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ABSTRACT 
 
The circadian clock is an internal timekeeper mechanism that allows organisms 

to anticipate and synchronize to daily environmental changes. The circadian 

clock is present in most branches of life; in plants, it modulates defence 

mechanisms impacting plant-pathogen interactions. This suggests that 

pathogens may also time their biological events in order to optimize infection. A 

broad knowledge of the molecular mechanism of circadian clocks has been 

gained through the fungal model Neurospora crassa. Nevertheless, little is 

known about circadian clocks in other fungi. We sought to characterize, 

therefore, the presence of a circadian clock in the fungal plant-pathogen 

Verticillium dahliae, and assess its influence on pathogenicity. 

To characterize the presence of a circadian system in V. dahliae, we first 

performed comparative genetics studies, and identified homologs of all the N. 

crassa circadian clock genes in V. dahliae. High conservation of clock protein 

domains between N. crassa and V. dahliae was observed. We studied whether 

the daily formation of conidia and miscrosclerotia (infective propagules) were 

regulated in a circadian manner in the plant pathogen. However, no evidence 

for an entrainable, free-running rhythm was observed. Moreover, temporal gene 

expression profiling with qRT-PCR in constant darkness showed a lack of 

rhythmic frq expression. Thus, in order to assess the role of the putative clock 

genes in V. dahliae, gene deletion mutants were produced. Deleting the core 

clock gene frq did not have an obvious effect on fungal morphology. However, 

the deletion of the transcription factor and photoreceptor wc-1 resulted in the 

abolishment of microsclerotia, and stopped the light-regulated spore production, 

confirming that wc-1 is involved in the production of the daily developmental 

rhythm by mediating transcriptional responses to white light. Finally, through in 

vitro pathogenicity tests we observed that Arabidopsis plants inoculated with 

the wild-type fungus showed more severe disease symptoms than the plants 

inoculated with the clock mutant strains.  

In conclusion, V. dahliae presents all the necessary genetic loci for a functional 

clock, but there is no evidence of rhythmicity in either morphological traits or in 

gene expression. However, putative clock genes play an important role in the 
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overall fitness of the fungus, suggesting that they have additional non circadian 

roles. Therefore, their study can provide a better understanding of the host-

pathogen interaction. 
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GENERAL INTRODUCTION 

 

1 Verticillium dahliae 

1.1 Description 

The vascular fungus Verticillium dahliae is an economically important soil-borne 

plant pathogen responsible for wilting diseases in temperate and subtropical 

regions. V. dahliae has no known sexual stage. It affects an extensive range of 

plants including more than 300 species of vegetables, fruit trees, field crops and 

forest trees (Bhat and Subbarao 1999; Pegg and Brady 2002). 

 

1.2 Classification 

The genus Verticillium is composed of ten major pathogenic species; V. dahliae, 

V. albo-atrum, V. alfalfae, V. longisporum, V. nonalfalfae, V. tricorpus, V. 

zaregamsianum, V. isaacii, V. nubilum and V. klebahnii  (Inderbitzin et al. 2011). 

The classification of Verticillium species has always been a well-researched 

topic. In the course of the characterization of this genus, large comparative 

studies have been made taking into account morphological, physiological and 

phytopathogenic criteria (Isaac 1949) . In 1913, Klebahn described V. dahliae as 

a different species from V. albo-atrum, categorized by Reinke and Berthold in 

1879. Klebahn argued in favour of considering his isolate as different species 

relying on its ability to produce microsclerotia as distinct form of resting mycelium. 

By the 1970s, after decades of debate, Verticillium dahliae was generally 

accepted as a separate species (Isaac 1967). In later studies the implementation 

of phylogenetic analysis and morphological investigations lead to the recognition 

of two groups within the Verticillium genus and the description of five new species 

to form the ten listed above. Clade Flavexudans included V. albo-atrum, V. 

tricorpus, V. zaregamsianum, V. isaacii and V. klebahnii. Clade Flavnonexudans 

comprised V. nubilum, V. dahliae, V. longisporum, V. alfalfae and V. nonalfalfae. 

Several of the species are indistinguishable at the morphological level but 

presented multiple pathogenic and genomic differences. Resting structures are 

important during identification, but phylogenetic data is decisive for recognizing 

the different species (Inderbitzin et al. 2011).  
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Figure 1. Phylogenetic tree of 82 fungal species. Modified image from (Wang et al. 

2009).  
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Taxonomically, V. dahliae is comprised within the phylum Ascomycota, the class 

Sordariomycetes, the order Phyllachorales and the genus Verticillium (Fradin & 

Thomma, 2006). Most significant phytopathogenic fungi are distributed among 

the phyla Zygomycota (Mucor, Rhizopus), Ascomycota (Venturia, Nectria, 

Fusarium, Magnaporthe, Claviceps), and Basidiomycota (Puccinia, Armillaria) 

(Guarro et al. 1999; Lane et al., 2012) as seen in Figure 1. 

 

1.3 Race structure and evolution within Verticillium dahliae 

The Verticillium dahliae species exhibits high genetic variability (Collado-Romero 

et al. 2008). The origin of such variation has been the subject of numerous 

studies that aim to understand the success of V. dahliae in causing disease over 

a wide range of host species. In asexual organisms, genetic divergence is driven 

by mechanisms such as single-nucleotide polymorphisms (SNPs), movement of 

transposable elements and gene loss (Faino et al. 2016; Shi-Kunne et al. 2017). 

V. dahliae genomes have repeat-rich, fast-evolving lineage-specific (LS) regions 

that are enriched in effector genes and other aspects linked to pathogenicity (de 

Jonge et al. 2013). This is in tune with the theory of a “two-speed” genome, with 

plastic genomic sections that contain genes important for virulence and slow-

evolving genomic sections that contain core genes (Raffaele and Kamoun 2012).  

The diversity of V. dahliae has also been characterized by vegetative 

compatibility analysis. The strains of V. dahliae are divided into vegetative 

compatibility groups (VCGs) upon their ability to undergo hyphal anastomosis 

(fusion between branches of hypahe), which facilitates genetic exchange to form 

heterokaryons (Collado-Romero et al. 2008). Six V. dahliae VCGs have been 

characterized (VCG1, VCG2, VCG3. VCG4, VCG5 and VCG6). Each VCG 

represent different clonal lineages and are divided into two subgroups (A and B) 

depending on their incidence of complementation (Chen 1994). Several V. 

dahliae isolates originated from strawberry in England have been identified to 

belong to VCG2B and VCG4B (Collado-Romero et al. 2008). However, a novel 

classification system has rearranged the V. dahliae population into clade I and 

clade II based on recombination events determined by thousands of SNPs. In 
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turn, clade II is subdivided into subclade II-1, comprising lineages 2A and 4B, 

and subclade II-2, including lineages 2B, 4A and 6 (Milgroom et al. 2014) 

 

1.4 Hosts and disease symptoms 

Verticillium dahliae has a wide host range. Over 200 plant species mainly 

dicotyledonous species in addition to herbaceous annuals, perennials and woody 

species are known to be susceptible to this fungus (Fradin and Thomma 

2006).  Among its hosts many economically important crops are found, including 

olives, pepper, artichoke, cabbage, cauliflower, chilli-pepper, cotton, cocoa, 

aubergine, lettuce, mint, potato, strawberry, tomato, watermelon, apple and 

raspberries. 

 

 

Figure 2. Verticillium wilt symptoms on strawberry plants. Differences between a 

strawberry plant infected with Verticillium dahliae with severe wilting symptoms (left), 

and a healthy plant (right). 

 

The most common disease symptoms appear to be wilting of the stem and leaves 

(Figure 2), as a result of limited water and nutrient circulation, due to the blockage 

of the xylem vascular tissue by the pathogen. Other symptoms include stunting, 

premature foliar chlorosis and necrosis. Vascular discoloration can be visible in 

stem cross-sections (Pegg and Brady, 2002). After the withdrawal of chemical 

fungicides to treat Verticillium wilt as the most powerful non-destructive control 

measure (European Food Safety Authority 2011), practices such as soil 
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solarization (reduction of soilborne pests using high temperatures by covering 

the soil during hot periods) and crop rotation to reduce the pathogen were 

considered as alternatives. However, because of the inefficacy of such control 

measures, breeding of resistant varieties is currently the most effective means of 

controlling wilt diseases caused by Verticillium (Wilhelm 1955; Fradin and 

Thomma 2006). 

 

1.5 Morphology 

Verticillium dahliae is formed of hyaline mycelium (white or transparent), simple 

or branched, septate and multinucleate (Figure 3). Lateral branching of hyphae 

may be involved in conidiogenesis and can anastomose with other hyphae. 

Branching is induced by diffusible morphogenic factors (DMFs), which inhibit 

hyphal extension (Brandt and Reese 1964; Pegg and Brady, 2002). The conidia 

are ovoid or ellipsoid asexual spores produced on long structures called 

phialides. Phialides are specialized hyphae placed in a whorl around the top of 

each conidiophore. The name of the genus Verticillium is derived from the 

whorled (verticillate) arrangement of the phialides.  The described morphological 

characteristics are mainly shared among the ten-recognized species of 

Verticillium (Figure 3). During the 20th century, V. dahliae was considered as a 

variety of V. albo-atrum, taking into account that the fungi producing 

microsclerotia and dark mycelia were the same organism (Bewley 1922; Veen 

1930; Presley 1941). Some decades later it was accepted that distinct 

morphologies of resting mycelia was a useful criterion to differentiate species as 

Klebahn argued in 1913 (Isaac 1949; Heale and Isaac 1965; Isaac 1967; Smith 

1965). V.albo-atrum forms dark mycelia as a resting body whereas V. dahliae 

produces black microsclerotia. 
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Figure 3. Verticillium dahliae morphology. Conidiophores of V. dahliae are verticillated 

(branched). Phialides are specialized hyphae produced in a whorl around each 

conidiophore. Each phialide carries a mass of unicellular, ovoid-shaped conidia. The 

picture in the right has been taken from 

https://projects.ncsu.edu/cals/course/pp728/Verticillium/Vertifin.htm.  

 

1.5.1 Morphology and genetics of microsclerotia 

Microsclerotia consist of clusters of thick-walled, septate and melanised hyphal 

cells. They arise from a single hypha or contiguous hyphae and form almost 

globular cell masses by repeated budding, which then becomes melanised 

(Figure 4 A) (Isaac 1949). Melanins are dark pigments formed by the oxidative 

polymerisation of phenolic or indolic compounds. Most fungal melanins are 

derived from the precursor 1,8-dihydroxynaphtalene (DHN) that is produced in 

the cytoplasm and subsequently deposited into the extracellular matrix (Fradin 

and Thomma 2006). 1,3,6,8-tetrahydroxynaphthalene (1,3,6,8-THN) is the initial 

substrate in the biosynthesis of DHN-melanin, produced by polyketide synthase 

(PKS) activity. Scytalone is produced via a reductase, and subsequently 

dehydrated to 1,3,8-THN, which is transformed to 1,8-THN through a reduction 

and a dehydration reactions (Butler and Day 1998). Several melanin 

biosynthetic-encoding  genes have been found to be part of a 48.8 kb cluster 

(Duressa et al. 2013), including homologues of the Pig1 and CMR1 transcription 

factors, which have been reported to regulated fungal melanin production (Eliahu 

et al. 2007). Melanin appears to confer protection to environmental stresses as 

non-melanised microsclerotia has been seen to rapidly lose long-term 

persistence (Pegg and Brady, 2002). In V. dahliae, the existence of melanin is 
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associated with the presence of microsclerotia. However, melanin production can 

be uncoupled with microsclerotia formation (Bell et al. 1976).  

 

Figure 4. A) Verticillium dahliae microsclerotia morphology. The diagram shows a mass 

of melanised microsclerotia. B) Verticillium dahliae developmental rhythm under 

light/dark cycles. V. dahliae strain 12253 forms daily concentric rings of melanised 

microsclerotia when incubated under cyclic environmental cues such as light/dark or 

temperature cycles (Heale and Isaac 1965). 

 

Microsclerotia are evenly formed when cultured under constant light and 

temperature. However, under light-dark photoperiods and cyclic temperatures 

concentric zones of varying number of resting structures are usually seen (Figure 

4 B). In 1965, Heale and Isaac reached to the conclusion that light and dark 

cycles may have an effect on microsclerotia development. Concentric zonation 

of microsclerotia in V. dahliae has also been observed in hyaline strains. The 

gene vdh1, encoding a hydrophobin, has been determined to play a role in 

microsclerotia development (Neumann and Dobinson 2003; Klimes and 

Dobinson 2006; Klimes et al. 2008). Several studies have found correlation 

between the absence of microsclerotia and reduced virulence potential of V. 

dahliae. For example, the disruption of the glutamic acid-rich encoding-gene 

(VdGarp1) (Gao et al. 2010), the mitogen-activated protein kinase gene (VMK1) 

(Rauyaree et al. 2005), and the sucrose nonfermenting 1 gene (VdSNF1) (Deng 

et al. 2015) results in impaired microsclerotia formation and decreased 
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pathogenicity. Despite these findings, the molecular control of microsclerotia 

development is poorly understood.    

The optimum growth temperature of V. dahliae is 22.5oC but moderate growth 

has been observed at 30 oC showing the higher temperature range for growth in 

the genus Verticillium. The best pH for growth is between 5.3 to 7.2 and the 

prefered carbon sources are sucrose and dextrose (Isaac 1949; Isaac 1953). 

 

1.6 Disease cycle 

Verticillium dahliae is an asexual soilborne vascular fungus that starts the 

infection through the roots of the host plant. During the course of the disease 

cycle V. dahliae can be found as a dormant, parasitic and saprophytic body (Bell 

and Mace, 1981). The cycle is divided into several steps: survival of the fungus, 

germination and infection of the root, vascular system colonization and symptom 

expression (Figure 5) (Harris and Hiemstra, 1998). 

I.               Survival of the fungus in the soil 

Mycelium and conidia may be found in the soil only for three-four weeks 

(Schreiber and Green, 1962; Pegg and Brady, 2002). During the dormant 

phase, microsclerotia are capable of surviving in the soil for 10-15 years. This 

resilience is due to the melanised thick-walled cells that form microsclerotia. 

Microsclerotia are formed in highly infected or dead plant material of infected 

hosts and are incorporated into the soil when the senescent plant tissue 

decomposes in the ground. Microsclerotia predominate in the superficial 

strata of the soil. Resting structures can be spread by water and wind, and 

further expansion occurs as a result of infected plant stock distribution. 

Dormancy is not an innate characteristic. It is instead triggered by mycostasis, 

which inhibits microsclerotia germination (Pegg 1985; Fradin and Thomma 

2006) and synchronous germination is not likely to occur considering the 

physiological heterogeneity of microsclerotia cells (Bell and Mace, 1981). 

Differences on dormancy stages among cells allows for the existence of a 

constant pool of microsclerotia in soils and thus survival for long periods.  
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Figure 5. Verticillium dahliae disease cycle. Root exudates stimulates microsclerotia 

germination. The fungus penetrates the root and the cortex is colonized. From the cortex, 

the hyphae invade the xylem vessels. Conidia is formed and the vascular system is 

colonized. Due to fungal material, the vascular system becomes plugged. Foliage starts 

to wilt and die. As the diseased plant senesces, the fungus produces microsclerotia, 

which are released into the soil with the decomposition of plant material. Microsclerotia 

can remain in soil for many years. 

 

II.             Germination and infection of the roots 

The germination of microsclerotia appears to be stimulated by exudates of 

growing roots (Schreiber and Green, 1969; Mol and van Riessen 1995; Harris 

and Hiemstra, 1998). Exudates originate in the root tip and the region of root 

elongation. The hyphae that emerge from microsclerotial cells penetrate the 

roots mainly in the areas of cell differentiation and in the root hair zone 

(Schnathorst, 1981). Only a small amount of the hyphae will infect the root 
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successfully. Afterwards, the fungus establishes and grows in the root cortex 

and is able to extend for many centimeters behind the root apex. 

Interestingly, exudates of both hosts and non-hosts can trigger microsclerotia 

to germinate (Schreiber and Green, 1969; Pegg, 1985; Mol and Van Riessen, 

1995) and the external colonization of roots is not host-specific. The fact that 

V. dahliae can colonize the root cortex of host and non-hosts does not 

necessarily imply the manifestation of infection. It is the ability to invade the 

vascular system that triggers the pathogenic infection (Huisman and Gerik 

1989). 

Further penetration of the fungi to the xylem vessels may occur after 2-7 days 

(Bishop and Cooper 1983). Reaching the vascular tissues implies crossing a 

physical barrier known as the endodermis (Fradin and Thomma 2006). There 

is some controversy about how V. dahliae crosses the endodermis. As some 

authors propose, the fungus crosses the barrier when it has not yet been 

developed or when it is damaged (Fradin and Thomma 2006; Bowers et al. 

1996; Huisman 1982; Pegg, 1974). This is unlikely to happen according to 

Huisman and Gerik (1989) who suggest that most of the xylem invasion 

occurs through roots’ meristematic zone. 

III.           Vascular system colonization 

Conidia are formed in xylem in a short time period and can be detected after 

three days of inoculation. These conidia are formed from single conidiophores 

or predominantly by auto-conidiation or yeast-like budding (Puhalla and Bell 

1981), since verticillate conidiophores are not developed in host tissue (Bell 

and Mace, 1981). Once inside the vessels, conidia are transported with the 

transpiration stream and spread upwards through the plant (Harris and 

Hiemstra 1998). Conidia are eventually trapped in pit cavities or at vessel end 

walls, where they have to produce hyphae and penetrate adjacent vessel 

elements in order to continue colonization (Newcombe and Robb 1988; 

Fradin and Thomma 2006). New spores will then be produced and carried 

upwards with the transpiration stream until they encounter new trapping sites. 

Heinz et al. (1998) determined that the fungus colonizes the xylem vessels 

after 2-4 days from the first contact. A rapid accumulation of fungal biomass 
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is observed shortly after initial sporulation in the root. One week after the 

inoculation, fungal elimination starts, driven by plant defense response known 

as clearing (Fradin and Thomma 2006). Pathogens infecting susceptible 

plants are able to overcome fungal elimination periods driven by the host 

(Heinz et al. 1998). 

IV.            Symptom expression 

Impedance of water transport is thought to be mainly responsible for the 

disease syndrome caused by V. dahliae. The host response to the fungus 

may promote the production of polysaccharides and glycopeptides, which 

may act by plugging the pores in the pit membranes rather than by being 

toxic. The lack of water supplies conduces wilting, desiccation and defoliation 

symptoms (Harris and Hiemstra 1998). Further symptoms driven by V. 

dahliae infection are: chlorosis, foliar necrosis, growth retardation, 

adventitious rooting, stem and root necrosis and plant death (Talboys 1984). 

The symptoms mentioned will eventually affect crop yield, agronomic traits 

and fruit quality (Talboys 1984). Talboys (1984) proposed that disease 

symptoms are first shown in the oldest leaves meanwhile the effects on the 

youngest leaves can be greatly delayed. 

During plant tissues necrosis and senescence, the fungus enters a 

saprophytic stage. V. dahliae spreads towards shoots and roots and 

colonizes them. Large amounts of mycelium, conidiophores and 

microsclerotia are produced at this stage. The vegetative resting structures 

are released to the soil with the decomposition of plant material (Fradin and 

Thomma 2006). 

 

1.7 Pathogenicity 

Beckman (1989) stated that pathogenic isolates have the ability to inhibit or slow 

down the processes of host recognition and/or responses. Possible factors 

implicated in the pathogenicity of V. dahliae are mentioned below: 

 

1.7.1 Cell-wall-degrading enzymes 
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V. dahliae is capable of secreting enzymes such as pectin esterase, 

polygalacturonase, pectate lysate, glucosidase and cellulase (Pegg 1985). 

These enzymes play an important role in pathogenicity since Verticillium needs 

to degrade the pit membranes between vessels elements in order to spread 

(Fradin & Thomma 2006).  

 

1.7.2 Toxins and elicitors 

Production of phytotoxins and other molecules, involved in host cell death, have 

been observed in V. dahliae (Pegg 1965). Elicitors are compounds that activate 

defence responses in host plants (Gómez-Vásquez et al. 2004), whereas toxins 

have detrimental effects only at higher concentrations. Several studies have 

pointed out the role of a family of elicitor molecules known as NLPs that are 

involved in the induction of a hypersensitive response-like cell death and promote 

wilting symptoms of cotton plants (Wang et al. 2004). Other secreted virulence 

factors, such as the VdSSP1, have been proven to be essential for disease 

progression of high virulent V. dahliae isolates. VdSSP1 encodes a 

carbohydrate-degrading enzyme, and its absence in non-defoliating (low-

virulent) strains suggests its role as a defoliating phenotype determinant (Liu et 

al. 2013). Later studies focusing on the characterization of the secretome in V. 

dahliae, has allowed identification of multiple molecules such as toxins, elicitors, 

effectors and plant cell wall-degrading enzymes (PCWDEs) that might be 

involved in pathogenicity (Chen et al. 2016). 

 

1.7.3 Suppression of host responses 

In 1992, Lee et al. concluded that V. albo-atrum could not only passively avoid 

defence mechanisms but actively inhibit them. For instance, phenylalanine 

ammonia lyase (PAL) activity, involved in the synthesis of lignin and suberin as 

well as being a key regulator enzyme in the synthesis of salicylic acid and 

establishment of systemic acquired resistance (SAR), was suppressed at the 

transcriptional level in susceptible tomatoes by the pathogen (Gold and Robb 

1995; Fradin and Thomma 2006). Gold and Robb (1995) proposed that V. 

dahliae could also suppress the transcription of other defence genes along with 
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PAL genes. In 2014, Liu and colleagues showed that the salicylate-mediated 

innate immunity in plants was suppressed by fungal secreted effectors (Vdlsc1) 

(Liu et al. 2014). 

1.7.4 Effectors 

V. dahliae secrete a diverse effector repertoire which affect host innate immunity 

(Richards et al. 2006). Effectors can enhance virulence by suppressing plant 

defense (effector-triggered susceptibility, ETS), or be recognized by the host 

immune system leading to effector-triggered immunity (Jones and Dangl 2006). 

In 2011, Klosterman and colleagues identified more than 700 putative effectors 

secreted by V. dahliae. However, the mode of action and targets of most of these 

effectors are still unknown (Liu et al. 2014). Some effectors are conserved across 

fungi while others present specificity down at the level of species, lineages and 

hosts. The lysin motif (LysM) effectors are present in numerous plant-pathogenic 

fungi (de Jonge et al. 2010). V. dahliae contains four VdLysM effector genes, one 

of which (Vd2LysM) is a lineage-specific effector that has only been discovered 

in the V. dahliae strain JR2 so far (Kombrink et al. 2017). Only the lineage-

specific Vd2LysM effector was involved in pathogenicity via the disruption of 

chitin-triggered host immunity and the protection against chitin-centered host 

immune responses (Sánchez-Vallet et al. 2015). Plants have evolved to 

recognize the virulence factors in order to overcome infection. Tomato plant 

resistance towards V. dahliae wilt has been identified against strains containing 

the avirulence factor Ave1 (race 1). V. dahliae strains that lack Ave1 (race 2), on 

the other hand, remain virulent as they are not recognized by the host Ve1 gene 

that encodes a receptor-like cell surface receptor (Fradin et al. 2009). 

Homologues of the Ve1 have been identified in mint, lettuce, vineyard, cotton, 

sunflower, potato, wild eggplant and hop (Vining and Davis 2009; Hayes et al. 

2011; Tang et al. 2016; Zhang et al. 2011; Fick and Zimmer 1974; Song et al. 

2017a; Song et al. 2017b). Though, the presence of Ve1 homologues does not 

correlate with functionality towards race 1 V. dahliae resistance (Song et al. 

2017b). Other studies have demonstrated that host resistance mediated by Ve1 

is not functional in octoploid strawberry since V. dahliae race 1 and race 2 strains 

are capable to cause disease, and therefore they conclude that other virulence 
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factors may be contributing to pathogen aggressiveness in an Ave1-independent 

manner (Fan et al. 2018, biorxiv). 

The effectors present within the highly variable lineage-specific regions in V. 

dahliae greatly contribute to virulence (de Jonge et al. 2013). It has been claimed 

that the study of LS-virulence factors will allow to identify novel effector genes 

and further understand the molecular bases of V. dahliae pathogenicity, which 

will be greatly beneficial for the deployment of commercial resistant plant cultivars 

(Shi-Kunne et al. 2017). 
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2 THE CIRCADIAN CLOCK 

Rhythmicity is a main feature of the environment surrounding life. Through the 

course of evolution, most organisms have developed the ability to synchronize 

with the cyclic oscillations that govern the external world. Circadian clocks are 

endogenous cell-based timekeepers that control an extensive range of 

molecular, biochemical and physiological processes in both eukaryotic and 

prokaryotic organisms (Liu and Bell-Pedersen 2006). These rhythmic 

mechanisms allow organisms to anticipate daily environmental changes, 

commonly light and temperature, thus allowing biological processes to take place 

appropriately during the course of a day (Eelderink-Chen et al. 2010; Baker et al. 

2012). Evidence shows that these machanisms provide organisms with adaptive 

advantages (Bell-Pedersen et al. 2005). The relevance of circadian regulation on 

the control of immune and defense response in mammals, flies and plants has 

also been documented (Hevia et al. 2015). The clock-generated circadian 

rhythms monitor endogenous, entrainable and temperature compensated 

oscillations of approximately 24 hours and have been widely observed in most 

branches of life (Pittendrigh 1960; Dunlap 1999). 

Many organisms among eukaryotes share several components and mechanisms 

of the circadian clock.  Generally, the clock entails transcription-translation-based 

negative feedback loops (Loros and Dunlap 2001; Dunlap and Loros 2006). A 

simple model of a circadian clock consists of three major components: an 

endogenous self-sustaining oscillator, an ability to sense environmental time 

cues (Input), and physiological output tied to the oscillator at distinct phases 

(Figure 6). The input pathways towards the central oscillator allow the adjustment 

and synchronization of the oscillator to the external environment (entrainment of 

the clock). The central oscillator is based on the interplay between positive acting 

factors driving the expression of negative factors which feedback to inhibit the 

positive complex. A critical component to this feedback is a mechanism for time 

delay of the negative state variable that reflects the ~24 hour nature of the 

physiological rhythms. Such mechanism is known as the transcription-

translation-based negative feedback loop (TTFL) that generates the oscillation at 

the transcriptional and translational level. Lastly, the output pathways translate 

oscillation into physiological rhythms (Bruce and Pittendrigh 1957). 
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Figure 6. Oscillator model for the circadian clock. The oscillator is formed of input 

pathways, a central pacemaker and output pathways. External environmental cues such 

as light and temperature can entrain the clock via input pathways. The central 

pacemaker is based on a time-delayed negative feedback loop. Rhythmic output is 

primarily generated by clock-controlled genes. 

 

2.1 Circadian rhythms 

In 1960, Colin S. Pittendrigh defined circadian rhythms with a list of sixteen 

empirical generalizations. Nevertheless, a shorter list of three properties is 

commonly used to describe them. By definition, a circadian rhythm must meet 

the following criteria: 

1)   The rhythm has an endogenous free-running period under constant conditions 

that lasts around 24 hours. 

The rhythms are synchronized to external cues (termed the zeitgeber) and 

continue to oscillate in a constant environment with a period of approximately 24 

hours. Self-sustained rhythms that oscillate with their own period in constant 

conditions (lack of an effective zeitgeber) are called free-running rhythms 

(Pittendrigh 1960). This characteristic may allow the discernment of rhythms 

solely responsive to periodic external cues (light-dark and temperature cycles) 

from endogenous generated rhythms controlled by circadian clocks. This 
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phenomenon is called masking and is an intrinsic part of the circadian rhythms 

that needs to be controlled in order to avoid being misinterpreted as entrainment 

(Mrosovsky 1999). 

The existence of free-running rhythms in the absence of environmental cycles 

represents an adaptation of organisms to the external world and ensures that 

internal functions continue their temporal relationship under constant conditions. 

Free-running rhythms are normally slightly longer or shorter than 24 hours. 

Consequently, the rhythm produced in constant conditions will gradually diverge 

from the environmental cycle. The figure 7 shows a daily shift of 6 minutes on the 

endogenous phase that will eventually lead to profound phase differences 

(Golombek and Rosenstein 2010). 

 

 

Figure 7. Entrainment of the circadian rhythm to light. Under entrained conditions (24 

hours light/dark cycles), circadian rhythms adjust their endogenous period to that of the 

external signal. When transferred to constant darkness, the circadian rhythm becomes 

a self-sustained rhythm with a circa 24-hour period. Observe that the onset of the activity 

(represented by the black bars) in DD corresponds to the onset in LD, denoting that the 

oscillation is entrained to external stimulus. Picture taken from (Golombek and 

Rosenstein 2010). 
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In contrast, Eelderink-Chen et al. (2010) suggested that the obvious 

manifestation of free-running oscillations is not clearly a universal attribute of 

circadian clocks (Albrecht 2010) and they greatly rely on the zeitgeber conditions. 

For instance, the evolution of circadian systems did not necessarily aim for the 

selection of free-running clocks. They may have been a consequence of the 

advantage to optimally adapt to a cyclic and predictable environment rather than 

a prerequisite of circadian rhythms (Roenneberg and Merrow 2002). 

Furthermore, wild-type strains of the fungal clock model Neurospora crassa do 

not present an obvious free-running rhythm in spore formation. It is the presence 

of a mutation called “band” (bd) which enables a clear display of a cyclic spore 

formation in constant darkness (Sargent et al. 1966). In addition, the conidiation 

pattern becomes arrhythmic in constant light. Interestingly, rhythmic gene 

expression has been tracked even the lack of an observable conidial banding 

(Baker et al. 2012). This implies that other organisms lacking an evident rhythm 

in constant conditions could still present a circadian clock. 

2)   The rhythm is entrainable. 

A second fundamental characteristic of circadian rhythms is that they are 

entrained (reset) by external signals, such as light and temperature (Aschoff 

1981; Greene et al. 2003; Liu and Bell-Pedersen 2006; Bell-Pedersen et al. 

1996). Entrainment is the adjustment of the period of the biological rhythm to the 

zeitgeber, which is perceived by the clock components, resulting in a stable 

phase relationship between the endogenous clock and the exogenous 

environmental cycle (Johnson et al. 2003). Light is the dominant signal to 

promote entrainment among kingdoms. However, entrainment can also be driven 

by temperature, humidity, tides, social activity and other cycles (Golombek and 

Rosenstein 2010; Albrecht 2010). In all cases, the period of the endogenous 

rhythm, which persists as a free-running period in constant conditions, 

corresponds approximately to an environmental rhythm (Golombek and 

Rosenstein 2010). 

The strength and duration of the zeitgeber and the phase of the internal circadian 

clock when the external cue is perceived have a major effect on the importance 

and direction of the phase change (Greene et al. 2003; Eelderink-Chen et al. 

2010). Phase-specific responses are a feature of every oscillator. For instance, 
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if a pulse of light is given in the second half of the night the clock will be advanced, 

whereas if the pulse is given in the first half of the night the clock will be delayed 

(Figure 8) (Roenneberg et al. 2003).  Light at other times of the day fail to reset 

the clock, defining a phase response curve (PRC) that indicate the times at which 

light can induce delays, advances or no changes (Golombek and Rosenstein 

2010). 

Testing for true entrained rhythms and revealing possible masking effects can be 

done by entraining the clock to zeitgeber cycles with periods (T) longer or shorter 

than 24 hours (T-cycles). When the organism’s rhythm shows a similar phase on 

different T-cycles rather than a specific phase for each T-cycle, is highly probable 

that the rhythm is due to masking effects (Johnson et al. 2003). 

 

 

Figure 8. Phase-response curves of a circadian rhythm. The effects of a rhythm-

resetting signal can shift the rhythm either back or ahead, depending on when during 

the cycle the signal is presented. Picture taken from (Evans and Silver 2016). 

 

3)   The rhythm is temperature compensated. 

Over a range of physiological temperatures, the free-running rhythm maintains 

its circadian periodicity with a Q10 around 1, unlike most biochemical reactions 

where higher temperatures lead to a higher coefficient (Q10 around 2 to 3). Yet, as 
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temperature can also entrain circadian oscillations, the system is unlikely to be 

totally independent to temperature. Nevertheless, there is a lack of molecular 

explanation for temperature compensation in N. crassa circadian clock(Greene 

et al. 2003). 

 

2.2 Circadian clock of Neurospora crassa 

Neurospora crassa is a red bread mold of the phylum Ascomycota. The 

filamentous fungus has been considered over the past 60 years as a model 

system for the analysis of the molecular basis of circadian clocks (Bell-Pedersen 

et al. 1996; Loros and Dunlap 2001; Baker et al. 2012), but served as an older 

and more general model organism for the one-gene-one-enzyme hypothesis 

(Beadle and Tatum 1941) and the discovery of gene conversion (Mitchell 1955). 

In N. crassa, the circadian clock regulates the daily conidiation (production of 

asexual spores), which results in the formation of visible bands with a sustained 

period of 22h in constant conditions (Pittendrigh et al. 1959; Loros and Dunlap 

2001). This daily banding process peaks just before dawn. Elevated levels of CO2 

mask the bands by suppressing conidiation. For this reason, circadian studies 

are carried out using strains containing a mutation called band, identified in 1966 

by Sargent and colleagues, which lighten the CO2 masking effect. The band 

mutation is a dominant allele of ras-1, encoding a small membrane-anchored G-

protein, which as a group are known to be involved in multiple signaling 

cascades. In ras-1bd mutants, there is an increase in the transcription of fluffy 

(involved in the regulation of conidiation) (Bailey-Shrode and Ebbole 2004), 

suggesting that ras-1bd has a role in amplifying the circadian banding (Belden et 

al. 2007). 

The molecular basis of the clock in N. crassa has been well-established. In the 

early 80s, Feldman identified a single locus named frequency (frq), able to control 

central clock properties in N. crassa, commonly known as the central clock gene. 

This was the first insight towards the genetic bases of the clock. 

The model for the Neurospora clock focuses on a molecular negative feedback 

loop based on transcription and translation where positive elements lead to the 

activation of negative elements, which will eventually limit their own activation. 
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This autoregulatory system operates over the course of approximately 24 hours 

(Bell-Pedersen et al. 1996; Dunlap and Loros 2006; Baker et al. 2012). The main 

molecular machinery driving the circadian output is called FWO or FRQ/WCC 

oscillator, which modulate a stable rhythm via a transcriptional/translational 

feedback loop. The main components of the clock are Frequency (FRQ), 

Frequency Interacting RNA Helicase (FRH), White Collar 1 (WC-1), White Collar 

2 (WT-2) and Casein Kinase 1 (CK1).  WC-1 and WC-2 belong to the GATA-

family transcription factor, and together form the white-collar complex (WCC), 

which activate the rhythmic expression of FRQ. Thereafter, a complex of FRQ 

and FRH (FFC complex), acts jointly with CK1 to repress the activity of WCC, 

only thus closing the loop (Figure 9) (Liu and Bell-Pedersen 2006). The lack of a 

normal circadian rhythmicity in non-functioning frq, wc-1, or wc-2, support their 

involvement in the core clock. 

 

 

Figure 9. Central components of the Neurospora crassa circadian oscillator. Light and 

temperature impact the central oscillator through different mechanisms. Light impacts 

on WC-1 (blue-light photoreceptor), which forms the WCC complex together with WC-2. 

WCC induces the transcription of frq. FRQ protein jointly with FRH will repress frq 

transcription through the phosphorylation of the WCC. Output pathways include ccg 

genes, mRNA stability and phosphorylation. Picture modified from (Baker et al. 2012). 

 



	 23	

The oscillatory events throughout the day are shown in figure 10. In the late 

subjective night, the WCC complex binds to the frq promoter inducing its 

expression, which peaks in the early subjective morning, about 4-6 hours before 

the peak of total FRQ. When FRQ synthesis begins, they dimerize and interact 

with FRH before entering the nucleus. Once in the nucleus, the FFC complex 

interacts with WCC. This interaction facilitates the phosphorylation of WCC that 

blocks its activity, thus repressing frq transcription. As a consequence, during 

mid-subjective day frq expression level begins to fall. FRQ levels peak near the 

end of the day. At this time, FRQ promotes the synthesis of WC-1 as well as 

blocking the activation of the frq promoter by WCC. The cycle closes with the 

phosphorylation of FRQ by the kinase CK1, process that normally lasts for 

approximately 14-18h. WC-1 peaks in the night when FRQ levels fall to their 

lowest points (Merrow et al. 1997; Loros and Dunlap 2001; Dunlap and Loros 

2006; Baker et al. 2012). The phosphorylation rate of FRQ plays a key role 

determining the period length. 

 

 

Figure 10. Fluctuations of N. crassa clock components over a course of 30 hours. Daily 

cycles of frq mRNA, FRQ protein and WC-1 protein in subjective time in N. crassa. Day 

and night are indicated by the white and black portions of the bottom bar. Picture taken 

from http://dartmed.dartmouth.edu/fall09/html/clock-wise.php. 
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Both light and temperature can entrain the clock. Light is perceived by the blue 

light photoreceptor WC-1, and quickly increases the transcription of frq by binding 

to the light response elements (LREs) present in the frq promoter (Belden et al. 

2007). Promoter motif studies led to the identification of the proximal LRE (pLRE), 

involved in the regulation of frq by light, and the distal LRE (dLRE) commonly 

known as “clock-box”, which is integral for the circadian regulation of frq 

(Froehlich et al. 2002; Froehlich et al. 2003). A light pulse canl induce different 

responses depending on the subjective time it is received. For instance, when 

the frq transcripts are low (late night), light will induce a phase advance, whereas 

if frq levels are starting to decrease (early night), light will cause a phase delay 

(Dunlap 1999). The WCC also activates the transcription of numerous “light-

regulated” genes that are involved in a wide range of developmental activities 

(Vitalini et al. 2006), including other TF-encoding genes this result in a genetic 

regulatory cascade (Smith et al. 2010). On the other hand, temperature appears 

to act on FRQ through post-transcriptional control (Loros and Dunlap 2001). 

The clock oscillator drives a range of regulatory pathways known as output. 

Output pathways give us information about clock-regulated physiological 

functions and time-specific gene expression. The study of the output pathways 

has also lead to the identification of FRQ-independent circadian oscillators in N. 

crassa (Dragovic et al. 2002). In 1989, Loros described rhythmically expressed 

genes, referred as clock-controlled genes (ccg). Verification of the clock 

involvement in ccg’s was accomplished by proving that the period of the ccg 

mRNA abundance rhythm was equivalent to the period of the strain examined 

(Liu and Bell-Pedersen 2006). To discern between output genes and central 

oscillator genes, loss-of-function mutations were sought through mutagenesis. If 

the mutation did not affect the function of the clock, the gene was not involved in 

the oscillatory mechanism (Loros et al. 1989). Genetic screens of ccg have been 

since undertaken. RNA-sequencing techniques have accelerated the discovery 

of ccg’s, and it has been proposed that up to 40% of the transcriptome could be 

clock regulated (Hurley et al. 2014). Through the use of promoter-reporter assays 

and RNA-seq, researchers have found discrepancies between rhythmic 

activation at the promoter level and rhythmic expression of transcripts, 

suggesting that mRNA levels are also post-transcriptionally regulated. The 
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circadian clock has also been shown to be highly plastic by modulating the 

expression of different genes depending on the environmental conditions (Hurley 

et al. 2014). Key metabolic and catabolic pathways seem to be partitioned by the 

circadian clock, where daytime processes are enriched for catabolism, energy 

production and assembly of precursors, whereas nighttime processes are 

enriched for biosynthesis of cellular components and growth (Hurley et al. 2014). 

