 36, pp. 113-139, 1996 (Russian).

R. W. Harding and R. V. Turner, “Photoregulation of the
carotenoid biosyntesis pathway in albino and white collar
mutants of Neurospora crassa,” Plant Physiology, vol. 68, pp.
745-749, 1981.

D. D. Perkins, A. Radford, and M. S. Sachs, The Neurospora
Compedium. Chromosomal Loci, Academic Press, San Diego,
Calif, USA, 2001.

T. A. Belozerskaya, T. V. Potapova, E. P. Isakova, E. L
Shurubor, L. V. Savel’eva, and R. A. Zvyagilskaya, “Energy
status of Neurospora crassa nap mutant in relation to
accumulation of carotenoids,” Journal of Microbiology, vol.
41, no. 1, pp. 41-45, 2003.

V. Y. Sokolovsky and M. S. Kritsky, “Photoregulation of
cAMP phosphodiesterase in Neurospora crassa,” Doklady
Akademii Nauk SSSR, vol. 282, pp. 1017-1020, 1985.

T. P. Afanasieva, S. Y. Filippovich, V. Y. Sokolovsky, and M.
S. Kritsky, “Developmental regulation of NAD+ kinase in
Neurospora crassa,” Archives of Microbiology, vol. 133, no. 4,
pp. 307-311, 1982.

M. Roldan and W. L. Bulter, “Photoactivation of nitrate
reductase from Neurospora crassa,” Photochemistry and Pho-
tobiology, vol. 32, pp. 375-381, 1980.

A.P. M. Eker, H. Yajima, and A. Yasui, “DNA photolyase from
the fungus Neurospora crassa. Purification, characterization
and comparison with other photolyases,” Photochemistry and
Photobiology, vol. 60, no. 2, pp. 125-133, 1994.

H. Ninnemann, “Photostimulation of conidiation in mutants
of Neurospora crassa,” Journal of Photochemistry and Photobi-
ology B, vol. 9, no. 2, pp. 189-199, 1991.

M. S. Kritsky, V. E. A. Russo, S. Y. Filippovich, T. P.
Afanasieva, and G. P. Bachurina, “The opposed effect of 5-
azacytidine and light on the development of reproductive
structures in Neurospora crassa,” Photochemistry and Photo-
biology, vol. 75, no. 1, pp. 79-83, 2002.

E Jiang, Y. Zhang, and G. J. Dusting, “NADPH oxidase-
mediated redox signaling: roles in cellular stress response,
stress tolerance, and tissue repair,” Pharmacological Reviews,
vol. 63, no. 1, pp. 218-242, 2011.

E Wen, D. Xing, and L. Zhang, “Hydrogen peroxide is
involved in high blue light-induced chloroplast avoidance
movements in Arabidopsis,” Journal of Experimental Botany,
vol. 59, no. 10, pp. 2891-2901, 2008.

M. M. Laloraya, K. Chandra-Kuntal, G. P. Kumar, and M.
Laloraya, “Active oxygen species in blue light mediated signal
transduction in coleoptile tips,” Biochemical and Biophysical
Research Communications, vol. 256, no. 2, pp. 293-298, 1999.
H. Wang and I. E. Kochevar, “Involvement of UVB-induced
reactive oxygen species in TGF-f biosynthesis and activation
in keratinocytes,” Free Radical Biology and Medicine, vol. 38,
no. 7, pp. 890897, 2005.



Journal of Signal Transduction

(51]

=N
2

(65]

A. Van Laethem, K. Nys, S. Van Kelst et al., “Apoptosis signal
regulating kinase-1 connects reactive oxygen species to p38
MAPK-induced mitochondrial apoptosis in UVB-irradiated
human keratinocytes,” Free Radical Biology and Medicine, vol.
41, no. 9, pp. 1361-1371, 2006.

A. Valencia and L. E. Kochevar, “Nox1-based NADPH oxidase
is the major source of UVA-induced reactive oxygen species
in human keratinocytes,” Journal of Investigative Dermatol-
0gys vol. 128, no. 1, pp. 214-222, 2008.

