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A B S T R A C T   

The fungus Zymoseptoria tritici causes Septoria Tritici Blotch (STB), which is one of the most devastating diseases 
of wheat in Europe. There are currently no fully durable methods of control against Z. tritici, so novel strategies 
are urgently required. One of the ways in which fungi are able to respond to their surrounding environment is 
through the use of photoreceptor proteins which detect light signals. Although previous evidence suggests that 
Z. tritici can detect light, no photoreceptor genes have been characterised in this pathogen. This study charac-
terises ZtWco-1, a predicted photoreceptor gene in Z. tritici. The ZtWco-1 gene is a putative homolog to the blue 
light photoreceptor from Neurospora crassa, wc-1. Z. tritici mutants with deletions in ZtWco-1 have defects in 
hyphal branching, melanisation and virulence on wheat. In addition, we identify the putative circadian clock 
gene ZtFrq in Z. tritici. This study provides evidence for the genetic regulation of light detection in Z. tritici and it 
open avenues for future research into whether this pathogen has a circadian clock.   

1. Introduction 

Light is a key environmental signal that can be used by living or-
ganisms to detect and evaluate their surrounding environment. Fungi 
detect and react to light, and this signal can be used to regulate key 
biological processes such as developmental transition, secondary 
metabolism, virulence and sporulation (reviewed in Corrochano, 2019; 
Fuller et al., 2015; Idnurm et al., 2010; Rodriguez-Romero et al., 2010). 

Fungi respond to light through the use of specialised photoreceptor 
proteins that sense blue, red, and green light (reviewed in Yu and 
Fischer, 2019). Photoreceptors are associated with light-absorbing 
molecules termed chromophores that absorb light, causing a confor-
mational change in the photoreceptor protein structure. This confor-
mational change affects the protein activity, and the photoreceptor can 
either directly control downstream gene expression or influence tran-
scriptional machinery via other signalling modules (reviewed in Cor-
rochano, 2019; Fischer et al., 2016; Schumacher, 2017; Yu and Fischer, 
2019). 

The first cloned fungal photoreceptor gene was white collar-1 (wc-1) 
from Neurospora crassa, and this was followed shortly by the cloning of 
white collar-2 (wc-2) (Ballario et al., 1996; Linden and Macino, 1997). 
Both the WC-1 and WC-2 proteins contain a PER-ARNT-SIM (PAS) 
domain for protein interaction and a zinc-finger DNA-binding domain 
(Ballario et al., 1998, 1996; Talora et al., 1999). The WC-1 protein also 
contains a Light-, Oxygen-, and Voltage-sensing (LOV) domain which 
binds to a flavin (FAD) chromophore (Ballario et al., 1998; Froehlich 
et al., 2002; He et al., 2002). WC-1 and WC-2 interact to form the het-
erodimeric White Collar Complex (WCC) which has a role both as a blue 
light photosensor and transcription factor in N. crassa (Talora et al., 
1999). In addition to its role in the N. crassa light response, the WCC co- 
ordinates the N. crassa circadian clock through interaction with the 
frequency gene product (FRQ) (reviewed in Baker et al., 2012; Dunlap 
and Loros, 2006). 

Since the identification of the WCC in N. crassa, White Collar protein 
homologs have been identified in species of fungal lineages including 
the Ascomycota e.g. Aspergillus nidulans (Purschwitz et al., 2008), 
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Basidiomycota e.g. Cryptococcus neoformans (Idnurm and Heitman, 
2005) and Mucoromycota e.g. Phycomyces blakesleeanus (Idnurm et al., 
2006). As a result, the White Collar proteins are considered to be the 
most conserved photoreceptors in the fungal kingdom. 

More recently, the role of White Collar proteins in virulence of plant 
pathogenic fungi have been investigated. For example, White Collar 
gene homologs have a role in sporulation in the wheat pathogen Fusa-
rium gramineaum and in the maize pathogen Ustilago maydis (H. Kim 
et al., 2015; Sánchez-Arreguin et al., 2020). In addition to their roles in 
sporulation and development, White Collar proteins have been demon-
strated to be involved in virulence. Disruption of the Cercospora regu-
lator of pathogenesis gene (CRP1) in the maize pathogen Cercospora 
zeae-maydis impacts hyphal tropism towards the stomata, appressoria 
formation and biosynthesis of cercosporin (H. Kim et al., 2011). To date, 
the best studied example of the light response and the White Collar 
homolog in a plant pathogenic fungus is in Botrytis cinerea (Schumacher, 
2017). Research on the B. cinerea wc-1 and wc-2 genes (bcwcl1 and 
bcwcl2) demonstrated that these genes have roles in differentiation, 
oxidative stress tolerance and virulence (Canessa et al., 2013). In addi-
tion, the BCWCL1 protein is involved in regulating the B. cinerea circa-
dian clock through interaction with the B. cinerea FREQUENCY homolog 
(BCFRQ) (Hevia et al., 2015). 

Zymoseptoria tritici is a major pathogen of wheat, and the greatest 
threat to wheat production in countries such as the UK and Ireland 
(Fones and Gurr, 2015; Torriani et al., 2015). This ascomycete pathogen 
infects wheat by entering the leaf exclusively through the stomata 
(Duncan and Howard, 2000; Kema et al., 1996). Infection is charac-
terised by a long symptomless period which lasts approximately 9 – 17 
days, during which the pathogen grows extracellularly within the leaf 
(Duncan and Howard, 2000; Kema et al., 1996; Keon et al., 2007). This is 
followed by the necrotrophic period of infection which is characterised 
by chlorosis and necrosis of the leaf tissue (Keon et al., 2007; Shetty 
et al., 2007). Asexual and sexual fruiting bodies (pycnidia and pseudo-
thecia respectively) are produced in the necrotic lesions on the leaf and 
these release the asexual pycnidiospores and sexual ascospores (Eyal 
et al., 1987). 

Previous studies have demonstrated that infection of wheat by 
Z. tritici is promoted by light (Benedict, 1971). In addition, darkness can 
have a negative impact on infection by Z. tritici and it can delay symptom 
development (Fellows, 1962; Keon et al., 2007). However, the influence 
of light varies depending on whether illumination occurs early or later in 
infection (Shaw, 1991). Therefore, it is possible that the time of day may 
influence outcome of Z. tritici infection in the field. Previous findings are 
from in planta experiments and it is therefore difficult to separate the 
pathogen’s response to light from those caused indirectly due to the host 
plant’s response to light. Therefore, in vitro studies and mutant analyses 
can help to elucidate the role of light in Z. tritici development and 
infection. 

In addition to a role in infection, light has also been shown to affect 
Z. tritici development. For example, light intensities of 16, 000 and 20, 
000 lx promote hyphal elongation and formation of conidia on wheat 
extract agar (Benedict, 1971). In addition, Z. tritici cultures melanise 
faster under constant dark conditions compared to 12:12 light:dark cy-
cles (Tiley et al., 2019). Z. tritici can also respond to different light 
wavelengths and it produces more aerial hyphae under constant blue 
light regimes compared to constant red light (Choi and Goodwin, 2011). 
Recent transcriptomic analyses comparing Z. tritici cultures incubated 
under white, blue or red light and complete darkness demonstrate that 
this pathogen is capable of sensing and responding to different light 
wavelengths (McCorison and Goodwin, 2020). 

Despite mounting evidence that Z. tritici can detect and respond to 
light, no photoreceptor genes have been characterised in this species 
until now. In this study we characterise the first putative photoreceptor 
gene in Z. tritici, white collar-1 (ZtWco-1). We demonstrate that ZtWco-1 
is essential for melanisation, hyphal branching and virulence in Z. tritici. 
In addition, we identify the putative homolog to the N. crassa frequency 

gene (frq) in Z. tritici. Findings from this research open multiple avenues 
for further study into the role of light and periodicity during Z. tritici 
infection of wheat, and the identification of novel control strategies 
against this economically important pathogen of wheat. 