In addition to the FWO, other oscillators in N. crassa have been recently 

described as FLOs or frq-less-oscillators (Merrow et al. 1999; Lakin-Thomas et 

al. 2011; Dragovic et al. 2002). The presence of a WC-FLO oscillator has been 

suggested, which does not depend of FRQ but requires the presence of the WC 

complex (de Paula et al. 2006). Additionally, Nsa et al. (2015) described the 

presence of an oscillator that depended on the cryptochrome-encoding cry gene, 

and consequently it was called cry-dependent oscillator. 

 

2.3 Circadian clock in other fungi 

Many examples of fungal rhythms have been described in the literature. From 

diurnal or nocturnal spore release to daily cycles in asexual spore development 

(Pittendrigh et al. 1959; Bell-Pedersen et al. 1996). Yet, some rhythms are 

displayed by mere periodic changes and only few have been described as truly 

circadian patterns driven by the clock. In any case, the absence of obvious 

rhythms in some fungi does not mean they lack a circadian system. 

From an evolutionary perspective, biological clocks have independently emerged 

at least three times throughout evolution and they have been well described at 

the molecular level in most organisms (Bell-Pedersen et al. 2005).  Neurospora 

crassa has been considered the fungal model for the last fifty years, but after all 

this time little is known about other fungal circadian system, specifically in plant-

pathogenic species and whether the circadian clock controls virulence 

throughout the day (Hevia et al. 2016). 

Bell-Pedersen and colleges (1996) listed 8 fungal species displaying circadian 

rhythms: Pilobolus spp., Pellicularia filamentosa, Sphaerobolus verruculosa, 

Daldina concentrica, Sordaria fimicola, Nectria spp, and Neurospora crassa. 

Further examples are: Aspergillus flavus, which shows a circadian development 
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of sclerotia (Greene et al. 2003); Cercospora ikuchii, with a rhythmic hyphal 

melanization (Bluhm et al. 2010); and Saccharomyces cerevisiae, showing a 

circadian metabolic regulation (Eelderink-Chen et al. 2010). In 2015, Hevia and 

colleagues showed the existence of a functional clock in Botrytis cinerea. 

Interestingly, B.cinerea macroconidiation rhythms were observed under a cyclic 

environment but not in constant darkness (Canessa et al. 2013). Canessa et al. 

(2013) found that the core negative clock element (FRQ) could have extra 

circadian roles, as the deletion of bcfrq resulted in an alteration on sexual/asexual 

reproduction and the modulation of pathogenic traits at specific times of the day. 

Furthermore, they demonstrated that the circadian clock of B. cinerea rules the 

outcome of the pathogen-host interaction under constant darkness (DD) and 

light/dark (LD) conditions. Later in 2015, Traeger and Nowrousian found 

evidence of circadian rhythms in Pyronema confluens, a member of the 

Pezizomycete linage of filamentous fungi. They identified a frq homolog and 

many conserved domains between P.confluens FRQ and N. crassa FRQ. 

P.confluens is another example of an organism that lacks a morphological 

phenotype showing visible circadian rhythmicity but exhibit circadian oscillation 

of frq and circadian expression of two morning specific genes through 

transcription analysis by RT-qPCR and RNA sequencing (Traeger and 

Nowrousian 2015). In contrast, the Dothideomycete Aureobasidium pullulans did 

exhibit free-running and entrainable concentric rings but lacked evidence of a frq 

circadian expression (Franco et al. 2017). The genus Trichoderma belongs to the 

Sordariomycetes and rings of conidia under constant conditions have been 

described in Trichoderma pleuroticola (Austin, 1968). Finally, the sordariomycete 

Magnaporthe oryzae presents a conidial banding pattern under LD (Lee et al. 

2006), and a frq gene expression that oscillates under cyclic conditions (Deng et 

al. 2015). Furthermore, a gene called twilight (twl) in M. oryzae responds to light 

stimulus and is rhythmically expressed under constant darkness (Deng et al. 

2015). 

The underlying circadian oscillator shows a fairly conserved system across fungi. 

Computer-based analysis of several fungal genomes has elucidated organisms 

containing homologues of frq, wc-1, wc-2 and several ccg of the N. crassa clock. 

Interestingly, some distantly-related organisms to N. crassa, such as Rhizopus 
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oryzae, lack frq homologues but do contain wc and ccg homologues (Lombardi 

and Brody 2005). Sequence comparison shows orthologs of the FRQ-WCC 

feedback loop appearing in most Sordariaceae, which suggests that some plant 

pathogens (Fusarium, Sclerotinia, Cochliobolus and Magnaporthe) may be ruled 

by a clock (Akman et al. 2010). The blue-light photoreceptor WC-1 is widely 

phylogenetically conserved in the fungal kingdom, not just at the level of 

sequence but at the functional level (Dunlap and Loros 2006). Interestingly, FRQ 

is the least conserved among the oscillator proteins in fungi. According to the 

model proposed by Salichos et al. FRH and FWD-1 may be ancestral to all fungi, 

and WC-1 and WC-2 were gained in the ancestor of Zygomycetes, 

Basidiomycetes and Ascomycetes (Figure 1). FRQ was the last to be gained, in 

the common ancestor of Sordariomycetes, Leotiomycetes and Dothideomycetes. 

The recent characterization of a frq-dependent circadian oscillator in the 

Leotiomycetes Botrytis cinerea suggests that frq is part of the circadian oscillators 

in fungal groups that evolved concurrently to N. crassa (Traeger and Nowrousian 

2015). On the other hand, the Eurotiomycetes Aspergillus flavus display rhythmic 

development and gene expression in the absence of FRQ. This observation 

together with the evidence of functional FLO oscillators in N. crassa suggest that 

FLO oscillators are ancestral to the FWO oscillators (Greene et al. 2003). Further 

studies will elucidate whether the fungal circadian clock has evolved multiple 

times or whether frq was originally gained in a common ancestor, followed by 

multiple losses. 

 

2.4 Plant circadian clock 

The first recorded observation of a diurnal rhythm was the daily leaf movement 

of the tamarind tree (Bretzel 1903). Since then, Arabidopsis thaliana has become 

an important model to understand the circadian clock in plants. From its available 

sequence, no fungal protein-clock orthologues have been found. Instead a novel 

clock underlying circadian oscillation has been described. However, the 

requirement of connected feedback loops is still conserved, although not all the 

components have been identified (Millar 2003; McClung 2006). Interestingly, 

animal and fungal clock components exhibit a higher degree of homology. By a 

tissue-specific analysis in Arabidopsis, Endo et al. showed asymmetric clock 
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regulation in different parts of the plant. Among the cycling genes in the 

microarray, only 10.5% of them oscillated concurrently in the different tested 

tissues (mesophyll, vasculature and epidermis) (Endo et al. 2014). This suggests 

the existence of different clock systems in the vasculature and mesophyll, 

forming a layered clock system. Organ-specific circadian clocks have also been 

characterized in the roots and shoots of A. thaliana. Such organ-specific clocks 

respond differently to light inputs, and the root clock can be entrained by direct 

exposure of low-intensity light inputs (Bordage et al. 2016).  

In 2011, Wang et al. described an interesting connection between plant immunity 

and the circadian clock. Plants have evolved disease resistance (R) genes that 

recognize pathogen effectors, which consequently trigger the plant immune 

response. Some components of the R-gene mediated resistance are controlled 

by CCA1, a transcription factor that plays an important role in the plant circadian 

clock. Wang et al. suggest that plant resistance is higher at dawn, when the 

chances of encountering spores are more likely. Other studies have pointed out 

that the impact of the circadian clock on plant immunity response depends on the 

time and mode of infection, and more importantly, on the pathogen it is defending 

itself from (Bhardwaj et al. 2011; Zhang et al. 2013; Korneli et al. 2014; Wang et 

al. 2011; Hevia et al. 2016). The use of constant light conditions allows the study 

of the plant-host clock interaction as it drives arhythmicity only in the fungus, thus 

informing on the implication of the plant clock during the interaction (Hevia et al. 

2016). 

Most of the studies focusing on the impact of the circadian clock in Arabidopsis 

thaliana immunity, were performed on pathogenic organisms in which no 

information about circadian regulation was characterized, such as oomycetes, 

insects and bacteria (Wang et al. 2011; Sharma and Bhatt 2015; Korneli et al. 

2014). Therefore, the study carried out by Hevia et al. (2015) on B. cinerea 

helped to gain insights in the recognition and interaction of fungal pathogen 

circadian clock and their host clock. Nevertheless, further studies are needed in 

order to better understand such interaction. 
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3. LIGHT AND DEVELOPMENT 
 
Fungi responds and adapts to many environmental signals such as light, 

temperature, humidity and nutrient availability. Visible light is an environmental 

signal that serves as a source of stress, spatial and temporal information to the 

fungal organisms (Fuller et al. 2016). Light regulates fungal development, 

behaviour and metabolism in fungi (Corrochano and Galland 2006) and it may 

may have an effect on fungal virulence as seen in Botrytis cinerea, Cryptococcus 

neoformans and Fusarium oxysporum (Idnurm and Heitman 2005; Ruiz-Roldán 

et al. 2008; Canessa et al. 2013). Light also serves as an environmental stress 

indicator that can occur during the day, such as genotoxic ultraviolet (UV) 

exposure, oxidative stress, high temperatures and desiccation (Fuller et al. 2015; 

Fuller et al. 2016). In both Neurospora crassa and Aspergillus fumigatus an 

accumulation of carotenoids and melanin occur as a response to light, which may 

absorb UV and scavenge reactive oxygen species (ROS) respectively.  

Fungal light responsiveness ranges from blue/near-UV (~450 nm) to near-

infrared (~700 nm). The detection of light is undertaken by diverse classes of 

photoreceptor depending on the light wavelength or the sensitivity (threshold) of 

the photoresponse (Idnurm et al. 2010; Corrochano and Avalos 2010). The 

ascomycetes Neurospora crassa and Aspergillus nidulans have served as model 

organisms for understanding how fungi sense and respond to light (He and Liu 

2005). Comparative genetic studies have identified orthologues of light sensing 

proteins (photoreceptors) across a wide range of fungal species. However, the 

ability to sense light has not been kept in all fungal species (Idnurm 2013). The 

effects of light on fungi are still not fully understood, but the study of other fungal 

species may help to further elucidate the implication of light. 

 

3.1 Fungal photoreceptors 

Photoreceptors are molecules that receive photons through specialized light-

absorbing chromophores (e.g., Flavin adenine dinucleotide, bilin or retinal) and 

transduce the photon energy into the cell to promote a response (Corrochano 

2007). Depending on the presence of a highly conserved input domain groups 
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(LOVs, CRYs, Ops and PHYs), the photoreceptor can be identified in different 

species (Schumacher 2017). Plants and fungi utilise a similar set of 

photoreceptor proteins. Animals, on the other hand, have evolved visual systems 

(Heintzen 2012). 

A summary of the different fungal photoreceptors will follow. 

 

3.1.1 LOV- domain photoreceptors 

These are a group of blue-light photoreceptors that bind to flavin chromophores 

(FAD) and share a LOV domain.  The LOV domain is a member of the 

superfamily of PAS (Per, ARNT, Sim) domains, about 100 amino acids in length, 

and it contains a conserved sub motif GxNCRFLQ (Crosson et al. 2003; 

Schumacher et al. 2014).  

There has been described four groups of LOV proteins in fungi; GATA-type zinc 

finger transcription factor domains, regulator of G protein signalling (RGS) 

domains, or no obvious output domains. The main representative of LOV-

photoreceptors are the blue-light photoreceptor white-collar 1 (WC-1) and the 

white-collar 2 (WC-2). WC-1 and WC-2 form the White-Collar Complex (WCC), 

involved in the response to blue-light in N. crassa and many other fungi (Lee et 

al. 2003). Orthologous proteins have been found in many ascomycetes, 

basidiomycetes, chytridiomycetes and zygomycetes, which imply that the LOV 

photoreceptors share a common ancestor (Idnurm et al. 2010; Heintzen 2012).  

The protein WC-1 contains a Zn finger, two PAS domains for protein-protein 

interactions between WC-1 and WC-2, a putative transcriptional activation 

domain, a nuclear localization signal (NLS), and a chromophore binding domain 

(LOV) (Ballario et al. 1996; Corrochano and Avalos 2010). The combination of 

LOV and DNA binding domains exemplify a signalling strategy that links photon 

absorption with gene transcription (Heintzen 2012). The protein WC-2 contains 

a ZN finger, a PAS domain for protein-protein interactions, and a nuclear 

localization signal (NLS) (Denault et al. 2001). Several WC-1 photoreceptors play 

important roles in fungal phototropism, regulation of asexual spores development 

and the promotion of carotenoids synthesis (Idnurm et al. 2010). Another 
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important biological function of WC-1 is the regulation of the circadian system 

(Hurley et al. 2014). 

An additional fungal LOV-photoreceptor is the protein VIVID (VVD), a small 

molecule that is composed of a LOV domain with a N-terminal extension. The 

transcription of vvd is light-induced in a WCC-dependent manner, and it is 

controlled by the circadian clock (Heintzen et al. 2001). VVD is involved in a 

process known as “photoadaptation”, which is the attenuation of light-responsive 

outputs under constant illumination (Heintzen et al. 2001). This small LOV 

domain protein is barely conserved across the Ascomycota (Idnurm et al. 2010; 

Rodriguez-Romero et al. 2010). 

 

3.1.2 Phytochromes 

Phytochromes are photoreceptors that sense red and far-red light (600 – 850 

nm) present in plants, fungi and bacteria (Karniol et al. 2005). These proteins 

contain an N-terminal light-sensing PAS/GAF/PHY domain that binds a linear 

tetrapyrrole bilin as a chromophore, and a C-terminal output domain, which has 

a conserved HK domain (Li et al. 2010; Fuller et al. 2015). Phytochromes can be 

found in the genomes of Ascomycetes and Basidiomycetes, presenting either 

one or two copies (Rodriguez-Romero et al. 2010). Fungal phytochromes have 

been very well characterized in Aspergillus nidulans. In this organism, the 

phytochrome FphA interacts with LreA and LreB (homologous to WC-1 and WC-

2 in N. crassa), leading to a cross-talk between blue and red-light signalling 

pathways in the regulation of fungal developmental processes (Heintzen 2012). 

FphA is involved in the red-light mediated inhibition of sexual development and 

in the red-light mediated stimulation of asexual development (Corrochano and 

Avalos 2010). N. crassa, however, contains two phytochromes, PHY-1 and PHY-

2, but only PHY-2 has a role in modulating sexual development in response to 

light (Schumacher 2017). In this organism, the transcript levels of phy-1 and phy-

2 are not light-regulated, however, phy-2 has been found to be under the control 

of the circadian clock (Froehlich et al. 2005).  

 

3.1.3 Cryptochromes 



	 32	

Cryptochromes (CRYs) are members of blue/near-UV photoreceptors with 

similarity to photolyases (PLs). Photolyases are involved in a process known as 

photoreactivation. CPD photolyases (PHR) restore cyclobutane pyrimidine 

dimers (CPD) whereas 6-4 photolyases restore the damaged pyrimidine 

pyrimidone products (Guzmán-Moreno et al. 2014). Cryptochromes seem to 

have lost their photoreactivation activity. 

CRYs have a signalling function that may regulate development or stress 

resistance in response to light, and have partially loss their DNA repair activity 

(Fuller et al. 2016). CRYs contain an N-terminal domain (PHR region) that binds 

FAD and MTHF as chromophores  (Fuller et al. 2016). Comparative genetic 

studies have demonstrated the presence of photolyase/cryptochrome proteins in 

ascomycetes and basidiomycetes (Idnurm et al. 2010; Fuller et al. 2015). N. 

crassa and A. nidulans have been the principal organisms utilised for the study 

of cryptochrome activity. Comparative genetic studies suggest that N. crassa 

CRY is a member of the crypochrome-DASH subfamily (Daiyasu et al. 2004). 

When cry is lost in N. crassa, photoreactivation (recovery from DNA damage) 

activity is not compromised, and neither is the induction of light-regulated genes 

(Dunlap and Loros 2005; Fuller et al. 2016). CRY is strongly induced by blue 

light, mediated by the WCC, and cry is regulated by the circadian clock (Froehlich 

et al. 2010). However, in A. nidulans the cryptochrome (CryA) presents both DNA 

photoreactivation activity and a signalling function (repression of sexual 

development by light) (Fuller et al. 2013).  

 

3.1.4 Rhodopsins 

Rhodopsins are a group of photoreceptors that contain seven transmembrane 

helices that normally bind retinal as a chromophore at a conserved lysine residue. 

Rhodopsins are present in all branches of life and they can function as ion 

pumps, ion channels or as photosensors, absorbing green light at around 536nm 

(Bieszke et al. 1999). Fungal species generally contain one or more opsins, 

which does not correlate with their ability to respond to green light (Fuller et al. 

2016). 
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3.2 Fungal development and secondary metabolism 

Fungal differentiation and secondary metabolism are linked processes that 

respond to light and other abiotic and biotic external stimulus (Calvo et al. 2002). 

Fungi need to reach a “competence” state before being able to differentiate in 

response to environmental cues (Axelrod et al. 1973). Once the fungi reach 

developmental competence, external cues can modulate fungal differentiation as 

well as changes in secondary metabolism (Bayram and Braus 2012).  

Secondary metabolites are compounds  such as antibiotics and toxins (Fox and 

Howlett 2008). The genes involved in the biosynthesis of secondary metabolites 

are organized in gene clusters, which are regulated by transcription factors 

contained within the clusters (Brakhage and Schroeckh 2011). The synthesis of 

secondary metabolites is also regulated at an upper hierarchic level by global 

transcription factors that directly or indirectly respond to environmental cues (Yu 

and Keller 2005). For example, the WC-1 homologue of Aspergillus (LaeA) is a 

global regulator of secondary metabolism in response to light. Studies in A. 

nidulans by Bayram et al. (2008) resulted in the description of the mechanism 

underlying the synchronization of development and secondary metabolism in 

response to light through a complex formed by the velvet complex VeA/VelB and 

the WC-1 homologue (LaeA). The velvet family protein members (VeA, VelB, 

VosA and VelC) have been identified in ascomycetes and basidiomycetes 

(Bayram and Braus 2012). The velvet proteins contain a protein-protein 

interaction domain known as velvet domain, which can also bind to DNA, 

suggesting that they are novel fungus-specific transcription factors (Ahmed et al. 

2013). Furthermore, the velvet domains of VosA can interact with DNA, and acts 

as a transcription factor that recognizes 11-nucleotide sequences present in the 

promoter of numerous regulatory genes (Ahmed et al. 2013). 

The velvet family has also been studied in N. crassa. Deletion mutants of ve-1 

(homologue of the A. nidulans veA) result in the alteration of the asexual 

development. The disruption of ve-1 also alters the production of secondary 

metabolites, since it results in an impaired carotenoid production (Olmedo et al. 

2010). The genome of Botrytis cinerea also contain homologues of the velvet 

family, and the bcvel1 gene (homologue of the A. nidulans veA), exhibits 
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regulatory functions on light-induced differentiation, secondary metabolism and 

virulence (Schumacher et al. 2015) 
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4 AIM OF THE PROJECT 

The project focuses on identifying components of a circadian clock within the 

fungal plant-pathogen Verticillium dahliae and study of the clock’s influence on 

pathogenicity. In addressing this question, the project aims to discover whether 

the pathogen is able to time aspects of host challenge in order to optimize 

infection. 

This will be addressed by different questions: 

1. Does Verticillium dahliae have a circadian clock; does growth follow a 

circadian rhythm; How does light affect fungal development? 

2. What clock components are there; are the clock components involved in 

pathogenicity?  

3. Is gene expression rhythmically oscillating in V. dahliae; are the clock 

functions conserved in V. dahliae? 

Through phenotyping studies, the presence of circadian rhythms at the 

developmental level and the role of light and temperature on fungal development 

will be assessed in chapter 2. Additionally, the generation and use of clock and 

light-sensing gene knockouts will allow exploration of their involvement in 

development and light response, as well as determining their effect on 

pathogenicity through pathogenicity tests (chapter 3). Finally, in chapter 4, 

comparative genetics between the model organism N. crassa and V. dahliae will 

be implemented to identify components of the circadian clock within the fungal 

pathogen. Furthermore, RNA-seq gene expression studies throughout the 

course of a day will be utilised to identify cyclic expressed genes and characterize 

their function. 
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CHARACTERIZATION OF VERTICILLIUM DAHLIAE GROWTH AND 

DEVELOPMENT 

 

1 ABSTRACT 

Organisms use light for multiple purposes; it regulates development, triggers 

stress responses, controls pathogenicity, and entrains the circadian clock to the 

changes in the environment. Though the majority of fungal species contain 

photoreceptors spanning the visible light spectrum, an understanding of the 

impact of light on fungal physiology is lacking for most species. Verticillium 

dahliae is a soil-borne plant-pathogen, phylogenetically related to the model 

fungus Neurospora crassa. Through comparative genetics studies we report the 

existence of a highly-conserved set of light sensors in V. dahliae, including the 

important TF/blue-light photoreceptor WC-1 and WC-2, which form the WCC 

complex in V. dahliae.  V. dahliae development actively responds to light, and 

when cultured in light/dark cycles, it exhibits concentric rings of conidia and 

resting bodies (microsclerotia). Such developmental patterns are reminiscent, 

but not diagnostic of a circadian rhythm. Furthermore, the WCC complex is a key 

component involved in the N. crassa circadian central oscillator. To reveal 

whether the rings in V. dahliae are controlled by a circadian clock, we studied if 

they fulfilled the three requirements of circadian rhythmicity; to be self-

sustainable, entrainable and temperature compensated. In addition, light 

responses of V. dahliae were characterized by RNA-seq gene expression 

analysis of cultures grown in darkness or after light exposure. 
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2 INTRODUCTION 

Throughout evolution, organisms have evolved proteins known as 

photoreceptors that are capable of sensing diverse wavelength ranges of light. 

Light is an important environmental factor that allows organisms to manage 

behavioural, metabolic and developmental changes. In some fungal species, 

light serves as an indicator for soil cover or lack of it. Visible light can also be 

perceived as a sign of environmental stresses, in the form of UV radiation, high 

temperatures and desiccation. Furthermore, light acts as the principal cue that 

regulates the circadian clock, an internal timekeeping mechanism that enable 

organisms to anticipate and synchronize to daily environmental changes (Fuller 

et al. 2013).  

Numerous fungal species are able to respond to different sources of the visible 

light spectrum, ranging from approximately 450 nm (blue light) to 700 nm (red 

light) (Fuller et al. 2015). Light is recognised through various protein 

photosensors, and the molecular characteristics of these proteins are highly 

conserved across fungal species. Fungal species, like plants, present four 

different photoreceptor groups; Light oxygen voltage (LOV) proteins and 

cryptochromes are receptors of blue light, phytochromes are responsible for 

sensing red light and rhodopsins absorb green light (Heintzen 2012).  

Major insights into the perception of light have been obtained through the 

examination of the model fungus, N. crassa, as well as the filamentous fungus, 

Aspergillus nidulans. These two Ascomycota species belong to the class 

Sordariomycetes and Eurotiomycetes, respectively. In N. crassa, light triggers 

conidiation and pigmentation, controls sexual development and regulates the 

circadian clock (Corrochano and Avalos 2010). These responses are mediated 

by blue light, which requires the presence of the photosensor White Collar-1 

(WC-1).  WC-1 is a transcription factor that belongs to the LOV-containing 

photosensor family, and forms the White Collar complex (WCC) together with 

White Collar-2 (WC-2) (Baker et al. 2012; Dasgupta et al. 2015). The WCC 

complex works as a transcriptional regulator in response to light  (Corrochano 

and Avalos 2010), which directly or indirectly regulates the transcription of a wide 

range of genes. WC-1 and WC-2 are the most evolutionarily conserved 

photosensors in the fungal group, since homologues have been identified in most 
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divisions of fungi (Fuller et al. 2013; Salichos and Rokas 2010; Corrochano 

2007). N. crassa contains another LOV containing protein, VIVID, which 

represses WCC activity by physically interacting with the complex. In N. crassa, 

VVD is involved in the photoadaptation of light-regulated genes by dealing with 

changes in light intensity after the initial transcriptional activation, which are also 

crucial for the adjustment of the circadian clock. The red-light photoreceptors, 

phytochromes, do not seem to have an obvious effect on N. crassa development 

(Dasgupta et al. 2015; Fuller et al. 2013) . On the other hand, in A. nidulans, both 

blue light and red light actively regulate biological aspects of the development. 

Phytochrome FphA (homologue of PHY in N. crassa) functions to absorb red 

light, activating asexual development (conidiation) whilst repressing sexual 

development and metabolism, which takes place in the dark (Idnurm and 

Heitman 2005b). FphA and LreA (a homologue of WC-1) interact with each other 

working as a protein complex that interacts in a slightly more complicated 

photomorphogenesis pathway than the one described in N. crassa (Fuller et al. 

2016). However, this phenomenon is not observed in Aspergillus fumigatus, 

where light appears to act as a stress signal, instead of being an active regulator 

of fungal development. Therefore, high heterogeneity exists between species in 

their responses to light, as well as between strains of the same species. 

Cryptochromes and photolyases are members of blue and UV-A light receptors 

protein superfamily. Photolyases use light cues to repair the UV-induced DNA 

damage, whereas cryptochromes have lost their DNA repair activity (Mei and 

Dvornyk 2015) and act as light-signalling proteins (Fuller et al. 2015). The 

cryptochrome subfamily can be divided between animal cryptochromes, plant 

cryptochromes and CRY-DASH proteins.  The Photolyase group, in turn, consists 

of (6-4) CPD photolyases that repair pyrimidine pyrimidone, and class I CPD 

photolyases that repair cyclobutane pyrimidine dimers, and class II CPD 

photolyases (Idnurm et al. 2010; Mei and Dvornyk 2015; Wang et al. 2017). 

However, CRY-DASH cryptochrome, class I CPD photolyases (PHR) and (6-4)-

pyrimidine-pyrimidone photolyases (CRY-1) are unique to fungi. In N. crassa, a 

DASH-type cryptochrome protein is induced by blue light mediated by the WCC 

(Froehlich et al. 2010), and is required for the activity of an additional circadian 

oscillator known as CRY-dependent oscillator that works independently to the 

well-characterized central FRQ-WCC oscillator (Nsa et al. 2015). The deletion of 
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cry-dash, however, does not alter light-induced gene expression in N. crassa 

(Froehlich et al. 2010). In other organisms, such as Sclerotinia sclerotiorum and 

Fusarium fujikuori, CRY-DASH modulates sexual reproduction and secondary 

metabolism, respectively (Fuller et al. 2015). The expression of CRY-DASH 

protein (BcCRY2) in Botrytis cinerea (leotiomycetes) is regulated by light via the 

WCC, with the help of other members involved in the light response, and it is 

involved in the repression of conidiation (Cohrs and Schumacher 2017). It is 

important to note that even though most of the light responses are modulated by 

the WCC, other photoreceptors may play a key role in light responses depending 

on the developmental stage of the fungus (Olmedo et al. 2010; Dasgupta et al. 

2015). For example, the green-light photoreceptor NOP-1 has no overt light 

responses in N. crassa, however, its deletion causes repression of several genes 

in response to light (Olmedo et al. 2010; Idnurm et al. 2010). Furthermore, NOP-

1 exhibits proton pump activity in response to light and represses spore 

germination upon exposure to light in F. fujikuori (Dasgupta et al. 2015). Little is 

known about photosensing mechanisms in other fungal systems, and as a 

consequence the functionality of the aforementioned photoreceptors in other 

fungi is largely unknown. 

The exposure to a cyclic environment has allowed organisms to evolve an 

internal device that enables them to track time and anticipate the daily oscillations 

that govern the planet, commonly changes in light and temperature (Baker et al. 

2012). The circadian clock generates biological rhythms of approximately 24 

hours, which include a broad range of metabolic and morphologic processes in 

both eukaryotic and prokaryotic organisms. The circadian clock consists of input 

pathways (light, temperature, humidity, etc.) towards the central oscillator that 

allows its adjustment to the external environment. Secondly, a central oscillator 

that generates the oscillation and conforms transcription-translation negative 

feedback loops (TTFL), and lastly, output pathways that translate the oscillation 

into physiological rhythms (Young and Kay 2001). To be called circadian, the 

clock-generated oscillation must meet the following requirements: First, the 

rhythm should persist in constant conditions (absence cyclic conditions) with an 

endogenous free-running period that lasts approximately 24 hours. Second, the 

rhythm must be entrained (reset) by external signals such as light and 
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temperature. Finally, the rhythm is temperature and nutritionally compensated 

(Pittendrigh 1960). These oscillations have been widely observed in most 

branches of life, and are particularly well characterized in N. crassa. In this 

fungus, the circadian clock controls the daily asexual spore production which 

result in the formation of visible bands of conidia (Loros and Dunlap 2001). 

However, elevated levels of CO2 suppress spore formation, hence circadian 

studies are carried out using a N. crassa strain containing a mutation called 

“band”, that enhances the visualization of the rhythm (Sargent et al. 1966). This 

is a dominant mutation in ras-1, encoding small-membrane anchored G-protein. 

In ras-1 bd mutants, the transcription of fluffy (a gene involved in the regulation 

of conidiation) (Bailey-Shrode and Ebbole 2004) increases, resulting in an 

amplification of the circadian banding (Belden et al. 2007). As this example 

makes clear, organisms that lack obvious morphological rhythmicity could still 

possess a circadian clock 

N. crassa is phylogenetically related to many important plant pathogens including 

Verticillium dahliae. V. dahliae is an asexual soil-borne Sordariomycetes that 

causes wilt disease on more than 200 plant species worldwide, including high 

value agricultural crops. Verticillium sp. can persist in soil for long periods in the 

form of melanized resting bodies. In V. dahliae, this are clusters of thick-walled, 

septate and dark pigmented hyphal cells called microsclerotia (Isaac 1949). 

Microsclerotia germinate upon the detection of plant root exudates, and colonize 

the vascular system. Once inside the vessels, conidia are produced and 

transported upwards reaching extensive portions of the plant. The blockage of 

the transport system results in the wilting of the plant and the subsequent 

formation of microsclerotia in the dead tissue, concluding the disease cycle. 

Despite being deprived of direct light radiation for most of its life cycle, V. dahliae 

responds to light inputs, and concentric zonations of microsclerotia in response 

to cyclic stimulus have been reported (Heale and Isaac 1965). This indicates that 

despite being a soil-dwelling fungus, light is still key to the growth and 

development of the pathogen in at least some of its developmental stages.  

In this work, tests were undertaken to investigate the role of light in the 

development of V. dahliae. For this, comparative genetics and orthology studies 

were implemented, revealing the presence of photoreceptors in the pathogenic 
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fungus. As for the previous observation of concentric zonations produced under 

light-dark cycles, further studies consisted of testing the presence of true 

circadian rhythms in V. dahliae. To do so, in vitro cultures were subjected to 

entrainment experiments. However, no sign of free-running morphological 

rhythms were observed. The effect of other external cues such as temperature 

were also tested. To address the heterogeneity that exists among the Verticillium 

genus, the analyses were also performed in other Verticillium species. Finally, 

utilising RNA sequencing we identified genes that are differentially expressed 

between light and dark conditions. Taken together, understanding how fungi 

sense and respond to the environment that surrounds them can provide 

information that is of agricultural and industrial significance. Furthermore, this 

work can also foster discussions about which species benefit from having a 

circadian clock and which species do not need the timekeeping mechanism; 

whether the clock components have extra-circadian roles when a clock is no 

longer needed; and the possibility of re-evolve a clock in case it become 

advantageous.  

 

3 MATERIALS AND METHODS 

3.1 Verticillium strains and growth conditions 

The twenty Verticillium species used for the present study (Table 1) were isolated 

from different hosts, and stored at -80 � as conidial suspensions preserved with 

50 % glycerol. V. dahliae strains from vegetative compatibility (VC) subclade II-2 

(12158), and VC subclade II-1 (12253 and 12008) were used for the phenotypic 

characterization (Fan et al. 2018). V. dahliae 12158 is a low-virulence hyaline 

isolate, whereas both strains 12253 and 12008 produce black microsclerotia and 

are highly virulent strains in strawberry plants (Fan et al. 2018).  

The different Verticillium isolates were cultivated in Petri dishes containing Prune 

Lactose Yeast Agar (PLYA) (Per litre, 100 ml of 1:4 Prune extract:water, 5 g 

Lactose, 1 g Yeast extract, 12 g Agar). Fungi were cultured at 24 � in the dark 

for 7 days. For propagation, plates were flooded with sterile water and gently 

rubbed to create a spore suspension. The suspensions were subsequently 

incubated on PLYA medium for 7 days at 24 � in the dark.  
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Table 1.  List of Verticillium isolates used throughout the study. Isolate number, host, 

origin and date of isolation are displayed. NA: Not available. 

Species	 Isolate	 Plant	host	 Origin	 Isolation	date	
V.	dahliae	 12008	 Strawberry	 Kent,	UK	 1985	
V.	dahliae	 12061	 Strawberry		 Lenham,	UK	 1986	
V.	dahliae	 12062	 Strawberry	 Hampshire,	UK	 1965	
V.	dahliae	 12064	 Chrysanthemum	 Bristol,	UK	 1968	
V.	dahliae	 12065	 Potato	 Canada,	USA	 1969	
V.	dahliae	 12067	 Tomato	 Dorset,	UK	 1971	
V.	dahliae	 12068	 Hops	 UK	 NA	
V.	dahliae	 12072	 Gerbera	 Japan	 1998	
V.	dahliae	 12073	 Chinese	Cabbage	 Japan	 1998	
V.	dahliae	 12086	 Strawberry	-	petiole	 Kent,	UK	 1998	
V.	dahliae	 12158	 Strawberry		 Kent,	UK	 2000	
V.	dahliae	 12161	 Strawberry		 UK	 2000	
V.	dahliae	 12251	 Strawberry		 Kent,	UK	 2012	
V.	dahliae	 12252	 Strawberry		 Kent,	UK	 2012	
V.	dahliae	 12253	 Strawberry		 Kent,	UK	 2012	
V.	dahliae	 12213	 Olive	 NA	 2002	
V.	albo-atrum	 11001	 Hop	 Kent,	UK	 1987	
V.	albo-atrum	 11006	 Hop	 Kent,	UK	 1995	
V.	nubilum	 15001	 NA	 NA	 NA	
V.	tricorpus	 20001	 NA	 NA	 1998	

 

3.2 Conditioning of the physiological rhythm 

To determine the presence of circadian rhythms, conidia were harvested from 7 

day old PLYA plates by flooding spores in water, subsequently, suspensions 

were filtered and counted with a haemocytometer. The spore suspension was 

diluted to a concentration of 3 x 105 spores/mL and 1 µL of the inoculum was 

point-inoculated in the centre of a PLYA plate and incubated for 14 days under 

the appropriate light or temperature conditions. For light entrainment 

experiments, after 14 days at 24 � in a 12:12 LD cyclic environment, plates were 

marked at the end of the dark cycle to denote the edge of the colony prior to 

transfer them to constant darkness (DD) for 7 days. For temperature entrainment 

assays, the cultures were incubated under 12 h at 20 � followed by 12 h at 28 

� in the dark during 14 days prior to transfer to constant temperature. To assess 

the effect of double entrainment, the plates were incubated in a light and 
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temperature cyclic regime of 12 h light at 28 �/12 h dark at 20 �, after which 

they were moved to constant darkness and temperature conditions. To examine 

nutrition compensation, the cultures were inoculated onto a high-nitrogen media 

(PDA) and low-nitrogen media (Czapek DOX Agar) and incubated in 12:12 LD 

cycles for 14 days. PDA is a relative rich medium containing easily digestible 

carbohydrates that facilitate sporulation (Su et al., 2012). Czapek DOX Agar, o 

the other hand, contains sucrose as the carbon source. When indicated, strains 

were subjected to different length cycles such as 6:6 LD, 10:10 LD, 18:18 LD and 

24:24 LD, and short day cycles such as 6:18 LD, 4:20 LD and 2:22 LD at a 

constant temperature of 24 �.  To study the effect of ROS-generating molecules 

on conidiation, 50 µM menadione was added to PLYA media after autoclaving.  

At the end of each experiment, total colony growth was measured using an 

electronic calliper and pictures were taken with a Canon digital camera. Video 

footage of the daily rhythms were performed using a web-cam camera installed 

in an incubator over the period of three 12:12 LD cycles. 

The strains were incubated using Panasonic MLR-352 or MIR-154 incubators 

equipped with fluorescent lamps emitting light over a broad spectrum from 400 

to 700 nm. For cultures treated in constant darkness, temperature cycles or red-

light cycles, the incubators were placed in a dark room.  For red light treatments, 

plates were incubated in a Panasonic MIR-154 equipped with a safe red-light 

emitting bulb (DrFischer PF712 E27). Each experiment was repeated at least 

three times and contained three replicas of each strain and treatment.  

 

3.3 Orthology analysis  

The study involved 29 species sampled from across the Sordariomycetes and 

Leotiomycetes related to V. dahliae, mostly plant-pathogenic fungi which 

genomes were publically available. The respective genome (repeat-masked), 

CDS, and protein sequences were downloaded from Ensembl Fungi (Kersey et 

al., 2014). 

The orthology relationships between the genes in each genome were first 

established using the OrthoFinder ver. 1.0.7 (Emms and Kelly 2015) and 
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OrthoMCL ver. 2.0.9 (Li et al. 2003) pipelines. As results were largely in 

agreement, OrthoFinder results were later used throughout the study.  

3.4 Comparative genetics 

The genes assessed in this study were selected from previous described fungal 

photoreceptor-encoding genes: Wc-1, Wc-2, Vvd, Rgs-Lov, Lov3, Cry-Dash, Cry-

1, Phr, Phy, Nop-1, and Fdd123. The V. dahliae photoreceptor orthologues 

identified through OrthoFinder and OrthoMCL were extracted from the Vdls17 

and JR2 genomes and aligned to their homologues (if present) in N. crassa. The 

protein domain conservation of the putative photoreceptors identified in V. 

dahliae were assessed by comparing the presence of functional domains to N. 

crassa using the InterProScan database. Amino acid identity was extracted from 

alignments created in ClustalW (Geneious version 10.1.3) between N. crassa 

OR74A and V. dahliae JR2 protein sequences. 

 

3.5 RNA isolation and sequencing 

For light and dark-exposed RNA sequencing, V. dahliae 12253 and 12008 were 

grown on Petri dishes containing half strength PDB (FormediumTM) and 

incubated in constant light at 24 � without shaking. After 4 days, the formed 

mycelial mat was cut in equal pieces using a core borer. Liquid shaking cultures 

of half strength PDB were inoculated with a single V. dahliae mycelial plug, and 

synchronized to either light or dark at 24 � for 64 h in a shaking incubator (120 

rpm) to allow the mycelia plug to grow. Flasks were then transferred to dark or 

light conditions depending on the previous entrainment (Supplementary Figure 

1). The mycelial tissues were harvested after 6 h in the dark or 6 h in light, in 

triplicate for each isolate (12 samples). Excess liquid medium from the samples 

was removed using sterilized filter paper, and the mycelium was immediately 

frozen in liquid nitrogen. Tissue harvesting in the dark was performed under a 

red light. 