K. Sigler, J. Chaloupka, J. Brozmanov4, N. Stadler, and M.
Hofer, “Oxidative stress in microorganisms—I: microbial vs.
higher cells—damage and defenses in relation to cell aging
and death,” Folia Microbiologica, vol. 44, no. 6, pp. 587-624,
1999.

K. Bedard, B. Lardy, and K. H. Krause, “NOX family NADPH
oxidases: not just in mammals,” Biochimie, vol. 89, no. 9, pp.
1107-1112, 2007.

N. Cano-Dominguez, K. Alvarez-Delfin, W. Hansberg, and J.
Aguirre, “NADPH oxidases NOX-1 and NOX-2 require the
regulatory subunit NOR-1 to control cell differentiation and
growth in Neurospora crassa,” Eukaryotic Cell, vol. 7, no. 8,
pp. 1352-1361, 2008.

D. Takemoto, A. Tanaka, and B. Scott, “NADPH oxidases
in fungi: diverse roles of reactive oxygen species in fungal
cellular differentiation,” Fungal Genetics and Biology, vol. 44,
no. 11, pp. 1065-1076, 2007.

H. Ninnemann and J. Maier, “Indications for the occur-
rence of nitric oxide synthases in fungi and plants and
the involvement in photoconidiation of Neurospora crassa,”
Photochemistry and Photobiology, vol. 64, no. 2, pp. 393-398,
1996.

G. N. Agrios, Plant Pathology, Academic Press, San Diego,
Calif, USA, 1988.

B. Leuthner, C. Aichinger, E. Ochmen et al., “A H,0,-
producing glyoxal oxidase is required for filamentous growth
and pathogenicity in Ustilago maydis,” Molecular Genetics and
Genomics, vol. 272, no. 6, pp. 639-650, 2005.

L. Pécsi, M. Miskei, Z. Karanyi et al., “Comparison of gene
expression signatures of diamide, H,O, and menadione
exposed Aspergillus nidulans cultures—linking genome-
wide transcriptional changes to cellular physiology,” BMC
Genomics, vol. 6, 2005.

T. Drakulic, M. D. Temple, R. Guido et al., “Involvement
of oxidative stress response genes in redox homeostasis, the
level of reactive oxygen species, and ageing in Saccharomyces
cerevisiae,” FEMS Yeast Research, vol. 5, no. 12, pp. 1215-
1228, 2005.

G. Bloomfield and C. Pears, “Superoxide signalling required
for multicellular development of Dictyostelium,” Journal of
Cell Science, vol. 116, no. 16, pp. 3387-3397, 2003.

M. Sideri and C. D. Georgiou, “Differentiation and hydrogen
peroxide production in Sclerotium rolfsii are induced by the
oxidizing growth factors, light and iron,” Mycologia, vol. 92,
no. 1-6, pp. 1033-1042, 2000.

H. ligusa, Y. Yoshida, and K. Hasunuma, “Oxygen and hydro-
gen peroxide enhance light-induced carotenoid synthesis in
Neurospora crassa,” FEBS Letters, vol. 579, no. 18, pp. 4012—
4016, 2005.

C. D. Georgiou, N. Tairis, and A. Sotiropoulou, “Hydroxyl
radical scavengers inhibit lateral-type sclerotial differentia-
tion and growth in phytopathogenic fungi,” Mycologia, vol.
92, no. 5, pp. 825-834, 2000.

(6]

(67]

[68

(69]

(70]

(72]

(74]

[75]

[76]

(77]

(78]

(79]

(80]

(81]

11

C. D. Georgiou, G. Zervoudakis, N. Tairis, and M. Kornaros,
“B-carotene production and its role in sclerotial differentia-
tion of Sclerotium rolfsii;” Fungal Genetics and Biology, vol. 34,
no. 1, pp. 11-20, 2001.

C. D. Georgiou, G. Zervoudakis, and K. P. Petropoulou,
“Ascorbic acid might play a role in the sclerotial differenti-
ation of Sclerotium rolfsii,” Mycologia, vol. 95, no. 2, pp. 308—
316, 2003.