2. Materials and methods 

2.1. Fungal strains and media 

The Zymposeptoria tritici IPO323 strain was used throughout this 
study (obtained from Prof. G. Kema) (Kema and van Silfhout, 1997). 
Fungal strains were incubated at 20 ◦C and cultured on either PDA (24 
g/L potato dextrose broth and 20 g/L technical agar), Czapek Dox-V8 
juice (CDV8) agar (46 g/L Czapek Dox agar, 200 ml/L V8® Original 
Vegetable juice (Campbell Soup Company), 3 g/L calcium carbonate and 
20 g/L technical agar) or YPDA agar (10 g/L yeast extract, 20 g/L 
peptone, 20 g/L glucose and 20 g/L technical agar). All Petri dishes were 
sealed with double layers of Parafilm ® M to exclude the impact of gas 
exchange on experimental setup. Solid media cultures were incubated 
under either 12:12 light:dark (LD) cycles, constant light (LL), or the Petri 
dishes were wrapped in double layers of foil for constant dark conditions 
(DD). Lighting conditions were white light (WL) (Phillips bulbs TLD 
36–33 W, at approximately 2300 lx) or white light supplemented with 
UV-A (WL-UVA) (Phillips bulbs TLD 36–33 W – TL-D 36 W BLB (Hg), at 
approximately 1400 lx) to induce asexual sporulation. Growth com-
parison on solid media was carried out by inoculating the Petri dish with 
a 10 μl drop from a serial dilution of 1 × 106 – 1 × 104 spores/ml. Three 
to four Petri dishes were inoculated per strain and per condition, and 
experiments were repeated three times independently. Liquid media 
experiments used liquid potato dextrose broth (PDB 24 g/L) inoculated 
with a final concentration of 1 × 104 spores/ml and incubated at 200 
rpm and 20 ◦C for 7 days post-inoculation (dpi). Two to three flasks were 
inoculated per strain and experiments were repeated twice 
independently. 

2.2. In vitro light detection experiment 

Light detection experiments were carried out using wheat extract 
agar (37.5 g/L homogenised fresh wheat leaves cv. Dunmore, 20 g/L 
technical Agar) as outlined in Tiley et al. (2018). Petri dishes were 
inoculated with yeast-like cells from Z. tritici IPO323 cultures previously 
grown on CDV8 agar under LL WL conditions at 20 ◦C. Following 
inoculation, Petri dishes were sealed with double layers of Parafilm ® M 
and incubated under LL, WL or DD conditions at 20 ◦C for 58 days. The 
experiment was repeated independently three times with four Petri 
dishes tested under each light condition per independent experiment. 

2.3. Detached leaf assays 

A modified version of the detached leaf assay protocol outlined by 
(Arraiano et al., 2001; Chartrain et al., 2004) was used. Wheat cv. 
Riband was grown under 16:8 LD cycles in WL at 20 ◦C until growth 
stage 12–13 (Tottman, 1987). An 8 cm section of the first true leaf of 
each wheat plant was used for the experiment. Z. tritici cells were grown 
on CDV8 for 3–5 days under DD conditions at 20 ◦C. The Z. tritici cells 
were suspended to 1 × 106 spores/ml in 0.01 % Tween 20. The spore 
suspension was sprayed onto the wheat leaves fifteen times using a 
hand-held sprayer. Leaves sprayed with 0.01 % Tween 20 were used as 
the negative control. 

Double-strength water agar (40 g/L) containing Benzimidazole (100 
mg/L) was dispensed into square Petri dishes and the agar was cut into 
four strips of equal size. The wheat leaves were secured at the tip and 
base between two strips of agar, adaxial-side-up. Each Petri dish con-
tained between 5 and 7 wheat leaves. Petri dishes containing the 
infected leaves or the negative control leaves were sealed with double 
layers of Parafilm ® M and incubated under LL (WL – UVA) to induce 
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asexual sporulation or DD for 21 days. The experiment was repeated 
independently twice and between three to four Petri dishes were tested 
per condition. 

2.4. Identification of ZtWco-1, ZtWco-2 and ZtFrq 

The published genome of Z. tritici IPO323 was used throughout this 
study to identify and characterise potential ZtWco-1, ZtWco-2 and ZtFrq 
gene homologs in this pathogen (Goodwin et al., 2011). The known WC- 
1, WC-2 and FRQ FASTA protein sequences from the model ascomycete 
fungi including Neurospora crassa, Aspergillus nidulans, Botrytis cinerea, 
Trichoderma reesei, Magnaporthe oryzae and Fusarium graminearum were 
queried against the Z. tritici genome database (https://genome.jgi-psf. 
org/Mycgr3/Mycgr3.home.html, last accessed May 2022) using the 
tblastn and Filtered Models (transcripts) algorithms. More than one 
BLAST match occurred in Z. tritici for the WC-1 and WC-2 FASTA se-
quences. Best Bidirectional Blast Hit was carried out using the National 
Centre for Biotechnology Information (NCBI) database (https://blast. 
ncbi.nlm.nih.gov/, last accessed May 2022) protein–protein blast 
(blastp) against the nonredundant protein sequences database of each 
model ascomycete. The putative homologs to WC-1 and WC-2 in Z. tritici 
were aligned with the sequences from other fungi using Clustal W in 
RStudio using the “MSA” package (Larkin et al., 2007; Bodenhofer et al., 
2015; Rstudio Team, 2020). IQ-Tree was used to create maximum 
likelihood phylogenetic trees with a bootstrap test at 1000 replicates, 
and model finder was used to determine the best substitution model 
(Nguyen et al., 2015; Trifinopoulos et al., 2016; Kalyaanamoorthy et al., 
2017). The best fitting model for the WCO-1 and WCO-2 trees were JTT 
+ F + I + G4 and LG + F + I + G4 respectively. Phylogenetic trees were 
visualised using iTOL with rooting on the Mucoromycota outgroup 
(Letunic and Bork, 2006; Letunic and Bork, 2021). 

The IPO323 annotation of the ZtWco-1, ZtWco-2 and ZtFrq genes 
were manually inspected using the Web Apollo editing platform (Lee 
et al., 2013). The intron/exon boundaries and/or missing untranslated 
regions of ZtWco-2 were reannotated to correct the gene structure using 
Z. tritici RNA-seq reads from 9 dpi (Rudd et al., 2015) mapped to the 
Z. tritici IPO323 reference genome (Goodwin et al., 2011). 

Visual inspection of the Z. tritici ZTWCO-1 (Mycgr3_76651), ZTWCO- 
2 (Mycgr3_32587) and ZTFRQ (Mycgr3_93972) FASTA sequences was 
carried out using InterProScan (https://www.ebi.ac.uk/interpro/, last 
accessed May 2022) (Blum et al., 2021). This was used to infer the 
presence of predicted PAS domains, GATA-type zinc finger domain and 
conserved regions typically associated with LOV domains. 

2.5. Protein 3D structure and function Prediction methods 

3D structural template models for ZTWCO-1 and ZTWCO-2 were 
predicted using the I-TASSER (Iterative Threading ASSEmbly Refine-
ment) server (https://zhanglab.ccmb.med. umich.edu/I-TASSER, last 
accessed March 2022). The I-TASSER server builds the 3D models for 
ZTWCO-1 and ZTWCO-2 by reassembling fragments excised from 
threading templates (Yang and Zhang, 2015; Zhang et al., 2017). The 
confidence score produced by I-TASSER is usually within the range of 
− 5 and 2 and is used to estimate the quality of the predicted models. A 
score of higher value indicates a model with a high confidence (Yang 
and Zhang, 2015; Zhang et al., 2017). The highest c-scoring model for 
ZTWCO-1 and ZTWCO-2 was subsequently used for visualising pro-
tein–protein interactions (Katebi et al., 2010). The ClusPro server 
(https://cluspro.org) was used for protein–protein docking in 3D format 
(Desta et al., 2020; Kozakov et al., 2017, 2013; Vajda et al., 2017). UCSF 
Chimera (developed from the Resource for Biocomputing, Visualization, 
and Informatics at the University of California, San Francisco with 
supported from NIH P41 RR-01081 and available from https://www.cgl. 
ucsf.edu/chimera/, last accessed May 2022) was used for visualising the 
molecular graphics of the 3D modelled proteins and molecular protein 
docking (Pettersen et al., 2004). Predicted Gene Ontology (GO) for both 

proteins were carried out using the online server (https://zhanggroup.or 
g/MetaGO/, last accessed March 2022) to identify predicted molecular 
function terms for ZTWCO-1 and ZTWCO-2 (Zhang et al., 2018). The 
MetaGO server produces a confidence score for predicted GO terms. 
Confidence values range in between 0 and 1; where a higher value in-
dicates a better confidence (Zhang et al., 2018). 