The samples of V. dahliae mycelium tissues were grinded under liquid nitrogen, 

using RNase-free pestle and mortars, and total RNA was extracted using the 

RNeasy Plant Mini Kit (Qiagen GmbH, Germany) according to the manufacturer’s 

instructions. RNA concentration and quality were measured using the Qubit 2.0 
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Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and Nanodrop™ 

T200 UV spectrophotometer (NanoDrop, Wilmington, USA). The integrity of RNA 

samples was assessed using the Agilent 4200 TapeStation system (Agilent, 

Santa Clara, USA).  Samples with a minimum of 1 µg of RNA (100 ng/µL) with ≥ 

6.8 RIN and 260/280 nm values > 1.8 were sent to Novogene Technology Co. 

Ltd. (Wan Chai, Hong Kong). Sequencing was performed on Illumina HiSeq 

P150, generating at least 25 M paired-end reads per sample replicate. 

 

3.5 RNA-Seq data analysis 

Quality control of the RNA-Seq V. dahliae reads was carried out by fastQC, and 

adapters were trimmed using fastq-MCF. STAR software (Dobin et al. 2013) was 

implemented to align RNA-seq reads to the reference V. dahliae JR2 genome 

(EnsemblFungi). Mapped read counts were calculated using the program 

featureCounts (Liao et al. 2014). Differentially expression analysis was 

performed with DESeq2 package (R software 3.2.2). A grouping command was 

used to assess differentially expressed genes (DEG) between conditions and 

strains. The false discovery rate (FDR) cutoff was set to 0.05. DEG of samples 

in light (6 h L) compared to dark (6 h D) in each isolate, were considered with p-

value <0.05 and 1-log fold change (LFC) in transcript level. Principal component 

analysis (PCA) plot and samples distances plot used rlog-transformed read 

counts, and were carried out using R software. Venn diagrams were drawn to 

compare light regulated DEG genes between isolates.  

To interpret putative functions, predicted protein characteristics were assessed 

utilising gene ontology (GO) terms retrieved from GO.db and Pfam/InterPro 

domains. Gene enrichment analysis for GO terms were performed using topGO 

with Fisher’s exact test to retrieve significant enriched processes of the DEG. The 

representation of enriched biological pathways was plotted using Blast2GO 

software (Conesa et al. 2005). The genes containing functional annotations 

associated with transcription factor were analysed. The analysis of secondary 

metabolites biosynthetic gene clusters in V. dahliae was performed using 

antiSMASH tool (Blin et al. 2017). 
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3.7 Statistical analysis 

The quartiles and mean values of the colony diameters were plotted for each 

strain and light condition.  

Analysis was undertaken using RStudio statistical software (RStudio, Boston, 

USA). RMEL for unbalanced designs was applied with the following formula: 

Diameter ~ Strain * Conditions + (1|Experiment). 

 

4 RESULTS 

4.1 Verticillium sp. contain photoreceptors spanning the visible light 
spectrum 

The genomes of V. dahliae and 29 other Ascomycetes, mainly Sordariomycetes 

and Leotiomycetes, were searched for candidate photoreceptor proteins using 

OrthoFinder and OrthoMCL. In fungi, light responses mainly occur with blue light, 

but photoreceptors for the full visible spectrum are found in their genomes 

(Idnurm et al. 2010). Presence of the main photoreceptor groups (LOVs, CRYs, 

OPs and PHYs) was observed in 20 of the species tested in this study (Figure 

1). 

Orthologues of WC-1 were identified in most of the organisms tested, with the 

exception of the turfgrass pathogen Magnaporthe poae and the thermophilic 

fungus Chaetomium thermophilum and Chaetomium globosum. The other 

member of the WCC complex (WC-2), was also found in most organisms except 

Chaetomium thermophilum. This suggested that the Chaetomium sp. might have 

lost the light-induction of sporulation, development and the regulation of the 

circadian clock since all of these responses require the WCC complex. Another 

LOV-containing protein in filamentous Ascomycota is VIVID (VVD). Amongst the 

29-examined species, C. thermophilum, C. globosum, Trichoderma gamsi and 

Thielavia terrestris lacked VVD. Presence of two additional protein groups 

containing a LOV domain were less commonly distributed, such as the LOV-RGS 

that was absent across the Trichoderma spp. analysed. The LOV-u (LOV3) 

protein, which functions are undetermined, was absent in 6 Sordariales and the 

Trichoderma spp. analysed. 
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Figure 1. Arrangement of photoreceptor proteins and copy numbers across 29 different 

Sordariomycetes species. The photosensors were divided in four color categories 

according to their respective sensibility to different wavelengths of the visible light 

spectrum: LOV-containing proteins in blue, cryptochrome and photolyase family in 

purple, phytochrome in red, and proteins presenting rhodopsin domains in green. Blue 

light photoreceptors: WC-1 (N. crassa orthologues), WC-2 (N. crassa orthologues), VVD 

(N. crassa orthologues), RGS-LOV (B. cinerea orthologues), LOV3 (B. cinerea 

orthologues). UV-A/blue light photoreceptors: CRY-DASH, CRY-1 ((6-4)-pyrimidine-

pyrimidone photolyases), PHR (class I CPD photolyase). Red light photoreceptors: PHY 

(N. crassa orthologues). Green light photoreceptors: NOP-1 (N. crassa orthologues), 

FDD123 (B. cinerea orthologues).  
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Orthologues of the family of cryptochromes (CRY) and photolyases were 

investigated. The majority of the fungal species tested contained the putative 

CRY-DASH (Drosophila, Arabidopsis, Synechocysts, Homo) cryptochromes, 

with the exception of the Chaetomium family (Figure 1). PHR (a class I CPD 

photolyase) orthologues were also found in most of the species tested. In 

contrast to Hypocreales such as Verticillium sp, Fusarium sp, and Trichoderma 

sp, orthologues of the cryptochrome/6-4 photolyase CRY-1 were absent within 

the Sordariales and some Helotiales.  

The photoreceptor responsible of absorbing red-light, the phytochrome (PHY), 

was present in most of the studied species, with the exception of the Chaetomium 

family (Figure 1). PHY was present in more than one copy in the Leotiomycetes. 

Sordaria macrospora, N. crassa, Neurospora tetrasperma, Podospora anserine. 

The presence of green-light photoreceptors, known as rhodopsins, and opsin-

related proteins were also found. Opsin-related proteins contain the rhodopsin 

domain but lack a crucial lysine residue (Lys-263), essential for the 

photoreceptor-chromophore interaction (Bieszke et al. 1999). Presence of opsin-

related proteins (FDD123) are widespread among fungi, with some of them 

exhibiting numerous orthologues (Figure 1). The opsin NOP-1 was non-existent 

in Magnaporthales and Trichoderma species, but present in the rest of the 

organisms.  

	

4.2 V. dahliae photoreceptors are highly conserved  
To investigate the conservation of photoreceptor-encoding gene homologues in 

V. dahliae, protein alignment and domain analysis were performed (Figure 2; 

Table 2). The V. dahliae WC-1 orthologue (VDAG_JR2_Chr2g01990) displayed 

45.22 % identity to N. crassa WC-1. The protein domains present in V. dahliae 

WC-1 corresponded to the domains present in N. crassa WC-1. These include a 

LOV domain followed by two PER-ARNT-SIM (PAS) domains, and a GATA zinc  
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Figure 2. V. dahliae putative photoreceptors. Domain structure of V. dahliae predicted 

photosensory proteins based on InterProScan protein signature database. Preference 

wavelength of absorption of the visible spectrum of light is shown. LOV photoreceptors 

absorb from ~360 to ~470 with a maximum at 450 nm, cryptochrome absorbance ranges 

from ~375 nm to ~600 nm, red light sensors absorb from ~660 nm to ~730 nm, and 

green-light opsin maximum absorption is 536 nm. Gene IDs correspond to Verticillium 

dahliae JR2 genome obtained from EnsemblFungi. Domains: LOV (Light, Oxygen, 

Voltage), PAS (PER, ARNT,SIM), ZN (GATA-type Zinc Finger), RGS (Regulator of G 

protein signaling), PL (DNA photolyase), FAD-b (FAD-binding domain), Rhodopsin 

(Rhodopsin domain), GAF (cGMP-specific phosphodiesterases), PHY (Phytochrome), 

HK (Histidine kinase), ATP (Histidine kinase-like ATPase), CheY (CheY-like domain). 

Nuclear localization signal (NLS) regions are displayed in yellow.  
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finger DNA binding domain. V. dahliae WC-1 also included a predicted nuclear 

localization signal (NLS) sequence (LLSNKKKRKRRKGVG). The V. dahliae WC-

2 orthologue (VDAG_JR2_Chr7g03830) shared 51.12 % amino-acid identity with 

N. crassa protein and contained a PAS domain followed by a GATA zinc finger 

and a NLS sequence (RGRKRKRQW). In N. crassa, the WC-1 and WC-2 PAS 

domains are required for their interaction, which results in the formation of the 

WCC complex. Such interaction is essential to maintain the correct levels of WC-

1 and for the proper function of the circadian clock (Cheng et al. 2001). The 

predicted VVD protein (VDAG_JR2_ Chr3g10380) is a short protein (183 aa) that 

displayed 47.84 % identity to N. crassa VVD, and presented a single LOV 

domain, as seen in its corresponding N. crassa orthologue. The putative RGS-

LOV protein in V. dahliae (VDAG_JR2_Chr1g22390), showed a 30% identity to 

N. crassa protein. However, V. dahliae RGS-LOV contained a PAS domain rather 

than a LOV domain. The additional LOV-containing protein in V. dahliae 

(VDAG_JR2_Chr6g07410) lacked an orthologue in N. crassa, but was found in 

B. cinerea (Schumacher 2017). The protein contained a LOV domain and a NLS 

sequence (VSIKRRITGT). 
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Table 2. Amino acid identity of sixteen putative photoreceptors and light-regulated genes between N. crassa and V. dahliae.  N. crassa and V. 

dahliae (JR2 and Vdls17) photoreceptors and light-regulated proteins (Velvet family) were extracted from the OR74A and JR2 genomes, 

respectively, downloaded from EnsemblFungi. Whole protein alignments between N. crassa and V. dahliae were carried out using the ClustalW 

(Geneious v.10). Percentage of protein identity and query coverage are displayed. Description of the protein functions are stated. NF: Not found. 

	 	
Protein	 N.	crassa	

ORF	 V.	dahliae	JR2	ORF	 V.	dahliae	LS17	
ORF	

Vdls17	
protein	

identity		%	
Description	

PH
O
TO

RE
CE

PT
O
RS
	 LO
V	

WC-1	 NCU02356T2	 VDAG_JR2_Chr2g01990	 VDAG_02321T0	 45.75	

White-collar	complex,	response	
to	blue	light	

WC-2	 NCU00902T0	 VDAG_JR2_Chr7g03830	 VDAG_06866T0	 51.12	
VVD	 NCU03967T0	 VDAG_JR2_Chr3g10380	 VDAG_05570T0	 47.84	
LOV-u	 NF	 VDAG_JR2_Chr6g07410	 VDAG_04582T0	 -	
RGS-LOV	 NCU07268T0	 	VDAG_JR2_Chr1g22390	 VDAG_00799T0	 26.06	

CR
Y	

CRY-DASH	 NCU00582T0	 VDAG_JR2_Chr1g17210	 VDAG_00317T0	 51.74	 Cryptochrome/photolyase,		
CRY-1	 NF	 VDAG_JR2_Chr6g00620	 VDAG_09760T0	 -	 blue	light	and	UV	response	

Photoreactivation	PHR	 NCU08626T0	 VDAG_JR2_Chr7g00170	 VDAG_06267T0	 65.52	

PH
Y	 PHY-1	 NCU04834T0	

VDAG_JR2_Chr4g09150	 VDAG_07462T0	 55.84	
Phytochrome,	response	to	red	
light	PHY2	 NCU05790T0	

O
PS
I

N
	 NOP-1	 NCU10055T0	 VDAG_JR2_Chr1g29230	 VDAG_02933T0	 30.40	

Fungal	opsin,	green	light	sensing	
FDD123	 NCU01735T1	 VDAG_JR2_Chr7g04870	 VDAG_06764T0	 45.77	

LI
G
H
T-
	

RE
G
U
LA
TE
D
	

VE
LV
ET
	

FA
M
IL
Y	 VeA	 NCU01731T0	 VDAG_JR2_Chr7g04890	 VDAG_06763T0	 41.62	

Velvet	family	protein	
VelB	 NCU02775T0	 VDAG_JR2_Chr3g06150	 VDAG_08715T0	 48.43	
VelC	 NCU07553T0	 VDAG_JR2_Chr6g00630	 VDAG_09761T0	 15.13	
VosA	 NCU05964T0	 VDAG_JR2_Chr3g12090	 VDAG_05419T0	 26.72	
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Putative PHR (VDAG_JR2_Chr7g00170), CRY-DASH 

(VDAG_JR2_Chr1g17210), and CRY-1 (VDAG_JR2_Chr6g00620) proteins, 

responsible for blue light and near-UV light sensing were found in V. dahliae. All 

proteins contained a DNA photolyase domain followed by a FAD-binding domain. 

PHR and CRY-DASH displayed 65.85 % and 56.2 % identity to their respective 

orthologues in N. crassa. In homology to N. crassa, the V. dahliae CRY-DASH 

protein contained 15 aa of the 16 aa needed for binding FAD in Arabidopsis 

thaliana CRY3 (Figure 3), which imply that V. dahliae CRY-DASH may bind FAD 

as a chromophore (Brudler et al. 2003; Froehlich et al. 2010). V. dahliae CRY-

DASH also conserved 3 of the 5 aa required for binding to the chromophore 

MTHF in A. thaliana CRY3. The fungus also contained 6 predicted amino acids 

that are required for the interaction with CPD-containing strand of DNA substrate 

in A. thaliana CRY3 (Figure 3) (Huang et al. 2006; Froehlich et al. 2010). In 

addition, V. dahliae CRY-DASH exhibited a conserved region at the C-terminus 

displaying an arginine/glycine-rich motif (Figure 3), involved in RNA-binding in N. 

crassa (Heintzen 2012). Therefore, V. dahliae CRY-DASH is conserved at the 

residue level, suggesting the protein has similar function to those in N. crassa. V. 

dahliae also contained a putative cryptochrome/6-4 photolyase CRY-1 not found 

in N. crassa or any of the Sordariales tested.  

A single orthologue of the red-light sensing phytochrome was found in V. dahliae 

(VDAG_JR2_Chr4g09150), and displayed a 55.84 % similarity to PHY-1 in N. 

crassa. The protein contained conserved functional domains (PAS, GAF, PHY, 

histidine kinase and ATPase domains). 

V. dahliae presented a copy of the putative green-light photoreceptor NOP-1 

(VDAG_JR2_Chr1g29230).  The amino acid alignment depicted the conservation 

of the Lys-263 residue in V. dahliae, responsible for the union of NOP-1 with 

retinol in all archeal rhodopsins (Bieszke et al. 1999). Overall, V. dahliae contains 

functionally well-conserved blue, red and green-light photoreceptors. 
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Figure 3. Conservation of critical CRY-DASH residues in V. dahliae.  The N. crassa CRY-DASH protein sequence (Cry-DASH NC) and its V. 

dahliae homologue (Cry-DASH VD) were aligned using ClustalW (Geneious v. 10). The protein sequences of N. crassa (NCU00582T0) and V. 

dahliae (VDAG_JR2_Chr1g17210) were obtained from the NCBI database.  Coloured boxes indicate essential residues for chromophore binding 

such as FAD (blue), MTHF (purple), and CPD-interacting residues (yellow). In red, RGG repeated regions are pointed out. Identical amino acid 

residues between the two sequences are displayed in black.
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4.3 V. dahliae development differs under fluctuating environmental 

conditions 

Verticillium dahliae produces visible concentric rings of mycelium and 

microsclerotia when cultured in cyclic environments, such as temperature 

oscillations and dark/white-light (LD) cycles. Heale and Isaac described the 

occurrence of this phenomenon in 1965. V. dahliae strains 12158, 12253 and 

12008 were used in all morphological assays as representative strains. We 

observed that under 24 hours LD cycles at constant temperature, hyphal growth 

occurred under both light and darkness, however conidiation from hyphae 

occurred during daylight hours (Figure 4). Conidial formation was never seen at 

the edge of the culture, which supported the theory of developmental 

competency, where responsiveness to light (or other cues) only occurs after the 

developing fungus reaches a minimal age or metabolic state of the hyphae 

(Steyaert et al. 2010). Thus, photoconidiation likely occured at the second line of 

the leading edge, where hyphal cells had a certain age. After a minimum of 48 

hours of growth, microsclerotia first began to develop. Microsclerotia were evenly 

formed under constant light or darkness, however, when grown under dark/light 

cycles they were mainly produced in the dark, as new rings of microsclerotia were 

only observed after a dark period. Even though continuous light did not affect the 

production of microsclerotia, the manifestation of concentric rings under light-

dark cycles indicated that light may influence microsclerotia development after a 

defined time in the dark (Heale and Isaac 1965). Therefore, a temporal aspect is 

required for microsclerotia to start developing after the initial growth, and an 

undefined period in darkness seems necessary for the occurrence of 

microsclerotia zonations. This suggests that V. dahliae uses external cues as 

developmental regulators and might have the ability to measure time in order to 

optimise its survival.  
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Figure 4. Diagram of V. dahliae morphogenesis under light/dark cycles. Under 12 h 

light/12 h white light cycles for 14 days, concentric ring of conidia and microsclerotia are 

produced. Hyphal growth is always seen to lead the edge of the colony.  Hyphae is 

produced under both dark and light conditions. During the light phase, conidiophores 

(white band) are developed on top of the hyphae, but never on the leading edge. 

Microsclerotia appears after at least 72 h of the start of the growth, and in contrast to 

conidiophores, it is produced during the dark phase of the cycle on top of the old hyphae, 

leading to concentric zones of conidia and microsclerotia.  

 

The cultures grown in constant light (LL) and darkness (DD) did not show 

morphological differences between them (Figure 5). Despite the presence of 

putative red-light sensing photoreceptors in V. dahliae, under oscillatory events 

of dark/red-light, microsclerotia and conidia failed to be produced in a concentric 

manner, resembling to cultures grown in constant darkness (DD) or constant light 

(LL) (Figure 5). Thus, V. dahliae does not regulate ring formation using red-light. 

However, as seen in some fungal species such as N. crassa, the presence of 

phytochromes in the genome is not correlated of a morphological response to 

red-light in fungi (Fuller et al. 2015).  
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Figure 5. V. dahliae morphological rhythm under different light regimes. V. dahliae 

hyaline isolate 12158 and the microsclerotia producer isolates 12253 and 12008 were 

point-inoculated on PLYA plates and grown under different light conditions. A) constant 

darkness (DD); B) constant white light (LL); C) cycles of 12 h white-light/12 h dark (LD 

12:12); and D) cycles of 12 h red-light/12h dark (RD 12:12). All plates were incubated 

during 14 days at constant 24 �. Red light was tested as a safe light, and results 

coincided with plates incubated in constant darkness (no rings formed). Experiments 

were performed five times.  

 

V.	d	12253

Re
d	
12
:1
2

DD
LD

	1
2:
12

V.	d	12008

LL

V.	d	12158

D

A

B

C



	

	 72	

To test the influence of light on colony growth, V. dahliae strain 12158, 12253 

and 12008 were point inoculated and allow to grow on PLYA medium for 14 days 

at 24 � under constant illumination (LL) or in the absence of light (DD), as well 

as cyclic white-light/dark cycles (LD) and red-light/dark cycles (RD). None of the 

V. dahliae strains tested showed significant differences (p >0.05, df=5) in total 

colony diameter grown under the different lighting conditions (Figure 6), as 

opposed to other fungal species such as B. cinerea, where light negatively affect 

growth rates (Canessa et al. 2013). However, growth rates within strains were 

highly variable between experiments, showing a great behavioural heterogeneity 

(Figure 6). We observed that microsclerotia was not always produced in 

microscleortia-producer strains and required different time periods to develop 

(data not shown), affecting ultimately the growth rate. Intraclonal morphological 

diversity in Verticillium was reported before by Daayf et al. (1998).  
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Figure 6. Effect of light on V. dahliae colony size. Quantification of total colony size from 

V. dahliae isolates 12158, 12253 and 12008 shown in Fig. 5. The box plot represents 

the variation and the median in colony diameter (mm) corresponding to 14 days of 

growth onto PLYA plates under different illumination conditions: constant darkness (DD), 

constant white light (LL), cycles of 12 h white-light/12 h dark (LD 12:12), and cycles of 

12 h red-light/12h dark (RD 12:12). Experiments were performed five times for isolates 

12253 and 12008, each containing three replicas. For isolate 12158 only one experiment 

containing five replicas was available. RMEL for unbalanced designs was applied. 

Letters indicate significant differences (p<0.05) for each strain.  

(�) No data was available for RD in isolate 12158 
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4.4 V. dahliae lack free-running morphological rhythms  

The formation of concentric rings of microsclerotia and conidia in V. dahliae are 

reminiscent of a circadian rhythm. However, it is unknown if the rings are under 

the clock control. The description of these morphological traits as circadian 

rhythms would facilitate the dissection of the molecular basis of the clock in V. 

dahliae, since it could be possible to correlate genomic studies with phenotypic 

data. We therefore investigated whether the morphological rhythms found in this 

pathogen were endogenous, entrainable and temperature compensated. 

First, it was assessed whether the rhythms were self-sustainable and persisted 

in the absence of external signals such as light/dark or temperature oscillations. 

It was observed that when V. dahliae 12158, 12253 and 12008 were 

synchronized to 12:12 LD for 14 days at 22 oC and then transferred to DD or LL, 

the rings stopped being produced (Figure 7). In the absence of external light 

cycles the zonations did not free-run. Similarly, concentric rings were produced 

in 12:12 temperature cycle of 20oC and 28oC in DD or LL for 14 days. The banding 

pattern was synchronized to temperature oscillations, producing more marked 

zonations and a smaller colony diameter than under LD cycles. However, the 

rings ceased when cultures were transferred to constant temperature (Figure 7 

C). The rhythms were induced by light and temperature cycles rather than being 

self-sustainable. In absolute darkness or constant temperature, the rhythms were 

non-existent.  

To establish if the lack of free-running morphological rhythms was representative 

in a wider set of V. dahliae isolates, 11 independently isolated strains were tested 

under light/dark and temperature 20/28 cycles (Figure S2). The results showed 

the ability to respond to both white-light and temperature cycles, but in the 

absence of external cues we found no evidence of free-running rhythms in any 

of the strains tested.  
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Figure 7.  The morphological rhythms of V. dahliae do not free run. V. dahliae strains 

12158, 12253, and 12008 were point-inoculated on PLYA plates and grown under 

different conditions. A) 12 h white-light/12 h dark cycle for 14 days at 24 �, after which 

they were transferred to constant darkness (LD 12:12 - DD) for 7 days. B) Plates 

incubated under 12 h 20 �/ 12 h 28 � (12:12 20/28) cycles for 14 days in DD, C) and 

moved to constant temperature (24 �) for 7 days (12:12 20/28 - Ct24). Black lines 

indicate the period of growth under constant conditions.  
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In A. nidulan, the entrainment of morphological rhythms required the input of both 

light and temperature cycles, because neither of these alone were sufficient for 

entrainment and subsequent production of free-running rhythms (Greene et al. 

2003). To test if the synchronization of V. dahliae to external environment 

demanded a stronger input, plates were subjected to coordinated cycles of light 

and temperature (Light 28 �/ Dark 20 �) for 14 days, after which they were 

incubated in DD and constant temperature (24 �) for 7 days. Once again, rings 

did not free-run in constant conditions (Figure 8). The combination of both light 

and temperature were not able to drive free-running rhythms in V. dahliae.  

 

 

Figure 8. Double entrainment of light and temperature does not lead to a free running 

morphological rhythm in V. dahliae. V. dahliae isolates 12158, 12253 and 12008 were 

incubated for 14 days under combined input of light and temperature (12 h white-light at 

28 �/12 h dark at 20 ��, after which they were moved into DD at 24� for 7 days. Black 

lines indicate the period of growth under constant conditions. 
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The circadian rhythm in N. crassa also display nutritional compensation, this is, 

conidiation bands are essentially constant when cultures are grown in different 

media (Sargent and Kaltenborn 1972). Therefore, assessment of two extra 

different medias was carried out, utilising PDA and Czapek Dox agar (DOX). 

Rings were displayed on both PDA and DOX under LD conditions (Figure 9). On 

Czapek Dox Agar, bands were less visible because higher mycelia growth was 

encountered. When plates were transferred to absolute darkness, the rhythmic 

growth pattern was not observed. These data indicated that the morphological 

rhythm in V. dahliae behaved similarly over a range of medias.  

	

Figure 9. Morphological rhythms on nutritionally different growth mediums. V. dahliae 

isolates 12158, 12253 and 12008 were grown on potato dextrose agar (PDA) or Czapek 

DOX (DOX) for 14 days under 12 h white-light/12 h dark cycles at 24 �.  
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4.5 V. dahliae conidiation and microsclerotia production are light regulated 

but not circadianly controlled 

Circadian rhythms are able to entrain in response to cyclical cues in the 

environment. An optimal way to elucidate entrainment is to examine cycles with 

periods shorter or longer than 24 hours. If the developmental rhythm is entrained 

by the circadian clock, it will display a period (the time after which a defined phase 

of an oscillation recurs) equivalent to the length of the environmental cycle but 

the phase of the rhythm would differ from the cycle length. However, if the rhythm 

is merely driven by the exogenous environment (not entrained), the phase of the 

driven rhythm will not change with respect to the length of the cycle (Merrow 

1999).   

Examining the effect of 10:10 LD cycles (T=20), 18:18 LD cycles (T=36) and 

28:28 LD cycles (T=56) on V. dahliae developmental rings was carried out. In 

each case, the period of the rhythm matched the entraining cycle, resulting in 

thinner zonations under short periods (T=20), and more spacious rings when 

grown in longer periods (T=36, T=56) (Figure 10). However, due to the small size 

of the rings and the difficulty to track their rhythmic appearance, the phasing of 

the peak of microsclerotia and conidia production were not measured.  

Circadian oscillators generally cannot entrain to all period lengths, and normally 

show entrainment to cycles that are longer than half of the length of a standard 

circadian cycle (Merros 1999). Organisms exposed to short period cycles (6:6 LD 

or temperature) exhibit a phenomenon known as frequency demultiplication. This 

is, they will show a 24 hours rhythm as if the entrainment oscillation was 12:12 

cycle (Huang et al. 1990; Binkley, 1998). Therefore, only one band would occur 

every 24 h. In contrast, if the rhythm simply responded to the external cues, it 

would assume the periodicity of the driving light cycle (Pregueiro et al. 2004), 

displaying two bands every 24 h. Experiments to test frequency demultiplication 

effect in V. dahliae morphological rhythm were performed on PLYA plates 

subjected to 6:6 LD cycles.  The results showed that V. dahliae was not entrained 

by frequency demultiplication, and instead the rhythms of microsclerotia simply 

followed the light transitions at fixed time intervals, obtaining twice as many 

bands than in plates incubated at 12:12 LD (Figure 11).  
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Figure 10. V. dahliae entrainment to short and long LD cycles. V. dahliae isolates 

12158, 12253 and 12008 were and incubated for 14 days at 24 � under A) 10 h 

white-light/10 h dark (10:10 LD) cycles, B) 18 h white-light/18 h dark (18:18 LD) 

cycles, C) 28 h white-light/28 h dark (28:28 LD) cycles. 
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In N. crassa, cultures grown for 24:24 LD cycles (T=48) entrain as if the cycle 

was 12:12 LD, showing two peaks of conidiation for each cycle (Yoshida et al. 

2008). V. dahliae cultured under 24:24 LD and 24:24 temperature cycles formed 

very spaced conidial bands (Figure 11). Microsclerotia zonations were less 

distinguible, and seemed to produce more than one band per T cycle (Figure 11). 

This observation could be indicating the occurrence of frequency multiplication 

only in microsclerotia formation.  

In chronobiology, most circadian experiments are performed under 12:12 h LD 

cycles. However, this photocycle does not represent the natural environment 

where most fungi live. We examined the effect of short day cycles in a T=24 h in 

V. dahliae development. We also wanted to elucidate the minimum light period 

required for the induction of the banding pattern of conidia and microsclerotia 

formation of V. dahliae. We point-inoculated cultures and incubated them in 6:18, 

4:20 or 2:22 h LD cycles. After 14 days cultures were seen to display concentric 

conidia and microscleorotia bands in all the photocycles tested (Figure 12). 

Therefore, even the incubation for 2 hour in light were sufficient to induce 

conidiation and microsclerotia formation after a period in darkness, leading to the 

display of concentric zonations. 	
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Figure 11. Frequency demultiplication assays. V. dahliae isolates 12158, 12253 and 

12008 were point-inoculated on PLYA plates incubated for 14 days at 24 � under 1) 

control cycles of 12 h white-light/12 h dark (12:12 LD), 2) short cycles of 6 h white-light/6 

h dark (6:6 LD), and 3) long cycles of 24 h white-light/24 h dark (24:24 LD).  
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Figure 12. Effect of short days on the production of morphological rhythm. V. dahliae 

isolates 12158, 12253 and 12008 were incubated for 14 days at 24 � under A) 6 h 

white-light/18 h dark (6:18 LD) cycles, B) 4 h white-light/20 h dark (4:20 LD) cycles, C) 

2 h white-light/22 h dark (2:22 LD) cycles.  
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4.6 Elevated ROS levels do not affect conidiation in V. dahliae 

Previous studies have shown that reactive oxygen species (ROS) can affect RAS 

signaling and increase condidiation in wild-type strains of N. crassa, exhibiting 

clear banding patterns with periods similar to the one observed in bd mutants 

(Belden et al. 2007). Currently, the existence of a V. dahliae mutant displaying 

visible bands in constant conditions is unknown. We tested if elevated ROS levels 

stimulated the production of free-running visible bands of conidia in V. dahliae 

wild-type strains, as it does in N. crassa. We inoculated the fungus onto PLYA 

plates supplemented with 50 µM, 75 µM and 100 µM menadione (a small 

molecule ROS generator). The plates were incubated under 12:12 LD cycles for 

14 days, after which they were transferred to constant darkness for 7 days. 

Concentrated levels of menadione (100 µM) had an inhibitory effect on V. 

dahliae, which grew noticeably slower. When grown on plates containing 50 µM 

menadione, the fungus showed a clear banding pattern under cyclic conditions 

but failed to continue when transferred to constant conditions (Figure 13). 

Therefore, elevated ROS levels did not have any effect on facilitating the 

visualization of conidial bands of V. dahliae in free-running conditions, possibly 

because the conidial bands are simply a response to cyclic environment and are 

not driven by the circadian clock.  
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Figure 13. Increased ROS levels do not entail free-running rhythms of conidia. A) V. 

dahliae isolates 12158 and 12253 were entrained for 14 days under simultaneous cycles 

of light and temperature (12 h white-light at 28�/12 h dark at 20 �), and then transferred 

to DD at 24 � for 7 days. B) V. dahliae isolates were point-inoculated on PLYA 

supplemented with 50 µM menadione. Black lines indicate the period of growth under 

constant conditions.  
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4.7 Verticillium spp. display similar responses to light and dark 

Previous studies have illuminated the fact that data collected from one isolate of 

species is not necessarily representative of a specie (Fuller et al. 2016), yet alone 

different species. For this reason, we characterized the photobiology and tested 

for the presence of circadian rhythms in three additional species in the Verticillium 

genus: Verticillium albo-atrum, Verticillium nubilum and Verticillium tricorpus. 

We compared the morphology of V. albo-atrum 11001 and 11006 strains, V. 

nubilum 15001 strain and V. tricorpus 20001 strain grown in either constant dark 

(DD), constant light (LL), 12:12 white light/dark cycles (LD) or 12:12 red light/dark 

cycles (RD) (Figure 14). Plates of V. albo-atrum and V. tricorpus grown in the 

presence of constant white light presented slightly more aerial mycelium than 

those grown in constant darkness. In the dark, the production of resting bodies 

in V. tricorpus and V. nubilum were more abundant than in constant light. When 

cultures were treated in an alternating 12 h light/12 h dark photocycle, concentric 

rings of conidia and resting structures were formed. Cultures of V. nubilum 

treated under red light/dark cycles, did not display concentric rings. In contrast, 

both V. albo-atrum 11001 and 11006 strains displayed concentric zones of 

conidia under a cyclic environment, showing a functional response to red light 

not seen in any other Verticillium strain tested in this study.  

The effect of light on colony growth was tested. V. albo-atrum strains did not 

show significant differences in total colony growth when incubated under DD, LL 

LD or RD conditions (Figure 15), as previously reported in V. dahliae. Conversely, 

light significantly increased the total colony growth of V. nubilum and V. tricorpus 

compared to the cultures grown under DD. Furthermore, red-light/dark cycles 

had a positive effect on the growth of V. tricorpus not observed in any other 

Verticillium species tested in this study.  

We checked whether the concentric rings observed in the different Verticillium 

species occurred in constant conditions. The morphological rhythms of conidia 

and resting bodies were not produced in the absence of cyclic environmental 

signals (Figure 16), and therefore did not agree to the defining property of 

circadian rhythms (endogenous free-running nature).  
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Figure 14. Photomorphogenesis in the Verticillium genus. Verticillium albo-atrum isolate 

11001 and 11006, Verticillium nubilum isolate 15001 and Verticillium tricorpus isolate 

20001 were incubated for 14 days at 24 � under A) constant DD, 2) LL, 3) alternate 12 

h white-light/12h dark cycles (12:12 LD), and 4) alternate 12 h red-light/12 h dark (12:12 

RD) cycles.  
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Figure 15. Effect of light on colony size of Verticillium species.  Quantification of total 

colony size from V. alboatrum isolate 11001 and 11006, V. nubilum isolate 15001 and 

V. tricorpus isolate 20001 displayed in Fig. 14. The box plot represents the variation and 

the median in colony diameter (mm) corresponding to total colony size after 14 days of 

growth on PLYA plates under different illumination conditions: DD, LL, LD 12:12, and 

RD 12:12. Experiments were performed in triplicate, each containing three replicas. For 

isolate V. tricorpus only two sets of data for LL and RD were available. RMEL for 

unbalanced designs was applied. Letters indicate significant differences (p<0.05) for 

each strain.  
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Figure 16. Absence of morphological free-running rhythms across Verticillium species. 

V. alboatrum isolate 11001 and 11006, V. nubilum isolate 15001 and V. tricorpus isolate 

20001 were grown under A) 12:12 LD or C) cyclic temperature conditions (12:12 20/28). 

After 14 days, plates were moved to B) constant darkness (12:12 LD - DD) or D) constant 

temperature conditions (12:12 20/28 - Ct24), respectively. Black lines indicate the period 

of growth under constant conditions.  
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4.8 Transcriptional responses to light 
It is not known how light and its absence unleashed downstream developmental 

pathways in V. dahliae. The effect of light at the transcription level in V. dahliae 

isolates 12253 and 12008 were addressed through RNA-seq experiments. For 

this experiment, cultures were harvested after 6 h in the dark or 6 h in light. 

Principal component analysis (PCA) of DESeq2 normalized counts, served to 

visualize genetic distance and patterns in dataset, as well as to identify outliers 

among the three biological replicates with respect to the principal components 

(controlled by the variance of a proportion of highly expressed genes). The 

replicate samples showed a close similarity in relation to PC1 and PC2 (Figure 

17). PC1 explained 51 % of the total variance in the dataset and divided the 

samples as per V. dahliae strains. PC2 was accountable for 26 % of the variance 

in the dataset and grouped the samples depending on the the light condition the 

samples were subjected to (6 h light or 6 h dark). Isolate V. dahliae 12253 

displayed a higher separation between light and dark than V. dahliae 12008.  

Differentially expressed genes were calculated with a false discovery rate 

threshold < 0.05 and selecting genes presenting a > 1-log2 fold change in 

expression. Out of 11388 with nonzero total counts, 220 transcripts were up-

regulated and 156 transcripts were down-regulated in isolate 12253 after a period 

of 6 hours of light (Figure 18 B). The genes were referred to as light-induced 

genes (LIG) or as light-repressed genes (LRG) respectively. Isolate 12008 

presented a lower number of differentially expressed genes (DEG), with 73 LIG 

and 76 LRG transcripts (Figure 18 B). Venn diagrams were drawn to see the 

light-induced difference in expressed genes that overlapped between both V. 

dahliae strains. After a 6 h in the light, 32 genes were upregulated and 30 genes 

were down-regulated in both 12253 and 12008. Isolate 12253 presented 188 

unique up-regulated transcripts and 126 down-regulated transcripts, while 41 

genes were up-regulated and 46 genes were down-regulated only in 12008.  

 

 

 



	

	 90	

 
Figure 17. Principal component analysis (PCA) plot of 12 RNA-seq samples under 

different lighting conditions. PCA plot uses rlog-transformed (rld) normalized counts. 

PC1 groups strain V. dahliae 12253 (WT53) and 12008 (WT08). PC2 groups light 

conditions between light (l) and dark (d). 
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Figure 18. Venn diagrams of overlapping and unique DEG genes in light between strain 

V. dahliae 12253 (WT53) and 12008 (WT08). A) Diagram shows up-regulated genes or 

B) down-regulated genes. Each strain consists of three biological replicates exposed to 

light, and three replicates exposed to darkness. 

 

Functional enrichment analysis was carried out to analyse the molecular 

functions, biological processes and cellular components of the DEG genes 

affected by the presence or absence of light in V. dahliae 12253 and 12008. The 

biological processes of the light-induced genes in isolate 12253 were enriched 

for red-ox processes, nucleoside metabolism and lipid catabolic processes 

(Table 3; Figure S3). Red-ox processes, tRNA metabolism, ketone catabolism 

and carbon metabolic (peptidoglycan and GABA catabolism) processes 

prevailed among the light-repressed genes of isolate 12253 (Table 3; Figure S4). 

In isolate 12008, the light-induced genes belonged to RNA metabolic processes, 

protein glycosilation and sulfate transport processes (Table 4; Figure S5), in 

addition to the observed in isolate 12253. Interestingly, light-repressed genes of 

isolate 12008 were enriched for amino-acid transport, glucose homeostasis, 

transmembrane transport, carbohydrate metabolic processes and carbohydrate-

derived metabolic process (Table 4; Figure S6). 
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Table 3. GO enrichment terms of significant up- and down-regulated genes in light vs dark in the V. dahliae 12253. The GO terms belonged 

to three different categories: molecular function, biological process and cellular component. The annotated genes, the number of significantly 

expressed genes and the number of expected significantly expressed for each GO term are displayed.  