T. Lara-Ortiz, H. Reveros-Rosas, and J. Aguirre, “Reactive
oxygen species generated by microbial NADPH oxidase
NoxA regulate sexual development in Aspergillus nidulans,”
Molecular Microbiology, vol. 50, pp. 1241-1255, 2003.

N. K. Song, C. S. Jeong, and H. S. Choi, “Identification of
nitric oxide synthase in Flammulina velutipes,” Mycologia,
vol. 92, no. 1-6, pp. 1027-1032, 2000.

C. D. Georgiou, “Lipid peroxidation in Sclerotium rolfssii:
a new look into the mechanism of sclerotial biogenesis in
fungi,” Mycological Research, vol. 101, pp. 460-464, 1997.

H. Esterbauer, J. R. Schaur, and H. Zollner, “Chemistry
and biochemistry of 4-hydroxynonenal, malonaldehyde and
related aldehydes,” Free Radical Biology and Medicine, vol. 11,
pp. 81-128, 1991.

N. Le Moan, G. Clement, S. Le Maout, F. Tacnet, and
M. B. Toledano, “The Saccharomyces cerevisiae proteome
of oxidized protein thiols: contrasted functions for the
thioredoxin and glutathione pathways,” Journal of Biological
Chemistry, vol. 281, no. 15, pp. 10420-10430, 2006.

J. Hancock, R. Desikan, J. Harrison, J. Bright, R. Hooley,
and S. Neill, “Doing the unexpected: proteins involved
in hydrogen peroxide perception,” Journal of Experimental
Botany, vol. 57, no. 8, pp. 1711-1718, 2006.

N. Benaroudj, D. H. Lee, and A. L. Goldberg, “Trehalose
accumulation during cellular stress protects cells and cellular
proteins from damage by oxygen radicals,” Journal of Biologi-
cal Chemistry, vol. 276, no. 26, pp. 24261-24267, 2001.

1. Toledo and W. Hansberg, “Protein oxidation related to
morphogenesis in Neurospora crassa,” Experimental Mycol-
ogy, vol. 14, no. 2, pp. 184-189, 1990.

1. Toledo, P. Rangel, and W. Hansberg, “Redox imbalance at
the start of each morphogenetic step of Neurospora crassa
conidiation,” Archives of Biochemistry and Biophysics, vol.
319, pp. 519-524, 1995.

1. Toledo, A. A. Noronha-Dutra, and W. Hansberg, “Loss of
NAD(P)-reducing power and glutathione disulfide excretion
at the start of induction of aerial growth in Neurospora
crassa,” Journal of Bacteriology, vol. 173, no. 10, pp. 3243—
3249, 1991.

M. B. Angelova, S. B. Pashova, B. K. Spasova, S. V. Vassilev,
and L. S. Slokoska, “Oxidative stress response of filamentous
fungi induced by hydrogen peroxide and paraquat,” Mycolog-
ical Research, vol. 109, no. 2, pp. 150-158, 2005.

N. N. Gessler, O. A. Leonovich, Y. M. Rabinovich, M. N.
Rudchenko, and T. A. Belozerskaya, “A comparative study
of the components of the antioxidant defense system during
growth of the mycelium of a wild-type Neurospora crassa
strain and mutants, white collar-1 and white collar-2,” Applied
Biochemistry and Microbiology, vol. 42, no. 3, pp. 293-297,
2006.

H. Linden, P. Ballario, and G. Macino, “Blue light regulation
in Neurospora crassa,” Fungal Genetics and Biology, vol. 22,
no. 3, pp. 141-150, 1997.

P. Ballario, P. Vittorioso, A. Magrelli, C. Talora, A. Cabibbo,
and G. Macino, “White collar-1, a central regulator of blue



12

light responses in Neurospora, is a zinc finger protein,” EMBO
Journal, vol. 15, no. 7, pp. 1650-1657, 1996.

[82] A. C. Froehlich, Y. Liu, J. J. Loros, and J. C. Dunlap, “White
collar-1, a circadian blue light photoreceptor, binding to the
frequency promoter,” Science, vol. 297, no. 5582, pp. 815-819,
2002.