2.6. Yeast two-hybrid analysis 

The interaction of Z. tritici ZTWCO-1 and ZTWCO-2 was tested using 
yeast two-hybrid (Y2H) analysis. The coding sequences of ZtWco-1 and 
ZtWco-2 were obtained from the Z. tritici genome database (https://gen 
ome.jgi-psf.org/Mycgr3/Mycgr3.home.html, last accessed May 2022) 
and amplified by PCR using gene specific primers (Supporting Table 1). 
PCR conditions were as follows: 1 cycle of 2 mins at 95 ◦C; 1 cycle of 30 s 
at 95 ◦C, 35 cycles of 30 s at 58 ◦C, 1 cycle at 72 ◦C for 3.5 min (ZtWco-1) 
OR 2 min (ZtWco-2 and a final cycle of 5 min at 72 ◦C followed by 4 ◦C 
holding temperature. ZtWco-1 and ZtWco-2 were cloned into the vector 
pDONR207 using Gateway cloning technology (Invitrogen, United 
States). ZtWco-1 and ZtWco-2 were then recombined into bait and prey 
vectors derived from pGADT7-GW and pGBKT7-GW plasmids. The bait 
and prey vectors were transformed into a yeast strain (Y2H Gold, 
Clontech) and grown on Trp and Leu drop-out medium (-TL) at 28 ◦C for 
3 days. The yeast cells carrying both plasmids were then further selected 
on Trp/Leu/His/Ade drop-out medium (-TLHA). If ZTWCO-1 and 
ZTWCO-2 interact, yeast can grow on -TLHA plates at approximately 
3–7 days. The experiment was repeated three times independently with 
two to three technical replicates per experiment. 

2.7. Construction of ZtWco-1 knock-out vector 

A knock-out vector for targeted deletion of ZtWco-1 (pΔztwco-1) was 
constructed using yeast-based homologous recombination as outlined in 
Tiley et al. (2019). Briefly, the pΔztwco-1 vector consisted of a pCAM-
BIA0380_YA (yeast-adapted) backbone, the Hygromycin-trpC resistance 
cassette from pCB1003 (Carroll et al., 1994; Koay, 2010) and two 1.5 kb 
flanking regions targeting the ZtWco-1 locus. The flanking regions were 
amplified with DreamTaq Green DNA Polymerase (Thermo Scientific) 
and the Hygromycin-trpC resistance cassette was amplified with Phu-
sion® High-Fidelity DNA Polymerase (Thermo Scientific) using the 
manufacturer’s instructions. The primers used to construct the pΔztwco- 
1 vector are outlined in (Supporting Table 1). 

The pΔztwco-1 DNA was recovered from Saccharomyces cerevisiae 
using Zymoprep™ Yeast Plasmid Miniprep II kit (Zymo Research). The 
vector was then transformed into Escherichia coli ccdB or DH5α cells and 
isolated using the Gene JET Plasmid Miniprep Kit (Thermo Scientific) 
following the manufacturer’s instructions. Correct plasmid assembly 
was initially confirmed by PCR and further confirmed by sequencing, 
using the primers detailed in (Supporting Table 1). 

2.8. Agrobacterium-mediated transformation 

The pΔztwco-1 knock-out vector was transformed into A. tumefaciens 
LBA1126 cells. Agrobacterium–mediated transformation was used to 
transform the Z. tritici IPO323 strain following the protocol outlined in 
Derbyshire et al. (2015) and Derbyshire et al. (2018). The authors 
acknowledge that complementation of the Δztwco-1 mutants would 
strengthen this study. Complementation was attempted by outsourcing 
the synthetic generation of the Δztwco-1-comp vector, but ZtWco-1 could 
not be cloned. As a result, complementation of the Δztwco-1 mutants was 
not feasible within the scope of this research. 

2.9. Confirmation of the Δztwco-1 mutants 

Primary screening of the Δztwco-1 knock-out mutants was carried 
out by growing the strains on YPDA agar (10 g/L yeast extract, 20 g/L 
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peptone, 20 g/L glucose and 20 g/L technical agar) supplemented with 
Hygromycin B (100 μg/ml) and TimentinTM (100 μg/ml). Potential 
mutants were then sub-cultured at least three times to single colonies. 
Successful deletion of the ZtWco-1 gene was confirmed by PCR (Sup-
porting Fig. 1). Wild-type and knock-out mutant fungal DNA was 
extracted using the protocol outlined in (Liu et al., 2000a). Double PCR 
was carried out using primer pairs to (1) amplify the wild-type ZtWco-1 
gene and (2) to confirm successful replacement of ZtWco-1 with the 
Hygromycin-trpC resistance cassette. Primers used for knock-out 
confirmation are detailed in (Supporting Table 1). 

2.10. In planta infections and virulence assays 

Virulence of the Z. tritici strains was compared using attached wheat 
leaf inoculations, as described in Keon et al. (2007) and Tiley et al. 
(2018). Half-trays of the susceptible wheat cv. Riband were growth at 
20 ◦C under 16:8 LD cycles until seedlings reached growth stage 12 – 13 
(Tottman, 1987). The Z. tritici IPO323 isolate and Δztwco-1 mutant 
strains were grown on CDV8 under DD conditions at 20 ◦C for 3 – 5 days. 
The Z. tritici cells were suspended to a concentration of 1 × 106 spores/ 
ml in 0.01 % Tween 20. Wheat inoculations were performed at the same 
time of day, between 14 and 16 h of the 16:8 LD cycle. The first true leaf 
of each wheat seedling was attached adaxial side-up to polystyrene 
blocks using double-sided tape. A 10 cm section of each leaf was stroked 
three times using gloved hands to disrupt the waxy cuticle and promote 
infection. Each leaf was then swabbed ten times with a cotton bud 
dipped in the Z. tritici spore suspension. A 0.01 % Tween 20 solution was 
used as the negative control. Following infection, the plants were sealed 
inside a clear 40 µm thick autoclave bag and incubated in high humidity 
for 72 h at 20 ◦C under a 16:8 LD cycles. One half -tray containing 10 – 
11 seedlings was infected per treatment and the experiment was 
repeated independently three times. All experiments were conducted 
between 12:00 – 14:00 and the infected plants were returned to the 
growth chamber no more than one hour before the start of the 8 h of 
darkness. 

Comparison of virulence of the Z. tritici Δztwco-1 mutants and 
IPO323 strain was assessed by monitoring and recording disease pro-
gression every two days. Disease symptoms on the infected leaves were 
scored by visual observation on a scale from 1 to 5 (1 = no symptoms, 2 
= chlorotic flecks, 3 = chlorosis, 4 = necrosis and 5 = pycnidia). Per-
centage leaf area covered in pycnidia (PLACP) was visually scored at 21 
dpi using a modified scale based on Poppe et al. (2015), Zhan et al. 

(2016) and Mohammadi et al. (2017). Disease levels were quantified 
using a scheme with 11 categories; 0 %, 10%, 20%, 30%, 40%, 50%, 
60%, 70%, 80%, 90% and 100% PLACP. Scoring was carried out by the 
same person. 

The wheat leaves were harvested at 21 dpi as described previously in 
Tiley et al. (2018). Representative 1 cm sections from each of the leaves 
were used to calculate pycnidia/mm2. A 5 cm section from each leaf was 
incubated on 4 layers of filter paper (Whatmann®) moistened with 5 ml 
SDW for 48 h under DD conditions at 20 ◦C (Derbyshire et al., 2015). The 
leaf sections were vortexed in 2 ml SDW for 15 s after which macro-
pycnidiospores and micropycnidiospores were counted using a haemo-
cytometer. The average number of macropycnidiospores per pycnidium 
and micropycnidiospores per pycnidium were calculated by dividing the 
number of macropycnidiospores or macropycnidiospores in the spore 
suspension by the number of pycnidia. 

2.11. RNA extractions and RT-qPCR 

The Z. tritici IPO323 strain and Δztwco-1 mutants were grown on 
CDV8 for three days under DD conditions at 20 ◦C. The cultures were 
exposed to white light for 15 min (Wu et al., 2014) and the fungal ma-
terial was flash-frozen in liquid nitrogen. Approximately 100 mg of 
fungal material was harvested from two Petri dishes and pooled. The 
experiment was repeated independently three times. Total RNA was 
extracted using the SpectrumTM Total RNA Kit (Sigma-Aldrich) 
including On-Column DNase I Digestion (Sigma-Aldrich) following the 
manufacturer’s instructions. Total RNA was quantified using a Nano-
dropTM ND-1000 spectrophotometer (Thermo Scientific). Two cDNA 
reactions were synthesised from each RNA extraction. Reverse tran-
scription of RNA was carried out using the Fermentas First Strand cDNA 
synthesis kit (Thermo Scientific) to yield 1 µg of cDNA. 