L/D	in	12253	Up-regulated	
GO.ID	 Term	 Annotated	 Significant	 Expected	 p-value	

Molecular	function	(MF)	
GO:0050660	 flavin	adenine	dinucleotide	binding	 123	 9	 1.78	 7.20E-05	
GO:0016614	 oxidoreductase	activity,	acting	on	CH-OH	group	of	donors	 112	 7	 1.62	 0.0011	
GO:0003847	 1-alkyl-2-acetylglycerophosphocholine	esterase	activity	 4	 2	 0.06	 0.0012	
GO:0003824	 catalytic	activity	 2786	 53	 40.23	 0.0028	
GO:0030976	 thiamine	pyrophosphate	binding	 7	 2	 0.1	 0.0041	
GO:0008061	 chitin	binding	 10	 2	 0.14	 0.0086	
GO:0016491	 oxidoreductase	activity	 741	 24	 10.7	 0.0101	
GO:0052861	 glucan	endo-1,3-beta-glucanase	activity	 2	 1	 0.03	 0.0287	
GO:0004652	 polynucleotide	adenylyltransferase	activity	 2	 1	 0.03	 0.0287	
GO:0008889	 glycerophosphodiester	phosphodiesterase	activity	 2	 1	 0.03	 0.0287	

Biological	processes	(BP)	
GO:0055114	 oxidation-reduction	process	 659	 20	 8.49	 9.50E-05	
GO:0009116	 nucleoside	metabolic	process	 51	 5	 0.66	 0.00044	
GO:0016042	 lipid	catabolic	process	 8	 2	 0.1	 0.00433	
GO:0008152	 metabolic	process	 3005	 45	 38.7	 0.03038	

Cellular	component	(CC)	
GO:0016021	 integral	component	of	membrane	 590	 8	 4.43	 0.045	
	
	 	 	 	 	 	

L/D	in	12253	Down-regulated	
GO.ID	 Term	 Annotated	 Significant	 Expected	 p-value	
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Molecular	function	(MF)	
GO:0030248	 cellulose	binding	 24	 4	 0.38	 0.00051	
GO:0045735	 nutrient	reservoir	activity	 6	 2	 0.1	 0.00364	
GO:0008810	 cellulase	activity	 7	 2	 0.11	 0.00504	
GO:0016491	 oxidoreductase	activity	 741	 23	 11.85	 0.00889	
GO:0016876	 ligase	activity,	forming	aminoacyl-tRNA		 39	 3	 0.62	 0.01572	
GO:0003796	 lysozyme	activity	 1	 1	 0.02	 0.016	
GO:0020037	 heme	binding	 107	 5	 1.71	 0.02765	
GO:0003867	 4-aminobutyrate	transaminase	activity	 2	 1	 0.03	 0.03174	
GO:0009013	 succinate-semialdehyde	dehydrogenase		 2	 1	 0.03	 0.03174	
GO:0051082	 unfolded	protein	binding	 20	 2	 0.32	 0.03987	
GO:0004806	 triglyceride	lipase	activity	 3	 1	 0.05	 0.04724	
GO:0008410	 CoA-transferase	activity	 3	 1	 0.05	 0.04724	
GO:0003968	 RNA-directed	RNA	polymerase	activity	 3	 1	 0.05	 0.04724	

Biological	processes	(BP)	
GO:0055114	 oxidation-reduction	process	 659	 18	 10.57	 0.013	
GO:0043039	 tRNA	aminoacylation	 39	 3	 0.63	 0.016	
GO:0009253	 peptidoglycan	catabolic	process	 1	 1	 0.02	 0.016	
GO:0006080	 substituted	mannan	metabolic	process	 1	 1	 0.02	 0.016	
GO:0033609	 oxalate	metabolic	process	 1	 1	 0.02	 0.016	
GO:0008152	 metabolic	process	 3005	 53	 48.22	 0.021	
GO:0009448	 gamma-aminobutyric	acid	metabolic	process	 4	 2	 0.06	 0.031	

GO:0046952	 ketone	body	catabolic	process	 2	 1	 0.03	 0.032	
GO:0009450	 gamma-aminobutyric	acid	catabolic	process	 2	 1	 0.03	 0.032	

Cellular	component	(CC)	
GO:0005576	 extracellular	region	 57	 4	 0.57	 0.002	
GO:0016021	 integral	component	of	membrane	 590	 11	 5.89	 0.015	
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Table 4. GO enrichment terms of significant up- and down-regulated genes in light vs dark in the V. dahliae 12008. The GO terms belonged 

to three different categories: molecular function, biological process and cellular component. The annotated genes, the number of significantly 

expressed genes and the number of expected significantly expressed for each GO term are displayed.  

L/D	in	12008	Up-regulated	
GO.ID	 Term	 Annotated	 Significant	 Expected	 p-value	
Molecular	function	(MF)	
GO:0003913	 DNA	photolyase	activity	 1	 1	 0.01	 0.006	
GO:0016491	 oxidoreductase	activity	 741	 10	 4.44	 0.0079	
GO:0004652	 polynucleotide	adenylyltransferase	activity	 2	 1	 0.01	 0.0119	
GO:0010181	 FMN	binding	 32	 2	 0.19	 0.0154	

GO:0003847	
1-alkyl-2-acetylglycerophosphocholine	esterase	
activity	 4	 1	 0.02	 0.0237	

GO:0008271	
secondary	active	sulfate	transmembrane	
transporter	activity	 6	 1	 0.04	 0.0354	

GO:0008375	 acetylglucosaminyltransferase	activity	 7	 1	 0.04	 0.0412	
GO:0050525	 cutinase	activity	 7	 1	 0.04	 0.0412	
Biological	processes	(BP)	
GO:0009116	 nucleoside	metabolic	process	 51	 3	 0.27	 0.0022	
GO:0006487	 protein	N-linked	glycosylation	 5	 1	 0.03	 0.0259	
GO:0043631	 RNA	polyadenylation	 5	 1	 0.03	 0.0259	
GO:0008272	 sulfate	transport	 6	 1	 0.03	 0.0311	
GO:0016042	 lipid	catabolic	process	 8	 1	 0.04	 0.0412	
GO:0031123	 RNA	3'-end	processing	 8	 1	 0.04	 0.0412	
Cellular	component	(CC)	
GO:0005576	 extracellular	region	 57	 2	 0.23	 0.02	

	
	

L/D	in	12008	Down-regulated	
GO.ID	 Term	 Annotated	 Significant	 Expected	 p-value	
Molecular	function	(MF)	
GO:0004342	 glucosamine-6-phosphate	deaminase	activity	 2	 1	 0.01	 0.012	
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GO:0052861	
glucan	endo-1,3-beta-glucanase	activity,	C-3	
substituted	reducing	group	 2	 1	 0.01	 0.012	

GO:0015171	 amino	acid	transmembrane	transporter	activity	 32	 2	 0.19	 0.015	
GO:0003968	 RNA-directed	RNA	polymerase	activity	 3	 1	 0.02	 0.018	
GO:0005536	 glucose	binding	 5	 1	 0.03	 0.03	
GO:0004396	 hexokinase	activity	 5	 1	 0.03	 0.03	
GO:0008810	 cellulase	activity	 7	 1	 0.04	 0.041	
Biological	processes	(BP)	
GO:0006952	 defense	response	 2	 1	 0.01	 0.013	
GO:0003333	 amino	acid	transmembrane	transport	 32	 2	 0.21	 0.018	
GO:0006044	 N-acetylglucosamine	metabolic	process	 3	 1	 0.02	 0.019	
GO:0001678	 cellular	glucose	homeostasis	 5	 1	 0.03	 0.032	
GO:0055085	 transmembrane	transport	 498	 8	 3.23	 0.036	
GO:0046835	 carbohydrate	phosphorylation	 6	 1	 0.04	 0.038	
Cellular	component	(CC)	
GO:0005576	 extracellular	region	 57	 5	 0.4	 2.60E-05	
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4.9 Low transcriptional activation of photoreceptors and transcription 
factors in response to light 

In contrast to what is observed in N. crassa, the expression of most of the 

photoreceptor-encoding genes in V. dahliae were not induced by light (Table 5). 

The cryptochrome encoding gene cry-dash (VDAG_JR2_Chr1g17210) was the 

only up-regulated photoreceptor after 6 h in light, presenting an approximate 1-

fold increase in both 12253 and 12008 isolates. An undefined rhodopsin 

containing gene (VDAG_JR2_Chr1g29230) was only up-regulated in isolate 

12008. In addition, the LOV-containing protein lov-u was significantly upregulated 

in both isolates, although the log2-fold change in expression was lower than the 

established cutoff of 1. Neither of the WCC components (wc-1 and wc-2) showed 

an increase in expression at 6 h in light respect to dark. This result could be due 

to the late time-point after light induction (6 hours) used in this experiment. 

 

Table 5 (Overleaf). Expression patterns of genes encoding photoreceptor and TF 

proteins in V. dahliae. The relative expression (LFC) of putative photoreceptor proteins 

in light versus dark. Expression levels of 14 TF-encoding genes altered by light in V. 

dahliae. Transcripts displaying a log2-fold change (LFC) >1 were classified as pink, dark 

red if the LFC > 2, light green if the LFC < -1 and dark green if the LFC < -2. Yellow 

boxes indicate p < 0.05.  
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L/D	in	V.d	12008 L/D	in	V.d	12253

Transcript_id contig baseMean LFC p-value LFC p-value Gene SM TFs Interpro

VDAG_JR2_Chr1g29230 1 947.97 1.15 0.00 0.58 0.07 Fungal	rhodopsin

VDAG_JR2_Chr6g07410 6 389.74 0.68 0.00 0.56 0.00 lov-u PAS

VDAG_JR2_Chr4g09150 4 1183.74 0.14 0.53 0.26 0.12 phy HK;	PAS;	Phytochrome

VDAG_JR2_Chr2g01990 2 1927.46 -0.04 0.87 0.17 0.22 wc-1 Zinc	finger,	GATA-type PAS;	GATA,	Zinc	finger

VDAG_JR2_Chr1g22390 1 1432.31 0.06 0.76 0.05 0.76 rgs-lov PAS

VDAG_JR2_Chr3g10380 3 1712.70 -0.14 0.47 -0.06 0.75 vvd PAS

VDAG_JR2_Chr7g00170 7 1314.90 -0.02 0.92 -0.06 0.58 phr DNA-photolyase;	FAD-binding

VDAG_JR2_Chr1g23470 1 3205.26 0.29 0.04 -0.09 0.60 nop-1 G-protein	 glucose	receptor;	 Rhodopsin

VDAG_JR2_Chr7g03830 7 712.43 -0.15 0.38 -0.10 0.52 wc-2 Zinc	finger,	GATA-type PAS;	GATA,	Zinc	finger

VDAG_JR2_Chr6g00620 6 190.18 -0.17 0.58 -0.07 0.81 cry-1 other Photolyase/cryptochrome;	 FAD-binding

VDAG_JR2_Chr1g17210 1 626.98 1.19 0.00 0.99 0.00 cry-dash terpene Cryptochorme/photoliase;	 FAD-binding

Transcription	 factors
VDAG_JR2_Chr8g00200 8 59.32 -0.83 0.03 -1.95 0.00 Zinc	finger,	C2H2-type Zinc	finger,	C2H2-type

VDAG_JR2_Chr8g01630 8 421.52 -0.70 0.02 -1.23 0.00 Zinc	finger,	C2H2-type;Fungal	TF Zinc	finger,	C2H2-type;Fungal	TF

VDAG_JR2_Chr1g24030 1 41.32 -0.25 0.60 -1.20 0.00 Zn2/Cys6;Fungal-specific	TF Zn2/Cys6;Fungal-specific	TF

VDAG_JR2_Chr2g04990 2 4821.33 -0.67 0.00 -1.06 0.00 Nucleic	 acid-binding	 proteins Aminoacyl-tRNA	 synthetase,	class	II

VDAG_JR2_Chr1g13180 1 281.01 -0.70 0.01 -1.04 0.00 Nucleic	 acid-binding	 proteins Nucleic	 acid-binding	 proteins

VDAG_JR2_Chr7g07100 7 26234.07 -0.84 0.00 -1.04 0.00 Helix-loop-helix	 DNA-binding Myc-type,	basic	helix-loop-helix	 (bHLH)

VDAG_JR2_Chr5g05720 5 31774.35 -0.79 0.00 -1.02 0.00 Zinc	finger,	C2H2-type Zinc	finger,	C2H2-type

VDAG_JR2_Chr1g26850 1 73.11 -0.27 0.53 -1.00 0.00 Zn2/Cys6;Fungal-specific	TF Zn2/Cys6;Fungal-specific	TF

VDAG_JR2_Chr1g03550 1 846.56 -1.13 0.00 -0.52 0.22 TEA/ATTS TEA/ATTS

VDAG_JR2_Chr3g13030 3 73.27 -0.21 0.63 1.30 0.00 Zn2/Cys6 Zn2/Cys6

VDAG_JR2_Chr5g05660 5 1719.45 -0.01 0.98 1.34 0.00 Zinc	finger,	C2H2-type Zinc	finger,	C2H2-type

VDAG_JR2_Chr5g01890 5 401.55 0.53 0.06 1.53 0.00 Zn2/Cys6;Fungal-specific	TF Zn2/Cys6;Fungal-specific	TF

VDAG_JR2_Chr1g23950 1 798.47 -0.09 0.85 1.98 0.00 t1pks-nrps Zn2/Cys6 Zn2/Cys6

VDAG_JR2_Chr3g04200 3 31321.93 -0.37 0.02 -0.92 0.00 VdMsn2 Zinc	finger,	C2H2-type Zinc	finger,	C2H2-type
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TFs are downstream regulators of the light-induction process. The expression of 

genes containing functional annotations associated with transcription factor 

domains was analysed. V. dahliae genome contains 640 genes encoding 

different family of TFs, and 13 TFs genes were differentially expressed in light 

versus dark in at least one V. dahliae isolate (Table 5). Light is involved in the 

repression of ten TFs, belonging to the Zinc finger C2H2, Nucleic acid-binding 

protein, Zn2/Cys6-TF, HLH DNA-binding and TEA/ATTS type. The TF VdMsn2 

(VDAG_JR2_Chr3g04200) that affect microsclerotia production and hyphal 

growth in V. dahliae (Tian et al. 2017), was found to be significantly down-

regulated in light with a log-fold change slightly lower than 1. Four TF-encoding 

genes were induced by light, including VDAG_JR2_Chr1g23950 that is part of 

one of the PKS-NRPS secondary metabolites cluster. Interestingly, the N. crassa 

SUB-1 gene homologue (VDAG_JR2_Chr1g15260), an important “early” light-

responsive TF in N. crassa, was not found to have differential expression after 6 

hours in light in V. dahliae. 

 
4.10 Light regulates the expression of secondary metabolites biosynthetic 
genes 
Fungal secondary metabolites have important physiological activities. This 

compounds have an enormous social impact as they possess antibiotic effects 

and take an active part during pathogenicity in plants and animals. Secondary 

metabolism genes are generally found in clusters, and often contain a 

transcription factor that regulates the genes within the cluster (Fox and Howlett 

2008). The cluster also includes a key gene involved in the synthesis of the 

secondary metabolite (SM), genes encoding enzymes of modification and genes 

codifying transport proteins for the SM. The production of secondary metabolites 

is controlled by additional central transcription factors that act at a higher 

transcriptional level and normally respond to environmental cues.  

The analysis of biosynthetic gene clusters in V. dahliae was performed using 

antiSMASH tool (Blin et al. 2017). A total of 86 putative gene clusters were 

identified, which 24 were secondary metabolite biosynthetic gene clusters. V. 

dahliae presented 48 core SM biosynthetic genes, of which 18 were polyketide 

synthases (PKS), 11 terpenes, 5 non-ribosomal peptide synthases (NRPS), 3 
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PKS-NRPS, 4 fatty acid related and 7 described as other (Table S2). The RNA-

seq data revealed only 4 core SM genes that were differentially expressed when 

exposed to long pulses of light. Three of the four DEG belonged to a PKS-NRPS 

hybrid cluster (cluster 14) that is composed of a total of 20 genes (Figure 19). 

Interestingly, 8 of the genes in cluster 14 consisted in the top most up-regulated 

genes in light versus dark conditions (Table S2). Furthermore, the core polyketide 

dehydratase encoding gene (VDAG_JR2_Chr1g23880) was found to be a 

homologue of the Magnaporthe oryzae TAS1, a biosynthetic gene encoding a 

lovastatin nonaketide synthase produced in several plant pathogenic fungi 

(Campbell and Vederas 2010). The type 1 PKS cluster number 24 presented 4 

of the 20 cluster genes up-regulated. However, the main biosynthetic gene of the 

cluster (VDAG_JR2_Chr2g07190) did not change its expression pattern in 

response to light (Table S2).  

Melanin is an important pigment among filamentous fungi, and an integral 

compound of microsclerotia in V. dahliae that confers durability and protection 

against the external conditions. The melanin biosynthetic gene cluster in V. 

dahliae (Duressa et al. 2013), that includes a PKS encoding gene 

(VDAG_JR2_Chr1g15880), a laccase (VDAG_JR2_Chr1g15860), a versicolorin 

reductase (VDAG_JR2_Chr1g15790), the TF C1CMR2 

(VDAG_JR2_Chr1g15863) and the  homologue of the Pig1-CMR1 transcription 

factor (VDAG_JR2_Chr1g15865) associated with fungal melanin production 

(Eliahu et al. 2007; Tsuji et al. 2002; Duressa et al. 2013), did not present 

transcriptional changes in light versus dark conditions (Table 6). Other genes 

involved in the biosynthesis of microsclerotia (Xiong et al. 2014), such as acetyl-

CoA carboxylase (VDAG_JR2_Chr6g02720), polyketide synthase 

(VDAG_JR2_Chr1g02550), THN reductase (VDAG_JR2_Chr6g02610) and 

scylatone deshydratase (VDAG_JR2_Chr8g09480),   were not transcriptionally 

different in light conditions either. Concurrently, the expression of geranylgeranyl 

diphosphate (GGPP) synthase (VDAG_JR2_Chr1g12450), phytoene synthase 

(CarRA, VDAG_JR2_Chr1g17230), phytoene deshydrogenase (CarB, 

VDAG_JR2_Chr1g17240) and carotenoid oxygenase (CarX, 

VDAG_JR2_Chr7g05440), which encode the enzymes responsible of the 

synthesis of β-Carotene and retinal in many filamentous fungi, were not induced 
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or repressed by light. In contrast, carotenoids are strongly induced by light in 

other fungal species such as N. crassa and B. cinerea (Linnemannstöns et al. 

2002; Prado-Cabrero et al. 2007). The member of car genes that encodes an 

opsin-like protein (VDAG_JR2_Chr7g04870 or CarO), presented a significant 

induction of gene expression in light versus dark, however, the LFC did not reach 

the cutoff level of 1 (table 6).	

The Velvet complex has been described to regulate development and secondary 

metabolism in various species of filamentous fungi. The function of the velvet 

complex has been very well characterized in A. nidulans. In A. nidulans, the 

complex consists of VelA, VelB, VelC, VosA and LaeA (an homologue of wc-1), 

which links the development and SM synthesis in response to light (Bayram and 

Braus 2012). The Velvet family has also been proven to govern pathogenicity in 

Fusarium osysporum (López-Berges et al. 2013). The members of the complex 

contain a velvet domain and consist of fungal-specific transcription factors 

(Ahmed et al. 2013). V. dahliae contain homologues of the four velvet 

components: VeA (VDAG_JR2_Chr7g04890), VelB (VDAG_JR2_Chr3g06150), 

VelC (VDAG_JR2_Chr6g00630) and VosA (VDAG_JR2_Chr3g12090). VosA 

presented a significant induction of gene expression, but none of the other 

components of the velvet family were differentially expressed in light vs dark 

(Table 6). 
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Figure 19. Schematic representation of the PKS-NRPS gene cluster expression. The image highlights up-regulated genes in red if LFC > 2, pink 

if LFC > 1 and down-regulated genes in green (LFC < -1) of the V. dahliae PKS-NRPS cluster (cluster 14) in response to light. This figure 

correlates with the data in Table S2. Core secondary metabolite biosynthetic genes, TF and transport-related genes that are differentially 

expressed are indicated in black. SDR stands for short-chain dehydrogenase/reductase.  
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Table 6. Expression pattern of genes involved in pigment biosynthesis in V. dahliae. The table contains information on the gene expression in 

light vs dark of the melanin biosynthetic gene cluster (Duressa et al. 2013), the melanin biosynthetic pathway genes (Xiong et al. 2014), genes 

encoding carotenoid biosynthetic enzymes, and genes belonging to the velvet complex. Transcripts displaying a log2-fold change (LFC) >1 were 

classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and dark green if the LFC < -2. Yellow boxes indicate p < 0.05.  

      
L/D in V.d 

12008 L/D in V.d 12253         
Transcript_id Contig baseMean LFC p-value LFC p-value Gene Antismash SM TFs 

Melanin biosynthetic cluster (Duressa et al., 2013)                 
VDAG_JR2_Chr1g15890 1 2.34 0.226 0.738 0.468 0.350 DUF1996 domain protein cluster_7 t1pks  

VDAG_JR2_Chr1g15940 1 163.23 
-

0.121 0.781 0.450 0.096 Glycosyl transferase cluster_7 t1pks  
VDAG_JR2_Chr1g15870 1 162.97 0.169 0.572 0.378 0.078  cluster_7 t1pks  
VDAG_JR2_Chr1g15910 1 83.17 0.292 0.360 0.352 0.144  cluster_7 t1pks  

VDAG_JR2_Chr1g15860 1 202.72 0.394 0.067 0.314 0.110 
Conidial pigment biosynthesis 

oxidase cluster_7 t1pks  
VDAG_JR2_Chr1g15900 1 47.74 0.441 0.250 0.313 0.371  cluster_7 t1pks  
VDAG_JR2_Chr1g15850 1 175.48 0.144 0.611 0.213 0.303  cluster_7 t1pks  
VDAG_JR2_Chr1g15920 1 129.87 0.189 0.567 0.126 0.651 Transcription factor C1CMR2 cluster_7 t1pks Zn2/Cys6 

VDAG_JR2_Chr1g15820 1 1416.24 0.082 0.576 0.124 0.260 
Pyroxidal_dependent 

decarboxylase cluster_7 t1pks  

VDAG_JR2_Chr1g15930 1 524.64 0.195 0.274 0.045 0.815 Transcription factor CMR1/Pig1 cluster_7 t1pks 
Zinc finger, 

C2H2 

VDAG_JR2_Chr1g15830 1 1099.89 0.072 0.705 -0.023 0.899 
DUF92 domain-containing 

protein cluster_7 t1pks  

VDAG_JR2_Chr1g15880 1 770.90 
-

0.222 0.403 -0.188 0.413 
Conidial yellow pigment 

biosynthesis PKS cluster_7 t1pks  

VDAG_JR2_Chr1g15800 1 177.82 
-

0.101 0.778 -0.271 0.244 Amino acid adenylation  cluster_7 t1pks  

VDAG_JR2_Chr1g15810 1 347.14 
-

0.272 0.118 -0.300 0.053  cluster_7 t1pks  



	

	103	

VDAG_JR2_Chr1g15840 1 18.56 
-

0.112 0.872 -0.631 0.127  cluster_7 t1pks  

VDAG_JR2_Chr1g15790 1 170.81 0.233 0.468 -0.082 0.796 

Short-chain 
dehydrogenase/reductase 

(SDR) cluster_7 t1pks  
Melanin biosyntetic pathway genes (Xiong et al., 2014)               

VDAG_JR2_Chr6g02720 6 45639.24318 -0.279 0.365 -0.351 0.165 acetyl-CoA carboxylase    
VDAG_JR2_Chr1g02550 1 5989.710055 -0.041 0.939 0.367 0.195 polyketide synthase    

VDAG_JR2_Chr6g02610 6 1.222375388 0.067 NA -0.194 0.693 
tetrahydroynaphthalene (THN) 

reductase    
VDAG_JR2_Chr8g09480 8 72.79262031 -0.043 0.943 0.464 0.119 scytalone dehydratase cluster_84   
VDAG_JR2_Chr1g15790 1 170.8149703 0.233 0.468 -0.082 0.796 versicolorin reductase    
Carotenoid biosynthetic genes                    

VDAG_JR2_Chr1g12450 1 2369.068 0.025 0.938 0.277 0.082 GGPP synthase cluster_6 terpene  
VDAG_JR2_Chr1g17230 1 449.272 0.430 0.005 0.078 0.668 CarA cluster_8 terpene  
VDAG_JR2_Chr1g17240 1 258.870 0.276 0.198 -0.082 0.718 CarB cluster_8 terpene  
VDAG_JR2_Chr7g05440 7 367.704 0.232 0.246 -0.190 0.261 CarX    

VDAG_JR2_Chr5g03750 5 352.608 0.146 0.749 0.784 0.004 
Carotenoid oxygenase; Retinal 

pigment    

VDAG_JR2_Chr1g29240 1 126.448 0.570 0.017 -0.094 0.757 
Carotenoid oxygenase; Retinal 

pigment    
VDAG_JR2_Chr3g03050 3 14.381 -0.454 0.454 -0.632 0.190 Carotenoid oxygenase    
VDAG_JR2_Chr7g04870 7 3840.293 0.583 0.000 0.319 0.043 CarO    

Velvet Family genes                      
VDAG_JR2_Chr7g04890 7 2895.247 -0.065 0.684 0.212 0.037 VeA    
VDAG_JR2_Chr3g12090 3 411.623 0.410 0.013 0.530 0.001 VosA cluster_32   
VDAG_JR2_Chr3g06150 3 1579.381 0.103 0.593 0.122 0.424 VelB    
VDAG_JR2_Chr6g00630 6 2283.761 -0.095 0.603 0.077 0.621 VelC cluster_60 other   
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5 DISCUSSION 

In this study, we have shown that light receptors covering the visible light 

spectrum are present in most of the Sordariomycetes and Leotiomycetes tested 

except for the thermophilic fungi Chaetomium thermophilum and its relative 

Chaetomium globosum. Verticillium dahliae contains orthologues for all the 

described photoreceptors despite being a soil-borne fungus.  A high degree of 

conservation is found amongst photoreceptors, not only at the domain level but 

at the residual level. Furthermore, V. dahliae physiology is regulated in response 

to light, and under blue-light/dark cyclic conditions, concentric rings of conidia 

and microsclerotia are displayed. Therefore, blue light is an important source of 

environmental information to V. dahliae, that has a substantial impact on the 

developmental stage of the fungus, and could be associated to the ability to 

survive, spread and cause disease in V. dahliae and many other fungi. On the 

contrary, cycles of red-light and darkness do not trigger the formation of 

concentric bands. The effects of red-light have been very well characterized in 

Aspergillus species. In this group, red-light plays an active role in growth and 

development not seen in N. crassa (Fuller et al. 2013). Some have hypothesized 

that a strong red-light response correlates with the lack of a frq-driven circadian 

clock (Rodriguez-Romero et al. 2010). In any case, phytochromes involved in the 

reception of red/far-red light in fungi, could have important implications for 

sensing dawn and dusk and adjust the circadian clock to the correct time of the 

day (Idnurm and Heitman 2005b).   

The presence of putative blue-light photoreceptors such as WC-1, WC-2 and 

VVD, which are part to the circadian clock central oscillator in N. crassa, lead to 

the hypothesis that V. dahliae could harbour a functional circadian clock. 

Circadian systems confer an adaptive advantage, allowing the anticipation of 

environmental changes that occur at predictable times of the day. In order to 

determine if V. dahliae morphological rhythm was endogenous, entrainable and 

temperature compensated, a variety of tests were performed. However, the 

rhythm was observed under light-dark (LD) and temperature cycles, but did not 

persist in the absence of external stimuli, failing to uphold the first criteria of 

circadian rhythms (Pittendrigh 1960). A test of the effect of different mediums on 

the circadian clock was carried out. Again, the bands were not observed when 
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transferred to constant conditions, concluding that the media composition was 

not interfering on the clock output. In N. crassa, the visualization of conidial 

rhythms in constant conditions is possible. However, it requires a strain 

containing a mutant allele of the ras-1 gene called band, which leads to an 

enhanced circadian conidiation (Belden et al. 2007; Hevia et al. 2015). In contrast 

to N. crassa, elevated ROS levels did not enhance the visualization of conidial 

rings in V. dahliae (Belden et al. 2007). This could be due to a difference in the 

regulatory pathways that govern conidiation in V. dahliae. Another explanation to 

the absence of endogenous free-running rhythms in V. dahliae could be due to 

an easily damped rhythm in the absence of external signals, to a non-circadian 

regulated morphological output or ultimately, the absence of a functional clock.  

Entrainment analysis showed that V. dahliae conidia and microscleotia rings 

were produced under different photoperiods and cycle lengths (T), and lead to 

thinner or wider rings depending on the total length of the cycle. The period of 

the rhythm matched the entraining cycle. However, due to the small size of the 

ring it was not established if the phasing of the rhythm changed with respect to 

the length of the cycle. This information could reveal if the rhythms of conidia and 

microscleortia were ruled by the circadian clock or merely driven by the external 

oscillating environment (Greene et al. 2003).  

Frequency demultiplication effects whereby the rhythm occur once every 24 h 

even though the period cycles are close to a half of the endogenous period 

(T=12), have been observed in circadian regulated rhythms, but profoundly 

depends on the strength and the nature of the stimulus (Roenneberg et al. 2005). 

In addition, exposure to long periods (T=48) have the opposite effect, multiplying 

the number of the rhythm to one each 24 h (Yoshida et al. 2008). Care has to be 

taken to differentiate between entrainment and masking effects. V. dahliae grown 

under under 6:6 LD cycles showed a lack of demultiplication, containing as many 

bands as cycles were run. On the other hand, when the fungus was exposed to 

extreme T cycles (24:24 LD or temperature), we observed two less defined peaks 

of microsclerotia but only one clear band of conidia in a 48 h span. The result 

could be either a demonstration of frequency multiplication effects on 

microsclerotia formation or a developmental response to changes in light or 

temperature (a heat-shock effect) after a considerably long period of time in a 
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specific phase, thus leading to a masking effect. However, conclusions would be 

inaccurate without using automated scans to calculate the phase of the peaks as 

done in N. crassa. We then looked at the minimal photoperiod required for the 

formation of rings in a normal circadian cycle T=24, and found that short period 

of light such as 2:22 and 4:20 LD cycles were able to drive conidial and 

microscleortia zonations. This indicates that short periods of light can modulate 

the conidiation process and the formation of microsclerotia. Further experiments 

using molecular assays such as luciferase promoter reporters will be essential 

for deciphering the presence of circadian rhythms in V. dahliae since frq RNA 

kinetics are a good model to study temperature-entrained rhythms (Madeti et al. 

n.d.).  

A high heterogeneity between isolates and species in response to light has been 

reported (Fuller et al. 2016). Testing multiple V. dahliae isolates for the presence 

of overt circadian rhythms, showed a preserved response in all isolates, lacking 

the formation of rings in the absence of external environmental cues. V. albo-

atrum, V. nubilum and V. tricorpus did not show self-sustained rings in constant 

conditions either. In conclusion, our data demonstrate the lack of self-sustainable 

phenotypic rhythms among the Verticillium isolates tested. Nevertheless, as 

stated by Roenneberg & Merrow, self-sustained biological rhythms would have 

been a complementary artefact gained in the evolution process of entrainment, 

since complete constant conditions in the environment are extremely rare. 

Therefore, free-running rhythms are not utterly essential for the function of the 

circadian clock (Roenneberg and Merrow 2002; Eelderink-Chen et al. 2010). 

Furthermore, the absence of endogenous rhythms does not necessarily 

compromise the presence of the clock controlling other processes. As seen in N. 

crassa, gene expression on WT isolates fluctuate rhythmically even if the conidial 

bands are not observed in wild-type strains (Hurley et al. 2014). Further analysis 

of rhythmic gene expression might support the existence of a circadian clock in 

V. dahliae. 

The effect of different sources of light on colony growth was proven insignificant 

for V. dahliae and V. albo-atrum strains. On the other hand, both V. nubilum and 

V. tricorpus presented significantly bigger colony size when cultured in 

continuous illumination compared to dark-grown colonies. Interestingly, red-light 
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positively affected colony growth in V. tricorpus. An understanding on how an 

organism respond to light is really informing the way it perceives and behaves in 

the environment. For example, growth in B. cinerea and A. nidulans is negatively 

affected by light (Canessa et al. 2013), which represents a stress factor. It might 

be that for V. dahliae, light conforms an spacial indicator of the surface (both in 

the soil and in the xylem) and therefore, growth is not restricted under 

illumination. Different fungi have evolved to react differently to light signals 

depending on their needs. Thus, light-induced conidiation may be more 

advantageous for the spore dispersion of soil-borne plant-pathogen species.  

Through transcriptomic analysis of samples exposed to 6-hour light and 6-hour 

dark pulses, we analyzed the transcriptional changes induced by light in V. 

dahliae isolates 12253 and 12008. The RNAseq data showed a different light-

response between V. dahliae isolates 12253 and 12008. This differences could 

be due to the heterogeneity across samples, and the required timing to reach a 

developmental state. We failed to observe an increase of expression in most 

photoreceptor encoding genes after 6 h under light conditions. This result could 

be reflecting a “photoadaptation” effect that occurs after the initial light pulse. 

Therefore, our data could be neglecting the transcriptional change that occurs in 

early light-induced genes. The cryptochrome cry-dash gene was the only 

photoreceptor-encoding gene to be up-regulated in response to light. The 

transcription profile of transcription factor encoding genes revealed a total of 14 

differentially expressed genes due to light induction. In special, the TF VdMsn2 

that affects microsclerotia production and hyphal growth in V. dahliae (Tian et al. 

2017), was found to be significantly down-regulated under light conditions. 

Among the differentially expressed TFs genes, 10 genes were found to be down-

regulated and only 4 were up-regulated in light vs dark. Interestingly, the up-

regulated TF gene (VDAG_JR2_Chr1g23950), belonged to the PKS-NRPS 

secondary metabolite cluster that contained 8 of the most up-regulated genes in 

the dataset. The core SM biosynthetic gene of the PKS-NRPS cluster was found 

to encode a lovastatin nonaketide synthase protein. The genome of V. dahliae 

contains 48 core SM biosynthetic genes, though only the PKS-NRPS related 

genes presented transcriptional differences triggered by light. As mentioned 

above, an earlier time-point could be more informative on early SM light-induced 
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genes. As part of the secondary metabolism synthetic genes, we analyzed the 

transcriptomics of melanin related genes. Once again, the components of the 

melanin production pathways (Duressa et al. 2013; Xiong et al. 2014) were not 

differentially expressed in light vs dark in V. dahliae. Similar results were 

observed for genes involved in β-Carotene and retinal synthesis. It is important 

to note that the samples utilized in the RNA-seq experiment were grown in liquid 

cultures for 72 hours and did not present melanized microsclerotia. Furthermore, 

the homologues of the light-induced velvet family genes, involved in development 

and SM regulation, did not show expression changes in response to light. Overall, 

the light-induced biological processes of 12253 were enriched for redox 

processes, nucleoside metabolism and lipid catabolic processes, whereas light-

repressed genes were involved in redox processes, tRNA metabolism, ketone 

catabolism and carbon metabolic processes. In isolate 12008, the biological 

processes of the light-induced genes were similar to those in isolate 12253. 

Interestingly, light-repressed genes of isolate 12008 were enriched for amino-

acid transport, glucose homeostasis, transmembrane transport, carbohydrate 

metabolic processes and carbohydrate-derived metabolic process.   

	

6 CONCLUSION 

In summary, our data show that V. dahliae conidia and micorsclerotia formation 

are regulated by both light and temperature. However, no signs of self-sustained 

rhythms have been found. Finding evidence of a functional circadian clock in V. 

dahliae will require further genomics in combination with cloning. Hopefully, this 

will provide a better understanding of the role of the circadian clock in fungal 

development and pathogenicity, which would, in turn, allow a better management 

of plant crops and environmental protection. 
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7 SUPPORTING INFORMATION 

 

Figure S1. Diagram of mycelium harvest protocol for RNA-Seq. V. dahliae mycelial discs 

were grown in half strength PDB. Flasks were` entrained to dark or light for 56 hours, 

and then move to light or dark for a period of 6 hours. Mycelium plugs were harvested, 

dried and flash frozen in liquid nitrogen prior to the extraction of RNA. Three biological 

replicates per isolate and light conditions were prepared. 

 

Figure S2 (Overleaf). The morphological rhythms of 12 V. dahliae isolates do not free-

run. A diverse range of V. dahliae strains isolated from multiple hosts were point-

inoculated on PLYA plates and incubated for 14 days in an alternating 12 h dark/ 12 h 

white-light cycle (12:12 LD) (row 1) or under 12 h at 20 �/ 12 h at 28 � (12:12 20/28) 

(row 3). Plates were transferred to constant darkness (12:12 LD - DD) (row 2) or constant 

temperature (12:12 20/28 - Ct24) (row 4) for 7 days following the initial 14 days 

incubation in cyclic environments. B) Information on the presence and absence of 

concentric bands and microsclerotia (MS) are indicated in the table. V. dahliae strains 

host information: 12061, 12062, 12086, 12151, 12207 (strawberry), 12064 

(Chrysanthemum), 12065 (potato), 12067 (tomato), 12068 (hop), 12072 (gerbera), 

12073 (Chinese cabbage), 12213 (olive).  

 

 

Day	1 Day	2 Day	3 Day	4

Time

6	h	LL

6h	DD

16:00 20:00 24:00 04:00 08:00 12:00 16:00 20:00 24:00 04:00 08:00 12:00 16:00 20:00 24:00 04:00 08:00 12:00 16:00 20:00

A

6	h	LL 6	h	DD

WT	12253 3 3 3 3 3

WT	12008 3 3 3 3 3

3 3 3 3

3 3 3 3

3

B
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Figure S3. GO enrichment 

analysis of biological processes 

of up-regulated genes in the light 

of V. dahliae 12253. GOslim 

categories with significant 

enrichment in the dataset are 

highlighted in grey (p < 0.05). 

Each box contains information of 

the GO term and the GOslim 

term that is associated to. Arrows 

indicate the relationship between 

processes.  

 
 
 
 
 
 
 
 
 



	

	113	

Figure S4. GO enrichment analysis 
of biological processes of down-
regulated genes in the light of V. 
dahliae 12253. GOslim categories 
with significant enrichment in the 
dataset are highlighted in grey (p < 
0.05). Each box contains information 
of the GO term and the GOslim term 
that is associated to. Arrows indicate 
the relationship between processes.  
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Figure S5. GO 
enrichment analysis of 
biological processes of 
up-regulated genes in the 
light of V. dahliae 12008. 
GOslim categories with 
significant enrichment in 
the dataset are 
highlighted in grey (p < 
0.05). Each box contains 
information of the GO 
term and the GOslim term 
that is associated to. 
Arrows indicate the 
relationship between 
processes.  
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Figure S6. GO enrichment 
analysis of biological processes of 
down-regulated genes in the light 
of V. dahliae 12008. GOslim 
categories with significant 
enrichment in the dataset are 
highlighted in grey (p < 0.05). 
Each box contains information of 
the GO term and the GOslim term 
that is associated to. Arrows 
indicate the relationship between 
processes.  
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Table S1. Protein extensions of putative photoreceptor proteins across 29 fungal species. Number of copies from OrthoFinder results.