[83] Q. He, P. Cheng, Y. Yang, L. Wang, K. H. Gardner, and Y. Liu,
“White collar-1, a DNA binding transcription factor and a
light sensor,” Science, vol. 297, no. 5582, pp. 840—843, 2002.

[84] J. M. Christie, “Phototropin blue-light receptors,” Annual
Review of Plant Biology, vol. 58, pp. 21-45, 2007.

[85] M. Salomon, J. M. Christie, E. Knieb, U. Lempert, and

W. R. Briggs, “Photochemical and mutational analysis of

the FMN-binding domains of the plant blue light receptor,

phototropin,” Biochemistry, vol. 39, no. 31, pp. 9401-9410,

2000.

P. Cheng, Q. He, Y. Yang, L. Wang, and Y. Liu, “Functional

conservation of light, oxygen, or voltage domains in light

sensing,” Proceedings of the National Academy of Sciences of

the United States of America, vol. 100, no. 10, pp. 5938-5943,

2003.

[87] H. Linden and G. Macino, “White collar 2, a partner in blue-
light signal transduction, controlling expression of light-
regulated genes in Neurospora crassa,” EMBO Journal, vol. 16,
no. 1, pp. 98-109, 1997.

[88] P. Ballario, C. Talora, D. Galli, H. Linden, and G. Macino,
“Roles in dimerization and blue light photoresponse of
the PAS and LOV domains of Neurospora crassawhite collar
proteins,” Molecular Microbiology, vol. 29, pp. 719-729, 1998.

[89] P. Cheng, Y. Yang, and Y. Liu, “Interlocked feedback loops
contribute to the robustness of the Neurospora circadian
clock,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 98, no. 13, pp. 7408-7413, 2001.

[90] P. Cheng, Y. Yang, K. H. Gardner, and Y. Liu, “PAS
domain-mediated WC-1/WC-2 interaction is essential for
maintaining the steady-state level of WC-1 and the function
of both proteins in circadian clock and light responses of
Neurospora,” Molecular and Cellular Biology, vol. 22, no. 2,
pp. 517524, 2002.

[91] P. Cheng, Y. Yang, L. Wang, Q. He, and Y. Liu, “White
collar-1, a multifunctional Neurospora protein involved in
the circadian feedback loops, light sensing, and transcription
repression of wc-2,” Journal of Biological Chemistry, vol. 278,
no. 6, pp. 3801-3808, 2003.

[92] D. L. Denault, J. J. Loros, and J. C. Dunlap, “WC-2 mediates
WC-1-FRQ interaction within the PAS protein-linked circa-
dian feedback loop of Neurospora,” EMBO Journal, vol. 20,
no. 1-2, pp. 109117, 2001.

[93] C. Talora, L. Franchi, H. Linden, P. Ballario, and G. Macino,
“Role of a White collar-1-White collar-2 complex in blue-
light signal transduction,” EMBO Journal, vol. 18, no. 18, pp.
4961-4968, 1999.

[94] A. C. Froehlich, J. J. Loros, and J. C. Dunlap, “Rhythmic

binding of a WHITE COLLAR-containing complex to the

frequency promoter is inhibited by FREQUENCY,” Proceed-
ings of the National Academy of Sciences of the United States of

America, vol. 100, no. 10, pp. 5914-5919, 2003.

T. Schafmeier, A. Haase, K. Kéldi, J. Scholz, M. Fuchs, and M.

Brunner, “Transcriptional feedback of Neurospora circadian

clock gene by phosphorylation-dependent inactivation of its

transcription factor,” Cell, vol. 122, no. 2, pp. 235-246, 2005.

[96] Q. He and Y. Liu, “Molecular mechanism of light responses
in Neurospora: from light-induced transcription to photoad-

=)
)

[95

Journal of Signal Transduction

aptation,” Genes and Development, vol. 19, no. 23, pp. 2888—
2899, 2005.

[97] C. Schwerdtfeger and H. Linden, “Localization and light-
dependent phosphorylation of White collar 1 and 2, the two
central components of blue light signaling in Neurospora
crassa,” European Journal of Biochemistry, vol. 267, no. 2, pp.
414-421, 2000.