Real-time quantitative PCR (RT-qPCR) was performed using Premix 
Ex Taq (Tli RNase H plus, RR420A; Takara) on a QuantStudio 7 Flex 
Real-Time PCR system (Applied Biosystems). Reactions were carried out 
in 12.5 µl volumes that included 1.25 μl of a 1:5 (v/v) dilution of cDNA, 
0.2 μM of primers, and 1 × SYBR Premix Ex Taq (Tli RNase H plus, 
RR420A; Takara). PCR conditions were as follows: 1 cycle of 1 min at 
95 ◦C; 40 cycles of 5 s at 95 ◦C and 20 s at 60 ◦C; and a final cycle of 1 min 
at 95 ◦C, 30 s at 55 ◦C, and 30 s at 95 ◦C for the dissociation curve. The 
Mgtub housekeeping gene (Rudd et al., 2015) and ZtWco-1 and ZtFrq 
target gene primers are outlined in Supporting Table 1. Each template 
and primer combination was run once across three independent plates. 

Fig. 1. Impact of light on Z. tritici vegetative growth and asexual sporulation. (a) Z. tritici IPO323 incubated on WEA under 12:12 light:dark (LD, WL) cycles or 
constant darkness (DD) at 20 ◦C. Cultures incubated under LD produce hyphal knots on the agar (black arrow). Cultures incubated under DD produce thick white 
aerial hyphal bands (white arrow). Images taken at 58 days post-inoculation and representative of three independent experiments with four Petri dishes incubated 
under each light condition; (b) detached wheat cv. Riband leaves inoculated with 1 × 106 spores/ml Z. tritici IPO323 in 0.01% Tween 20 and incubated under 
continuous light (LL, WL-UVA) or DD. Leaves incubated under LL produce pycnidia (indicated by arrows) which ooze white cirrhus containing pycnidiospores. Leaves 
incubated under DD conditions produce pycnidia (indicated by arrows) with white aerial hyphae which ooze white cirrhus containing pycnidiospores. Images taken 
at 21 days post-inoculation and representative of two independent experiments with 3 – 4 Petri dishes containing 5 – 7 leaves tested per light condition. 
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The cycle threshold (ΔCt) value was calculated and relative gene 
expression (Ct target gene – Ct housekeeping gene) as previously 
described (Livak and Schmittgen, 2001). The ΔΔCt value was calculated 
as (ΔCt targetgene -) and log-transformed to give the differences in 
relative transcript abundance (2^-ΔΔCt). 

2.12. Microscopy, photography and image analysis 

Z. tritici spores and vegetative hyphae were stained with lactophenol 
cotton blue for analysis using light microscopy. Five µl of the stain was 
put on a glass microscope slide followed by 5 µl of the fungal cell sus-
pension and a cover slip. The specimen was left for 1 min before mi-
croscope analysis. Samples were observed using a Leica DM5500 B 
microscope or Leica M205 FA stereo microscope connected to a Leica 
DFC310 FX digital camera and captured using Leica Application Suite 
software V 4.4. Images of leaf samples were taken using a Canon EOS 
100D camera with EF-S 18–55 mm f/3.5–5.6 IS STM Lens. 

Measurements of fungal colony circumference were conducted using 
ImageJ (https://imagej.nih.gov, last accessed May 2022) and Fiji 
(Rueden et al., 2017; Schindelin et al., 2012; Schneider et al., 2012). 

2.13. Statistical analyses 

All statistical analyses were carried out using IBM SPSS Statistics 24 
(IBM Corp., 2016). Data comparing colony area and pycnidia/mm2 

followed a normal distribution and met the assumptions of Kolmogorov 
tests. A linear mixed effects model was used where either the mean 
colony area or pycnidia/ mm2 was set as the dependent variable, fungal 
strain was set as the independent variable, and biological replicate was 
included as a random effect to account for variation between replicates. 
The assumption of homogeneity of variance was assessed using Lev-
ene’s, Brown – Forsye and Welch F tests. Tukey’s honest significant 
difference (HSD) test at the 5 % significance level was used for post-hoc 
comparison between strains to account for multiple comparisons. The 
PLACP and the count data collected from the macropycnidiospores per 
pycnidium and micropycnidospores per pycnidium analyses failed the 
assumption for the Kolmogorov tests and therefore did not follow a 
normal distribution. Outliers were removed from these datasets and an 
Independent Samples Kruskal-Wallis Pairwise Comparisons Test was 
used at the 5 % significance level, followed by Dunn’s pairwise tests 
adjusted by the Bonferroni correction. The difference in relative tran-
script abundance (2^-ΔΔCt) of ZtFrq also failed the assumption for the 
Kolmogorov tests. Therefore, the data was analysed by an Independent 
Samples Kruskal-Wallis Pairwise Comparisons Test at the 5 % signifi-
cance level and Dunn’s pairwise tests adjusted by the Bonferroni 
correction. 

3. Results 

3.1. Light impacts Z. Tritici vegetative growth but is not essential for 
asexual sporulation 

Z. tritici was grown in vitro on WEA under 12:12 light:dark (LD, WL) 
cycles and was compared to growth under constant darkness (DD). 
Under LD conditions, Z. tritici produced a thin layer of white aerial hy-
phae with white hyphal knots on the surface of the agar. In contrast, 
under DD conditions, Z. tritici produced a visibly thicker layer of white 
aerial hyphae on the agar surface (Fig. 1a). Pycnidia were observed 
under both LD and DD conditions on the WEA (Supporting Fig. 2). 
However, the pycnidia developed embedded within the agar and so 
extraction of the pycnidiospores was not attempted. The impact of light 
on asexual sporulation was evaluated further by infecting detached 
wheat leaves with Z. tritici and incubating under constant light (LL, WL- 
UVA) or DD conditions. Constant WL-UVA was used to promote pycnidia 
production in vitro. Z. tritici also produced pycnidia on detached leaves 
under both LL and DD conditions. The pycnidia produced cloudy cirrhus 

which contained pycnidiospores (Fig. 1b). 

3.2. The genome of Z. Tritici contains putative orthologs to the N. Crassa 
blue light photoreceptor genes white collar-1 and white collar-2 

FASTA protein sequences from wc-1 and wc-2 genes characterised in 
model ascomycete fungi were queried against the Z. tritici IPO323 
genome database using the tblastn filtered models (transcripts) algo-
rithm (https://mycocosm.jgi.doe.gov/Mycgr3, last accessed May 2022) 
(Goodwin et al., 2011). These analyses consistently identified the same 
seven candidates in Z. tritici as matches to the WHITE COLLAR-1 (WC-1) 
sequences queried. In addition, the same three candidates in Z. tritici 
were consistently identified as matches to the WHITE COLLAR-2 (WC-2) 
sequences queried. There was overlap between the wc-1 and wc-2 gene 
candidates identified in Z. tritici. The three matches to the WC-2 se-
quences queried were among the list of the seven WC-1 matches (Sup-
porting Table 2; Supporting Table 3). 

The Z. tritici Mycgr3_76651 gene (GenBank® protein accession: 
XP_003848281) was identified as the wc-1 homolog in this species. The 
predicted Mycgr3_76651 protein had the highest similarity against all of 
the fungal WC-1 protein sequences queried (Supporting Table 2). In 
addition, Best Bidirectional Blast Hit analysis confirmed Mycgr3_76651 
as the closest match to WC-1 proteins from five of the six model asco-
mycete species (Supporting Table 4). A maximum likelihood phylo-
genetic tree clustered the Mycgr3_76651 protein with putative WC-1 
proteins annotated in Dothideomycete plant pathogens (Fig. 2a), which 
is phylogenetically consistent with the species queried. 

The Mycgr3_76651 gene had previously been annotated as MgWCO- 
1, but we suggest re-naming to ZtWco-1 in order to reflect the change in 
the nomenclature of this pathogen (Quaedvlieg et al., 2011). The ZtWco- 
1 gene is predicted to be located on the Z. tritici core Chromosome 11 at 
position 222,416 – 225,920 and the transcript is 3, 238 base pairs in 
length. The hypothetical protein is 1, 068 amino acid residues in length, 
and it is predicted to contain three PAS domains and a single GATA-type 
zinc finger domain, which are characteristic of WC-1 proteins (Fig. 2b). 
The first PAS domain contains conserved regions typically associated 
with LOV domains. For example, the GxNCRFLQ submotif which has a 
cysteine that is critical for formation of the cysteinyl-flavin product 
(Fig. 2b; Supporting Table 3) (Glantz et al., 2016). Of the seven can-
didates identified, only Mycgr3_76651 is predicted to encode a PAS 
domain containing the GxNCRFLQ submotif as well as a GATA-type zinc 
finger domain. 