Organisms	 Genome
WC-1 WC-2 VVD

Num.	copies Protein	ID Num.	copies Protein	ID Num.	copies Protein	ID
Helotiales
Botrytis	cinerea B05.10 1 Bcin02g07400.1;	Bcin02g07400.2 1 Bcin05g05530.1 1 Bcin13g01270.1
Sclerotinia	borealis F-4128 1 ESZ89693 1 ESZ98076 1 ESZ96747
Sclerotinia	sclerotiorum 1980 UF-70 0 1 EDN96032 1 EDN99386
Sordariales
Chaetomium	globosum CBS	148.51 0 EAQ92157 1 EAQ93687 0
Chaetomium	thermophilum DSM	1495 0 0 0

Neurospora	crassa 1
ESA41977,	ESA41978,	ESA41979,	
ESA41980 1 EAA34583 1 EAA28370

Neurospora	tetrasperma FGSC	2508 1 EGO55606 1 EGO52130 1 EGO54529
Podospora	anserina S	mat+ 1 CAP49287 1 CAP59860 1 CAP66809
Sordaria	macrospora 1 CCC09497 1 CCC05969 1 CCC12993
Thielavia	terrestris NRRL	8126 1 AEO67697 1 AEO69997 0
Magnaporthales
Gaeumannomyces	graminis 1 GGTG_05190T0 1 GGTG_10106T0 1 GGTG_13723T0
Magnaporthe	oryzae 1 MGG_03538T0 1 MGG_04521T0 1 MGG_01041T0
Magnaporthe	poeae 0 1 MAPG_03076T0 1 MAPG_05862T0
Glomerellales
Verticilium	alfalfae VaMs.102 1 EEY21335 0 1 EEY21888
Verticilium	dahliae JR2 1 EGY20305 1 EGY15702 1 EGY14406
Verticilium	longisporum 2 CRK23372,	CRK43057 3 CRK25886,	CRK45545,	CRK484081 CRK17849
Hypocreales
Fusarium	fujikuroi 1 CCT67476 1 CCT62872 1 CCT65254,	CCT70114
Fusarium	graminearum 1 CEF83458 1 CEF72699 1 CEF76804
Fusarium	langsethiae 1 KPA42241 1 KPA44339 1 KPA46275
Fusarium	oxysporum 1 Fus2_g2949.t1 1 Fus2_g1537.t1 2 Fus2_g4094.t1,	Fus2_g9190.t1
Fusarium	pseudograminearum 1 EKJ69032 1 EKJ79503 1 EKJ74170
Fusarium	solani 1 NechaP37508,	NechaP56277 1 NechaP73420 2 NechaP19448,	NechaP36655

Fusarium	verticilloides 1 FVEG_12138T0 1 FVEG_00478T0 2
FVEG_02125T0,	
FVEG_12584T0

Neonectria	ditissima 1 KPM37450 1 KPM35648 1 KPM40956
Trichoderma	atroviride IMI	206040 1 EHK39879 1 EHK40294 1 EHK44161
Trichoderma	gamsii 1 KUE94785 1 KUF01015 0
Trichoderma	harzianum 1 KKP03646 1 KKP04219 1 KKO99761
Trichoderma	reesei RUT	C-30 1 EGR48341 1 EGR47575 1 EGR45219
Trichoderma	virens 1 EHK19047 1 EHK25160 1 EHK24176
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Organisms	 Genome
CRY-1 PHR PHY

Num.	copies Protein	ID Num.	copies Protein	ID Num.	copies Protein	ID
Helotiales

Botrytis	cinerea B05.10 0 1 Bcin05g08060.1 3

Bcin01g09230.1,	

Bcin06g01290.1,	

Bcin13g04690.1

Sclerotinia	borealis F-4128 1 ESZ98028 1 ESZ90052 2 ESZ95078,	ESZ95329

Sclerotinia	sclerotiorum 1980 UF-70 0 1 EDN95871 2 EDN98653,	EDN99792

Sordariales
Chaetomium	globosum CBS	148.51 0 0 0

Chaetomium	thermophilum DSM	1495 0 0 0

Neurospora	crassa 0 1 EAA35598 2 EAA30814,	EAA31157

Neurospora	tetrasperma FGSC	2508 0 1 EGO53807 2 EGO54151,	EGO55906

Podospora	anserina S	mat+ 0 1 CAP59746 2 CAP61461,	CAP66536

Sordaria	macrospora 0 1 CCC06517 2 CCC09914,	CCC12812

Thielavia	terrestris NRRL	8126 0 0 0

Magnaporthales
Gaeumannomyces	graminis 1 GGTG_11013T0 1 GGTG_02495T0 1 GGTG_07706T0

Magnaporthe	oryzae 2 MGG_02071T0;	MGG_02071T1 1 MGG_06836T0 1 MGG_12377T0

Magnaporthe	poeae 1 MAPG_00205T0 1 MAPG_09449T0 1 MAPG_11121T0

Glomerellales
Verticilium	alfalfae VaMs.102 1 EEY16458 1 EEY23863 1 EEY23199

Verticilium	dahliae JR2 1 EGY19300 1 EGY15413 1 EGY16298

Verticilium	longisporum 2 CRK07831;CRK07825 2 CRK07155,	CRK28624 3 CRK23973,	CRK37812,	CRK42290

Hypocreales
Fusarium	fujikuroi 1 CCT66108 1 CCT62959 1 CCT69959

Fusarium	graminearum 1 CEF84170;	CEF84170 1 CEF72801 1 CEF76987

Fusarium	langsethiae 1 KPA39326 1 KPA43163 1 KPA45177

Fusarium	oxysporum 1 Fus2_g4976.t1 1 Fus2_g1632.t1 1 Fus2_g9354.t1

Fusarium	pseudograminearum 1 EKJ70743 1 EKJ67801 1 EKJ71954

Fusarium	solani 1 NechaP38167 1 NechaP90422 1 NechaP91733

Fusarium	verticilloides 1 FVEG_05222T0 1 FVEG_00382T0 1 FVEG_02296T0

Neonectria	ditissima 1 KPM43511 1 KPM45918 1 KPM42852

Trichoderma	atroviride IMI	206040 1 EHK43749 1 EHK39920 1 EHK44075

Trichoderma	gamsii 1 KUF03679 1 KUE99496 1 KUE99093

Trichoderma	harzianum 1 KKP07758 1 KKP05506 1 KKO98322

Trichoderma	reesei RUT	C-30 1 EGR48899 1 EGR48366 1 EGR49251

Trichoderma	virens 1 EHK23311 1 EHK19098 1 EHK23663
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Organisms	 Genome

LOV3 RGS-LOV CRY-DASH

Num.	copies Protein	ID
Num.	
copies Protein	ID

Num.	
copies Protein	ID

Helotiales
Botrytis	cinerea B05.10 1 Bcin10g03870.1 1 Bcin02g04390.1 1 Bcin09g01620.1
Sclerotinia	borealis F-4128 2 ESZ98384,	ESZ92988	 1 ESZ98724 1 ESZ98527
Sclerotinia	sclerotiorum 1980 UF-70 1 EDN97709 1 EDN96453 1 EDO02686
Sordariales
Chaetomium	globosum CBS	148.51 0 1 EAQ87759 0
Chaetomium	thermophilum DSM	1495 0 1 EGS21657 0
Neurospora	crassa 0 1 EAA32886 1 EAA36486
Neurospora	tetrasperma FGSC	2508 0 1 EGO59689 1 EGO53558
Podospora	anserina S	mat+ 1 CAP72847 1 CAP65422 1 CAP67635
Sordaria	macrospora 0 1 CCC06772 2 CCC07707
Thielavia	terrestris NRRL	8126 0 1 AEO66586 0
Magnaporthales

Gaeumannomyces	graminis 1 GGTG_12596T0 2
GGTG_02395T0,	
GGTG_14129T0 1 GGTG_11728T0

Magnaporthe	oryzae 1 MGG_07517T0 3 MGG_00295T0,		MGG_08735T01 MGG_03002T0
Magnaporthe	poeae 0 1 MAPG_06012T0 1 MAPG_02179T0
Glomerellales
Verticilium	alfalfae VaMs.102 1 EEY23234 1 EEY15089 1 EEY14597
Verticilium	dahliae JR2 1 EGY23144 1 EGY14117 1 EGY13635
Verticilium	longisporum 2 CRK45475,	CRK45477 2 CRK43808,	CRK29351 2 CRK17321
Hypocreales
Fusarium	fujikuroi 1 CCT75680 1 CCT71106 1 CCT69816
Fusarium	graminearum 1 CEF77674 1 CEF86157 1 CEF77299
Fusarium	langsethiae 1 KPA39277 1 KPA40920 1 KPA42629										
Fusarium	oxysporum 1 Fus2_g14883.t1 1 Fus2_g10683.t1 1 Fus2_g9509.t1
Fusarium	pseudograminearum 1 EKJ77769 1 EKJ67533 1 EKJ68755

Fusarium	solani 3
NechaP42185,	NechaP88657,	
NechaP88949 1 NechaP95335 1 NechaP22205

Fusarium	verticilloides 1 FVEG_10873T0 1 FVEG_06775T0 1 FVEG_02442T0	
Neonectria	ditissima 1 KPM42502 1 KPM35450 1 KPM35399
Trichoderma	atroviride IMI	206040 0 0 1 EHK43635
Trichoderma	gamsii 0 0 1 KUE95467
Trichoderma	harzianum 0 0 1 KKP00070
Trichoderma	reesei RUT	C-30 0 0 1 EGR50034
Trichoderma	virens 0 0 1 EHK22578
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Organisms	 Genome

NOP-1 FDD123

Num.	copies Protein	ID Num.	copies Protein	ID
Helotiales
Botrytis	cinerea B05.10 1 Bcin02g02670.1 1 Bcin01g04540.1
Sclerotinia	borealis F-4128 1 ESZ98609 1 ESZ89976
Sclerotinia	sclerotiorum 1980 UF-70 1 EDN96688 1 EDO01864
Sordariales
Chaetomium	globosum CBS	148.51 1 EAQ83604 1 EAQ83976
Chaetomium	thermophilum DSM	1495 1 EGS22397 1 EGS22878
Neurospora	crassa 1 EAA30185 2 ESA43625;		ESA43626
Neurospora	tetrasperma FGSC	2508 1 EGO55279 1 EGO56525
Podospora	anserina S	mat+ 1 CAP62060 1 CAP70620
Sordaria	macrospora 1 CCC12883 1 CCC07418
Thielavia	terrestris NRRL	8126 0 2 AEO70704;		AEO71665
Magnaporthales
Gaeumannomyces	graminis 0 1 GGTG_05062T0
Magnaporthe	oryzae 0 1 MGG_09015T0
Magnaporthe	poeae 0 0
Glomerellales
Verticilium	alfalfae VaMs.102 0 2 EEY16349;		EEY21011
Verticilium	dahliae JR2 0 2 EGY15600;		EGY21409

Verticilium	longisporum 0 3 CRK10426;		CRK11845;		CRK17913
Hypocreales
Fusarium	fujikuroi 1 CCT65413 2 CCT61861;	CCT75766
Fusarium	graminearum 1 CEF83829 2 CEF73575;	CEF77787	
Fusarium	langsethiae 1 KPA37379 2 KPA39206;		KPA43200

Fusarium	oxysporum 1 Fus2_g4244.t1 3
Fus2_g14767.t1;	Fus2_g455.t1	
Fus2_g15535.t1

Fusarium	pseudograminearum 1 EKJ69242 2 EKJ71273;		EKJ77664

Fusarium	solani 1 NechaP101480 3
NechaP7781;		NechaP89813;		
NechaP97348

Fusarium	verticilloides 1 FVEG_12735T0 2 FVEG_09519T0;		FVEG_10716T0
Neonectria	ditissima 1 KPM41811 2 KPM36224;		KPM40382
Trichoderma	atroviride IMI	206040 0 1 EHK50851
Trichoderma	gamsii 0 2 KUE98872;		KUF03214
Trichoderma	harzianum 0 1 KKO96720
Trichoderma	reesei RUT	C-30 0 0
Trichoderma	virens 0 0
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Table S2. Expression levels of secondary metabolism biosynthetic gene clusters in response to light. The table contains the transcriptional 

information of 48 core SM biosynthetic genes identified in V. dahliae, the complete PKS-NRPS gene cluster encoding biosynthetic enzymes of a 

putative mycotoxin, a complete type 1 PKS gene cluster and several significantly expressed SM related genes belonging to a range of different 

pathways. Transcripts displaying a Log fold change (LFC) >1 were classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and dark 

green if the LFC < -2. Yellow boxes indicate p < 0.05.  

 

    L/D in V.d 12008 

L/D in V.d 
12253         

Transcript_id baseMean LFC p-value LFC p-value Gene Antismash SM Interproscan 

Core secondary metabolite biosynthetic genes             

VDAG_JR2_Chr1g12430 2475.39 0.13 0.44 0.02 0.89  cluster_6 terpene Serine/threonine-protein kinase 

VDAG_JR2_Chr1g12450 2369.07 0.02 0.94 0.28 0.08  cluster_6 terpene Polyprenyl synthetase 

VDAG_JR2_Chr1g15880 770.90 -0.22 0.40 -0.19 0.41  cluster_7 t1pks Polyketide synthase 

VDAG_JR2_Chr1g17230 449.27 0.43 0.00 0.08 0.67 CarA cluster_8 terpene Squalene/phytoene synthase 

VDAG_JR2_Chr1g20610 27862.78 0.06 0.91 0.07 0.85  cluster_9 cf_fatty_acid  Thiolase-like 

VDAG_JR2_Chr1g20650 2678.00 -0.11 0.59 -0.29 0.04  cluster_9 cf_fatty_acid  Nucleotide-diphospho-sugar transferases 

VDAG_JR2_Chr1g23880 1115.45 0.42 0.47 4.18 0.00  cluster_14 t1pks-nrps Polyketide synthase 

VDAG_JR2_Chr1g23900 777.48 0.27 0.67 4.22 0.00  cluster_14 t1pks-nrps Alpha/Beta hydrolase fold 

VDAG_JR2_Chr1g23920 318.35 0.93 0.06 4.65 0.00  cluster_14 t1pks-nrps Alpha/Beta hydrolase fold 

VDAG_JR2_Chr2g00450 1.57 0.07 0.93 0.15 0.78  cluster_17 t1pks Polyketide synthase dehydratase 

VDAG_JR2_Chr2g00460 0.89 0.07 NA 0.25 0.51  cluster_17 t1pks Acyl transferase 

VDAG_JR2_Chr2g00470 0.23 0.07 NA -0.01 0.97  cluster_17 t1pks ACP transacylase in aflatoxin biosynthesis 

VDAG_JR2_Chr2g00480 282.50 -0.75 0.00 -0.39 0.01  cluster_17 t1pks AMP-binding enzyme 

VDAG_JR2_Chr2g00490 15.22 -0.35 0.59 0.75 0.11  cluster_17 t1pks Short-chain dehydrogenase/reductase SDR 

VDAG_JR2_Chr2g00540 70.47 0.05 0.91 -0.16 0.58  cluster_17 t1pks Alpha/Beta hydrolase fold 
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VDAG_JR2_Chr2g06950 148.37 0.42 0.11 0.76 0.00  cluster_23 t1pks Polyketide synthase 

 

VDAG_JR2_Chr2g07190 906.73 0.25 0.22 0.29 0.09  cluster_24 t1pks Polyketide synthase 

VDAG_JR2_Chr2g09130 28.28 0.58 0.17 0.31 0.48  cluster_25 terpene Terpene synthase 

VDAG_JR2_Chr2g09140 3.14 -0.03 0.98 0.26 0.64  cluster_25 terpene Cytochrome P450 

VDAG_JR2_Chr2g09150 0.96 -0.09 NA -0.01 0.98  cluster_25 terpene Cytochrome P450 

VDAG_JR2_Chr2g09160 0.92 0.06 NA 0.11 0.78  cluster_25 terpene Cytochrome P450 

VDAG_JR2_Chr3g00930 13.80 0.37 0.54 0.15 0.80  cluster_28 t1pks Polyketide synthase 

VDAG_JR2_Chr3g01000 132.19 0.07 0.91 0.49 0.14  cluster_28 t1pks Alpha/beta hydrolase fold- 

VDAG_JR2_Chr3g13240 3095.84 -0.29 0.26 -0.50 0.02  cluster_33 nrps Polyketide synthase 

VDAG_JR2_Chr4g04680 1890.46 -0.01 0.96 0.03 0.86  cluster_40 other Thioester reductase 

VDAG_JR2_Chr4g09550 913.71 0.12 0.54 -0.17 0.23  cluster_44 t3pks Polyketide synthase 

VDAG_JR2_Chr4g11250 209.83 0.17 0.61 0.07 0.83  cluster_47 t1pks Polyketide synthase 

VDAG_JR2_Chr5g10100 3.90 0.37 0.55 -0.34 0.53  cluster_56 t1pks Cytochrome P450 

VDAG_JR2_Chr5g10130 7.58 0.24 0.73 0.19 0.76  cluster_56 t1pks Dienelactone hydrolase 

VDAG_JR2_Chr5g10150 92.78 0.47 0.37 -0.57 0.17  cluster_56 t1pks Polyketide synthase 

VDAG_JR2_Chr5g10170 4961.78 -0.25 0.34 -0.13 0.63  cluster_56 t1pks Serine/Threonine protein kinases  

VDAG_JR2_Chr5g11480 267.01 -0.79 0.11 -0.01 0.99  cluster_58 other AMP-binding enzyme 

VDAG_JR2_Chr5g11500 172.17 -1.28 0.00 -0.57 0.01  cluster_58 other Subtilase family 

VDAG_JR2_Chr5g11790 70.37 0.02 0.97 -0.59 0.02  cluster_59 other AMP-binding domain 

VDAG_JR2_Chr6g00660 1503.95 -0.38 0.03 -0.31 0.06  cluster_60 other Thioester reductase 

VDAG_JR2_Chr6g01090 13.38 0.45 0.44 0.66 0.13  cluster_61 other AMP-binding domain 

VDAG_JR2_Chr6g05990 98.74 -0.30 0.40 -0.32 0.26  cluster_67 nrps AMP-binding domain 

VDAG_JR2_Chr6g06000 1378.90 0.12 0.45 0.06 0.72  cluster_67 nrps AMP-binding enzyme 

VDAG_JR2_Chr6g06030 93.72 -0.13 0.81 -0.75 0.01  cluster_67 nrps Cytochrome P450 

VDAG_JR2_Chr7g02940 8081.67 -0.45 0.01 -0.66 0.00  cluster_75 terpene Serine proteases 
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VDAG_JR2_Chr7g02950 2320.15 0.09 0.49 0.05 0.63  cluster_75 terpene Squalene and phytoene synthase 

VDAG_JR2_Chr7g02960 1008.78 0.24 0.24 -0.26 0.14  cluster_75 terpene RmlD substrate binding  

VDAG_JR2_Chr7g07940 803.08 0.18 0.24 -0.11 0.44  cluster_77 cf_fatty_acid  THIF-type NAD/FAD binding 

VDAG_JR2_Chr7g07970 843.71 0.04 0.88 -0.21 0.17  cluster_77 cf_fatty_acid  Beta-ketoacyl synthase 

VDAG_JR2_Chr7g10250 836.23 0.00 0.99 -0.26 0.08  cluster_78 nrps Phosphopantetheine binding ACP 

VDAG_JR2_Chr8g01170 207.37 -0.16 0.60 -0.57 0.00  cluster_79 other Thioester reductase 

VDAG_JR2_Chr8g07700 137.70 0.00 1.00 -0.24 0.36  cluster_82 terpene Isoprenoid synthase 

VDAG_JR2_Chr8g10310 295.55 -0.91 0.06 0.12 0.85  cluster_85 t1pks Polyketide synthase 

Cluster  PKS-NRPS                   

VDAG_JR2_Chr1g23780 1194.45 0.11 0.61 -0.01 0.97  cluster_14 t1pks-nrps pyrD_sub2;dihydroorotate dehydrogenase 

VDAG_JR2_Chr1g23790 895.00 0.39 0.00 0.67 0.00  cluster_14 t1pks-nrps Mpv17 / PMP22 family 

VDAG_JR2_Chr1g23800 2622.14 -0.01 0.97 0.37 0.04  cluster_14 t1pks-nrps Coil 

VDAG_JR2_Chr1g23810 274.50 -0.11 0.72 0.12 0.64  cluster_14 t1pks-nrps - 

VDAG_JR2_Chr1g23820 147.80 -0.97 0.00 -0.77 0.00  cluster_14 t1pks-nrps - 

VDAG_JR2_Chr1g23830 5965.47 -1.20 0.00 -1.01 0.00  cluster_14 t1pks-nrps 

NAD(P)-binding domain; SDR; Glucose/ribitol 

dehydrogenase 

VDAG_JR2_Chr1g23840 1303.73 -0.40 0.01 -0.10 0.62  cluster_14 t1pks-nrps - 

VDAG_JR2_Chr1g23850 43.59 -0.55 0.08 -0.75 0.01  cluster_14 t1pks-nrps - 

VDAG_JR2_Chr1g23860 31.56 -0.14 0.80 -0.64 0.06  cluster_14 t1pks-nrps - 

VDAG_JR2_Chr1g23870 81.48 -0.52 0.07 -0.44 0.12  cluster_14 t1pks-nrps CFEM 

VDAG_JR2_Chr1g23880 1115.45 0.42 0.47 4.18 0.00  cluster_14 t1pks-nrps 

NAD(P)-binding domain;Polyketide synthase, 

dehydratase;Malonyl-CoA ACP transacylase, 

ACP-binding 

VDAG_JR2_Chr1g23890 1264.23 0.65 0.24 4.60 0.00  cluster_14 t1pks-nrps - 

VDAG_JR2_Chr1g23900 777.48 0.27 0.67 4.22 0.00  cluster_14 t1pks-nrps Alpha/Beta hydrolase fold 

VDAG_JR2_Chr1g23910 226.44 0.39 0.51 4.09 0.00  cluster_14 t1pks-nrps - 
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VDAG_JR2_Chr1g23920 318.35 0.93 0.06 4.65 0.00  cluster_14 t1pks-nrps Alpha/Beta hydrolase fold 

VDAG_JR2_Chr1g23930 519.79 0.77 0.15 4.04 0.00  cluster_14 t1pks-nrps 

GroES-like; NAD(P)-binding domain; Alcohol 

dehydrogenase;Polyketide synthase 

VDAG_JR2_Chr1g23940 1140.12 0.68 0.21 4.33 0.00  cluster_14 t1pks-nrps - 

VDAG_JR2_Chr1g23950 798.47 -0.09 0.85 1.98 0.00  cluster_14 t1pks-nrps Zn2/Cys6 TF 

VDAG_JR2_Chr1g23960 3420.85 0.27 0.70 3.16 0.00  cluster_14 t1pks-nrps 

Major facilitator superfamily;Sugar transport 

proteins 

VDAG_JR2_Chr1g23970 6.18 0.45 0.47 0.12 0.85  cluster_14 t1pks-nrps Clr5 

Cluster PKS                   

VDAG_JR2_Chr2g07090 4309.58 -0.35 0.02 -0.26 0.08  cluster_24 t1pks Aminotransferase class IV 

VDAG_JR2_Chr2g07100 207.05 0.14 0.62 0.09 0.67  cluster_24 t1pks - 

VDAG_JR2_Chr2g07110 3667.79 -0.41 0.00 -0.42 0.00 PRXs cluster_24 t1pks AhpC/TSA antioxidant enzyme 

VDAG_JR2_Chr2g07120 4915.98 -0.15 0.17 -0.22 0.02  cluster_24 t1pks Methionine aminopeptidase-1; TF 

VDAG_JR2_Chr2g07130 1132.50 -0.09 0.57 0.00 1.00  cluster_24 t1pks PRELI/MSF1 domain 

VDAG_JR2_Chr2g07140 428.39 0.14 0.60 -0.22 0.29  cluster_24 t1pks - 

VDAG_JR2_Chr2g07150 0.94 0.44 NA 0.07 0.89  cluster_24 t1pks - 

VDAG_JR2_Chr2g07160 2.32 -0.29 0.64 -0.04 0.95  cluster_24 t1pks - 

VDAG_JR2_Chr2g07170 329.57 0.12 0.80 -0.38 0.22  cluster_24 t1pks Metallo-beta-lactamase 

VDAG_JR2_Chr2g07180 167.57 -0.35 0.18 -0.44 0.05  cluster_24 t1pks 

sulP: sulfate permease; SLC26A/SulP 

transporter 

VDAG_JR2_Chr2g07190 906.73 0.25 0.22 0.29 0.09  cluster_24 t1pks 

Polyketide synthase dehydratase;Thiolase-

like;S-adenosyl-L-methionine-dependent 

methyltransferase 

VDAG_JR2_Chr2g07200 570.22 1.06 0.02 1.42 0.00  cluster_24 t1pks - 

VDAG_JR2_Chr2g07210 331.85 0.87 0.00 1.28 0.00  cluster_24 t1pks Serine hydrolase 

VDAG_JR2_Chr2g07220 421.09 0.59 0.01 0.25 0.30  cluster_24 t1pks - 
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VDAG_JR2_Chr2g07230 2205.14 0.13 0.72 1.01 0.00  cluster_24 t1pks Tetracycline resistance protein TetB  

VDAG_JR2_Chr2g07240 101.06 -0.14 0.72 0.11 0.74  cluster_24 t1pks 

Oxidoreductase family, NAD-binding 

Rossmann fold 

VDAG_JR2_Chr2g07250 231.07 0.39 0.03 0.26 0.13  cluster_24 t1pks 

P-loop containing nucleoside triphosphate 

hydrolase 

VDAG_JR2_Chr2g07260 95.91 0.38 0.19 0.14 0.65  cluster_24 t1pks - 

VDAG_JR2_Chr2g07270 50.35 0.52 0.23 1.01 0.00  cluster_24 t1pks - 

VDAG_JR2_Chr2g07280 635.01 0.06 0.83 0.46 0.00  cluster_24 t1pks Tubulin/FtsZ, GTPase  

Other SM genes differentially expressed:                 

PKS                 

VDAG_JR2_Chr2g07000 159.23 -0.29 0.30 -1.15 0.00  cluster_23 t1pks RlpA-like protein;Cerato-platanin 

VDAG_JR2_Chr8g10320 191.21 -1.33 0.00 -0.18 0.75  cluster_85 t1pks 

Alpha/Beta hydrolase fold;Serine hydrolase 

(FSH1) 

VDAG_JR2_Chr4g11170 200.17 -0.50 0.20 1.06 0.00  cluster_47 t1pks - 

VDAG_JR2_Chr2g06930 128.39 0.43 0.24 1.11 0.00  cluster_23 t1pks Sugar transporter 

VDAG_JR2_Chr4g09610 374.08 -1.01 0.00 -0.43 0.08  cluster_44 t3pks Acyl-CoA N-acyltransferase 

Terpene and others                 

VDAG_JR2_Chr8g07690 1602.88 -0.48 0.03 -1.32 0.00  cluster_82 terpene 

Cys/Met metabolism;Pyridoxal phosphate-

dependent transferase 

VDAG_JR2_Chr1g12490 1284.02 0.05 0.89 -1.04 0.00  cluster_6 terpene Acyltransferase 3 

VDAG_JR2_Chr1g17210 626.98 1.19 0.00 0.99 0.00 

Cry-

dash cluster_8 terpene 

Cryptochrome/DNA photolyase, FAD-binding 

domain 

VDAG_JR2_Chr5g11500 172.17 -1.28 0.00 -0.57 0.01  cluster_58 other 

Subtilase family;Serine proteases;Peptidase 

S8/S53 

VDAG_JR2_Chr5g11800 17.26 0.97 0.02 1.35 0.00   cluster_59 other Putative amidoligase enzyme 
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ASSESSING THE EFFECTS OF THE VERTICILLIUM DAHLIAE PUTATIVE 

CLOCK COMPONENTS ON DIFFERENTIATION AND PATHOGENICITY  

 

1 ABSTRACT 

The circadian clock is a timekeeping mechanism that allows organisms to keep 

track of time and synchronize their behaviour to the daily changes in the 

environment. The circadian clock has been very well characterized in all 

branches of life, including humans, plants, fungi and cyanobacteria.  

Previous studies have linked plant immunity to disease with the time of the day 

that they are challenged. At the molecular level, plant defence genes have been 

shown to be under the regulation of the circadian clock in Arabidopsis thaliana. 

This indicates that plants have variable resistance levels to pathogens 

throughout the day. Simultaneously, pathogens have their own circadian clocks 

controlling aspects of host challenge, such as spore release and germination, 

and use them to optimise infection. At present, there are no reported interaction 

between the circadian clock of the plant and that of an infecting pathogen. 

Verticillium dahliae is an important fungal plant-pathogen that infects a wide 

range of economically important crops resulting in critical yield losses. Despite 

the absence of overt circadian rhythmicity at the morphological level, V. dahliae 

contain conserved homologues of the N. crassa clock oscillator proteins. To 

functionally characterize the role of the putative core clock proteins in V. dahliae, 

gene deletion mutants of the central clock gene frq, the transcription 

factor/photoreceptor wc-1 and its partner wc-2 were generated. We found that 

frq had no effect on cyclic microsclerotia or conidia production. wc-1, on the other 

hand, was found to mediate photo-conidiation and microsclerotia formation in V. 

dahliae. Furthermore, the deletion of wc-2 resulted in the overproduction of 

mycelium. Remarkably, frq and wc-1 were found to be required for full 

pathogenicity of V. dahliae on Arabidopsis thaliana and strawberry plants under 

light/dark cyclic conditions. To sum up, even though a functional clock has not 

been demonstrated in V. dahliae, the putative clock genes have important effects 

on the overall fitness on the fungi which also result in changes in the development 

of disease in planta. 
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2 INTRODUCTION 

Circadian clocks are endogenous cell-based timekeeping mechanisms allowing 

organisms to anticipate daily environmental changes, commonly light/dark 

oscillations, thus allowing biological processes to take place at appropriate times 

during the day (Baker et al. 2012). Circadian clocks are composed of three 

elements: (i) an input pathway that transmits environmental information, (ii) a 

central oscillator that functions at the molecular level, and (iii) the output 

pathways, that translates the transcriptional oscillations into physiological 

rhythms (Dunlap 1999). Commonly, the circadian oscillators entail transcription-

translation based negative feedback loops (TTFLs) (Dunlap 1999; Loros and 

Dunlap 2001), that modulate molecular, biochemical and physiological 

processes. External environmental cues such as light and temperature, can 

directly or indirectly impact on the TTFLs components enabling the 

synchronization of the circadian clock to the correct moment of the day. The 

circadian machinery has been described in most branches of life, such as 

mammals, birds, insects, plants, algae, cyanobacteria and fungi. Evidence has 

shown that this machinery provides organisms with an adaptive advantage (Bell-

Pedersen et al. 2005). 

The clock-generated circadian rhythms are defined by three basic criteria: firstly, 

they are self-sustained rhythms that oscillate over periods of approximately 24 

hours under constant conditions (free-running rhythms). Secondly, the rhythms 

remain unchanged over a wide range of temperatures (temperature 

compensation). Lastly, the rhythms are able to shift and synchronize in response 

to changes in the environment (mainly light and temperature), which is known as 

entrainment.  

Neurospora crassa belongs to the phylum Ascomycota and has been considered 

the fungal model of clock genetics for decades. In this organism, the circadian 

clock regulates the daily conidiation, which results in a characteristic banding 

phenotype in free-running conditions that allows the study of clock-regulated 

physiological functions, or the output pathways. The N. crassa central oscillator 

has been well characterised and is composed of several components: Frequency 

(FRQ), Frequency Interacting RNA Helicase (FRH). White Collar 1 (WC-1), White 
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Collar 2 (WC-2), and Vivid (VVD). The transcription factor (TF) and blue-light 

photoreceptor White-Collar-1 (WC-1) form a heterodimeric complex with White-

Collar-2 (WC-2), that form the White-Collar Complex (WCC). The WCC is the 

positive element of the TTFL which activates the expression of the frequency 

(frq) gene. FRQ protein acts as the negative element when it partners up with the 

FRQ-interacting RNA helicase (FRH) to form the FFC complex, and repress its 

own expression by phosphorylating the WCC, closing the feedback loop (Liu and 

Bell-Pedersen 2006). Next, FRQ becomes phosphorylated in order to allow a 

new cycle of frq expression to start, thus entailing daily cycles of frequency at the 

mRNA and protein level (Larrondo et al. 2015). Additionally, WC-1 and WC-2 

proteins are primary components of the light perception mechanism in 

Neurospora, allowing the light induction of frq expression and the reset of the 

circadian clock by light exposure (entrainment). 

The characterization of the central oscillator genes in the model organisms has 

been undertaken through the generation of gene deletion mutants, where loss of 

clock functions indicate whether the targeted gene is involved in the oscillatory 

mechanism or whether it is a clock-controlled gene (ccg) (Loros et al. 1989). In 

N. crassa, the frq mutants are arrhythmic, which means that they are unable to 

synchronize to light/dark (LD) cycles resulting in the loss of the uniform conidial 

banding pattern (Baker et al. 2012). The deletion of wc-1 and wc-2 in N. crassa 

also cause arrhythmicity, and are known as ‘blind’ mutants since they present an 

impaired light response mechanisms as they do not present rhythmic conidiation 

in response to LD cycles. The generation of clock oscillator mutants in N. crassa 

has also served to uncover the presence of oscillators other than the FRQ/WC-

1 oscillator (FWO), which have been commonly named as FRQ-less-oscillators 

(FLO) (Dragovic et al. 2002; Yoshida et al. 2008; Lakin-Thomas et al. 2011). 

Generally, FRQ-less-oscillators are composed of unique components as well as 

shared components found in the FWO pathway. An example of a FLO is the 

CRY-dependent oscillator (CDO), that does not depend upon frq but instead 

requires the cryptochrome gene (cry) (Nsa et al. 2015). The CDO is viable in the 

absence of WC-1, which implies that CRY acts as the photoreceptor in the the 

CDO pathway. However, the lack of WC-1 prevents entrainment, which is a 

defining property of circadian rhythms. This lead to the hypothesis that the FWO 
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is the central oscillator and the other oscillators play a peripheral role, which are 

only active under certain conditions (Dunlap and Loros 2004). As specified by 

(Lakin-Thomas et al. 2011), in the absence of the frq gene, rhythmic conidiation 

can be rescued by the addition of chemicals into the cultivation medium, such as 

menadione, which cause altered stress conditions (Brody et al. 2010), and 

farnesol or geraniol, that affect mitochondrial functions (Granshaw et al. 2003). 

The combination of frq deletion with additional gene deletions (cel, chol, sod-1), 

can also reveal the intrinsic rhythmicity driven by a FLO (Lakin-Thomas and 

Brody 2000; Yoshida et al. 2008). Supporting this concept, when frq, wc-1 and 

wc-2 mutants are exposed to the addition of chemical supplementation or to 

special nutritional conditions, a robust physiological rhythm is observed under LD 

cycles Dragovic et al. 2002. Conidiation can also be regulated by temperature 

cycles in strains lacking frq. These rhythms are driven by an additional FLO, 

described as a temperature-dependent oscillator (Roenneberg et al. 2005). 

Furthermore, N. crassa strains lacking wc genes respond to temperature cycles, 

but they fail to entrain to temperature changes as WCC is required for 

temperature-entrainment of FLOs (Hunt et al. 2012). Nevertheless, the 

conidiation of clock mutant strains are subject to strong masking effects, that is, 

rhythms that are a direct response to light or temperature cycles, thus not 

reflecting true intrinsic circadian rhythms. The strong masking effects causes that 

the entrainment to residual oscillators is often overlooked (Roenneberg et al. 

2005). As a consequence, the presence of FLOs are largely uncharacterized at 

the gene level, despite the extensive physiological characterization.   

Despite extensive knowledge gained on the circadian clock through studying N. 

crassa, little is known about the presence of circadian oscillators in other fungal 

species. N. crassa is a non-pathogenic fungus, however, it is phylogenetically 

related to a wide range of devastating plant-pathogens. Examples of circadian 

rhythms have been reported in pathogenic fungi, such as Cercospora kikuchii 

(Bluhm et al. 2010),  Aspergillus nidulans and Aspergillus flavus (Greene et al. 

2003), and Botrytis cinerea (Hevia et al. 2015). Furthermore, the presence of 

phenotypic banding has been reported in several other fungal species, including 

Magnaporthe oryzae (Deng et al. 2015), Neonectria ditissima (Bell-Pedersen et 

al. 1996),  Sclerotinia fructigena (Hevia et al. 2015) and Verticillium dahliae 
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(Heale and Isaac 1965). Previous studies have described the link between the 

circadian clock and a host defence responses in plants (Bhardwaj et al. 2011; 

Wang et al. 2011; Zhang et al. 2013). Specifically, plants anticipate when they 

are most likely to be challenged by the pathogen and counterattack by an 

increase of immune responses. However, no information about the impact of the 

circadian clock on pathogenicity was available until recently. The plant-pathogen 

Botrytis cinerea has been shown to contain a circadian clock that modulates the 

outcome of pathogenicity in a time dependent manner (Hevia et al. 2015). 

Furthermore, the deletion of wc-1 in B. cinerea resulted in the reduction of 

virulence capacity in the light, but not in the dark. This demonstrates that WC-1, 

and hence light, can play a key role in the outcome of plant-pathogen interactions 

(Canessa et al. 2013). Further examples linking light perception and fungal 

pathogenicity have been described in Magnaporthe oryzae (Kim et al. 2011), 

Fusarium oxysporum (Ruiz-Roldán et al. 2008) and the human pathogen 

Cryptococcus neoformans (Idnurm and Heitman 2005). However, it has been 

suggested that the mechanism underlying this interaction may be difficult to 

elucidate due to the interaction of both the host and the pathogen circadian clock 

(Idnurm et al. 2010). The interaction of the host-parasite circadian clock has also 

been addressed using insect parasites. The developmental rhythms of the rodent 

malaria parasite Plasmodium chabaudi are altered by the host’s feeding 

schedule. The parasite circadian rhythms show high plasticity, taking over signals 

from the host to which synchronizes its development. Therefore, host circadian 

rhythms influence the developmental rhythms of malaria parasites (Prior et al. 

2018). In the contrary, the specialized fungus Ophiocordyceos unilateralis, 

parasite of Carpenter ants, is able to manipulate the host’s behaviour by affecting 

gene expression (de Bekker et al. 2015). Among the processes affected by the 

parasite, the researches hypothesized that the host’s circadian clock was altered 

(de Bekker et al. 2015).  

N. crassa belong to the same phylogenetic class as Verticillium dahliae, a plant-

pathogen responsible for wilt diseases in an enormous range of economically 

important crops. As previously studied (Heale and Isaac 1965), when exposed to 

cyclic conditions such as LD and temperature cycles, V. dahliae produces 

rhythmic concentric rings of conidia and microsclerotia. However, these 
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morphological rhythms fail to persist in constant conditions (freerun) and fail to 

be entrained by light or temperature cues. Thus, the concentric rings are not 

displaying true circadian rhythmicity. There are some possible explanations for 

this phenomenon; i) the lack of a robust circadian system results in an easily 

dampened rhythm, or ii) the rings are not regulated by the circadian clock. 

Though, the lack of obvious circadian rhythms does not necessarily correlate with 

the absence of a circadian system. There are species that do not display an 

obvious morphological rhythm but harbour a circadian clock at the molecular or 

metabolic level, as seen in Pyronema confluens (Traeger and Nowrousian 2015; 

Eelderink-Chen et al. 2010).  

In this study, we aimed to characterize the role of homologues of the N. crassa 

clock oscillator genes in V. dahliae and elucidate their possible influence on 

pathogenicity. We utilized previously sequenced strawberry-isolated V. dahliae 

strains to identify homologues of frq, wc-1 and wc-2. Through Agrobacterium 

tumefaciens-mediated transformation (ATMT), we obtained gene deletion 

mutants of frq, wc-1 and wc-2 in V. dahliae strains. We observed that unlike N. 

crassa, the absence of FRQ did not lead to conidia and microsclerotia 

arrhythmicity. We demonstrated that WC-1 is involved in the V. dahliae photo-

conidiation as well as the formation of microsclerotia, and that light and 

temperature independently regulate conidiation. Moreover, we observed that the 

deletion of V. dahliae wc-2 leads to an overproduction of mycelium and a 

diminished response to LD cycles. To study the possible implication of the 

putative clock genes in the virulence process, several pathogenicity-tests were 

conducted. The results showed an impaired pathogenic capacity in wc-1 deletion 

mutants, suggesting that wc-1 is required for full pathogenicity of V. dahliae on 

Arabidopsis and strawberry. However, wc-2 mutants exhibited a WT pathogenic 

level, and frq mutants exhibited variable responses in their results. Further 

analysis at the transcriptional level are required to elucidate the existence of a 

functional clock in V. dahliae. Overall, the study of circadian pathogenic traits is 

of tremendous importance since it allows a better understanding of pathogenicity 

processes leading to the application of time informed precision disease control.  
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3 MATERIALS AND METHODS 

3.1 V. dahliae isolates 

The strains of V. dahliae used for the present study (Table 1) were isolated from 

infected strawberry plants, and long-term stored at -80 � as conidial 

suspensions preserved with 50 % glycerol. V. dahliae strains from vegetative 

compatibility (VC) subclade II-2 (12158), and VC subclade II-1 (12253 and 

12008) were used as representatives for the phenotype characterization. V. 

dahliae 12158 is a hyaline isolate, whereas both strains 12253 and 12008 

produce black microsclerotia. All the strains mentioned above were used for 

genetic modification purposes. 