[98] P. Cheng, Y. Yang, C. Heintzen, and Y. Liu, “Coiled-coil
domain-mediated FRQ-FRQ interaction is essential for its
circadian clock function in Neurospora,” EMBO Journal, vol.
20, no. 1-2, pp. 101-108, 2001.

[99] C. H. Chen and J. J. Loros, “Neurospora sees the light: light
signaling components in a model system,” Communitative
and Integrative Biology, vol. 2, no. 5, pp. 448-451, 2009.

[100] C. Schwerdtfeger and H. Linden, “Blue light adaptation and
desensitization of light signal transduction in Neurospora
crassa,” Molecular Microbiology, vol. 39, no. 4, pp. 1080-1087,
2001.

[101] C. Heintzen, J. J. Loros, and J. C. Dunlap, “The PAS
protein VIVID defines a clock-associated feedback loop that
represses light input, modulates gating, and regulates clock
resetting,” Cell, vol. 104, no. 3, pp. 453—-464, 2001.

[102] M. Elvin, J. J. Loros, J. C. Dunlap, and C. Heintzen, “The
PAS/LOV protein VIVID supports a rapidly dampened day-
time oscillator that facilitates entrainment of the Neurospora
circadian clock,” Genes and Development, vol. 19, no. 21, pp.
2593-2605, 2005.

[103] K. Schneider, S. Perrino, K. Oelhafen et al, “Rhythmic
conidiation in constant light in vivid mutants of Neurospora
crassa,” Genetics, vol. 181, no. 3, pp. 917-931, 2009.

[104] S. M. Hunt, M. Elvin, S. K. Crosthwaite, and C. Heintzen,
“The PAS/LOV protein VIVID controls temperature com-
pensation of circadian clock phase and development in
Neurospora crassa,” Genes and Development, vol. 21, no. 15,
pp. 1964-1974, 2007.

[105] C.-H. Chen, B. S. DeMay, A. S. Gladfelter, J. C. Dunlap, and
J. J. Loros, “Physical interaction between vivid and WHITE
COLLAR complex regulates photoadaptation in Neurospora,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 107, no. 38, pp. 16715-16720, 2010.

[106] Q.He, H. Shu, P. Cheng, S. Chen, L. Wang, and Y. Liu, “Light
independent phosphorylation of white collar-1 regulates its
function in the Neurospora circadian negative feedback loop,”
The Journal of Biological Chemistry, vol. 280, pp. 17526—
17532, 2005.

[107] J. C. Dunlap, “Genetic analysis of circadian clocks,” Annual
Review of Physiology, vol. 55, pp. 683-728, 1993.

[108] M. L. Sargent, W. R. Briggs, and D. O. Woodward, “Circadian
nature of a rhythm expressed by an invertase-less strain of
Neurospora crassa,” Plant Physiology, vol. 41, pp. 1343-1349,
1966.

[109] K. Lee, J. C. Dunlap, and J. J. Loros, “Roles of WHITE
COLLAR-1 in circadian and general photoreception in
Neurospora crassa,” Genetics, vol. 163, pp. 103—114, 2003.

[110] M. Merrow, N. Y. Garceau, and J. C. Dunlap, “Linearizing
circadian cycle to determine kinetic constants within the
feedback loop,” Proceedings of the National Academy of
Sciences of the Unites States of America, vol. 94, pp. 3877—
3882, 1997.

[111] A.Idnurm and J. Heitman, “Light controls growth and devel-
opment via a conserved pathway in the fungal kingdom,”
PLoS Biology, vol. 3, no. 4, article €95, 2005.

[112] Y. K. Lu, K. H. Sun, and W. C. Shen, “Blue light negatively
regulates the sexual filamentation via the Cwcl and Cwc2



Journal of Signal Transduction

proteins in Cryptococcus neoformans,” Molecular Microbiol-
ogy, vol. 56, no. 2, pp. 480-491, 2005.