The Z. tritici Mycgr3_32587 gene (GenBank® protein accession: 
XP_003857660) was consistently the highest hit to the WC-2 FASTA 
sequences queried against the pathogen’s genome (Supporting 
Table 2). Best Bidirectional Blast Hit analysis confirmed Mycgr3_32587 
as the closest match to four of the six WC-2 proteins from the model 
ascomycete species queried (Supporting Table 4). A maximum likeli-
hood phylogenetic tree placed the Mycgr3_32587 protein in a position 
that is phylogenetically consistent with the species queried (Fig. 3a). 

The location of the ZtWco-2 transcript is annotated on core chro-
mosome 1 at location 1,215,964 – 1,217,445 and the protein is 493 
amino acid residues in length. Manual inspection of the ZtWco-2 gene 
structure led to the reannotation of ZtWco-2 to location 1,215,874 – 
1,217,445 (Supporting Table 3). The nucleotide sequence data re-
ported are available in the Third PartyAnnotation Section of the DDBJ/ 
ENA/GenBank databases under the accessionnumber TPA: BK061372. 
The reannotated ZtWco-2 gene is 1, 572 bp in length and it is predicted to 
encode 523 amino acid residues (Fig. 3). The hypothetical ZTWCO-2 
protein is predicted to encode a single PAS domain and a GATA-type 
zinc finger domain which are characteristic of WC-2 proteins. Visual 
inspection of the predicted ZTWCO-2 amino acid sequence did not 
reveal the presence of a LOV domain or GxNCRFLQ submotif (Fig. 3); 
Supporting Table 3). 
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3.3. ZTWCO-1 and ZTWCO-2 may form a white collar complex 

It has been previously reported that the WC-1 and WC-2 proteins 
interact with each other to form a white collar complex (WCC) in 
Neurospora crassa (He et al., 2002; Talora et al., 1999). Therefore, we 
tested whether this is also true in Z. tritici by using a combination of 
Protein 3D Structure & Function Prediction and yeast two-hybrid 
screening. 

The highest scoring model produced by the I-TASSER server for 
ZTWCO-1 and ZTWCO-2 (c-score: − 0.14 and − 2.18 respectively) was 
subsequently chosen to visualise the 3D interaction complex of ZTWCO- 
1 and ZTWCO-2 using the ClusPro server (Desta et al., 2020; Kozakov 
et al., 2017, 2013; Vajda et al., 2017) (Fig. 4a and b). 

In addition to exploring the 3D structure of ZTWCO-1 and ZTWCO-2, 
we examined possible Gene Ontology (GO) predictions for both proteins 
(Zhang et al., 2018). The highest scoring predictions for ZTWCO-1 was 

Fig. 2. Identification of the ZtWco-1 gene in Z. tritici. (a) Maximum likelihood phylogenetic tree of WHITE COLLAR-1 (WC-1) proteins and their relatedness to 
Mycgr3_76651. FASTA sequences were obtained from the NCBI database and aligned with Clustal W. The phylogenetic tree was generated using IQ-Tree and Model 
Finder with a bootstrap test at 1000 replicates. Visualisation was using iTOL with rooting on the Mucoromycota outgroup. Boxes represent fungal divisions, purple =
Mucoromycota; blue = Basidiomycota and yellow = Ascomycota. Tree scale represents substitutions per site; (b) Schematic summarising the predicted protein 
structure for ZTWCO-1 following functional analysis of the FASTA sequences using InterProScan. These include the PAS/Light Oxygen Voltage domain (PAS/LOV), 
PAS domains (PAS), GATA-type zinc finger domain (ZN) and GxNCRFLQ submotif (star). 

Fig. 3. Identification of the ZtWco-2 gene in Z. tritici. (a) Maximum likelihood phylogenetic tree of WHITE COLLAR-1 (WC-2) proteins and their relatedness to 
Mycgr3_32587. FASTA sequences were obtained from the NCBI database and aligned with Clustal W. The phylogenetic tree was generated using IQ-Tree and Model 
Finder with a bootstrap test at 1000 replicates. Visualisation was using iTOL with rooting on the Mucoromycota outgroup. Boxes represent fungal divisions, purple =
Mucoromycota; blue = Basidiomycota and yellow = Ascomycota. Tree scale represents substitutions per site; (b) Schematic summarising the predicted protein 
structure for ZTWCO-2 following functional analysis of the FASTA sequences using InterProScan. This includes the PAS domain (PAS) and GATA-type zinc finger 
domain (ZN). 
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identified as compound binding and heterocyclic compound binding, 
with a score of 0.16 and 0.17 respectively. The highest scoring pre-
dictions for ZTWCO-2 was transcription factor activity, sequence- 
specific DNA binding and DNA binding, with a score of 0.33 and 0.30. 
These results suggest that both ZTWCO-1 and ZTWCO-2 have a pre-
dicted molecular function which is involved in binding activities. 

The predicted interaction between the Z. tritici ZTWCO-1 and 
ZTWCO-2 proteins was tested using yeast two-hybrid assay. ZTWCO-1 

and ZTWCO-2 were found to interact in yeast cells in vitro, suggesting 
possible formation of a white collar complex in Z. tritici (Fig. 4c). 

3.4. Generation of Δztwco-1 knock-out mutants 

The role of ZtWco-1 in Z. tritici development and virulence was 
investigated by integrating the pΔztwco-1 transfer-DNA into Z. tritici 
IPO323 using Agrobacterium-mediated transformation. Successful 

Fig. 4. Formation of the white collar complex in Z. tritici, (a) Representation of the 3D protein structure predicted by I-TASSER modelling for ZTWCO-1 and 
ZTWCO-2. Colours represent different chains within the 3D structure; (b) Representation of the 3D protein–protein interaction of WC-1 (cyan) and WC-2 (orange). 
Computation protein docking was produced by ClusPro; (c) image of yeast two-hybrid assay showing interaction between ZTWCO-1 and ZTWCO-2 proteins in yeast. 
The AD and BD represents the Gal4 activation domain and DNA binding domain respectively. 

Fig. 5. Comparison of Z. tritici IPO323 and Δztwco-1 mutant growth on solid media and in liquid media, (a; b) 1 × 106 spores/ml were plated on (a) YPDA and 
(b) PDA, and incubated under constant white light (LL) or constant darkness (DD) at 20 ◦C. Images taken at 14 days post-inoculation and representative of the three 
Δztwco-1 mutants tested against the IPO323 strain. Between 3 and 4 Petri dishes were analysed per strain under each media and each light condition. The experiment 
was repeated independently three times. Scale bar = 5 mm. Under LL conditions on YPDA and PDA the IPO323 colonies are yeast-like, but melanise and produce 
aerial hyphae under DD conditions. The Δztwco-1 mutants remain yeast-like in appearance with little or no melanisation under LL and DD conditions on YPDA and 
PDA; (c) Average colony area of the Δztwco-1 mutants is significantly larger than the IPO323 strain on YPDA under LL and DD conditions. Bars represent ± 2 
standard error and an asterisk (*) denotes significant difference to IPO323 (Tukey’s honest significant difference test * for p = < 0.05); (d) Z. tritici IPO323 and 
Δztwco-1 growth in liquid PDB at 200 rpm and 20 ◦C. Images taken at 7 dpi and representative of 2–3 flasks inoculated per strain across two independent exper-
iments. Scale bar = 100 µm. The IPO323 strain produces melanised hyphal knots, a melanised ring and branching hyphae in PDB. In contrast, the Δztwco-1 mutants 
produce small melanised hyphal knots and short yeast-like cells with minimal branching. 
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knock-out mutants with deletions in the ZtWco-1 gene were purified by 
subculturing onto selective media containing Hygromycin B. PCR was 
performed using two primer pairs (Supporting Table 1) to confirm 
replacement of the wild-type ZtWco-1 gene with the hyg-trpC cassette 
(Supporting Fig. 1). Three independent Δztwco-1 knock-out mutants 
(Δztwco-1–1, Δztwco-1–2 and Δztwco-1–3) were identified and used for 
all downstream experiments. 