Genomes of V. dahliae strains 12158, 12251, 12253 and 12161 isolated from 

strawberry at NIAB-EMR were previously sequenced using the Illumina MiSeq 

technology. V. dahliae strain 12008 was sequenced using PacBio sequencing 

technology (Pacific Biosciences). Genome sequences are available at 

DDBJ/EMBL/GenBank database using the following numbers: PRJNA344737 

and PRJNA352681. Reference genomes of V. dahliae JR2 and VdLs17 strains 

were downloaded from EnseblFungi (Kersey et al. 2016).  

 

Table 1. List of Verticillium isolates used in this study. Isolate number, host, origin, date 

of isolation and source are displayed. NA: Not available. 

Species	 Isolate	 Host	 Origin	
Isolation	
date	 Source	

V.dahliae	 12008	 Strawberry	 Kent,	UK	 1985	
Laboratory	
stock	

V.	dahliae	 12158	 Strawberry		 Kent,	UK	 2000	
Laboratory	
stock	

V.	dahliae	 12251	 Strawberry		 Kent,	UK	 2012	
Laboratory	
stock	

V.	dahliae	 12253	 Strawberry		 Kent,	UK	 2012	
Laboratory	
stock	

V.	dahliae	 Δfrq_12008 -	 -	 -	 This	study	
V.	dahliae	 Δfrq_12253 -	 -	 -	 This	study	
V.	dahliae	 Δwc1_12253 -	 -	 -	 This	study	
V.	dahliae	 Δwc2_12008_1 -	 -	 -	 This	study	
V.	dahliae	 Δwc2_12008_10 -	 -	 -	 This	study	
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3.2 V. dahliae growth conditions 

The different Verticillium isolates were cultivated on Petri dishes containing 

Prune Lactose Yeast Agar (PLYA) (Per liter, 100 ml Prune extract, 5 g Lactose, 

1 g Yeast extract, 12 g Agar). Fungi were cultured in constant dark at 24 � for 7 

days. For propagation, plates were flooded with 2 ml of sterile water and gently 

rubbed with a spreader to create a spore suspension. For the conditioning of the 

biological rhythm, the spore suspension was subsequently plated on PLYA 

medium and incubated for 7 days at 24 � in the dark. After a week, each plate 

was flooded with 2 ml of sterile water, and once more, conidia were released 

using a plastic spreader. The spore suspension was filtered, quantified and 

diluted to 3 x 105 spores/ml and 1 µl of the inoculum was point-inoculated in the 

center of a PLYA plate and incubated at at 24 � for 14 days under the 

appropriate light or temperature conditions.  

The effect of nutrition on fungal development was evaluated on three different 

solidified media: BMM (per liter, glucose 5 g, NaNO3 0.2 g, KCL 0.52 g, 

MgSO4.7H2O 0.52 g, KH2PO4 1.52 g, 3 μM thiamine HCl, 0.1 μM biotin, agar 10 

g, pH adjusted to 11.5) (Hu et al. 2013), MM (per liter, glucose 2g, K2HPO4 2.05g, 

KH2PO4 1.45g, NH4NO3 0.5g, CaCl2 0.01g, MgSO4.7H2O 0.6g, NaCl 0.3g, 

(NH4)2SO4 0.5g, Z-Salts 5ml, agar 10 g, adjusted to pH 6.7-7.0 with HCl) and 

Czapek DOX Agar (Sigma-Aldrich, Germany).  

To assess Verticillium tolerance to ROS, 50 µM menadione was added to PLYA 

media after autoclaving. Experiments were performed a minimum of three times, 

each containing three replicate. At the end of each experiment, plates were 

photographed with a Canon camera and the total colony growth was measured 

using digital calipers.  

For pathogenicity experiments, the conidial inoculum was prepared by 

transferring V. dahliae plugs from one-week-old PLYA plates into liquid cultures 

containing PDB (50 ml in 100 ml Erlenmeyer flasks) at 24 �, 150 rpm, for 7 days 

in complete darkness. On the day of the inoculation, cultures were vacuum-

filtered using filter paper the conidial density was quantified with a 

hemocytometer, and adjusted to 1 x 106 spores/ml sterile distilled water. 
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3.3 Locus identification of putative clock genes 

To identify orthologues of the N. crassa clock genes in V. dahliae, BlastP was 

carried out. The N. crassa protein FASTA files were downloaded from the NCBI 

database. Homologues were identified using BLASTp against the V. dahliae JR2 

genome (downloaded from Ensembl Fungi) using Geneious R10. The 

corresponding V. dahliae hits for frq, wc-1 and wc-2 genes were identified as 

VDAG_JR2_Chr1g01960, VDAG_JR2_Chr2g01990, VDAG_JR2_Chr7g03830, 

respectively. Once identified in V. dahliae JR2 reference genome, they were 

identified using BLASTp against the genomes of V. dahliae strains 12158, 12251, 

12253 and 12161 sequenced at NIAB-EMR. Whole gene alignments between 

the different V. dahliae isolates queries were carried out using the ClustalW 

algorithm implemented in Geneious R10. 

 

3.4 V. dahliae DNA extraction  

The mycelium of V. dahliae isolates 12158, 12253 and 12008 was grown in liquid 

PDB cultures (50 ml in 100 ml Erlenmeyer flasks) from mycelium plugs taken 

from one-week-old PLYA plates. The culture flasks were incubated at 24 �, 150 

rpm for one week. The mycelium suspension was filtered through 13 µl particle 

retention filter paper. A freeze-dryer was used to dehydrate the mycelium and 20 

mg of dry weight was homogenized using two ball bearings and a tissue lyzer for 

2 pulses of one minute. DNA of V. dahliae mycelium was then extracted using 

Macherey-Nagel Plant DNA Extraction Kit (Germany) following the 

manufacturer’s instructions. 

 

3.5 Cloning of V. dahliae frequency (frq) replacement cassette 

The vector construction system (USER Brick) is the combination of PCR 

amplified vector fragments with PCR generated fragments from the gene of 

interest. Oligonucleotide sequences were designed using the version of Primer3 

2.3.7 implemented in Geneious 10. Primers carried the relevant overhangs 

containing uracil as specified in (Sørensen et al. 2014), and were synthesized by 

Integrated DNA Technologies (Leuven, Belgium). Fragments of about 1.5 kb 
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containing the 5’ and 3’ flanking regions of frq gene were amplified from genomic 

DNA of V. dahliae using the primer pairs HRFrq1-F/R and HRFrq2-FR (Table 2). 

Core USER Bricks, as well as the selective marker Hygromycin gene, were 

amplified from the plasmid pRF-HU2 and pRF-HUE using the primers B1-F/R, 

B2-F/R and HygR1-F/R as described in (Sørensen et al. 2014). PCR reactions 

were performed using Phusion U Hot Start DNA Polymerase (Thermo Fisher 

Scientific, Waltham, MA, USA). The PCR reaction consisted of 1 μl of template 

DNA (10 ng for plasmid DNA and 50 ng for genomic DNA), 200 μM of dNTPs, 

0.5 μM of each primer, 0.02 U/μl of Phusion U HS DNA Polymerase, 1x Phusion 

HF Buffer and water to a final volume of 50 μl. The PCR conditions were 98 � 3 

min; 35 cycles of 98 � 15 sec, 60 � 20 sec, 72 � 1 min and 72 � for 5 min. 

The PCR amplicons were gel purified using the NucleoSpin Gel Clean-Up Kit 

(Macherey-Nagel, Germany), and DNA concentration was measured using the 

Qubit® 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The 

construction of the plasmids was performed mixing the five bricks (total moles 

per brick = 1.52 x 10-05) with 1 μl of USER enzyme mix (New England Biolabs) 

and 1 μl of 10x Taq DNA Polymerase Buffer (Thermo Scientific) in a 10 μl 

reaction. The reaction was incubated for 25 min at 37 °C followed by 25 min at 25 
oC using a thermal cycler. After the USER assembly, Ligase T4 (Thermo Fisher 

Scientific) was added to the reaction and was incubated for 4 h at 22 � using a 

thermal cycler. Four microliters of the assembly reaction were used for the 

transformation of 50 μL chemically competent E. coli DH5α cells as specified 

below. Correct vector assembly was then verified by amplifying the vector 

junctions using B1.B2-F/R, H.F2.B1-F/R and B1.B2.F1.H-F/R primers (Table 2) 

by Taq 5x Master Mix (New England Biolab).  The PCR reaction consisted of 1 

μl of template DNA (10 ng/μl), 0.2 μM of each primer, 1x Taq Master Mix and 

water to a final volume of 12.5 μl. The PCR conditions were 95 � 30 sec; 35 

cycles of 95 � 20 sec, 60 � 20 sec, 68 � 2 min and 68 � for 5 min. A schematic 

representation of the resultant vector containing the frq replacement cassette 

(pEcFrq-D1) is shown in Figure S1. The correct vector was transformed into 

Agrobacterium tumefaciens isolate EHA105 as explained below.  
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Table 2. Primer sequences used in this study. 
		 Primer	pair	 Overhang	5'	-	3'	 Sequence	5'	-	3'	 Product	Length	(bp)	 Template	

U
SE
R-
Br
ic
k	
	

B1-F	 AAGGTTTAAU	 TCACTGGCCGTCGTTTTA	 2165	 pRF-HU2	

B1-R	 ATTTAAAGAU	 CCGCGCGAGC	
HygR1-F	 ACGCAATACU	 AGTCGGGGGATCCTCTAG	 2480	 pRF-HU2	
HygR1-R	 ACTAGGTCAU	 GGGCCCATCGATGATCAG	
B2-F	 ATCTTTAAAU	 GGAGTGTCTTCTTCCCA	 1658	 pRF-HU2	
B2-R	 AATACGACCU	 TCGTGACTCCCTTAATTCT	
HRFrq1-F	 AGGTCGTATU	 GAGACTTCAGTAAATTGTGGTTGT	 1600	 V.	dahliae	
HRFrq1-R	 AGTATTGCGU	 AGAGTCGTTGTCGTCGGG	
HRFrq2-F	 ATGACCTAGU	 GATCACATTTTGCATCTTTCGGG	 1565	 V.	dahliae	
HRFrq2-R	 ATTAAACCTU	 GTCACCATGACTCGCTACAA	
HRWc1.1_F	 AGGTCGTATU	 GTCACCGCCACCAGATGT	 1559	 V.	dahliae	
HRWc1.1_R	 AGTATTGCGU	 TCATTCTTTTCCTATGTACAAGGAGGA	
HRWc1.2_F	 ATGACCTAGU	 GTCAGTCGCACTCTTCTCGG	 1595	 V.	dahliae	
HRWc1.2_R	 ATTAAACCTU	 ACCCAGCTACCTAAAGAAGAAGA	
HRWc2.1_F	 AGGTCGTATU	 GCACTTTGAGCATCAGACGC	 1532	 V.	dahliae	
HRWc2.1_R	 AGTATTGCGU	 AGGCAGGCTACATGAACTCG	
HRWc2.2_F	 ATGACCTAGU	 CTGTTCCACGTCCTCAAGC	 1587	 V.	dahliae	
HRWc2.2_R	 ATTAAACCTU	 AGTACCGCTCCGTCATCAAC	

Pl
as
m
id
	v
al
id
at
io
n	 B1.B2-F	 		 TGTCATACCACTTGTCCGCC	 461	 pEcFrq-D1,	pEcWc1-D1,	pEcWc2-D1	

B1.B2-R	 	 CTGCCTGTTCCAAAGGTCCT	
B1-B2-F1-H-F	 	 ATGTTGCTGTCTCCCAGGTC	 3600	 pEcFrq-D1	

B1-B2-F1-H-R	 	 CCTATATCGCCGACATCACC	
H-F2-B1-F	 	 GTATGACCGGGTCGTTCACT	 2190	 pEcFrq-D1	

H-F2-B1-R	 	 CTGGCTGGTGGCAGGATA	



	

	145	

   

		 Primer	pair	 Overhang	5'	-	3'	 Sequence	5'	-	3'	 Product	Length	(bp)	 Template	

Pl
as
m
id
	v
al
id
at
io
n	

B1.B2.WC11.H_F	 	 GCCTGAGAGCCAAAACACTT	 3955	 pEcWc1-D1	

B1.B2.WC11.H_R	 	 CCTATATCGCCGACATCACC	
H.WC12.B1_F	 	 GCACCAAGCAGCAGATGATA	 2714	 pEcWc1-D1	
H.WC12.B1_R	 	 GACTGATGGGCTGCCTGTAT	
B1.B2.Wc21.H-F	 	 TGTCATACCACTTGTCCGCC	 3370	 pEcWc2-D1	
B1.B2.Wc21.H-R	 	 	CGCCTATATCGCCGACATCA	
H.Wc22.B1-F	 	 GTTGACCTCCACTAGCTCCAG	 2035	 pEcWc2-D1	
H.Wc22.B1-R	 		 GGTGATTTTGTGCCGAGCTG	

V.
	d
ah

lia
e	
m
ut
an
ts
	v
al
id
at
io
n	

TestHygr_F	 		 ATTTGTGTACGCCCGACAGT	 624	 ∆frq,	∆wc1,	∆wc2	mutants	

TestHygr_R	 	 AGACCTGCCTGAAACCGAAC	
TestFrq-F	 	 CCATCTTCGGCGCATTTGAG	 563	 ∆frq	mutants	

TestFrq-R	 	 ACTGTGAGGAATTGCTGCGA	
FrqUS_Hygr-F	 	 AGTTCCACTCGTTCGCTCTG	 2182	 ∆frq	mutants	

FrqUS_Hygr-R	 	 CGCCTATATCGCCGACATCA	
TestWc1-F	 	 GGCTCTGGTCCTGCTCAAAT	 414	 ∆wc1	mutants	

TestWc1-R	 	 GCTTTCCCCCAGTACTCGAC	
Wc1US_Hygr-F	 	 GCAACGAAGCCCAATTCTCC	 2300	 ∆wc1	mutants	

Wc1US_Hygr-R	 	 CTCATGAGCGCTTGTTTCGG	
TestWc2_F	 	 TGAATCTCGACAACCCACCC	 401	 ∆wc2	mutants	

TestWc2_R	 	 GGCAATCTCCTCCGACTTGT	
Wc2US_Hygr-F	 	 TCATCAGATTGAGGCAGCGG	 2164	 ∆wc2	mutants	

Wc2US_Hygr-R	 		 GGCAATCTCCTCCGACTTGT	
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3.6 Cloning of V. dahliae white collar-1 (wc-1) replacement cassette 

For the deletion cassette of V. dahliae wc-1, the 5’ and 3’ flanking regions of the 

wc-1 locus were amplified from genomic DNA using the primer pairs HRWc1.1-

F/R and HRWc1.2-FR (Table 2). Core USER Bricks and Hygromycin gene were 

amplified as stated before. The vector bricks were assembled through USER 

reaction and transformed into E. coli DH5α competent cells. The vector junctions 

were amplified using B1.B2-F/R, H.WC12.B1-F/R and B1.B2.WC11.H-F/R 

primers to confirm the correct vector assembly. A schematic representation of 

the resultant vector containing the frq replacement cassette (pEcWc1-D1) is 

shown in Figure S2. The vector was introduced into A. tumefaciens isolate 

EHA105 as explained below.  

 

3.7 Cloning of V. dahliae white collar-2 (wc-2) replacement cassette 

The deletion cassette of V. dahliae wc-2 gene was constructed by amplifying the 

5’ and 3’ flanking regions of the wc-2 locus using the primer pairs HRWc2.1-F/R 

and HRWc2.2-F/R (Table 2) leading to fragments of approximately 1.5 kb. Core 

USER Bricks and Hygromycin gene were amplified as stated above. The vector 

bricks were assembled through USER reaction and transformed into E. coli DH5α 

competent cells. The vector junctions were amplified using B1.B2-F/R, 

H.WC22.B1-F/R and B1.B2.WC21.H-F/R primers to confirm the correct binding 

of the fragments. A schematic representation of the resultant vector containing 

the frq replacement cassette (pEcWc2-D1) is shown in Figure S3. The vector 

was introduced into A. tumefaciens isolate EHA105 as explained below.  

 
3.8 E. coli competent cells preparation and transformation 

E. coli DH5α cells were prepared as described in Ausubel et al., 1997. 

Transformation of E. coli competent cells with the desired plasmids was achieved 

by mixing 50 µl of competent cells and 4 µl of the desired assembled vector. A 

heat-shock of 30 seconds at 42 °C was followed by an immediate transfer to ice 

for 5 minutes. After that, 250 µl of SOC medium was added and cells were 

incubated for 1 hour at 37 °C and 150 rpm in a shaking incubator. Cells were 

plated onto a LBA plate containing kanamycin (50 µg ml-1) and incubated 
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overnight at 37oC. Transformants were checked by colony PCR using the 

corresponding primer pairs as shown in Figure S1, Figure S2 and Figure S3. The 

plasmid DNA was extracted from the verified colonies using the Macherey-Nagel 

NucleoSpin Plasmid Kit (Germany) as specified by the manufacturer. 

 

3.9 Agrobacterium tumefaciens transformation 

The Agrobacterium tumefaciens strain EHA105 was transformed with the 

different gene replacement vectors. The transformation procedure consisted of 

snap freezing the mixture of cells and the binary vector in liquid nitrogen 

(maximum 1 μg of the corresponding vector DNA) for 5 min followed by a 5 

minutes incubation at 37o in a thermal cycler. The mixture was then incubated at 

28 oC for 2 hours at 150 rpm in a shaking incubator. One hundred microliters of 

the mixture were plated onto medium containing rifampicin (50 μg ml-1) and 

kanamycin (50 μg ml-1). The plates were incubated at 28 oC for 2 days. 

Transformants were checked by PCR using the primers shown in Figure S1, S2 

and S3. A. tumefaciens EHA105 colonies containing the correct vectors were 

preserved with 50 % glycerol and stored at -80 oC.  

 

3.10 Agrobacterium-mediated transformation of V. dahliae  

The A. tumefaciens strain EHA105 containing the desired binary vector, was 

grown at 28 oC for 48 h in MM medium supplemented with 50 μg ml-1 of rifampicin 

and 50 μg ml-1 of kanamycin on a rotary shaker. After reaching an optical density 

of OD600 = 0.5, bacterial cells were diluted to OD600 = 0.15 with IM medium 

(Glucose 2g, K2HPO4 2.05g, KH2PO4 1.45g, NH4NO3 0.5g, CaCl2 0.01g, 

MgSO4.7H2O 0.6g, NaCl 0.3g, (NH4)2SO4 0.5g, Z-Salts 5ml, 98% MES 8.7g, 

glycerin 5g, adjusted to pH=5.4 with HCl) supplemented with 200 μM 

acetosyringone (AS). The cells were grown for an additional period of 12-15 h 

before being mixed with an equal volume of a spore suspension of the required 

strain of V. dahliae (1x106 spores ml-1), previously grown for three days in flasks 

containing PDB liquid media in a rotary shaker.  From this mixture aliquots of 200 

μl were plated on a cellophane membrane placed on an IM agar plate. After 

incubation at 25oC for 48 h the cellophane disc was transferred onto a PDA plate 
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containing 200 μg/ml tricarcillin and 50 μg/ml hygromicin B selective markers. 

The plates were incubated at 24 oC for 5 to 7 days. Discrete colonies were 

selected and grown in PDB liquid cultures + 50 μg/ml hygromycin B for 24 h. 

Single-spore colonies were obtained by plating 100 μL of the culture on PDA + 

50 μg/ml hygromycin B. PCR was used on selected single-spore mutants to 

confirm insertion of hygromicin and lack of product from deleted gene (Eynck et 

al. 2007). 

 

3.11 Arabidopsis thaliana growth conditions 

For the pathogenicity tests, seeds of Arabidopsis thaliana, ecotype Columbia 

(Col), were surface-sterilized by sequential immersion in 70% ethanol for 1 min 

and 10% (v/v) bleach containing 0.1% (v/v) Tween-20 for 5 minutes under gentle 

shaking. The seeds were washed five times with autoclaved distilled water for 5 

minutes, re-suspended in sterile 0.1% agarose, and subsequently put into a 

stratification step at 4oC during 2-3 days in darkness (Zhang et al. 2006). 

Afterwards, 5 to 6 seeds were pipetted into 120 x 120 mm square petri dishes 

(Thermo Fisher Scientific) containing half-strength Murashige and Skoog salts 

(MS); pH 5.7; 0.8% (wt/vol) Phytagel (Sigma-Aldrich); 1% sucrose; and grown at 

22oC under 16:8 LD cycles in a Panasonic MLR-352 incubator for 3-4 weeks.  

  

3.12 Arabidopsis thaliana root inoculation assay 

V. dahliae conidial suspensions (1 x 106 spores/ml) were harvested and diluted 

with PDB from 7 days old liquid cultures as stated previously. Three to four-week-

old Arabidopsis seedlings were aseptically moved to new plates containing half-

strength MS salts; pH 5.7; 0.8% (wt/vol) Phytagel (Sigma-Aldrich); without 

sucrose, and root tips were trimmed using sterilized scissors. Each plate 

contained five Arabidopsis seedlings, that were inoculated with 200 μL of the 

spore suspension spread onto the roots. Mock plates were inoculated with 

autoclaved distilled water. Plates were sealed and subjected to a light-dark cycle 

of 12:12 h and constant temperature of 24 oC for the duration of the experiment. 

 
3.13 Disease assessment and microscopy 
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Arabidopsis seedlings were photographed and scored for disease symptoms 

using a scale with nine categories (Table 3; modified from Eynck et al. 2007). For 

experiments assessing the pathogenicity of V. dahliae putative clock-mutants, 

scoring was conducted weekly for 4 weeks.  

For microscopy visualizations, seedlings were harvested and fixed for 3 days 

(Chloroform/Ethanol/TCA 0.15% w/v TCA in 4:1 v/v EtOH/Chloroform) at 0 h 

post-inoculation (hpi), 8 hpi, 12 hpi, 24 hpi, 48 hpi, 72 hpi, 5 days post-inoculation 

(dpi), 6 dpi, and 10 dpi. Plants were first vacuum-infiltrated with 1 x PBS, followed 

with WGA Alexa Fluor 488 (Life Technologies). After 2 days incubated in the 

solution, plantlets were stained with Propidium Iodide (Sigma-Aldrich, Germany), 

mounted on a slide in PBS and subsequently examined using a Leica AF6000 

Microscope at 40-60x magnification. 

 
Table 3. Disease symptoms scores used to assess the disease levels induced by V. 

dahliae. Modified from Eynck et al. 2007). 

Score	 Disease	symptom	in	A.	tahliana	
1	 Healthy	plant	
2	 Slight	symptoms	on	older	leaves	(yellowing)	
3	 1	to	2	outer	leaves	leaves	affected	
4	 >	2	leaves	affected	
5	 50	%	leaves	affected	
6	 >	50%	leaves	affected	
7	 75	%	leaves	affected	
8	 >	75	%	leaves	affected	
9	 Plant	dead	

 

3.14 Arabidopsis thaliana fungal counts 

The extent of colonization of Arabidopsis seedlings infected with different strains 

of V. dahliae (1 x 106 spores/ml) was determined by maceration of the plant and 

fungal counts. Plates were subjected to a light-dark cycle of 12:12 h and 

temperature of 24 oC for the duration of the experiment. Rosettes were detached 

from roots just below the crown at 0 hpi, 48 hpi, 10 dpi, 14 dpi and 21 dpi. The 

rosettes were rapidly sterilized with 70% ethanol, rinsed twice with sterile distilled 

water (sdw), and disrupted with 1 ml sdw mixed with approximately 50 mg of 
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sterile sand 50-70 mesh particle size (Sigma-Aldrich, Germany) using 1 ml tissue 

grinders. Ten-fold serial dilution of the suspension was performed, and 100 μL 

duplicate aliquots were plated on PDA plates containing 200 μg/ml tricarcillin. 

Colonies were counted after one-week incubation at 24oC in the dark (Veronese 

et al. 2003). Data for calculated CFU/g were Log10 transformed. 

  

3.15 Strawberry in vitro propagation 

Strawberry (Fragaria ananassa) cultivars Hapil and Redgauntlet were 

established in tissue culture as meristems extracted from runner tips grown at 

East Malling Research. Plantlets were preserved in sterile jars containing with 

SMT proliferation medium (MS salts 4.41 g, 177.5 μM Benzylamino purine (BAP), 

254 μM Giberellic acid (GA), 255 μM Indole butyric acid (IBA), sucrose 30 g, agar 

(Oxoid 3) 7.5 g, adjust pH = 5.6). The optimal growth conditions were 24 oC in 

the light and 19 oC in the dark, in a photoperiod of 16h light and 8 hours dark. For 

long-term in vitro material, plantlets were transferred to fresh SMT medium in 

sterile conditions every 6 weeks. For root induction, SMR rooting medium (MS 

salts 4.41 g, 254 μM GA, 255 μM IBA, sucrose 30 g, agar (Oxoid 3) 7.5 g, adjust 

pH = 5.6) was used. Four weeks prior to a pathogenicity test, roots were carefully 

removed from the media just below the crown and the tips were moved to square 

petri dishes containing ATS medium as specified in (Williamson et al. 2001), 

where subsequent roots were produced. 

 

3.16 Strawberry pathogenicity test  

A conidial suspension of Verticillium dahliae 12008 was prepared and adjusted 

to the required concentration (1x106 spores ml-1). Plants were removed from the 

plates and the roots were carefully cleaned free of agar with a sterile blade. 

Before the inoculation, 1 cm of roots was trimmed from the bottom with sterile 

scissors. Plants were inoculated by dipping the root systems into a flask 

containing the spore suspension (6 plants/100 ml inoculum) for 5 minutes. A fresh 

spore suspension was used for each batch of 6 plants. Plants were then placed 

to new ATS medium plates sealed with tape. Uninfected plants were inoculated 

with sterile distilled water following the same procedure as stated before.  Plates 
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were subjected to a light-dark cycle of 16:8 h and temperature of 24 oC in a 

Panasonic MLR-352 incubator. For the assessment of V. dahliae putative-clock 

gene mutants, plants were subjected to LD cycle of 12:12 h and temperature of 

24 oC.  

 

3.17 Statistical analysis 

Total fungal colony growth under different lighting and nutritional conditions were 

analysed using ANOVA and significance levels adjusted, where appropriate by 

application of Tukey’s multiple comparisons post hoc -test. Fungal colony counts 

were logarithmically (base 10) transformed and analysed using ANOVA test.  

Plant disease scores over a time course were analysed using the area under the 

disease progress curve (AUDPC).  

All statistical analyses were carried out using R Studio programme. 

 
 
4 RESULTS 

4.1 Generation of clock genes knock-outs in V. dahliae  

Through BLASTp comparative studies between N. crassa and V. dahliae, we 

identified gene orthologues of the circadian oscillator components in V. dahliae: 

frequency (frq), white collar-1 (wc-1) and white collar-2 (wc-2). To assess the 

implications of these genes on circadian regulation and light-mediated fungal 

differentiation in V. dahliae, gene knock-out mutants were produced. Using the 

USER-Brick cloning system to assemble the replacement cassettes was highly 

successful, this allowed the construction of de novo vectors by the amplification 

of the required vector blocks and the desired gene fragments. The amplification 

was carried out using primers containing a 5’ overhang comprising a uracil 

residue that was recognized by the USER (Uracil specific excision reagent) 

enzyme (Sørensen et al. 2014). The resulting complementary overhangs allowed 

the assembly of the fragments in a specific order. Isolates 12158, 12253 and 

12008 were transformed by Agrobacterium strains containing the engineered 

vectors pEcFrq-D1, pEcWc1-D1 and pEcWc2-D1. The constructed vectors were 

used to generate targeted gene knockouts of frq (VDAG_JR2_Chr1g01960), wc-

1 (VDAG_JR2_Chr2g01990) and wc-2 (VDAG_JR2_Chr7g03830) genes 
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respectively. The gene replacement vectors lead to targeted double homologous 

recombination at the V. dahliae frq, wc-1 and wc-2 locus and the insertion of the 

hygromycin resistance marker simultaneously. Putative V. dahliae transformants 

grown in PDA supplemented with 50 μg ml-1 hygromycin B (Figure S4) were 

randomly selected for PCR verification using different sets of primers as specified 

in Figure S5, S6 and S7. The transformation success rate was very low, with 

numerous false positives growing on selective plates.  

Overall, we obtained frq deletion mutants in isolates 12253 and 12008 

(Δfrq_12253 and Δfrq_12008), wc-1 deletion mutant in 12253 (Δwc1_12253) and 

a wc-2 deletion mutant in 12008 (Δwc2_12008).  

 

4.2 V. dahliae frq does not have an effect on differentiation 

To assess whether frq played a role in V. dahliae circadian regulation, we 

assessed whether the banding pattern of Δfrq_12253 and Δfrq_12008 was 

observed under different cyclic conditions. The Δfrq mutants grown in either 

12:12 h LD cycles or temperature cycles (20 oC - 28 oC), presented the same 

characteristic banding pattern of microsclerotia and conidia as the wild type (WT) 

strains (Figure 1 A, B). The result did not correspond with the N. crassa frq null 

mutants, which became arrhythmic and are incapable of producing rhythmic 

bands of conidia (Baker et al. 2012), unless additional chemical supplementation 

is added to the cultivation media.  
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Figure 1. V. dahliae Δfrq mutant strains show rhythmic conidiation and microsclerotia 

production under light and temperature cyclic conditions. A) Morphological rhythms in 

the wild type WT_12253 and the mutant Δfrq_12253 strains in LD 12:12 and temperature 

(20/28) 12:12 cycles. The isolates were point inoculated onto solid PLYA media and 

incubated for 14 days. B) Morphological rhythms of WT_12008 and Δfrq_12008 strains 

in LD 12:12 and temperature (20/28) 12:12 cycles. D) WT_12253 and Δfrq_12253, were 

inoculated on PLYA plates and incubated in DD or LD at constant 24 �. The diameter 

of the colonies was quantified after 14 days. The boxplot represents the distribution of 

colony diameter sizes of six independent experiments, each containing three replicates. 

The lower (Q1) and upper (Q3) quartile are represented. The diagram also shows the 

median of each observation Analysis of variances (ANOVA) was performed. Letters 

indicate significant differences (p<0.05) for each condition, Tukey’s HSD test. 

 

LD
	1
2:
12
	

WT	12253 Δfrq_12008

20
/2
8	
12
:1
2	
			
			
			
			
	

Δfrq_12253 WT	12008A B

Δ Δ

Δ

a

b

a
b

Δ Δ

Δ

a

b

a

b

C D



	

	 154	

We observed a reduction in total colony growth for both Δfrq mutants 

(Δfrq_12253 and Δfrq_12008) with respect to the WT (12253 and 12008) strains 

(F(1,85)=61.87, p<0.01; F(1,74)=32.84, p<0.01, respectively), despite the high 

variation among replicates. The reduced daily growth was independent to the 

lighting conditions (DD or 12:12 LD cycles) (Figure 1 C, D). Furthermore, we 

observed that the colony growth was dependent on the nutritional composition of 

the culture media (Figure 4). Δfrq_12008 showed a reduced growth compared to 

WT_12008 on PLYA media, but not on a minimal medium (MM) (F(17,223)=11.4, 

p=0.99), Czapek Dox agar (DOX) (p=1) or basal modified medium (BMM) (p=1). 

Δfrq_12253, on the other hand, presented significantly bigger colony diameters 

than the WT_12253 when incubated on BMM and MM (F(17,223)=11.4, p<0.01, 

p<0.01, respectively) (Figure 4). The bands of microsclerotia were observed 

across all the media types, but conidial rings were masked by masses of 

mycelium when grown on DOX and BMM media (Figure 5). Even though a large 

heterogeneity exists between frq mutants of different V. dahliae strains, the 

results suggest that frq plays a role in fungal growth not seen in N. crassa. 

 

Figure 2 (Overleaf). Growth media composition affect growth rates of WT and clock-

mutant strains. Quantification of colony size of the strains presented in Figure 3. The 

boxplot represents the distribution of colony diameter sizes after 14 days of incubation 

in 12:12 LD cycles of two independent experiments, each containing three replicates. 

Analysis of variances (ANOVA) was performed. Letters indicate significant differences 

(p<0.05) for each media type, Tukey’s HSD test. 
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Figure 3. Effect of the nutritional composition of culturing media on WT and clock-mutant strains phenotypes. WT_12253, WT_12008, 

Δfrq_12008, Δfrq_12253, Δwc1_12253 and Δwc2_12008_10 strains were incubated on PLYA, Czapek DOX, MM and BMM plates under 12:12 

LD conditions for 14 days. 
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4.3 V. dahliae WC-1 controls microsclerotia formation and regulates 
conidiation in response to white light 

V. dahliae contains a gene orthologue encoding the transcription factor and blue-

light photoreceptor WC-1. In N. crassa, WC-1 mediates gene expression in 

response to light, and constitutes the positive element of the circadian TTFL 

(transcription-translation feedback loop) after heterodimerization with WC-2 

(Crosthwaite et al. 1997). In order to evaluate whether WC-1 exhibits the same 

functions in V. dahliae, we performed wc-1 gene knockouts. Knockout of wc-1 

led to complete abrogation of microsclerotia formation under all conditions 

(Figure 4). Thus, indicating that WC-1 is an upstream essential regulator of either 

microscleorotia, or the secondary metabolites that confer melanin. Furthermore, 

the Δwc1 mutant failed to produce concentric rings of conidia as opposed to the 

wild-type strain. However, the incubation under temperature cycles (20/28 �) 

elicited the formation of regular concentric rings of conidia in both Δwc1 and WT 

strains. This demonstrates that Δwc1_12253 mutants exhibited a wild-type-like 

response to temperature but not to light. This suggests that wc-1 mediates the 

light-induced conidia production in V. dahliae, in homology to the model N. 

crassa, where the deletion of wc-1 results in loss of rhythmic conidiation in 

response to LD cycles. Furthermore, both light and temperature exert a 

regulatory effect on conidiation using two independent pathways.  

Δwc1_12253 mutant and WT strains showed no significant differences in growth 

rates when incubated on PLYA media (Figure 4). We hypothesized that colony 

growth would vary between the wild-type and Δwc1 mutant strains depending on 

the lighting conditions, since wc-1 appears to be involved in the transduction of 

the light signals in the fungus. However, there were not differences in colony 

growth between the WT and the mutant in either DD (F(1,85)=0.187, p=0.360) or 

LD (F(1,85)=0.187, p=0.117) conditions (Figure 2 B). 
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Figure 4. V. dahliae wc-1 is essential for microslerotia formation and light-induced conidiation. A) The strains WT_12253 and Δwc1_12253 were 

grown in LD cycles at constant 24 � for 14 days (top) and in cyclic temperature conditions (20/28 �) (bottom). B) Representation of the colony 

diameter of WT_12253 and Δwc1_12253 strains grown in DD or 12:12 LD cycles for 14 days. Data from six independent experiments, each 

containing three replicates. Analysis of variances (ANOVA) was performed. Letters indicate significant differences (p<0.05) for each condition, 

Tukey’s HSD test. 
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Interestingly, the differences in total colony growth under LD conditions were 

dependent upon nutrition availability. As seen in Figure 2, no significant 

differences in growth between wild-type and Δwc1 strains were observed when 

cultured on PLYA, MM or BMM (F(17,223)=11.4, p=0.99, p=0.81, p=0.99, 

respectively). The colony diameter was smaller in Δwc1 mutant when grown on 

DOX media. The conidial banding pattern driven by LD cycles was absent in the 

Δwc1 mutant in all the media tested (Figure 3), therefore the loss of the rings 

phenotype was independent of culture media composition. In addition, mycelial 

growth was enhanced on DOX and BMM media, which was consistent across 

the strains tested in this project. 

 

4.4 Δwc-2 mutants respond to light but exhibit developmental differences 
to the WT 

To better understand the role of the WCC as a mediator of light and development 

in V. dahliae, deletion mutants of the second member of the complex (wc-2) were 

generated. In N. crassa, the mutants of wc-1 and wc-2, have defects in light 

reception, and are blind for many light responses such as conidia formation, 

carotenoid production and gene expression (Dragovic et al. 2002). Both proteins 

contain domains that are characteristic of transcription factors, such as zinc finger 

domains, putative nuclear localization signals and dimerization domains. 

However, WC-2 lacks the functional LOV domain, responsible for the binding to 

flavin chromophore (Schwerdtfeger and Linden 2000). Therefore, we examined 

whether the V. dahliae Δwc2_12008_1 and Δwc2_12008_10 mutant strains were 

able to display developmental rhythms in cyclic environmental conditions.  

The V. dahliae Δwc2 knockout strains, as opposed to Δwc1, led to no effect upon 

microsclerotia formation (Figure 5 A). Instead, Δwc2 induced massive 

overproduction of mycelium in oscillating light/dark conditions when compared to 

the wild-type strains. Very weak rings of microsclerotia were observed at the 

bottom of the plate, obscured by the masses of mycelium. However, under 

temperature oscillations, the developmental rhythms of microsclerotia and 

conidia were comparable to the wild-type strains. 

As seen in Figure 2, the wc-2 knockout strains did not present an altered total 

colony growth compared to the wild-type strain when grown on PLYA 
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(F(2,46)=0.70, p>0.05), BMM and MM (F(17,223)=11.4, p=0.99, p=0.99, 

respectively). However, a reduction in colony size was observed when isolates 

were grown on DOX media ((F(17,223)=11.4, p<0.01), as previously described 

for Δwc1_12253 mutant. Interestingly, nutritional dependency was also observed 

for microsclerotia production in the Δwc2_12008_1 and Δwc2_12008_10 

mutants, which lacked microsclerotia when grown on DOX media (Figure 3). The 

great masses of mycelium developed by the wc-2 mutants were observed on 

PLYA, DOX and BMM media, in contrast to MM media where the production of 

mycelium was minimal for all the strains tested.  
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Figure 5. The V. dahliae Δwc-2 mutant display an impaired response to LD cycles but not under temperature cycles. A) WT_12008 and 

Δwc2_12008_1 strains were grown in LD cycles (top) or 20/28 � temperature cycles (bottom) for 14 days. Microsclerotia not visible due to the 

overproduction of mycelium. B) Total colony growth of WT_12008 and Δwc2_12008_1 strains was quantified after 14 days of incubation. The 

boxplot represents the distribution of colony diameter sizes of three independent experiments, each containing three replicates. Analysis of 

variances (ANOVA) was performed. Letters indicate significant differences (p<0.05) for each condition, Tukey’s HSD test. 
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4.5 Frequency demultiplication assays 

Testing for true entrained rhythms and revealing possible masking effects can be 

done by entraining the clock to cycles with periods longer or shorter than 24 

hours. Frequency multiplication and demultiplication assays, whereby cultures 

are exposed to short (6:6 h) or long (24:24 h) cycles were performed in both V. 

dahliae core clock mutants and WT strains. 