A. Idnurm, J. Rodriguez-Romero, L. M. Corrochano et
al,, “The Phycomyces mad A gene encodes a blue-light
photoreceptor for phototropism and other light responses,”
Proceedings of the National Academy of Sciences of the United
States of America, vol. 103, no. 12, pp. 4546-4551, 2006.

E. Silva, S. Torres-Martinez, and V. Garre, “Distinct white
collar-1 genes control specific light responses in Mucor
circinelloides,” Molecular Microbiology, vol. 61, no. 4, pp.
1023-1037, 2006.

S. Casas-Flores, M. Rios-Momberg, M. Bibbins, P. Ponce-
Noyola, and A. Herrera-Estrella, “BLR-1 and BLR-2, key
regulatory elements of photoconidiation and mycelial growth
in Trichoderma atroviride,” Microbiology, vol. 150, no. 11, pp.
3561-3569, 2004.

K. Lee, P. Singha, W. C. Chunga, J. Asha, T. S. Kima et al.,
“Light regulation of asexual development in the rice blast
fungus Magnaporthe grisea,” Fungal Genetics and Biology, vol.
43, pp. 694-709, 2006.

M. Olmedo, C. Ruger-Herreros, E. M. Lugue, and L. M.
Corrochano, “A complex photoreceptor system mediates the
regulation by light of the condiation genes con-10 and con-
6 in Neurospora crassa,” Fungal Genetics and Biology, vol. 47,
pp. 352-363, 2010.

S. M. Stinnett, E. A. Espeso, L. Cobefio, L. Aratjo-Bazén,
and A. M. Calvo, “Aspergillus nidulans VeA subcellular
localization is dependent on the importin « carrier and on
light,” Molecular Microbiology, vol. 63, no. 1, pp. 242-255,
2007.

O. Bayram, S. Krappmann, M. Ni et al., “VelB/VeA/LaeA
complex coordinates light signal with fungal development
and secondary metabolism,” Science, vol. 320, no. 5882, pp.
1504-1506, 2008.

S. K. Crosthwaite, J. C. Dunlap, and J. J. Loros, “Neurospora
we-1 and we-2: transcription, photoresponses, and the ori-
gins of circadian rhythmicity,” Science, vol. 276, no. 5313, pp.
763-769, 1997.

J. T. Irelan and E. U. Selker, “Cytosine methylation associated
with repeat-induced point mutation causes epigenetic gene
silencing in Neurospora crassa,” Genetics, vol. 146, no. 2, pp.
509-523, 1997.

S. Y. Filippovich, G. P. Bachurina, and M. S. Kritskii, “Effect
on 5-azacytidine on light-sensitive formation of sexual and
asexual reproductive structures in Neurospora crassa we-1 and
we-2 mutants,” Prikladnaia biokhimiia i mikrobiologiia, vol.
40, no. 4, pp. 466—471, 2004.

M. S. Kritsky, V. Y. Sokolovsky, T. A. Belozerskaya, and E.
K. Chernysheva, “Involvements of cAMP in light-regulated
carotenoid synthesis in Neurospora crassa,” Doklady Akademii
Nauk SSSR, vol. 258, pp. 759-762, 1981.

M. S. Kritsky, V. Y. Sokolovsky, T. A. Belozerskaya, and E.
K. Chernysheva, “Relationship between cyclic AMP level and
accumulation of carotenoid pigments in Neurospora crassa,”
Archives of Microbiology, vol. 133, no. 3, pp. 206-208, 1982.
Z. Wang, M. Deak, and S. J. Free, “A cis-acting region
required for the regulated expression of grg-1, a Neurospora
glucose-repressible gene. Two regulatory sites (CRE and
NRS) are required to repress grg-1 expression,” Journal of
Molecular Biology, vol. 237, no. 1, pp. 65-74, 1994.

W. J. Belden, L. F. Larrondo, A. C. Froehlich et al., “The band
mutation in Neurospora crassa is a dominant allele of ras-1
implicating RAS signaling in circadian output,” Genes and
Development, vol. 21, no. 12, pp. 1494-1505, 2007.