Further validation of the Δztwco-1–1, Δztwco-1–2 and Δztwco-1–3 
mutant lines was performed by RT-qPCR to confirm deletion of ZtWco-1. 
Expression of ZtWco-1 was not detected in Δztwco-1–1, Δztwco-1–2 or 
Δztwco-1–3, therefore supporting evidence that the ZtWco-1 gene had 
been deleted in all three of the mutant lines (Supporting Fig. 3). 

3.5. ZtWco-1 is required for light response in vitro 

To assess the role of ZtWco-1 in Z. tritici development, vegetative 
growth of the IPO323 parental strain and the Δztwco-1 mutants was 
compared in vitro. Experiments were carried out on PDA and YPDA 
under constant white light (LL) and constant darkness (DD) and images 
were taken at 7-, 14- and 21-days post-inoculation (dpi) (Fig. 5). 

We previously recorded that the IPO323 strain melanises faster 
under DD conditions compared to LL conditions (Tiley et al., 2019). This 
was observed again, and by 14 dpi the IPO323 strain was melanised on 
both YPDA and PDA under DD conditions. On PDA under DD conditions, 
the IPO323 strain produced white aerial hyphae. IPO323 cultures 
incubated on PDA and YPDA under LL remained pink/peach in colour 
with little or no melanisation (Fig. 5a, b). In contrast to IPO323, there 
was no phenotypic difference between the Δztwco-1 mutants incubated 
under LL or DD conditions on either YPDA or PDA. The Δztwco-1 mu-
tants remained pink/peach-coloured with little or no melanisation of the 
colonies (Fig. 5a, b). 

The area of the IPO323 and Δztwco-1 mutant colonies grown on 
YPDA under LL and DD conditions after 14 dpi were compared to assess 
whether deletion of ZtWco-1 affects growth rate. Under both LL and DD 
conditions, the colony area of the three Δztwco-1 mutants were signifi-
cantly larger than the IPO323 strain. Under LL conditions, there was a 
statistical difference between the colony size of the IPO323 strain (n = 9) 
compared to Δztwco1-1 (n = 8, SE = 5.38, df = 69, p = <0.001), 
Δztwco1-2 (n = 8, SE = 5.38, df = 69, p =<0.001) and Δztwco1-3 (n = 8, 
SE = 5.38, df = 69, p = <0.001). Under DD conditions, there was also a 
statistical difference between the colony size of the IPO323 strain (n =
11) compared to Δztwco1-1 (n = 11, SE = 4.7, df = 69, p = <0.001), 
Δztwco1-2 (n = 11, SE = 4.7, df = 69, p = <0.001) and Δztwco1-3 (n =
11, SE = 4.7, df = 69, p = <0.001). (Fig. 5c). 

There was no significant difference between the colony areas of the 
IPO323 strain when grown under LL (n = 11) or DD conditions (n = 9, 
SE = 5.0, df = 69, p = 1.0) (Fig. 5c). Similarly, there was no significant 
difference between the colony area of Δztwco-1 mutants grown under LL 
and DD conditions. This was Δztwco-1–1 LL (n = 8) Δztwco-1–1 DD (n =
11, SE = 5.1, df = 69, p = 1.0), Δztwco-1–2 LL (n = 8) Δztwco-1–2 DD (n 
= 11, SE = 5.1, df = 69, p = 1) and Δztwco-1–3 LL (n = 8) Δztwco-1–3 DD 
(n = 11, SE = 5.1, df = 69, p = 1.0) (Fig. 5c). 

3.6. ZtWco-1 is essential for hyphal development 

Further experiments were conducted to assess the role of ZtWco-1 on 
cell morphology. The IPO323 strain and Δztwco-1 mutants were grown 
in PDB. Under these liquid cultivation conditions at 7 dpi, the parental 
IPO323 strain produced opaque peach-coloured cultures that contained 
melanised hyphal knots. In addition, the IPO323 strain produced a ring 
of hyphae around the edge of the flask. Microscopic observations 
demonstrated that the IPO323 cultures were composed of long hyphal 
branching cells, with few short yeast-like cells present. The Δztwco-1 
mutants grew as opaque cultures, but there were few melanised hyphal 
knots visible and these strains did not form a ring of hyphae around the 
edge of the flask. Microscopy analyses of the Δztwco-1 mutant 

demonstrated that, in contrast to the IPO323 cells, the mutant pre-
dominantly grew as short yeast-like cells approximately 50 µm or less in 
size, with few or no branching cells present (Fig. 5d). 

3.7. The Δztwco-1 mutants have delayed infection on wheat 

In order to assess the effect of deletion of ZtWco-1 on virulence, the 
susceptible wheat cultivar Riband (Chartrain et al., 2004) was infected 
with the parental wild-type IPO323 strain and the three Δztwco-1 mu-
tants. Disease progression was measured by scoring infection severity on 
a scale of 1–5 as described in Tiley et al. (2018) every 48 h for 21 days 
post-infection. 

All three independent Δztwco-1 mutants were able to infect wheat, 
but the onset of chlorosis and necrosis were delayed by 2–4 days 
compared to the parental IPO323 strain (Fig. 6a, b). In addition, 
whereas the parental IPO323 strain produced pycnidia at approximately 
13 dpi, the Δztwco-1 mutants did not produce pycnidia until 15 – 19 dpi 
(Fig. 6a, b). 

3.8. The ZtWco-1 gene impacts pycnidia numbers in planta 

Although the Δztwco-1 mutants were able to produce normal 
symptoms on wheat, the disease progression was delayed compared to 
the IPO323 strain and this could impact virulence potential. In order to 
investigate this further, final measurements of percentage leaf area 
covered by pycnidia (PLACP) was recorded at 21 dpi. These results 
demonstrate that the Δztwco-1 mutants produced a smaller PLACP 
compared to the IPO323 strain. There was a statistical difference be-
tween the PLACP recorded for the IPO323 strain (n = 34) compared to 
Δztwco-1–1 (n = 32, SE = 9.36, df = 131, p =< 0.001), Δztwco-1–2 (n =
34, SE = 9.22, df = 131, p = < 0.001) and Δztwco-1–3 (n = 35, SE =
9.15, df = 131, p = < 0.001) (Fig. 7a). 

This result was investigated further by calculating the number of 
pycnidia produced/mm2. All three of the Δztwco-1 mutants had a 
reduction in pycnidia/mm2 compared to the IPO3232 strain and this 
was statistically significant at the 5 % level. There was a significant 
difference in the number of pycnidia/mm2 produced by the IPO323 
strain (n = 31) compared to Δztwco1-1 (n = 31, SE = 0.30, df = 120, p =
< 0.001), Δztwco1-2 (n = 32, SE = 0.30, df = 120, p = < 0.001) and 
Δztwco1-3 (n = 30, SE = 0.30, df = 120, p = < 0.001) (Fig. 7b). 

Microscopy analyses did not reveal any phenotypic differences be-
tween pycnidia melanisation or morphology. The pycnidia produced by 
both the IPO323 strain and Δztwco-1 mutants were round, melanised, 
and embedded within the leaf sub-stomatal cavity (Fig. 7c). 

3.9. The ZtWco-1 gene represses micropycnidospore production 

We have previously demonstrated that the Z. tritici IPO323 strain is 
capable of producing both macropycnidiospores and micro-
pycnidiospores in planta, and that both of these spore types can infect 
wheat (Tiley et al., 2019). Microscopy analyses on spore suspensions 
obtained from the infected wheat leaves demonstrated that the Δztwco-1 
mutants and IPO323 strain produced both macropycnidiospores and 
micropycnidiospores. The average number of macropycnidiospores and 
micropycnidiospores produced per pycnidium by the Δztwco-1 mutants 
were compared to the IPO323 strain to determine whether deletion of 
ZtWco-1 impacts asexual sporulation capacity. There was no significant 
difference between the average number of macropycnidiospores per 
pycnidium produced by the IPO323 strain (n = 30) compared to 
Δztwco1-1 (n = 30, SE = 8.7, df = 114, p = >0.05), Δztwco1-2 (n = 30, 
SE = 8.6, df = 114, p = >0.05) and Δztwco1-3 (n = 28, SE = 8.8, df =
114, p = >0.05) (Fig. 8a). However, the IPO323 strain (n = 28) pro-
duced significantly fewer micropycnidiospores per pycnidium compared 
to Δztwco1-1 (n = 26, SE = 9.0, df = 110, p = <0.001), Δztwco1-2 (n =
30, SE = 8.7, df = 110, p = <0.001) and Δztwco1-3 (n = 30, SE = 8.7, df 
= 110, p = <0.001) (Fig. 8b). Although there were significant 
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differences between micropycnidiospore per pycnidium production, our 
microscopy analyses did not reveal any phenotypic differences between 
the morphology of either the macropycnidiospores or micro-
pycnidiospores produced by the Δztwco-1 mutants compared to the 

parental IPO323 strain (Fig. 8c). 