The Δfrq_12253 and Δfrq_12008 mutants subjected to 6:6 LD presented WT-like 

phenotype, displaying very narrow concentric rings of microsclerotia (Figure 6). 

When cultured under 24:24 LD cycles, both WT and Δfrq mutant strains exhibited 

similar very spaced banding pattern. The oscillatory patterns in the Δwc-2 mutant 

were not visible under LD cycles (Figure 6 A) due to the overproduction of 

mycelium.  

The demultiplication effects were further experimented utilising temperature as 

the entrainment stimuli (Figure 7). Again, neither WT nor Δfrq mutants strains 

incubated under short 6:6 and long 24:24 (20/28 �) temperature cycles exhibited 

demultiplication in either microsclerotia or conidia. The development of the 

conidial rhythm in the Δwc-1 mutant matched the entraining cycle (Figure 7 B), 

displaying very narrow rings when incubated under short cycles (6:6 h) and very 

separated rings when incubated under long cycles (24:24 h). The same pattern 

was observed for microsclerotia rings in the Δwc-2 mutant, which rejects 

entrainment by frequency multiplication or demultiplication in the Δwc-1 and Δwc-

2 mutant strains. Therefore, neither WT nor clock mutants strains were entrained 

by multiplication or demultiplication, further concluding that the developmental 

zonations in V. dahliae are not dependent on the clock components, and appear 

as though they are a direct response to environmental stimuli.  
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Figure 6. Conidia and microsclerotia production of V. dahliae WT and clock-mutant 

strains under short and long LD cycles. WT_12008, WT_12253, Δfrq_12008, 

Δfrq_12253, Δwc1_12253 and Δwc2_12008_1 strains were grown in 6:6 LD cycles (top) 

or 24:24 LD cycles (bottom) at constant 24� for 14 days. No evidence of frequency 

demultiplication or multiplication effects were observed in any strain. 
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Figure 7. Conidia and microsclerotia production of V. dahliae WT and clock-mutant 

strains under short and long temperature cycles. WT_12008, WT_12253, Δfrq_12008, 

Δfrq_12253, Δwc1_12253 and Δwc2_12008_1 strains were grown in 6:6 (20/28 �) (top) 

or 24:24 (20/28 �) temperature cycles (bottom) in DD for 14 days. No evidence of 

frequency demultiplication or multiplication effects were observed in any strain. 
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4.6 The Δwc1 mutant exhibit conidial banding in the presence of elevated 
levels of ROS 

Several studies have shown that under special conditions (the presence of 

additional mutations, or chemical supplementation in the cultivation media), frq 

and wc N. crassa mutants restore the conidial synchronization to environmental 

cycles (Dragovic et al. 2002; Yoshida et al. 2008; Granshaw et al. 2003; Brody 

et al. 2010). The so called frq-less oscillators (FLO) are responsible for the 

residual developmental rhythms encountered in frq-null and wcc-null strains in N. 

crassa (Christensen et al. 2004; Lombardi et al. 2007). The phenotype of Δfrq 

and Δwc-1 mutant strains were evaluated when grown on culture media 

supplemented with menadione under LD cycles (Figure 8 A, B). Interestingly, 

when a range of menadione concentrations (from 30 μM to 80 μM) was added to 

the culture media, it led to the formation of faint but discrete rings of conidia in 

the Δwc1_12253 mutant growing under 12:12 LD cyclic conditions (Figure 8 B). 

However, we reasoned that the rings might be an enhanced phenotype that 

responds to LD cycles rather than a rhythm driven by a FLO, since conidial 

banding is not induced in DD when menadione is present in the cultivation media. 

This result might also suggest that WC-1 is not the only photoreceptor able to 

induce photo conidiation in V. dahliae, as it has been seen in N. crassa (Dragovic 

et al. 2002; Nsa et al. 2015). However, the experiment will need to be repeated 

in order to confirm such observations and the incubation under different T cycles 

will be required to identify any sign of entrainment of the rhythm. 

 
 4.7 V. dahliae WC-1 does not play a role in ROS detoxification 

Light is a source of environmental information that not only serves as a 

developmental modelator, but it carries out damaging effects such as the 

increase of reactive oxygen species (ROS) (Gessler et al. 2007). In some fungal 

species, the WCC, particularly WC-1, exert protective functions against ROS 

molecules (Lee et al. 2003; Canessa et al. 2013). Therefore, we hypothesized 

that in the presence of oxidative stress, the absence of wc-1 would result in a 

negative effect on growth. To assess the effect of elevated ROS on the putative 

clock-gene mutant strains of V. dahliae, we exposed wild-type strains 
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(WT_12008 and WT_12253) and mutant strains (Δfrq_12008 and Δwc1_12253) 

to culture conditions containing concentrations of menadione ranging from 30 μM 

to 80 μM. The presence of WC-1 did not confer a higher tolerance to ROS 

(measured as colony diameter) (F(1,59)=0.361, p=0.55), as both WT_12253 and 

Δwc1_12253 exhibited a similar colony growth throughout all the concentrations 

tested (Figure 8, B and Figure 9, B). A reduction in growth in both WT_12253 

and Δwc1_12253 strains was observed as the concentration of menadione 

increased, due to the toxic effect of elevated ROS concentrations in the culture 

media. In contrast to other fungal species, WC-1 did not seem to be involved in 

oxidative stress responses. On the other hand, the absence of FRQ led to a 

constant colony size throughout all the different concentrations of menadione 

(Figure 8, A and Figure 9, A) in comparison to the reduction in growth of the wild-

type strain WT_12008 exposed to increasing concentrations of menadione. 

Hence, the Δfrq_12008 showed a slight tolerance to oxidative stress 

(F(1,59)=0.361, p<0.05).  

 

Figure 8 (overleaf). Effects of oxidative stress on morphology and conidial banding. A) 

WT_12008 and Δfrq_12008 strains; and B) WT_12253 and Δwc1_12253 strains were 

incubated on PLYA plates containing a range of Menadione concentrations (30 µM to 

80 µM). Photographs of the colonies were taken after incubation for 14 days in 12:12 LD 

cycles at 24�. A faint conidial banding was observed in Δwc1_12253 strain when 

cultivated on media containing menadione (B bottom).  
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Figure 9. Deletion of frq and wc-1 do not affect the response to oxidative stress. The colony size of the strains presented in Figure 8 were 

quantified. The boxplot represents the distribution of colony diameter sizes after 14 days of incubation in 12:12 LD cycles of two independent 

experiments, each containing three replicates. Analysis of variances (ANOVA) was performed as explained in Figure 1. Letters indicate significant 

differences (p<0.05) for each graph, Tukey’s HSD test.
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4.8 Understanding the pathogenic levels of strawberry-isolated V. dahliae 
strains 

Despite the fact that V. dahliae contains homologues of the core clock 

components, it is still unknown whether V. dahliae harbours a functional clock. 

The generation of putative clock-gene mutants has implicated wc-1 in the 

photoinduction of conidiation and microsclerotia production in V. dahliae. On the 

other hand, frq mutants display a nutritionally-dependent variance in colony 

growth rate, but have no observable effect upon light-induced developmental 

alterations. Previous studies have demonstrated that the time of infection 

determines the efficacy of pathogenicity of several fungal pathogens, and both 

wc-1 (mediating responses to light) and frq (responsible of the proper function of 

the circadian clock) are required for a full pathogenic effect in B. cinerea (Hevia 

et al. 2015; Canessa et al. 2013). Therefore, our aim was to study whether the 

pathogenic efficacy of V. dahliae was reduced in the absence of frq and wc-1 

genes.  

We assessed the pathogenicity of Verticillium dahliae by root dip inoculation 

experiments using Arabidopsis thaliana, a model system for the study of 

mechanisms involved in virulence of different fungal pathogens (Dubrovsky et al. 

1994). V. dahliae proliferation, quantification and symptoms development in A. 

thaliana were measured through different techniques, such as disease symptom 

quantification, microscopic visualization, and fungal colony count analysis. The 

aim was to optimise a suitable pathogenicity assay that enabled the observation 

of differences in pathogenicity throughout the day. In order to pursue this, we first 

required assessing the differences in the virulence of V. dahliae strains on A. 

thaliana and Fragaria x ananassa.  We also aimed to pinpoint the specific time 

of colonization and determine the timeline of the fungus proliferation. Finally, a 

test to assess differences between wild-type and clock gene deficient strains was 

undertaken.  

Previous  tests on susceptible strawberry cultivars (Fan et al., 2017) determined 

the pathogenicity of four V. dahliae strains from the East Malling collection that 

pertained to different VC groups. V. dahliae strain 12251 and 12253 caused 

elevated disease levels and belonged to the subclade II-2, whereas V. dahliae 

strain 12158 and 12161 from the subclade II-1 exhibited reduced pathogenicity. 
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The V. dahliae strain 12008 from the subclade II-2, was reported to be highly 

infective during preliminary tests on strawberry plantlets. To verify whether this 

result was consistent using in vitro pathogenicity tests, we assessed its virulence 

on different strawberry cultivars. The strawberry cultivars used were 

‘Redgauntlet’ (highly resistant to the fungus) and ‘Hapil’ (susceptible to the 

fungus). As seen in Figure 10, after just 14 days the ‘Hapil’ cultivar showed wilting 

symptoms in the leaves. On the other hand, ‘Redgauntlet’ cultivars did not show 

any symptoms. This demonstrated that the strain 12008 is highly virulent in 

strawberry and the dip inoculation assay works well in in vitro plants, since 

previous in vitro assays using strains 12253 failed to develop clear symptoms at 

relatively early time points.  

 

 
Figure 10. Disease symptoms of strawberry cultivars inoculated with a high virulent V. 

dahliae strain. The resistant strawberry cultivar ‘Redguntlet’ and the susceptible cultivar 

‘Hapil’ were grown in vitro on ATS agar media. The plants were inoculated with isolate 

12008 of V. dahliae and mock-inoculated with sterile water (control). After 14 dpi, wilting 

symptoms were visible in the susceptible cultivar ‘Hapil’, but not in the resistant 

‘Redguntlet’.  
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4.9 Microscopy and fungal colony count to assess V. dahliae proliferation 
in planta 

Entry, proliferation and colonization success of the pathogen are a prerequisite 

for symptom development in the host plants. In order to determine the specific 

time-point for entry and invasion events, an in vitro assay to monitor fungal 

growth between 0 h post inoculation (hpi) and 21 days post inoculation (dpi) by 

fluorescence microscopy was conducted.  

Arabidopsis seedlings were infected with a range of V. dahliae strains with 

different pathogenic capabilities (12158, 12251 and 12253). Samples were 

visualized at 0hpi, 8hpi, 12hpi, 24hpi, 48hpi, 72hpi, 5dpi, 6dpi and 10dpi, under 

a light microscope. The results showed the presence of germinating spores at 

the early time-point of 12 hpi. Hyphal growth on root surface was visible at 24 

hpi. Between 48 and 72 hpi hyphae grew attached to the roots in all strains. Some 

hyphae grew in parallel to the root vascular system. From 96 hpi onwards all 

strains of Verticillium had massively proliferated in Arabidopsis roots, obscuring 

the observation. However, it was not clear whether the hyphae were simply 

attached to the roots or if internal root colonization was taking place (Figure S8).  

In order to estimate the extent of V. dahliae colonization in Arabidopsis, fungal 

conidial count experiments were performed. Arabidopsis seedlings were 

inoculated with strains 12158, 12251, 12008 and 12253, as well as a mock 

inoculated treatment. This assay showed a similar recovery of V. dahliae colony 

numbers across the strains tested (Figure 11). V. dahliae colonies were retrieved 

from the rosette of the plants at 96 hpi with the highest number of 8 x 105 Log 

CFU/g for strain 12008 (highly pathogenic strain), and the lowest of 3 x 104 Log 

CFU/g for strain 12158 (low pathogenic strain). Analysis of variances (ANOVA) 

of the transformed data displayed no significant differences between strains in 

any of the time-points despite the lower numbers of forming colonies of the low 

pathogenic strain 12158 with respect to the high pathogenic strain 12008 

(F(12,37)=1.14, p=0.35). The number of colonies retrieved peaked at 7 days 

post-inoculation (dpi) in all the strains. After 21 days of the initial inoculation, an 

overall drop of the CFU/g was recorded for all the strains, probably due to a 

clearing effect. However, it has been hypothesized that dead plant tissues may 
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interfere in the ability to retrieve fungal colonies by the maceration technique, 

which results in a reduction of growth of V. dahliae on plates. No colonies were 

retrieved from mock inoculated plants.  

 

 

Figure 11. Time-course V. dahliae colony counts from A. thaliana infected seedlings. 

Seedlings of A. thaliana were in vitro grown in 12:12 LD cycles and inoculated with V. 

dahliae isolates 12008, 12158, 12251 and 12253, as well as a control mock-inoculation 

(not shown). A zoom of the last three time-points is shown (right graph). Each point 

represents the mean Log10 CFU/g values from a different inoculated strain in a specific 

time-point after inoculation. Error bars represent � SEM. Analysis of variances (ANOVA) 

was performed (p< 0.05 used as a cutoff of significance). The experiment was repeated 

three times, each containing three biological replicates with two technical replicates.  

 

4.10 The V. dahliae Δfrq mutants display reduced pathogenicity in a strain 
dependent manner 

Recent studies have shown that plants exhibit differential immunity to disease 

dependent on the time of the day that they are challenged. The time-of-day 

specific response is regulated by the plant circadian clock (Wang et al. 2011; 

Bhardwaj et al. 2011). In addition, examples of fungal infection processes 

controlled by the circadian clock have been found in Botrytis cinerea (Canessa 

et al. 2013). We therefore wanted to assess the role of the putative circadian 

clock components in the infection process of V. dahliae to A. thaliana.  

First, to assess whether the loss of frq would affect the infection process of V. 

dahliae, in vitro A. thaliana pathogenicity tests were carried out. Wild-type V. 
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dahliae strain 12008 and the mutant strain Δfrq_12008 were used, and fungal 

colony count experiments were performed. The retrieved colony forming units 

were similar for both the WT and the frq mutant strain over the time-course 

(Figure 12 A). The ANOVA analysis of the variances of the transformed data 

indicated a significant difference in colonies retrieved between 12008 and 

Δfrq_12008 at late time-points such as 21 dpi (F(3,39)=3.38, p<0.01). The results 

suggest that FRQ confers advantages that enhance the fitness of the pathogen 

in the plant in the long term. Information about fungal colony counts was not 

available for the frq mutant of strain 12253 (Δfrq_12253).  

Both Δfrq_12253 and Δfrq_12008 strains were used to assess their ability to 

cause disease on A. thaliana. The infected seedlings were incubated in a 12:12 

LD cycle for 28 days. The extent of the symptoms was visually rated at 0, 7, 14, 

21 and 28 dpi on a scale of 1 to 9, in which 1 was equal to no symptoms and 9 

was plant dead (Table 3). The seedlings infected with the wild-type strain 

WT_12253 presented symptoms in up to 75% of the leaves after 21 days of the 

inoculation (Figure 13 A, B). In comparison, plants infected with the mutant strain 

Δfrq_12253 mutant only showed 3 to 4 affected leaves by 21 dpi. The difference 

was more obvious at 28 dpi, when the plants infected with the wild-type 

WT_12253 were mostly dead and the Δfrq_12253 mutant only caused slight 

chlorotic symptoms in several outer leaves (Figure 13 B). The AUDPC confirmed 

a significant difference in pathogenicity between Δfrq_12253 and WT_12253 

strains (F(3,36)=16.18, p<0.01). 
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Figure 12. Time-course V. dahliae frq and wc-1 mutants colony counts from A. thaliana 

infected seedlings. A) Seedlings of A. thaliana were in vitro inoculated with V. dahliae 

isolates WT_12008 and Δfrq_12008 and incubated in 12:12 LD cycles. A zoom of the 

last three time-points is shown (right graph). Each point represents the mean Log10 

CFU/g values per strain and time-point. Bars represent � SEM. Analysis of variances 

(ANOVA) was performed (p < 0.05 used as a cutoff of significance).  B) Seedlings of A. 

thaliana were in vitro inoculated with V. dahliae isolates WT_12253 and Δwc1_12253. 

A zoom of the last three time-points is shown (right graph). The mean Log10 CFU/g 

values per strain and time-point are presented. Error bars represent � SEM. The ANOVA 

test was performed. * indicate statistical differences (p < 0.05). Colony counts were 

calculated from six biological replicates each containing two technical replica
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Isolate pathogenicity was also assayed using the susceptible cultivar of 

Strawberry (Fragaria x ananassa) Hapil (Figure 13 C). Both Δfrq_12253 and 

Δfrq_12008 strains were inoculated and incubated in a 12:12 LD cycle for 6 

weeks, after which the extent of the symptoms was visually rated on a scale of 1 

to 9 (see Table 3). The results showed that the strawberry plants inoculated with 

the wild-type WT_12253 strain presented significantly higher disease levels than 

the mock inoculated plants (F(3,20)=7.68, p<0.01). Even though the level of 

infection in the plants infected with the wild-type WT_12253 strain was higher 

than the ones inoculated with the Δfrq_12253 mutant, there was no significative 

differences in the disease levels caused by the WT and the Δfrq_12253 mutant 

(F(3,20=7.68, p=0.0925). Interestingly, there was no significative differences in 

the level of disease caused by Δfrq_12008 and WT_12008 in neither A. thaliana 

nor Strawberry plants (F(3,36)=33.39, p=0.95; F(3,20)=30.87, p=1, respectively) 

(Figure 14 B, C). This conflicting result will need further tests and more 

transformants to confirm if the absence of frq imply a reduction in V. dahliae 

pathogenicity in a strain dependent manner.  

 

Figure 13 (Overleaf). The deletion of V. dahliae frq and wc-1 genes affects the 

pathogenic outcome of the isolate 12253. A) Disease score (Table 3) of A. thaliana in 

vitro seedlings inoculated with V. dahliae isolates WT_12253, Δfrq_12253 and 

Δwc1_12253 at 0, 7, 14, 21 and 28 days post-inoculation under 12:12 LD cycle. The 

area under the disease progression curve (AUDPC) was calculated. Different letters 

indicate statistical differences (p < 0.05), Tukey’s HSD test. B) Disease symptoms 28 

days after inoculation of A. thaliana seedlings with V. dahliae isolates and a mock 

(control) inoculation. C) Disease symptoms of the susceptible strawberry cultivar Hapil 

inoculated with WT_12253, Δfrq_12253 and Δwc1_12253 6 weeks after inoculation. A 

one-way ANOVA was performed. Data was presented as mean (�SEM) with different 

letters indicating statistical differences (p < 0.05)  
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4.11 V. dahliae wc1 is required for full pathogenicity as opposed to wc-2  

To gain insights into the requirement of light and the relevance of the WCC during 

the infection process of V. dahliae, A. thaliana was inoculated with Δwc1_12253 

and Δwc2_12008. The ability of Δwc1_12253 to colonize the roots and move up 

to the leaves was analyzed by fungal-colony count experiments over a time-

course. The results of the showed a significant difference between strains 

WT_12253 and Δwc1_12253 at 14 dpi (F(3,38)=4.51, p<0.01) (Figure 12 B), but 

not significant differences were found at later time-points, probably due to 

suggested fungal clearing (F(3,38)=4.51, p=0.76). A significant reduction of 

disease symptoms were observed for plants inoculated with Δwc1_12253 

respect to wild-type 12253 strain in A. thaliana plants grown in a 12:12 LD cycle 

(F(3,36)=16.18, p<0.05) (Figure 14A). By 28 days, seedlings infected with strain 

Δwc1_12253 presented symptoms in approximately 50% of the leaves, yet plants 

inoculated with 12253 strain were mostly dead (Figure 13B). The susceptible 

strawberry cultivar Hapil was also inoculated with the Δwc1_12253 mutant strain. 

In this case, the disease levels were not significantly different between the WT 

strain and the Δwc1_12253 mutant strain (F(3,20)=7.68, p=0.1854), even though 

the reduced disease levels were evident (Figure 13 C).  

A. thaliana plants challenged with the wc-2 null mutant strain (Δwc2_12008) 

presented disease levels comparable to the wild-type 12008 strain throughout all 

the time points (Figure 14 A). After 28 days, the plants were dead in both 

Δwc2_12008 and 12008 inoculated plants (Figure 14 B), and as for the AUDPC, 

results showed no significant differences between strains (F(3,36)=33.39, 

p=0.71). The mock inoculated plants did not show any disease symptoms. 

However, they developed chlorosis in some leaves due to nutrients deficiency 

occurring after four weeks on the culture media. The pathogenicity tests 

performed in Strawberry showed similar results, with no differences encountered 

between the WT_12008 and the Δwc2_12008 mutant strain (F(3,20)=30.87, p=1) 

(Figure 14 C). 

Together, this results indicate that wc-1 influences the outcome of the V. dahliae 

pathogenicity in LD cycles, yet wc-2 is not essential to accomplish a full virulence 

effect. For this, we suggest that light might be an important factor on the plant-

pathogen interaction. However, further tests will be needed to confirm this 
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hypothesis and to pinpoint the specific events taking place at different times of 

the day. 

 
Figure 14 (Overleaf). V. dahliae frq null and wc-2 null mutants present the same 

pathogenic capacity than the wild-type strain in isolate 12008. A) Disease score of A. 

thaliana in vitro seedlings inoculated with V. dahliae isolates WT_12008, Δfrq_12008 

and Δwc2_12008 at 0, 7, 14, 21 and 28 days post-inoculation under 12:12 LD cycle. The 

area under the disease progression curve (AUDPC) was calculated. Different letters 

indicate statistical differences (p < 0.05), Tukey’s HSD test. B) Disease symptoms 28 

days after inoculation of A. thaliana seedlings with V. dahliae isolates and a mock 

(control) inoculation. C) Disease symptoms of the susceptible strawberry cultivar Hapil 

inoculated with WT_12008, Δfrq_12008 and Δwc2_12008 6 weeks after inoculation. A 

one-way ANOVA was performed. Data was presented as mean (�SEM) with different 

letters indicating statistical differences (p < 0.05) 
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5 DISCUSSION 

Cyclic environmental changes are used by a wide range of organisms as a 

source of information, that leads to the adaptation and the anticipation of external 

events. This cyclic environment drives periodic physiological changes, however, 

only the changes that persist in constant conditions have been considered to be 

regulated by a circadian clock (Pittendrigh 1960). N. crassa displays conidia 

rhythms in response to light/dark cycles and temperature oscillations, which also 

persist in constant conditions. In contrast, V. dahliae only produces concentric 

rhythms of conidia and microsclerotia in the presence of oscillatory cues. 

Nevertheless, the absence of free-running rhythms does not necessarily 

compromise the presence of a circadian clock. As seen in B. cinerea, rhythmic 

developmental phenotypes are displayed only in the presence of external cyclical 

cues, but it harbours a true circadian clock at the molecular level that controls the 

pathogenicity success throughout the day. Consequently, our aim was to 

investigate the presence of a circadian clock in V. dahliae, and its influence on 

pathogenicity.  

Understanding the effects of the circadian clock in V. dahliae, particularly in terms 

of its role in modulating pathogenic responses, was achieved through the 

characterization of putative core clock genes. Through the USER-Brick cloning 

approach, we deleted the V. dahliae frq gene in two different isolates (12253 and 

12008). Surprisingly, the absence of frq did not alter the microsclerotia and 

conidia developmental rhythm, showing high responsiveness to both LD and 

temperature cycles. Such events are in contrast to the pattern observed in N. 

crassa, which becomes arrhythmic in the absence of frq. Numerous studies have 

pointed out that the reason for this observation is that N. crassa frq null strains 

are partially blind to light, and exhibit decreased levels of WC-1 (Merrow et al. 

1999; Merrow et al. 2001; Dragovic et al. 2002). However, under special 

conditions (presence of additional mutations, or chemical supplementation in the 

cultivation media), N. crassa frq and wcc mutants restore the conidial 

synchronization to environmental cycles (Dragovic et al. 2002). Several sources 

of evidence suggest that the circadian clock is constructed of multiple molecular 

feedback oscillators in addition to the frq/wc oscillator (FWC) (Correa et al. 2003; 

Nsa et al. 2015). They are referred as frq-less oscillators (FLO), and are 
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responsible for the reminiscent developmental rhythms encountered in frq-null 

strains in N. crassa (Christensen et al. 2004; Lombardi et al. 2007). It was first 

reported that the rhythms in N. crassa frq null mutants were driven by zeitgebers, 

rather than representing the output of a FLO oscillator (Pregueiro et al. 2005). 

However, through the use of symmetric temperature cycles and the application 

of the right zeitgeber stimulus, temperature entrainment was uncovered 

(Roenneberg et al. 2005). Therefore, we tested the V. dahliae WT and Δfrq 

mutant strains for self-sustained rhythms through “frequency demultiplication” 

experiments. We reported that the bands of conidia and microsclerotia were not 

“multiplying” or “demultiplying” in either the WT or the Δfrq mutant. The fact that 

both the WT and the Δfrq mutant presented the same phenotype, implied that V. 

dahliae frq was not required for the formation of conidia and microsclerotia bands. 

Two possible explanations exist for our results; first, the daily rhythms observed 

in V. dahliae are not true intrinsic circadian rhythms, but are only an hourglass 

mechanism that merely respond to cyclic environmental cues. Secondly, 

entrainment exists in the Δfrq mutant but is obscured by masking effects. 

Therefore, luciferase assays or quantification methods to analyze the daily 

circadian rhythms will be required to conclude whether the rhythm is driven by 

external cues or by the circadian clock. 

Interestingly, Δfrq mutants presented a nutrition-dependent alteration in colony 

growth. It is important to note the existence of large variability in total colony 

growth between experiments, as well as between the mutant strains Δfrq_12253 

and Δfrq_12008. These results make it more difficult to draw conclusions upon 

the implications of frq in the development of V. dahliae. Testing further mutants 

will help to elucidate whether frq confers extra circadian features in V. dahliae as 

observed in B. cinerea (Hevia et al. 2015). 

The deletion of wc-1 in V. dahliae led to the complete abrogation of microsclerotia 

production. Microsclerotia production could not be rescued under any nutritional 

or lighting conditions, which implies that WC-1 is required for the formation of 

dark pigmented microsclerotia bodies. A similar observation was reported in 

Aspergillus fumigatus, where the deletion of the wc-1 homologue (lreA) entailed 

the loss of hyphal pigmentation (Fuller et al. 2013). Furthermore, wc-1 null 

mutants in N. crassa failed to produce carotenoids in both constant darkness and 
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in the exposure to light (Dragovic et al. 2002), indicating that the involvement of 

wc-1 in pigmentation is a shared characteristic. Interestingly, the absence of wc-

1 in V. dahliae resulted in the loss of rhythmic conidiation in response to LD 

cycles, which suggested that wc-1 is a functional photoreceptor and an integral 

component in the photoinduction of conidiation. In conditions of oscillating 

temperature, restoration of rhythmic conidiation in Δwc1 was observed. 

Therefore, the temperature induction of conidia production was independent of 

wc-1. Elevated ROS levels in the growth media restored a weak rhythmic output 

of conidia in the Δwc1 mutant in response to LD cycles. This implied the presence 

of additional light-receptors modulating the induction of conidiation in V. dahliae. 

Such results have also been observed in N. crassa, where a robust light 

responsive conidiation rhythm is seen in both wc mutants (Dragovic et al. 2002).  

It has been demonstrated that N. crassa frq null mutants present reduced levels 

of WC-1 protein (Schafmeier et al. 2006), and therefore, an impaired response 

to light. For this reason, due to the low levels of WC-1 present in Δfrq and Δwc1 

mutants, a similar blind phenotype is observed between both mutants in N. 

crassa. However, V. dahliae exhibited very different phenotypes between Δfrq 

and Δwc1 mutants, suggesting that Δfrq mutants contain normal levels of WC-1 

protein that result in a regular induction of conidiation. In order to understand the 

reason for this observation, further molecular studies measuring protein and 

mRNA levels of frq and wc-1 in V. dahliae mutants be will required. 

The deletion of wc-2 results in low WC-1 protein levels in N. crassa. 

Consequently, this leads to a disruption in the circadian function and the 

subsequent arrhythmicity in conidia production (Collett et al. 2001). Furthermore, 

wc-2 functions as a partner of wc-1 in the light transduction of N. crassa, and its 

deletion results in impaired light-responsive functions and the loss of carotenoids 

biosynthesis (Dragovic et al. 2002). The absence of wc-2 in V. dahliae, on the 

other hand, did not compromise the formation of microsclerotia, but a massive 

overproduction of mycelia was induced under all conditions. In aggregate, the 

extensive mass of mycelium suggest that WC-2 might play a role as a 

developmental repressor. Furthermore, the observation of poor zonations of 

microsclerotia in response to LD cycles might imply the requirement of both WC 

proteins for a robust light/dark induced developmental shifts in V. dahliae. 
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As previously reported in N. crassa, A. nidulans and B. cinerea, the nutritional 

conditions determine the impacts of light on fungal development (Canessa et al. 

2013; Dragovic et al. 2002; Han 2009). V. dahliae wc-1 and wc-2 deletion 

mutants showed a significant reduced colony growth only when cultivated on 

Czapek DOX media. Interestingly, Δwc2 mutants did not produce microsclerotia 

when grown in this media. Therefore, the nutrients availability determined the 

developmental features of the white-collar mutants. The incubation on MM led to 

a reduction in mycelium formation for all the mutants and wild-type strains, 

whereas DOX and BMM favoured mycelia production. However, the response of 

V. dahliae to external signals was nutritionally compensated since the 

developmental rings were observed in all media types.  

Previous work has shown evidence of plant defence responses driven by the 

circadian clock (Bhardwaj et al. 2011; Wang et al. 2011). This suggested that 

pathogens could also time aspects of their biology to optimize infection. Recent 

studies have confirmed this hypothesis by demonstrating that the circadian clock 

of the plant-pathogen B. cinerea modulates pathogenic traits at specific times of 

the day (Hevia et al. 2015). In order to investigate if a V. dahliae putative clock 

was determining the outcome of the plant-pathogen interactions, we first 

optimized an in vitro pathogenicity assays. As observed in previous reports, 

strawberry plant inoculated with V. dahliae strains 12158, 12253, 12251 and 

12008 presented different pathogenicity levels. Interestingly, the ability to cause 

disease on strawberry was correlated with vegetative compatibility groups 

(VCGs) (Fan et al. 2018). Through microscopic infection analyses carried out in 

A. thaliana it was observed that spore germination started at 12 hpi. At 48 hpi, 

there was an extensive hyphal growth on the root surface. Some hyphae showed 

growth in parallel to the root, but difficulties were encountered to establish 

whether the hyphae had colonized the root or whether the fungus was merely 

surrounding the root. Fluorescence microscopy did not give enough detail to 

pinpoint differences for each strain infection process.  

Additional pathogenicity tests using fungal counts retrieved from the aerial parts 

of the host were used as a method to check the colonization levels of the different 

V. dahliae strains. This assay did not show significative differences between 

strains 12158, 12253, 12251 and 12008. 



	

	 184	

To determine the implication of the hypothetical circadian clock in pathogenicity, 

we infected A. thaliana seedlings with Δfrq, Δwc1 and Δwc-2 strains. Our results 

showed that Δfrq_12253 was less pathogenic than the WT, whereas Δfrq_12008 

presented the same pathogenic capacity as the WT 12008 strain. Therefore, 

further mutant strains will be required to reach a conclusion. On the other hand, 

Δwc1 mutant strain exhibited a significant reduction in pathogenicity when 

cultivated under 12:12 LD cycles compared to the WT. Previous studies with B. 

cinerea, demonstrated that wild-type strains were more virulent than Δwc1 

mutant strains, but only in the presence of light (Canessa et al. 2013). Thus, 

further studies will need to investigate pathogenic levels of the mutants in 

different light conditions. Also, clock disrupted A. thaliana plants will be required 

to understand the ways by which the plant and the host circadian clock interact 

over the infection process  

 

6 CONCLUSION 

In conclusion, we found that V. dahliae wc-1 mediates the light regulation of 

conidiation and is necessary for microsclerotia production. However, the putative 

core clock gene frq is not involved in the daily conidial rhythmicity in V. dahlia. In 

addition, frq and wc-1 are required for full virulence of V. dahliae in A. thaliana. 

Nevertheless, additional molecular studies will be required to understand further 

roles of frq, wc-1 and wc-2 as part of a circadian clock and additional functions.  



	

	 185	

7 SUPPORTING INFORMATION 
 

 
Figure S1. Construction of pEcFrq_D1 vector for frq gene replacement. A) Schematic 

representation of the pEcFrq_D1 binary vector engineered through the USER-Brick 

cloning system. The replacement cassette consisted of five blocks obtained through 

PCR amplification with primers in Table 2; a hygromycin B phosphotransferase (hph) 

gene flanked by the pTrpC promoter and TtrpC terminator, 1500 bp long homologous 

recombination sequences upstream and downstream frq gene, and backbone bricks 

containing kanamycin resistance gene, the right border (RB) and left border (LB). B) Gel 

of the validation PCRs for the correct vector assembly. C) Primer pairs utilized in PCR 

validation. 
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Figure S2. Construction of pEcWc1_D1 vector for wc1 gene replacement. A) Schematic 

representation of the pEcWc1_D1 binary vector engineered through the USER-Brick 

cloning system. The replacement cassette consisted of five blocks obtained through 

PCR amplification with primers in Table 2; a hph gene, 1500 bp long homologous 

recombination sequences upstream and downstream wc-1 gene, and backbone bricks 

as specified in Figure S1. B) Gel of the validation PCRs for the correct vector assembly. 

C) Primer pairs utilized in PCR validation. 
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Figure S3. Construction of pEcWc2_D1 vector for wc-2 gene replacement. A) 

Schematic representation of the pEcWc2_D1 binary vector engineered through the 

USER-Brick cloning system. The replacement cassette consisted of five blocks obtained 

through PCR amplification with primers in Table 2; a hph gene, 1500 bp long 

homologous recombination sequences upstream and downstream wc-2 gene, and 

backbone bricks as specified in Figure S1. B) Gel of the validation PCRs for the correct 

vector assembly. C) Primer pairs utilized in PCR validation. 
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Figure S4. V. dahliae selection of putative transformants.  A) WT V. dahliae grown on a 

cellophane membrane placed on PDA plates supplemented with 50 µg/ml hygromycin 

B. B) V. dahliae putative transformants onto selective media. 
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Figure S5. Generation of V. dahliae Δfrq mutants. A) Strategy scheme of the 

replacement of frq gene in V. dahliae. Genomic regions utilized for homologous 

recombination (black fragments) are shown. Black arrows symbolise primer pairs used 

for the validation PCR. B) Gel of the validation PCRs for the correct V. dahliae knock-

out transformants. C) Primer pairs utilized in PCR validation. 
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Figure S6. Generation of V. dahliae Δwc1 mutants. A) Strategy scheme of the 

replacement of wc-1 gene in V. dahliae. Genomic regions utilized for homologous 

recombination (black fragments) are shown. Black arrows symbolise primer pairs used 

for the validation PCR. B) Gel of the validation PCRs for the correct V. dahliae knock-

out transformants. C) Primer pairs utilized in PCR validation. 

 
 

Primer	pair Sequence	5'	- 3' Gel	lane Size	(bp)
Wc1US_Hygr	 GCAACGAAGCCCAATTCTCC 1 2300

CTCATGAGCGCTTGTTTCGG
TestWc1 GGCTCTGGTCCTGCTCAAAT 2,	3 414

GCTTTCCCCCAGTACTCGAC

EC 220318 MUTANTS

Printed: 23/03/2018 17:13:22 Page 1 of 1

Location: C:/Documents and Settings/User/Desktop/Emma

1000

1500

750

2000

2500

3000
3500

500

4000 1 2 3

300

A

B C

Wc1US_Hygr_F

Wc1US_Hygr_R

TestWc1_F TestWc1_R



	

	 191	

 
Figure S7. Generation of V. dahliae Δwc2 mutants. A) Strategy scheme of the 

replacement of wc-2 gene in V. dahliae. Genomic regions utilized for homologous 

recombination (black fragments) are shown. Black arrows symbolise primer pairs used 

for the validation PCR. B) Gel of the validation PCRs for the correct V. dahliae knock-

out transformants. C) Primer pairs utilized in PCR validation. 

 

Figure S8 (Overleaf). Microscopic visualization of A. thaliana root colonization by three 

V. dahliae strains. Observation of A. thaliana roots inoculated with V. dahliae 12158, 

12251 and 12253 strains and mock (control) treatment, at 0, 8, 12, 24, 48, 72, 96 hours 

post-inoculation (hpi) as well as 6, 14 and 21 days post-inoculation (dpi). The roots were 

fixed and stained with WGA Alexa Fluor 488 and Propidium iodide before the 

observation under the microscope (Leica AF6000). Germination of conidia on the 

surface of A. thaliana roots 12 to 24 hpi. Small colonies growing on the root at 12 hpi. 

Roots show advanced proliferation of V. dahliae hyphae from 48 hpi onwards. Hyphae 

grow in parallel to the root vascular system implying cortex colonization (observable at 

72 and 96 hpi). Dense fungal growth around the roots from 6 dpi onwards.  
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FUNCTIONAL CHARACTERIZATION AND TRANSCRIPTIONAL ANALYSIS 
OF VERTICILLIUM DAHLIAE PUTATIVE CLOCK GENES  

 

1 ABSTRACT 

Many organisms have evolved to adapt themselves to the rhythmicity of their 

environment. A broad knowledge of the molecular mechanism of circadian clocks 

has been gained through the fungal model Neurospora crassa. Nevertheless, 

little is known about circadian clocks in other fungi. N. crassa belongs to the same 

class to many important plant pathogens including the vascular wilt Verticillium 

dahliae. Having identified homologues of the N. crassa clock oscillator proteins 

in V. dahliae, we found high conservation in clock protein domains. However, no 

evidence for an entrainable, endogenous, free-running rhythm was observed in 

the daily formation of conidia and microsclerotia. To elucidate the presence of a 

circadian clock in V. dahliae, the expression of frq was assessed over 48 h under 

constant darkness (DD) using qRT-PCR. Temporal gene expression profiling 

showed a lack of rhythmic frq expression. Furthermore, neither temperature nor 

light/dark cycles modulated frq expression. The conservation of the Clock Box 

motif (5’CGATCCGCT3’) is essential in regulating rhythmic expression of frq in 

N. crassa. Conservation of this motif was assessed in V. dahliae, and the 

presence of several Light Responsive Elements (LREs) were observed in the V. 

dahliae frq promoter, suggesting it is still a target for the white-collar complex. To 

characterize the presence of oscillating genes, RNA-seq over a 24 h time-course 

was performed, revealing a lack of any robust transcriptional oscillations under 

DD conditions. To further characterize the function of the core clock homologues 

in V. dahliae, RNA-seq was carried out in frq and wc-1 knockout mutants in both 

light and dark, demonstrating a widespread effect on metabolism, transport, 

redox processes and pathogenicity. 

