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1. Circadian rhythms of fungal pathogens changes in their environment through biological clocks,

which are responsible for creating a circadian rhythm in all
The Earth’s rotation on its axis creates daily fluctuations in the cells of the organism. The circadian clock allows the or-
temperature as well as in light. Living organisms have evolved ganism to entrain its biological clock to that of the external
in such a way to be able to adapt to these daily changes. Adap- environmental time cues (Hunt et al., 2010). In this way, organ-
tations to light signals enables organisms to anticipate isms can ensure that certain developmental and behavioural
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processes are executed at the optimal time of day to maximize
survival advantage.

Circadian rhythms are under the control of positive and
negative elements, which form the core of the physiological
oscillator. These biological oscillators are controlled by posi-
tive elements that activate the transcription of the negative el-
ements, which in turn suppress their own transcriptional
activation (He et al., 2002). This forms a network, which acti-
vates downstream cellular events, and includes post-
transcription and post-translational modifications, and the
production and degradation of the circadian clock elements
(Schafmeier et al., 2005). This review will focus on the role of
blue light in circadian rhythms, characterised downstream
functions regulated by blue light in fungi, and will address
the evolutionary relationship of blue light perception between
fungi and plants and how this possibly links to pathogenesis.

2. Blue light photoreception by fungi

A well described rhythm is one which is mediated by blue light
(~410—-520 nm) (Linden, 1997). Photoreceptors are proteins,
which are able to harvest light and generate a signal that is
then transported into the nucleus to activate the transcription
of light-responsive genes. The co-factors for these photore-
ceptors are chromophores that are able to absorb the light
and bind to the receptor thus activating the light dependent
signalling pathway (Froehlich et al., 2005). This has been well
studied in the bread mold Neurospora crassa, which is the
model organism in eukaryotes used to study photoperiodism,
and thus provides us with a basis to examine biological clocks
in other fungi (Olmedo et al., 2013).

The main protein components activating the fungal circa-
dian clock are the two GATA-type transcription factors: White
Collar-1 (WC-1) and White Collar-2 (WC-2) (Ballario and
Macino, 1997; Linden, 1997 and reviewed by Fuller et al.,
2016). This was experimentally proven through mutation
studies where an absence of either or both of the proteins in
N. crassa resulted in the fungus unable to sense light (Linden
and Macino, 1997). The White Collar proteins interact through
their respective PAS domains to form a heterodimer known as
the White Collar Complex (WCC), which acts as a transcription
factor that drives the expression of light responsive genes, in
particular the expression of the frequency gene (frq)
(Froehlich et al., 2002; Malzahn et al., 2010). Accumulation of
FRQ inhibits the function of WCC thus negatively regulating
the circadian clock (Denault et al., 2001). Blue light is thus
perceived by WC-1, which requires WC-2 in order to activate
light responsive genes including FRQ, which regulates the
circadian rhythm (Fig. 1).

The WC-1 protein contains three PAS (Per-Arnt-Sim) do-
mains, named after the three proteins in which these ele-
ments were originally discovered, viz. the period circadian
protein, aryl hydrocarbon receptor nuclear translocator pro-
tein and the single-minded protein (Ballario et al., 1996). WC-
1is the first fungal photoreceptor to be cloned and character-
ised (Ballario et al., 1996). The N-terminal PAS domains is a
Light, Oxygen or Voltage (LOV) domain which is a specialised
PAS domain that are able to bind the FAD (Flavin-adenine
dinucleotide) chromophore, and are differentiated from other

PAS domains by the presence of the GXNCRFLQG motif with a
conserved photoreactive cysteine residue (He et al., 2002;
Krauss et al., 2009). In addition, WC-1 also has a GATA-zinc-
finger DNA binding domain, which allows it to bind to DNA
and act as a transcription factor.

WC-2 does not contain a LOV domain and is not considered
a photoreceptor (Linden and Macino, 1997). Gene disruption of
wc-2 resulted in mutants with a similar phenotype as wc-1 loss
of function mutants, which emphasises the essential role WC-
2 plays in relaying the light energy to downstream pathways
in WCC (Linden and Macino, 1997). The Zn-domain of WC-2
enables the WCC to interact with the promoter elements of
light responsive genes (Collett et al., 2002; Wang et al., 2015).
The fact that wc-1 is present in the genomes of all fungal spe-
cies also containing wec-2 attests to the importance of the
interplay between WC-1 and WC-2 (Dunlap and Loros, 2006;
Idnurm et al., 2010).

FRQ is the central regulatory component of the circadian
clock and forms the core of the physiological oscillator
(Querfurth et al., 2011 and reviewed by Fuller et al., 2014,
Hurley et al., 2015). The WCC heterodimer drives the rhythmic
expression of frq (Froehlich et al., 2002). The FRQ protein
dimerises and interacts with the RNA helicase FRH (He and
Liu, 2005; Schafmeier et al., 2005). The FRQ-FRH complex en-
ters the nucleus, where it inhibits WCC by either indirectly
altering the phosphorylation status of WCC, or directly
reducing its affinity for the frq promoter region, thus
decreasing transcription of frq (Castro-Longoria et al., 2010;
Cheng et al., 2005; Conrad et al.,, 2016; Denault et al., 2001,
Guo et al.,, 2010; Hurley et al., 2013; Shi et al., 2010). During
the course of the day FRQ is increasingly phosphorylated as
part of clock-signalling phosphorylation (CSP) that ultimately
determines the length of the clock (Larrondo et al., 2015).
Hyperphosphorylated FRQ is a weak inhibitor of WCC, which
over time is dephosphorylated and the cycle is restarted
with synthesis of active WC-1 and WC-2. An independent
termination-signalling phosphorylation (TSP) event, which
does not affect the timing of the clock, is responsible for the
turnover rate of FRQ. TSP phosphorylates FRQ, increasing its
affinity for the SCE (Skp1-Cull-F-box) type ubiquitin ligase
FWD-1 protein, which tags FRQ for degradation in the proteo-
some (Baker et al.,, 2009; Cheng et al., 2003b; Larrondo et al.,
2015; Liu et al., 2000).

The importance of the five clock proteins, WC-1, WC-2,
FRQ, FRH and FWD-1, has been functionally shown in the
FRQ/WC-based circadian oscillator (FWO) of N. crassa (Loros
and Dunlap, 2001). However, rhythmic events in 4frq knock-
outs have suggested the presence of another oscillator that
is dependent on the WC proteins only, termed the FRQ-less
oscillator (WC-FLO) (Liu and Bell-Pedersen, 2006). A third oscil-
lator was identified in N. crassa that does not require a func-
tional WC-1 or WC-2 protein nor the FRQ protein, termed
FRQ/WC-independent FLO (Liu and Bell-Pedersen, 2006). All
three of these oscillators are present in the N. crassa system,
but little is known about the molecular components of the
FRQ-less and FLO. Only the FWO oscillator has been character-
ised in other fungal species thus far (Salichos and Rokas,
2009).

In N. crassa WC-1 is the limiting factor in WCC, and overex-
pression of WC-1 activates most, but not all, light responsive
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