13

[127] S.Brody, K. Oelhafen, K. Schneider et al., “Circadian rhythms

in Neurospore crassa. Downstream effectors,” Fungal Genetics
and Biology, vol. 47, pp. 159-168, 2010.

S. Casas-Flores, M. Rios-Momberg, T. Rosales-Saavedra, P.
Martinez-Hernandez, V. Olmedo-Monfil, and A. Herrera-
Estrella, “Cross talk between a fungal blue-light perception
system and the cyclic AMP signaling pathway,” Eukaryotic
Cell, vol. 5, no. 3, pp. 499-506, 2006.

J. Lang Feulner and W. Rau, “Redox dyes as artificial
photoreceptors in light dependent carotenoid synthesis,”
Photochemistry and Photobiology, vol. 21, no. 3, pp. 179-183,
1975.

W. A. Schroeder and E. A. Johnson, “Antioxidant role
of carotenoids in Phaffia rhodozyma,” Journal of General
Microbiology, vol. 139, no. 5, pp. 907-912, 1993.

Y. Yoshida and K. Hasunuma, “Reactive oxygen species
affect photomorphogenesis in Neurospora crassa,” Journal of
Biological Chemistry, vol. 279, no. 8, pp. 6986—6993, 2004.

B. D’Autréaux and M. B. Toledano, “ROS as signalling
molecules: mechanisms that generate specificity in ROS
homeostasis,” Nature Reviews Molecular Cell Biology, vol. 8,
no. 10, pp. 813-824, 2007.

E. P. Isakova, Y. I. Deryabina, N. N. Gessler, and T. A.
Belozerskaya, “Participation of the photoreceptor complex
of Neurospora crassa in the adaptive response to stress,
Receptors and Intracellular Communication, vol. 1, pp. 232—
236, 2011.

N. N. Gessler, M. N. Rudchenko, and T. A. Belozerskaia,
“Stress factor-induced changes in the activity of antioxidant
protective mechanisms in the wild type strain of Neurospora
crassa and in its photoreceptor complex mutants,” Mikrobi-
ologiia, vol. 77, no. 2, pp. 163—170, 2008.

F. Lledias, P. Rangel, and W. Hansberg, “Singlet oxygen is part
of a hyperoxidant state generated during spore germination,”
Free Radical Biology and Medicine, vol. 26, no. 11-12, pp.
1396-1404, 1999.

E. P. Isakova, Y. I. Deryabina, N. N. Gessler, T. A. Beloz-
erskaya, and Y. M. Rabinovich, “Comparative analysis of
respiratory activity in the wild type strain of Neurospora
crassa and its photoreceptor complex mutants,” Applied
Biochemistry and Microbiology, vol. 46, no. 3, pp. 318-323,
2010.

O. L. Grabelnikh, “The energetic functions of plant mito-
chondria under stress,” Journal of Stress Physiology and
Biochemistry, vol. 1, pp. 38-54, 2005.

[138] A. Herrera-Estrella and B. A. Horwitz, “Looking through

the eyes of fungi: molecular genetics of photoreception,”
Molecular Microbiology, vol. 64, no. 1, pp. 5-15, 2007.

[139] A. Idnurm and J. Heitman, “Photosensing fungi: phy-

tochrome in the spotlight,” Current Biology, vol. 15, no. 20,
pp. R829-R832, 2005.

[140] D. Kiiltz, “Molecular and evolutionary basis of the cellular

stress response,” Annual Review of Physiology, vol. 67, pp.
225-257, 2005.



	Introduction
	Light in Neurospora Development andDifferentiation
	Light Effects Are Accompanied byFormation of ROS
	Intracellular Sources of ROS in Fungi
	ROS in Neurospora Development andDifferentiation
	Changes in ROS Concentration and Differentiation in Fungi
	Changes in Fungal Cell Metabolism under ROS Action

	Photoreceptor Complex, OtherPhotoreceptors, and Other SignalTransduction Pathways
	Photoreceptor Complex WCC
	Other Photoreceptors
	The Complexity of Neurospora Light Sensing Cascade

	ROS Affected WCC Signal Transduction
	Conclusion
	References