Fig. 6. Infection of wheat cv. Riband by 
Z. tritici IPO323 compared to the Δztwco-1 
mutants, Wheat cv. Riband was infected with 
Z. tritici IPO323 and the Δztwco-1 mutants, and 
infection progression was recorded at 3 – 21 days 
post-inoculation (dpi). Between 10 and 11 leaves 
were analysed per strain and the experiment was 
repeated three times independently. Bars repre-
sent ± 2 standard error. Images are representa-
tive of the three Δztwco-1 mutants tested against 
the IPO323 strain. (a) the Δztwco-1 mutants 
produce the same sequence of symptoms as the 
parental IPO323 strain, but disease progression is 
slower; (b) representative images of wheat 
infection from 3 to 21 dpi.   

Fig. 7. Comparison of pycnidia produced on wheat by the Δztwco-1 mutants compared to the IPO323 strain, The percentage leaf area covered in pycnidia 
(PLACP), pycnidia/mm2 and pycnidia morphology were compared on wheat cv. Riband at 21 days post-inoculation. Between 10 and 11 leaves were analysed per 
strain and the experiment was repeated three times independently. Bars represent ± 2 standard error and asterisks (*) signify Δztwco-1 mutants significantly different 
to the IPO323 strain. Images are representative of the three Δztwco-1 mutants tested against the IPO323 strain. (a) PLACP at 21 dpi is significantly reduced in the 
three Δztwco-1 mutants compared to the IPO323 strain (Independent Samples Kruskal-Wallis Pairwise Comparisons Test * for p = < 0.001); (b) all three Δztwco-1 
mutants produce significantly fewer pycnidia/mm2 than the IPO323 strain (Tukey’s honest significant difference test * for p = < 0.001); (c) There is no observable 
difference between the pycnidia produced by the three Δztwco-1 mutants compared to the IPO323 strain. Scale bar = 500 µm. 
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3.10. The Z. Tritici genome contains a putative homolog to the N. Crassa 
frequency gene 

In silico analyses were conducted in order to identify the Z. tritici 
homolog to the N. crassa frq gene (ZtFrq). The FASTA sequences of FRQ 
proteins from model ascomycete fungi were queried against the Z. tritici 
IPO323 genome database as described previously. The analyses consis-
tently identified the Z. tritici Mycgr3_93972 gene (GenBank® accession: 
XP_003851799) as the only putative homolog to frq in the Z. tritici 
genome, and this was named ZtFrq (Supporting Table 2). The ZtFrq 
gene is predicted to be 3, 015 base pairs in length and located on the 
Z. tritici core Chromosome 6 at position 1649–16–1652530. The hypo-
thetical ZTFRQ protein is 1, 004 amino acid residues in length. Func-
tional analysis of the ZTFRQ FASTA sequence using InterProScan 
matched it to the frequency clock protein family. In addition, the ZTFRQ 
FASTA sequence contains regions similar to those characterised in the 
N. crassa FRQ protein. These include the conserved serine a position 
513, which is a determinant of period length (Supporting Fig. 4) (Liu 
et al., 2000b). 

RT-qPCR was performed on in vitro CDV8 cultures to elucidate 
whether expression of ZtFrq differs in the Δztwco-1 mutants compared to 
the wild-type IPO323 strain following a 15 min transition from darkness 
to white light (Wu et al., 2014). There was a significant difference in the 
relative transcript abundance of ZtFrq between the IPO323 strain (n = 6) 
compared to Δztwco1-3 (n = 6, SE = 4.08, df = 23, p = 0.016). However, 
there was no significant difference in the relative transcript abundance 
of ZtFrq between the IPO323 strain and Δztwco1-1 (n = 6, SE = 4.08, df 
= 23, p = 1.00) or Δztwco1-2 (n = 6, SE = 4.08, df = 23, p = 0.07) 
(Supporting Fig. 4). 

4. Discussion 

In this study we further understanding of the genetic regulation of 

light detection by Z. tritici and the role of the putative white collar-1 
homolog, ZtWco-1. Previous studies suggest that Z. tritici can detect light 
and that this signal affects both growth and virulence (Fellows, 1962; 
Keon et al., 2007; Tiley et al., 2019; McCorison and Goodwin, 2020). 
However, the genetic basis of how Z. tritici detects light has not been 
previously studied in detail. 

Growth on WEA demonstrates that Z. tritici can respond to light and 
dark conditions, and that this impacts development of aerial hyphae. 
These results are consistent with our previous findings as well as recent 
RNAseq data demonstrating that Z. tritici gene expression is affected by 
different light wavelengths (Tiley et al., 2019; McCorison and Goodwin, 
2020). However, our detached leaf assays demonstrate that light is not 
essential for infection of wheat or the ability to undergo asexual spor-
ulation. The result agrees with previous studies demonstrating that 
darkness reduces infection and that it slows development (Fellows, 
1962; Keon et al., 2007). The finding may be supported by evidence that 
penetration of the wheat stomata by Z. tritici is random rather than 
determined by specific cues (Kema et al., 1996; Fones et al., 2017). 
Similarly to Z. tritici, the maize pathogen C. zeae-maydis also infects the 
host via the stomata. However, C. zeae-maydis displays stomatal tropism 
and light is necessary for successful detection of the stomata (H. Kim 
et al., 2011). Therefore, although Z. tritici can respond to light and dark, 
this signal may not be essential for virulence due to the manner in which 
this pathogen detects and infects its host. 

The Z. tritici genome contains putative homologs to photoreceptors 
from other fungi including the two white collar complex genes (wc-1 and 
wc-2), VIVID, a blue-light sensing cryptochrome, and a phytochrome 
(McCorison and Goodwin, 2020). In order to identify possible genetic 
regulators of light detection in Z. tritici we focused on the white collar 
photoreceptors which are highly conserved across the fungal kingdom. 
The results from our in vitro studies suggest that ZtWco-1 is involved in 
perception and response to light and/or dark conditions. The IPO323 
strain melanises under DD conditions on PDA and YPDA, suggesting that 

Fig. 8. Comparison of asexual sporulation between the Δztwco-1 mutants and IPO323 strain, Macropycnidiospore and micropycnidiospore production and 
morphology was compared on wheat cv. Riband at 21 days post-inoculation. Between 10 and 11 leaves were analysed per strain and the experiment was repeated 
three times independently. Bars represent ± 2 standard error and an asterisk (*) signifies Δztwco-1 mutants significantly different to the IPO323 strain. Images are 
representative of the three Δztwco-1 mutants tested against the IPO323 strain. (a) There is no significant difference between the macropycnidiospores produced per 
pycnidium by the three Δztwco-1 mutants compared to the IPO323 strain (Independent Samples Kruskal-Wallis Pairwise Comparisons Test); (b) However, the three 
Δztwco-1 mutants produce significantly more micropycnidiospores per pycnidium than the IPO323 strain (Independent Samples Kruskal-Wallis Pairwise Comparisons 
Test * for p = < 0.001); (c) There is no observable difference between the macropycnidiospores or micropycnidiospores produced by the three Δztwco-1 mutants 
compared to the IPO323 strain. Scale bar = 50 µm. 
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light and/or dark conditions influence melanisation in Z. tritici. In 
contrast to IPO323, the phenotype of the Δztwco-1 mutant colonies did 
not differ under either LL or DD conditions. Melanisation was severely 
impaired in the Δztwco-1 mutants and so ZtWco-1 may play a role in 
regulating melanin production. Light has previously been associated 
with melanin production in M. oryzae, and genes linked to melanin 
biosynthesis are differentially expressed during a light-to-dark transition 
(S. Kim et al., 2011). RNAseq data from Z. tritici previously highlighted 
that light conditions impact the expression of the mitogen-activated 
protein kinase (MAPK)-encoding genes MgHog1 and MgSlt2, which 
both have roles in melanin production and virulence (McCorison and 
Goodwin, 2020). However, it is unlikely that melanisation is linked to 
virulence in Z. tritci. A previous study by Derbyshire et al. (2018) 
demonstrated that Z. tritici mutants with deletion of the polyketide 
synthase gene, ZtPks1, were unable to melanise on YPD agar. The 
ΔZtPks1 mutants were able to infect wheat and they produced non- 
melanised pycnidia in planta (Derbyshire et al., 2018). In addition, 
deletion of the Z. tritici velvet gene, MVE1, resulted in albino mutants that 
had no difference in virulence on wheat and produced lightly coloured 
pycnidia in planta (Choi and Goodwin, 2011). 

Although melanisation may not be essential for virulence in Z. tritici, 
it could be linked to vegetative growth. For example, some aspects of the 
in vitro phenotype observed in the Δztwco-1 mutants are also similar to 
that of Z. tritici ZtVf mutants (Mohammadi et al., 2017). The ZtVf gene is 
a member of the zinc-finger transcription factor family and deletion 
causes defects in hyphal filamentation and melanisation in vitro. We 
previously demonstrated that Z. tritici mutants with deletions in the 
ZtvelB gene are fixed in a filamentous growth pattern and melanise 
under both light and dark conditions (Tiley et al., 2019). Therefore, 
crossover may exist between the genetic pathways regulating pigmen-
tation and hyphal branching in Z. tritici. 

In liquid media, the Δztwco-1 mutants produced short yeast-like cells 
that formed few branched hyphae and few hyphal knots. This short 
unbranched cell phenotype was only observed in vegetative cells, as 
there were no visible differences between the IPO323 and Δztwco-1 
mutant macropycnidiospores produced in planta. One possibility for the 
phenotype observed in the vegetative cells of the Δztwco-1 mutants is 
that deletion of ZtWco-1 causes disordered growth which prevents hy-
phal aggregation. We have previously observed that hyphal knots are 
required for pycnidia formation (Tiley, 2016). Therefore, defects in 
hyphal aggregation may reduce or delay pycnidia production as 
observed in our in planta results. 

Light and dark conditions have been shown to impact the outcome of 
plant pathogen interactions by affecting the plant defence response and/ 
or pathogen virulence. For example, A. thaliana has decreased suscep-
tibility to B. cinerea when the infection occurs at dawn compared to dusk 
(Hevia et al., 2015; Ingle et al., 2015). In addition, light has been shown 
to repress M. oryzae infection of rice (S. Kim et al., 2011). Previous 
studies have provided varying evidence for the role of light and darkness 
in Z. tritici infection of wheat. For example, infection is greatly reduced 
by darkness and shading leaves can slow the progression of symptom 
development (Fellows, 1962; Keon et al., 2007). However, light has also 
been shown to inhibit the early stages of infection but stimulate infec-
tion later on (Shaw, 1991). Comparison of in planta infections of wheat 
in this study demonstrated that symptom development is delayed by 
2–4 days in the Δztwco-1 mutants compared to the wild-type IPO323 
strain. This agrees with previous data from B. cinerea where bcwcl1 
deletion mutants produced smaller lesions on French bean (Phaseolus 
vulgaris) early during infection, but the mutants were still able to pro-
ceed to colonise and sporulate on the plant (Canessa et al., 2013). The 
delayed symptom development observed during this study could be 
caused by the defects in vegetative growth observed in the Δztwco-1 
mutants. Fones et al. (2017) suggest that the hyphal form of Z. tritici is 
more adept at covering distance across the leaf surface. Hyphal differ-
entiation is disrupted in the Δztwco-1 mutants, and this could delay 
successful stomatal penetration events and tissue colonisation. Although 

our results suggest that the ZtWco-1 gene is required for full virulence on 
wheat, the exact role in virulence remains to be elucidated. 

Our results demonstrate that symptom progression was delayed in 
the Δztwco-1 mutants, but deletion of ZtWco-1 does not affect pycnidia 
morphology. The pycnidia produced by the Δztwco-1 were melanised, 
which was unexpected considering that the Δztwco-1 mutant vegetative 
cells have defects in melanisation in vitro. In B. cinerea, three different 
types of melanin have been suggested that are tightly controlled at 
different developmental stages; mycelial, sclerotial and conidial (Schu-
macher, 2016). Therefore, our results suggest that Z. tritici may employ 
separate genetic pathways to regulate mycelial and pycnidial 
melanisation. 

The role of white collar-1 genes in asexual sporulation has been 
demonstrated in fungal species such as A. nidulans, C. zeae-maydis, F. 
graminearum and B. cinerea (Canessa et al., 2013; H. Kim et al., 2011; 
Kim et al., 2014; Purschwitz et al., 2008). Deletion of ZtWco-1 signifi-
cantly reduced PLACP and pycnidia/mm2 in the Δztwco-1 mutants 
compared to the wild-type IPO323 strain at 21 dpi. These results suggest 
that ZtWco-1 may play a role in asexual sporulation. Although there was 
no significant difference in the macropycnidiospores produced per 
pycnidium between the Δztwco-1 mutants and the IPO323 strain, the 
Δztwco-1 mutants produced significantly more micropycnidiospores per 
pycnidium. The observed increase in micropycnidiospore production 
agrees with previous findings from the plant pathogens C. zeae-maydis, 
F. graminearum and B. cinerea, where disruption of the wc-1 homologs 
caused de-repression of conidiation (Canessa et al., 2013; H. Kim et al., 
2011; Kim et al., 2014). We previously demonstrated that deletion of the 
ZtvelB gene impacts macropycnidiospore production but not micro-
pycnidiospore production (Tiley et al., 2019). Therefore, it is possible 
that two separate genetic pathways regulate formation of these two 
different asexual spore types. The results observed in this study may also 
be a product of the delay in symptom progression observed in the 
Δztwco-1 mutants. For example, macropycnidiospore production and 
micropyncidiospore production may occur at separate stages of asexual 
sporulation rather than at the same time. Micropycnidiospore produc-
tion may peak during the initial stages of asexual sporulation, which is 
typically 13 dpi onwards in the IPO323 strain, and at 19 dpi onwards in 
the Δztwco-1 mutants. Therefore, sampling at 21 dpi may only capture 
peak micropyncidiospore production in the Δztwco-1 mutants. Our re-
sults therefore demonstrate that loss of ZtWco-1 attenuates infection of 
wheat by Z. tritici, but further studies are required to clarify the exact 
role of this gene in asexual sporulation. 

Circadian clocks are entrained by environmental signals such as 
light, and our in vitro results demonstrate that Z. tritici can respond to this 
signal. In this study, we also identified putative homologs in Z. tritici to 
each of the N. crassa core circadian components: wc-1, wc-2 and frq. In 
other ascomycete fungi, deletion of wc-1 can impact frq expression. For 
example, Crosthwaite et al.,(1997) reported an increase in the N. crassa 
frq transcript following a 2-minute pulse of white light in the wild-type 
strain. However, frq expression was not induced by a 2-minute pulse of 
white light in wc-1 mutants (Crosthwaite et al.,1997). In B. cinerea, the 
absence of BCWL1 disrupts bcfrq oscillations (Hevia et al., 2015). Can-
essa et al. (2013) demonstrated that a transition from dark to light 
strongly induces relative expression of bcfrq in the wild-type strain, but 
this was not observed in the Δbcwcl1 mutants. Our results were incon-
clusive as ZtFrq expression was only significantly different between the 
IPO323 strain and the Δztwco1-3 mutant. We therefore suggest that the 
Z. tritici IPO323 genome contains the genetic components for a func-
tioning circadian clock, but it is not clear whether these components 
interact. Previous research on the plant pathogen Verticillium dahliae 
found no evidence for rhythmicity despite the presence of putative ho-
mologs to wc-1, wc-2 and frq (Cascant-Lopez et al., 2020). Therefore, 
further studies are required to establish whether Z. tritici has a func-
tioning circadian clock and, if so, whether ZtWco-1, ZtWco-2 and ZtFrq 
are components of it. 
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5. Conclusions 

This study characterises the putative photoreceptor in Z. tritici, 
ZtWco-1. We demonstrate that ZtWco-1 may regulate light detection in 
Z. tritici and the control of downstream developmental processes such as 
melanisation, hyphal morphology, virulence and asexual sporulation on 
wheat. Findings from this study open multiple avenues of research into 
the role of light and the possibility of the presence of a circadian clock in 
Z. tritici. Understanding whether Z. tritici can detect light and the time of 
day may inform strategies future control strategies against this 
pathogen. 
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