In conclusion, V. dahliae presents all the necessary genetic loci for a functional 

clock, but there is no evidence of rhythmicity in either morphological traits or in 

gene expression.  
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2 INTRODUCTION 

Circadian clocks are endogenous mechanisms that enable organisms to 

anticipate the cyclic changes in the environment, and thus confer adaptive 

advantages (Dunlap and Loros 2006). Major insights about the function of the 

circadian clock have been gained through the study of the ascomycete fungus 

Neurospora crassa (Dunlap et al. 2007). In N. crassa, the mechanism of the 

circadian clock oscillator involves a transcription-translation negative feedback 

loop (Dunlap 1999), initiated by the photoreceptor and transcription factor White 

Collar-1 (WC-1) (Crosthwaite et al. 1997). In the dark, WC-1 dimerizes with White 

Collar-2 (WC-2) through their PAS domain, forming the White-Collar Complex 

(WCC). The WCC binds to the clock-box motif in the promoter of frequency (frq) 

gene, activating its transcription (Froehlich et al. 2002). When FRQ is 

synthesized, it associates with FRH (FRQ-interacting RNA helicase) forming the 

FCC complex. The complex inhibits the activity of the WCC, and consequently 

the transcription of frq is reduced. Subsequently, FRQ is progressively 

phosphorylated by the kinase CK1, and degraded by the FWD-1 protein (He et 

al. 2003). This, in turn, leads to a reduced FCC-mediated inhibition of the WCC, 

which results in the start of a new cycle (Merrow et al. 1997; Loros and Dunlap 

2001; Dunlap and Loros 2006). Thus, this process results in the rhythmic 

expression of frq mRNA and FRQ protein in a daily manner. The circadian clock 

modulates the physiology and metabolism of an organism through the control of 

the transcriptome and in N. crassa, the circadian clock is involved in the 

regulation of approximately 40 % of the genome (Hurley et al. 2014).  

In addition to the FRQ/WC-based oscillator (FWO) described above, N. crassa 

contain other FRQ-independent oscillators known as FLO (Luo et al. 1998; 

Correa et al. 2003; de Paula et al. 2006). For example, the activity of nitrate 

reductase oscillates in the absence of FRQ (Christensen et al. 2004), and a 

cryptochrome-dependent oscillator (CDO) (Nsa et al. 2015) have been 

described.  

Both light and temperature can entrain the clock. Upon light-reception, the 

transcription of frq is rapidly induced, which leads to the reset and the 

entrainment of the circadian clock to the external stimuli (Crosthwaite et al. 1995). 
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The light-induction of the N. crassa frq transcript is abolished in the absence of 

WC-1 and WC-2 (Crosthwaite et al. 1997), emphasizing the important function of 

the WCC linking light photoreception to the clock oscillator. The WCC complex 

activates frq transcription by binding to light responsive elements (LREs) present 

in the frq promoter (Froehlich et al. 2002). Two LREs have been identified in the 

promoter of frq in N. crassa; the proximal LRE is necessary for the light induction 

of frq, whereas the distal LRE (known as the Clock-Box) is required for the light-

mediated regulation of the circadian clock (Smith et al. 2010). Each LRE contains 

two imperfect GATN repeats that are required for binding of the WCC complex 

(Froehlich et al. 2002; He and Liu 2005). Additionally, the WCC is essential for 

the transcriptional activation of numerous light-regulated genes, mainly other 

transcription factors, leading to a genetic regulatory cascade. Most of the light-

induced genes are also clock-controlled genes that oscillate in a circadian 

manner (Smith et al. 2010), and additional cis-acting elements have been 

identified in the promoters of clock-regulated genes that are not directly activated 

by the WCC complex (Correa et al. 2003). Interestingly, mRNA levels in N. crassa 

are not only controlled by light and/or the circadian clock at the promoter level, 

but through post-transcriptional modifications (Hurley et al. 2014). 

In N. crassa, the group of WCC-dependent genes include the photoreceptor 

VVD, which is involved in light photoadaptation (Schafmeier and Diernfellner 

2011). Despite not being essential for the circadian function, VVD enhances the 

robustness of the clock by preventing the reset of the clock at dawn, and 

promoting the reset of the clock at dusk (Heintzen et al. 2001; Elvin et al. 2005; 

Malzahn et al. 2010). The cry-dash photoreceptor is also induced in a WC-1-

dependent manner (Olmedo et al. 2013). In addition, WCC regulates carotenoid 

synthesis and spore development (Smith et al. 2010). 

Temperature, on the other hand, regulates the circadian clock by directly 

affecting clock gene products or their synthesis. This is, the effect of temperature 

on FRQ is mediated by post-translational changes rather than an alteration in 

transcription or RNA stability (Crosthwaite and Heintzen 2010), since the frq 

transcript levels remain the same at different temperatures (Tseng et al. 2012). 

For this reason, temperature can be a more powerful clock-resetting signal than 

light (Liu et al. 1998; Dunlap et al. 2007).Temperature pulses can also reset and 
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entrain the clock in N. crassa. Interestingly, the loss of temperature 

responsiveness of some clock controlled genes in a frq knockout mutant 

suggests that FRQ mediates the temperature response of the circadian clock. 

This mechanism, however, is poorly understood. VVD is also temperature 

regulated, and plays a role in temperature compensation of the clock in N. crassa 

(Hunt et al. 2012). In addition, the existence of a temperature-compensated FLO 

that functions in the absence of FRQ but requires the components of the WCC 

has been described (de Paula et al. 2006). An example of a temperature-

compensated FLO-output is the clock-controlled gene ccg-16, which has been 

demonstrated to oscillate rhythmically in the absence of FRQ (Hunt et al. 2012).  

Despite the vast knowledge on the molecular mechanisms of the circadian clock 

acquired through the orange bread mould N. crassa, little is known about the 

existence of a functional circadian clock and their mechanism in other fungal 

species. Homologues of the N. crassa core circadian clock proteins, specially 

WC-1 and WC-2, have been found in other fungal species (Lombardi and Brody 

2005; Lewis and Feldman 1996). It has been hypothesized that the FRH and 

FWD-1 were present in the fungal ancestor. WC-1 and WC-2 were probably 

gained in the common ancestor of Zygomycetes, Basidiomycetes and 

Ascomycetes and subsequently lost in the Saccharomycetes. FRQ, in turn, was 

likely gained in the ancestor of Ascomycetes and lost in Eurotiomycetes, 

remaining in Sordariomycetes, Leotiomycetes and Dothideomycetes (Salichos 

and Rokas 2010; Traeger and Nowrousian 2015). Interestingly, FRQ is the least 

conserved of the clock proteins among fungi. Examples of functional frq-

dependent circadian oscillators have arisen in the Leotiomycetes Botrytis 

cinerea  (Hevia et al. 2015) and in the Pezizomycetes Pyronema confluens 

(Traeger and Nowrousian 2015). Other organisms such as the Dothideomycetes 

Aureobasidium pullulans, display a circadian developmental rhythm but no 

rhythmic frq mRNA has been identified (Franco et al. 2017). Additional circadian 

rhythms have been demonstrated in species lacking a frq homologue, such as in 

Aspergillus flavus and Aspergillus nidulans (Greene et al. 2003). Furthermore, 

the yeast Saccharomyces cerevisiae was shown to exhibit circadian entrainment 

of metabolism (Eelderink-Chen et al. 2010), demonstrating a widespread 

presence of oscillatory molecular processes across fungal species. 
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The Sordariomycete fungus Verticillium dahliae is phylogenetically related to N. 

crassa, and contains homologues of the core circadian oscillator components 

(frq, wc-1, wc-2, frh, wd-1 and vvd). As previously described, under light/dark 

cycles, V. dahliae displayed concentric rings of conidia and microsclerotia. 

However, this phenotype was found to be merely driven by external cues, as the 

rings failed to free-run in constant conditions (a requisite for true circadian 

rhythms). The deletion of frq did not entail visible phenotypic changes in V. 

dahliae, as opposed to N. crassa where the deletion of frq results in the loss of 

rhythmic conidial banding. In contrast, knockout of wc-1 led to complete 

abrogation of microsclerotial formation under all conditions, and the loss of light-

induced conidiation, indicating that WC-1 was involved in the light-mediated 

regulation of such developmental process. Remarkably, Δfrq and Δwc-1 mutant 

strains exhibited a decrease in V. dahliae pathogenicity, in concordance to the 

pathogen Botrytis cinerea (Canessa et al. 2013; Hevia et al. 2015), suggesting 

crucial roles of the putative clock elements in V. dahliae. 

The aim of this work was to further investigate the presence of a circadian clock 

in V. dahliae at the molecular level. We performed comparative genetic studies 

between N. crassa and V. dahliae and observed that the majority of the clock 

components were conserved not only at the domain level, but even down to the 

level of individual phosphorylation sites. At the promoter level, putative proximal 

and distal LRE motifs were identified. However, the light-responsiveness of frq 

was non-existent. qRT-PCR studies over a 48 hour time-course revealed a lack 

of rhythmic frq gene expression either under constant conditions or in 

temperature and light/dark cyclic conditions. RNA-sequencing gene expression 

studies in the WT and Δwc-1 revealed large scale changes in gene expression 

driven by changes from light to dark. However, time-course RNA-sequencing at 

CT6, CT12, CT18 and CT24 in the WT and the Δfrq mutant showed no evidence 

of frq-dependent or independent oscillations. In conclusion, our results show high 

conservation of clock components between V. dahliae and N. crassa, but no 

evidence for a functional circadian clock in V. dahliae either at the physiological 

or the molecular level under laboratory conditions.  
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3 MATERIALS AND METHODS 

3.1 V. dahliae isolates and growth conditions 

The different strains of V. dahliae used for the present study (Table 1) were 

previously isolated mostly from infected strawberry plants, and long-term stored 

at -80 � as conidial suspensions preserved with 50 % glycerol. V. dahliae strains 

from vegetative compatibility (VC) subclade II-2 (12158 and 12029), and VC 

subclade II-1 (12253 and 12008) were used on time-course gene expression 

studies. The V. dahliae clock gene knock-out mutants that were developed in this 

study were used for transcriptome analysis. This were the strains lacking the 

central clock gene frq (Δfrq_12253, Δfrq_12008) and the photoreceptor/TF wc-1 

deletion mutant strain (Δwc1_12253). The mutant strains were also long-term 

stored at -80 � as conidial suspensions preserved with 50 % glycerol. Genomes 

of V. dahliae strains 12158, 12251, 12253 and 12161 had previously been 

sequenced using the Illumina MiSeq technology. V. dahliae strain 12008 was 

sequenced using PacBio sequencing technology (Pacific Biosciences). Genome 

sequences are available at DDBJ/EMBL/GenBank database using the following 

numbers: PRJNA344737 and PRJNA352681. Reference genomes of V. dahliae 

JR2 and VdLs17 strains were downloaded from EnseblFungi (Kersey et al. 

2016).  

Verticillium isolates were retrieved from frozen glycerol-preserved spore 

suspensions and cultivated on petri dishes containing Prune Lactose Yeast Agar 

(PLYA) (Per liter, 100 ml Prune extract, 5 g Lactose, 1 g Yeast extract, 12 g Agar). 

The plates were incubated at 24 � in constant darkness for 7 days. After a week, 

the cultures were flooded with 2 ml sterile water and gently rubbed using a plastic 

spreader to create a spore suspension used in the different experiments. 

Inoculations were made from glycerol stocks to prevent mutations from 

continuous culturing.  
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Table 1. List of fungal isolates used in this study. Species, isolate number, host, origin, 

date of isolation and source are displayed. NA: Not available. 

Species Isolate Host Origin 
Date 
isolated Source 

V.dahliae 12008 Strawberry Kent, UK 1985 
Laboratory 
stock 

V. 
dahliae 12161 Strawberry  

Lincolnshire, 
UK 2000 

Laboratory 
stock 

V. 
dahliae 12258 Strawberry  Kent, UK 2012 

Laboratory 
stock 

V. 
dahliae 12253 Strawberry  Kent, UK 2012 

Laboratory 
stock 

V. 
dahliae  12029 Strawberry Norfolk,UK 1990 

Laboratory 
stock 

V. dahlae Δfrq_12253    This study 
V. dahlae Δfrq_12008    This study 
V. dahlae Δwc1_12253    This study 
N. crassa 30-7 bd a - NA NA S. Crosthwaite 
 
 
 
3.2 Identification of V. dahliae putative clock-gene 

To identify homologues of N. crassa circadian clock genes in V. dahliae, BLASTp 

was carried out. The coding sequences of N. crassa clock genes and clock-

controlled genes were extracted from the OR74A build of the N. crassa genome 

downloaded from Ensembl Fungi (Kersey et al. 2016). Homologues were 

identified using BLASTp against the V. dahliae JR2 genome downloaded from 

Ensembl Fungi (Kersey et al. 2016). Full length gene models were extracted, 

based on the highest-ranking BLAST hits and used BLASTp against the N. 

crassa genome to confirm the reciprocal best hit. Following this, whole gene 

alignments between the query N. crassa gene and the V. dahliae JR2 hit were 

carried out in Geneious R10 using the MUSCLE algorithm. Next, V. dahliae JR2 

hits were aligned to the genome of five V. dahliae strains isolated and sequenced 

at NIAB-EMR (12253, 12158, 12251, 12161 and 12008). Domains were identified 

within predicted proteins for these strains using InterProScan. Nuclear 

localization signal (NLS) were also identified in predicted proteins using cNLS 

Mapper. 
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Homologues of the clock genes across a representative isolate of each 

Verticillium spp., was performed using BLASTp in collaboration with the Thomma 

Lab. The isolates used were: V. albo-atrum (PD747), V. alfalfae (PD683), V. 

nonalfalfae (TAB2), V. longisporum subgenome A (VLB2), V. longisporum 

subgenome D, V. nubilum (PD621), V. tricorpus (PD593), V. isaacii (PD660), V. 

klebahnii (PD401) and V. zaregamsianum (PD739).  

 

3.3 Time-course experiments 

The experimental procedure for rhythmic expression analysis by qRT-PCR in 

free-running conditions (constant darkness) was similar to the protocol described 

in (Kramer 2007). The spore suspension of V. dahliae 12253, 12008, 12158 and 

12029 were obtained from one-week old cultures grown on PLYA agar was used 

to generate a mycelial mat. The number of spores were quantified utilising an 

hemocytometer and 1 x 108 spores were transferred into 20 ml half-strength PDB 

liquid culture contained in sterile Petri dishes. The cultures were incubated at 25 

� under constant light for 96 hours. A thick mat of mycelium was formed floating 

in the liquid culture from which small disks of mycelium were cut. Sporulating 

cultures were avoided to prevent spores from germinating and forming separate 

mycelia that could result in inconsistent results (Kramer 2007). The mycelial disks 

were inoculated in 100 ml Erlenmeyer flasks containing 25 ml half strength PDB 

medium (one mycelial disk per flask).  A total of 36 flasks were used to cover 12 

sequential time-points throughout two circadian cycles (4 h, 8 h, 12 h, 16 h, 20 h, 

24 h, 28 h, 32 h, 36 h, 40 h, 44 h, 48 h), each of them replicated three times. The 

flasks were placed in an orbital shaker under constant agitation at 120 rpm and 

incubated at 25 � in constant light for at least 24 hours. The cultures were 

synchronized by a light-to-dark transition. This transition sets the oscillator to 

subjective dusk leading to the start of the circadian time-course experiment. 

Instead of harvesting mycelium every 4 hours during 48 hours, the cultures were 

staggered into constant darkness at different intervals (Figure S1), which enables 

the ages of the cultures to be approximately the same when harvested (Loros 

and Dunlap 1991). Cultures were harvested at the indicated times in the dark 

under red light. The mycelial disks were dried using a filter paper, placed into 2 
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ml Eppendorf tubes and frozen in liquid nitrogen. The mycelial disks were stored 

frozen at -80 � until RNA extraction was initiated. The experiment was 

performed in triplicate. 

For the time-course RNA-seq experiment, mycelial mats of V. dahliae 12253, 

12008, Δfrq_12253, Δfrq_12008 and Δwc1_12253 were prepared. Flasks 

containing half strength PDB liquid medium were inoculated with mycelium disks 

and incubated at 25 � in constant light under shaking conditions (120 rpm). After 

24 hours, samples were synchronized by light-to-dark transitions at 25 �. Upon 

the transition to DD, samples were harvested after 6 h, 12 h, 18 h and 24 h of 

constant darkness in a dark room fitted with a red-safe light (for information of 

samples prepared for the RNA-Seq experiment see Table S1). Concurrently, 

several cultures were incubated in constant darkness and then were transferred 

to white-light. After 6 hours the cultures were harvested (Figure S2). Mycelial 

tissue was immediately transferred to liquid nitrogen.  

A similar methodology to the described in (Nowrousian et al. 2003) was 

performed for rhythmic RNA analysis entrained to a light/dark cycle. The mycelial 

mat of V. dahliae 12253 strain was produced as described above. Mycelial discs 

were cut and transferred to flasks containing half strength PDB liquid medium.  A 

total of 36 flasks were used to cover 12 sequential time-points throughout one 

LD cycle (L2, L4, L6, L8, L10, L11.5, D2, D4, D6, D8, D10, D11.5), each of them 

replicated three times. These flasks were then placed in an orbital shaker under 

constant agitation at 120 rpm and incubated at 25 � in entrainment conditions 

(cycles of 12 h light/12 h dark). The mycelial discs were harvested after 

approximately 48 hours under entrainment at different times of the cycle (Figure 

S3). The mycelial disks were dried, placed in 2 ml Eppendorf tubes and frozen in 

liquid nitrogen.  

For expression analysis under temperature cycles, flasks containing half strength 

PDB liquid medium were inoculated with mycelium disks and were entrained to 

temperature cycles (12 h at 20 �/12 h at 28 �). A total of 36 flasks were used 

to cover 12 sequential time-points throughout one circadian cycle of low 

temperature (L) and high temperature (H) (L2, L4, L6, L8, L10, L11.5, H2, H4, 

H6, H8, H10, H11.5), each of them replicated three times. The mycelial disks 
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were harvested at different time-points after at least 48 hours under entrainment 

conditions as seen for the LD entrainment experiment (Figure S3). The mycelium 

disks were dried, placed in 2 ml Eppendorf tubes and frozen in liquid nitrogen. 

The experiment was also performed under slightly different temperature 

entrainment conditions (12 h at 20 �/12 h at 26 �). 

 
3.4 Light pulse and temperature pulse experiments 

V. dahliae strains 12158, 12008, 12253 and Δwc1_12253 N. crassa strain 30-7 

bd (provided by Dr. Crosthwaite, Manchester University) were used for light-

pulse experiments. Flasks containing half strength PDB liquid medium were 

inoculated with mycelial discs and subsequently grown in a shaker incubator (120 

rpm) at 25 � in constant light for 24 hours. The flasks were transferred from 

constant light to constant darkness for 30 hours prior to a two minutes exposure 

to white light (400-700 nm).  After the light pulse, cultures were incubated in the 

darkness for 15 minutes prior to harvesting the mycelium in a dark room equipped 

with red lights. Control flasks were not exposed to light pulses and were 

harvested alongside the light treated cultures under red-safe light conditions. The 

samples were snap-frozen in liquid nitrogen.  

For temperature pulse experiments, mycelial discs from V. dahliae isolate 12253 

were inoculated into flasks containing half strength PDB liquid medium and were 

incubated in a shaker incubator (120 rpm) at 25 � in constant darkness for 24 

hours. The flasks were then transferred to 20 � in constant darkness for 30 

hours, after which a 2 hour 28 � temperature pulse was applied. Control samples 

remained under 20 �. At the end of the 2 hour temperature pulse, mycelium 

tissues were harvested in a dark room equipped with a red-safe light, and frozen 

in liquid nitrogen.   

 

3.5 RNA extraction and RNA-Seq 

The samples of N. crassa and V. dahliae mycelium tissues were grinded using 

RNase-free pestle and mortars, and total RNA was extracted using the RNeasy 

Plant Mini Kit (Qiagen GmbH, Germany) according to the manufacturer’s 
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instructions. RNA concentration and quality were measured using the Qubit 2.0 

Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) and Nanodrop™ UV 

spectrophotometer (NanoDrop, Wilmington, USA). The integrity of RNA samples 

was assessed using the Agilent 4200 TapeStation system (Agilent, Santa Clara, 

USA).   

For the transcriptomic sequencing (RNA-Seq), samples with a minimum of 1 µg 

of RNA (100 ng/µl), ≥ 6.8 RIN and 260/280 nm values > 1.8 were sent to 

Novogene Technology Co. Ltd. (Wan Chai, Hong Kong). Sequencing was 

performed on Illumina HiSeq P150, resulting in 25 million paired-end reads. 

 

3.6 Gene expression analysis by Quantitative Real Time PCR (qRT-PCR) 

The expression pattern of several clock genes was analyzed through qRT-PCR. 

A total of 1 µg of each sample of the RNA extracted as described above was 

reverse transcribed using the QuantiTect Reverse Transcription Kit (Qiagen, 

Germany) following the manufacturer’s instructions. The qRT-PCR was 

performed using SYBR green (qPCRBIO SyGreen Mix Lo-Rox, PCR 

Biosystems, UK) followed by the CFX96™ Real-Time PCR detection system 

(Bio-rad). Primer sequences for the amplification of the V. dahliae putative clock 

genes were designed using the version of Primer3 2.3.7 implemented in 

Geneious R10 and generated by Integrated DNA technologies (IDT). The V. 

dahliae β-tubulin gene (Duressa et al. 2013) and Elongation factor 1-⍺ gene 

(Santhanam and Thomma 2013) were used as housekeeping genes for all the 

qRT-PCR analysis in V. dahliae. As for N. crassa, β-tubulin and TATA binding 

box-encoding gene (Cusick et al. 2014) served as housekeeping genes. The 

primers used in this study are listed in Table 2. The PCR reactions was carried 

out in a 10 µl volume consisting of 400 nM of each primer, 5 µl of 2x qPCRBIO 

SyGreen Mix and 2 µL of 1:4 diluted cDNA sample. The PCR conditions were 95 

� 2 min; 39 cycles of 95 � 10 sec, 60 � 10 sec, 72 � 30 sec and 1 cycle of 95 

� 10 sec, 65 � 05 sec 95 � 05 sec. Analysis of each gene was carried out in 

triplicate. Relative gene expression was calculated using the comparative cycle 

threshold (CT) method (2-(∆∆Ct)) method, where  ΔΔCT = (CT target – CT reference)Time x 

– (CT target – CT reference)Time 0 (Livak and Schmittgen 2001). The CT reference consisted 

of the geomean between both housekeeping genes. Expression values for free 
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running time-course experiments were normalized to the cultures grown 4 h in 

the dark (D4). Expression values for time-course experiments in under LD cycles 

were normalized to the cultures grown 2 h in the dark (D2), and cultures grown 2 

h at 20 � (2L) were the reference samples for the temperature entrained time-

courses. The expression values for light and temperature pulses were 

normalized to cultures maintained in control conditions (DD or constant 

temperature, respectively).  

Expression values derived from three biological replicates (unless otherwise 

stated), each containing three technical repeats were analyzed using one-way 

Analysis of Variances (ANOVA). The residuals were tested for normality, and 

data was logarithmic (base 10) transformed if required. All statistical analysis 

were carried out using R Studio software. Statistical analysis of rhythmicity of 

time-course experiments was achieved with JTK-CYCLE (Hughes et al. 2010) in 

the R software (version 3.3.0) using the 2-(∆∆Ct) normalized data of all the 

replicates. The analysis was performed as described in the JTK-CYCLE manual, 

looking for period lengths of approximately 20 to 28 h. The accepted expression 

cutoff for oscillating genes was 1.5 log2 fold change (Hutchison et al. 2015).
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Table 2. V. dahliae and N. crassa loci used for expression analysis.  

Organism Target Gene name Name Sequence (5' to 3') 
Length 
(bp) Sequence reference 

V.dahliae  Housekeeping 
Elongation factor 
alpha EFA1-F TACAACCCCAAGACTGTCGC 

104 Santhanam & Thomma, 2013 

V.dahliae  Housekeeping 
Elongation factor 
alpha EFA1-R TCCTTCTCCCAGCCCTTGTA 

V.dahliae  Housekeeping Tubuline Beta Chain VdTbc-F TTTCCAGATCACCCACTCC 111 Duressa et al., 2013; Hu et al., 
2014 V.dahliae  Housekeeping Tubuline Beta Chain VdTbc-R ACGACCGAGAAGGTAGCC 

V.dahliae  Gene of interest frq  VdFrq-F GTGACGGAGAAGAGCACCAA 92 This study 

V.dahliae  Gene of interest frq  VdFrq-R TCGCTACTGAATCGCGTACC 
V.dahliae  Gene of interest Wc-1 VdWc1-F CAACACCCTGACCGAGTTCA 91 This study 

V.dahliae  Gene of interest Wc-1 VdWc1-R  ATTGGCGTCGAGAATCTGCA 
V.dahliae  Gene of interest Wc-2 VdWc2_F GGCGCTCTATCACCAGAACA 180 This study 

V.dahliae  Gene of interest Wc-2 VdWc2_R  ATCTCAATCTGCTCGGCGTG 
V.dahliae  Gene of interest ccg16 Vdccg16_F  CCCAAGGCATCACAGTCGAA 118 This study 

V.dahliae  Gene of interest ccg16 Vdccg16_R GCACCATTGTTGTTGCCGAT 
V.dahliae  Gene of interest vvd Vdvvd_F GATGTTCATGAACGGCGAGC 135 This study 

V.dahliae  Gene of interest vvd Vdvvd_R GTCAGCCGATCTTCTCCTCG 

N.crassa Housekeeping 
TATA binding box 
protein NcTbp-F GGTGCCAAGTCCGAAGATGA 

136 Cusick et al., 2014 

N.crassa Housekeeping 
TATA binding box 
protein NcTbp-R TGGGGAACTTGATGTCGCAA 

N.crassa Housekeeping Beta-tubulin NcBtl-F CCACTTCTTCATGGTCGGCT 103 Cusick et al., 2014 

N.crassa Housekeeping Beta-tubulin NcBtl-R CTTGGGGTCGAACATCTGCT 
N.crassa Gene of interest Frequency  NcFrq-F TCGACATCGCAGAGGAGAAA 66 Lee, Dunlap & Loros, 2003 

N.crassa Gene of interest Frequency  NcFrq-R CAACGAAACCCCAGACGAGT 
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3.7 Orthology analysis 

The study involved 29 species sampled from across the fungi phyla related to 

Verticillium dahliae. The respective genome (repeat-masked), CDS, and protein 

sequences were downloaded from Ensembl Fungi (Kersey et al. 2016). 

The orthology relationships between the genes in each genome were first 

established using the OrthoFinder ver. 1.0.7 (Emms and Kelly 2015) and 

OrthoMCL ver. 2.0.9 (Li et al. 2003) pipelines. As results were largely congruent, 

OrthoFinder results were later used throughout the study. 

The genomes1 of the 29-fungal species were searched for homologues of frq 

(NCBI ID: 3876095), wc-1 (NCBI ID: 3875924), wc-2 (NCBI ID: 3879968), frh 

(NCBI ID: 3872445), fwd-1 (NCBI ID: 3872130) and vvd (NCBI ID: 3873728).  

 

3.8 Promoter Motif Identification 

Sequences 2000 bp upstream of the start site of each gene were extracted in 

each species using a combination of custom Python scripts and BEDtools ver. 2 

(Quinlan and Hall 2010).  MEME suite ver. 4.11 was subsequently used to 

analyse the motif content of promoter regions (Bailey et al. 2009). 

For motif scanning purposes, FIMO program (Grant et al. 2011) was used to deal 

with ungapped motifs (ACE motif in ccg2 promoter), while gapped motif search 

for sequences showing similarity to the C-box element in frequency promoters 

was carried out with GLAM2SCAN (Frith et al. 2008). For de novo motif 

discovery, DREME (Bailey 2011) and GLAM2 were used for ungapped and 

gapped motifs, respectively. Lastly, motif enrichment analysis was carried out 

with the AME program.  

A manual screen of consensus LRE motifs described in (He and Liu 2005) on the 

2000 bp upstream region of the frq orthologues across the 29-species tested was 

performed using Geneious R10.  

 

3.9 RNA-Seq data analysis 



 215 

Quality control of the RNA-seq V. dahliae reads was carried out by fastQC, and 

adapters were trimmed using fastq-MCF (available from 

https://expressionanalysis.github.io/ea-utils/). STAR software (Dobin et al. 2013) 

was used to align RNA-seq reads to the reference Verticillium dahliae JR2 

genome (Ensembl Fungi). Mapped read counts were calculated using the 

program featureCounts (Liao et al. 2014). The analysis of expression of all 

predicted genes was performed with the DESeq2 package in R. A grouping 

command was used to assess differentially expressed genes (DEG) between 

conditions (L or D) and strains (Vd12253, Vd12008, Δfrq_12253, Δfrq_12008 and 

Δwc1_12253). The studied interactions were: Δfrq_12253, Δfrq_12008 and 

Δwc1_12253 in 6 h light vs 6 h dark, wild-type strains vs mutant strains in 6 h 

light and wild-type strains vs mutant strains in 6 h dark. The false discovery rate 

(FDR) cutoff was set to 0.05. Genes were considered to be significantly 

differentially expressed when P < 0.05 and presented more than 1-log2 fold 

change (LFC) in transcript level.  

Principal component analysis (PCA) plot and samples distances plot used rlog-

transformed read counts, and were carried out using R. Venn diagrams were built 

to compare light regulated DEG genes between isolates using R. Gene ontology 

(GO) terms were retrieved from GO.db in R. Gene enrichment analysis for GO 

terms were performed using topGO in R with Fisher’s exact test to retrieve 

significant enriched processes of the DEG. The representation of enriched 

biological pathways was plotted using Blast2GO software (Conesa et al. 2005). 

The genes containing functional annotations associated with fungal transcription 

factors were analyzed. The analysis of secondary metabolites biosynthetic gene 

clusters in V. dahliae was performed using antiSMASH (Blin et al. 2017). 

For rhythmic expression analysis, the raw counts of the time-course samples (6h 

D, 12h D, 18 h D and 24 h D of Vd12253, Vd12008 and Δfrq_12008) were 

normalized to FPKM (fragments per kilobase of transcript per million mapped 

fragments). The time-course of each individual strain was analyzed using JTK-

CYCLE, looking for rhythms between 20-28 h (Hughes et al. 2010). Genes with 

a P < 0.05 and a false discovery rate of q < 0.1 were considered rhythmic. Venn 

diagrams were used to draw diagrams and visualise which genes were rhythmic 
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Vd12253 and Vd12008 wild-type strains and between a Vd12008 and a 

Δfrq_12008 strain.  

 
 
4 RESULTS 
4.1 Wide distribution of homologues of core clock genes in 

Sordariomycetes and Leotiomycetes 

N. crassa is phylogenetically related to a wide range of important plant-

pathogens, including V. dahliae. Since the circadian machinery has been seen 

to modulate the outcome of host-pathogen interactions, we thought to 

characterize the distribution of of N. crassa clock protein orthologues across 

several Sordariomycete and Leotiomycete species, including important plant-

pathogenic species. The genome of 29 fungal species were searched for 

homologues of frq, wc-1, wc-2, frh, fwd-1 and vvd. The predicted proteins from 

these genomes were clustered and proteins in the same orthogroup cluster as 

the N. crassa gene were considered orthologous genes. The results of our 

orthology analysis and that of Salichos and Rokas (2010) were largely in 

agreement regarding the copy number of oscillator genes featured in both 

analyses (Figure 1). Orthologues of all six genes were present in most species 

of Sordariomycetes and Leotiomycetes tested in this study, with the exception of 

the chaetomium family, which appears to have lost frq, wc-1, wc-2 and vvd 

homologues. Further than that, we were interested in identifying orthologs of N. 

crassa experimentally verified clock-controlled genes (ccg): ccg1, ccg2, ccg4, 

ccg6, ccg7, ccg12, ccg14 and ccg16, as featured in the Circadian Gene 

Database (Li et al. 2017). The ccgs were less conserved and presented a 

variable number of copies across species. V. dahliae lacked a homologue of 

ccg2, which encodes a fungal hydrophobin essential for the formation of asexual 

spores in N. crassa (Bell-Pedersen et al. 1992). Furthermore, orthologues of the 

ccg12, which encode a copper metallothionein, were absent in most species.  

Interestingly, V. dahliae presented homologues of genes belonging to oscillators 

other than the well characterized FRQ/WCC oscillator, such as the gene 

encoding the CRY protein. In addition, V. dahliae contained an orthologue of 

ccg16, a rhythmically expressed gene that is controlled by a temperature-
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responsive circadian FRQ-less oscillator (FLO) in N. crassa (de Paula et al. 

2006). 

 
4.2 V. dahliae contains homologues of the core clock genes 
Through the orthology analysis, we identified homologues of all the core clock 

genes in the genome of V. dahliae, V. alfalfae and V. longisporum (Figure 1). V. 

longisporum emerged from a hybridization event between V. dahliae and a 

species related from V. albo-atrum (Inderbitzin et al. 2011), which explains the 

presence of multiple copies of the putative clock genes in its genome. We 

identified homologues of the components of the N. crassa core oscillator in all 

the species of the Verticillium genus: V. albo-atrum, V. alfalfae, V. nonalfalfae, V. 

dahliae, V. longisporum subgenome A, V. longisporum subgenome D, V, 

nubilum, V, tricorpus, V, isaacii, V. klebahnii and V. zaregamsianum.  

Alignments of core clock proteins between N. crassa and V. dahliae revealed 

sequence identities over 43 % and query coverages over 39 % (Table 3). 

Consistent with previous reports (Traeger and Nowrousian 2015), V. dahliae 

FRQ was the least conserved of the core clock protein (43.82 % identity), 

whereas FRH was the most conserved (68.69 % identity). The ccg homologues 

displayed variable levels of conservation between N. crassa and V. dahliae, 

ranging from a minimum of 16.58 % (ccg-4) to a maximum identity of 85.16 % 

(ccg-7). 
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Figure 1. The presence of the central clock oscillator genes and clock-controlled genes (ccg) of N. crassa in 29 Sordariomycete and Leotiomycete 

species genomes. The presence/ absence and copy number is shown for core clock genes (frq, wc-1, wc-2, frh, fwd-1, vvd) and several ccg 

(ccg1, ccg2, ccg4, ccg6, ccg7, ccg13, ccg14, ccg16 and cry-dash) homologues. The distribution of clock genes and ccgs in N. crassa and V. 

dahliae are highlighted in a black box. V. dahliae contains homologues of the six N. crassa central clock genes and most ccg. 

Clock	genes Clock-controlled	genes

cr
y-
da
sh
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Table 3. Amino acid identity of N. crassa clock and clock-controlled genes (ccg) against V. dahliae JR2 and Vdls17 genomes. Reciprocal 

BLAST was performed and marked as Y if confirmed. NF: Not Found. 

  

Gene 
N. crassa 
ORF  

V. dahliaeJR2 

ORF 
V. dahliae Vdls17 ORF 

Vdls17 

protein 

identity  

% 

Query 

coverage 

% 

Reciprocal 

BLAST 
Description 

C
o

r
e

 c
lo

c
k

 g
e

n
e

s
 

frq NCU02265T0 VDAG_00854T0 VDAG_JR2_Chr1g01960 43.82 75.33 Y Central clock pacemaker 

wc-1 NCU02356T2 VDAG_02321T0 VDAG_JR2_Chr2g01990 45.22 39.25 Y 
Transcription factor, blue-light 
photoreceptor 

wc-2 NCU00902T0 VDAG_06866T0 VDAG_JR2_Chr7g03830 51.12 43.21 Y 
Transcription factor, involved in 
light regulation 

frh NCU03363T0 VDAG_07754T0 VDAG_JR2_Chr4g00070 68.69 94.58 Y FRQ-interacting RNA helicase 

fwd-1 NCU04540T0 VDAG_03775T0 
VDAG_JR2_Chr6g03850 

45.98 84.03 Y 
Recruits FRQ to a ubiquitin 
complex 

vvd NCU03967T0 VDAG_05570T0 VDAG_JR2_Chr3g10380 47.84 81.72 Y PAS domain 

C
lo

c
k

-c
o

n
tr

o
ll

e
d

 g
e

n
e

s
 

ccg-1 
(grg-1)  NCU03753T0  VDAG_01467T0 VDAG_JR2_Chr1g08320 60.56 57.75 Y Glucose represible gene 
ccg-2 
(eas) NCU08457T0 NF NF 0 0 - 

Contributes to surface 
hydrophobicity 

ccg-4  NCU02500T0 VDAG_05237T0 VDAG_JR2_Chr3g12040 16.58 48.57 Y Pheromone precursor 
ccg-6 NCU01418T0 VDAG_08653T0 VDAG_JR2_Chr1g13350 55.84 33.1 Y Not specified 

ccg-7  NCU01528T0 VDAG_08916T0 VDAG_JR2_Chr4g07610 85.16 99.11 Y 
Gyceraldehyde 3-phosphate 
dehydrogenase 

ccg-8 NCU09686T0 VDAG_04984T0 VDAG_JR2_Chr5g00320 29.89 56.58 Y Contribute to azole adaption 
ccg-9  NCU09559T0 VDAG_03780T0 VDAG_JR2_Chr6g03930 69.47 42.89 Y Trehalose synthase 
ccg-13 NCU08907T0 VDAG_02901T0 VDAG_JR2_Chr1g28920 32.29 45.79 Y Cell wall protein 
ccg-14 NCU07787T0 VDAG_06199T0 VDAG_JR2_Chr7g00860 68.11 44.2 Y Cell wall protein 
ccg-15 NCU08936T0 VDAG_00223T0 VDAG_JR2_Chr1g16220 35.1 67.15 Y Not specified 
ccg16 NCU05495T0 VDAG_04771T0 VDAG_JR2_Chr6g09530 40.54 97.3 Y CVNH domain-containing protein 
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4.3 V. dahliae putative clock proteins are highly conserved at the domain 
level 

InterProScan software was used to identify functional protein domains of the V. 

dahliae putative clock protein. Our results showed that N. crassa and V. dahliae 

clock proteins were strongly conserved at the domain level (Figure 2).  

The FRQ protein alignment created between N. crassa and V. dahliae sequences 

showed moderate conservation with various highly conserved regions (Figure 3). 

The protein domains, presented different degree of conservation in V. dahliae. 

PEST1 and PEST2 are involved in the determination of the period length and the 

cytoplasmic accumulation of the WCC respectively (Dunlap et al. 1995; Görl et 

al. 2001; Traeger and Nowrousian 2015). A high degree of variation within 

PEST2 existed, meanwhile PEST1 was more conserved. FRQ forms 

homodimers through is coiled-coil domain that are important for rhythmic 

conidiation (Guo et al. 2010). This domain showed conservation between N. 

crassa and V. dahliae, with 69.69 % identity. FCD1 and FCD2 are FRQ-CK1a 

interaction domains (Traeger and Nowrousian 2015) and showed high 

conservation in V. dahliae, with 87.5 % identity for both domains. Low sequence 

conservation of the FFD domain, known as the FRQ-FRH interaction domain in 

N. crassa (Guo et al. 2010), was observed between N. crassa and V. dahliae, 

with 40 % of 10 sites conserved. V. dahliae FRQ protein contained two predicted 

NLS sequences, one of them containing an almost identical sequence to the N. 

crassa NLS (DLLKRDKLFEIKVHGLPKPKKRELE). The nuclear localization 

signal (NLS) present in N. crassa FRQ is required for its entrance in the nucleus 

and the subsequent regulation of the clock (Luo et al. 1998). Therefore, it was 

implied that V. dahliae FRQ may also be a nuclear protein. In N. crassa, the 

serine residue in position 513 is crucial for the phosphorylation of FRQ and its 

subsequent degradation, which determines the period length of the circadian 

oscillations (Liu et al. 2000). The alignment between N. crassa and V. dahliae 

FRQ protein revealed a conserved serine residue corresponding to the N. crassa 

Ser-513 (Figure 3). Furthermore, from the 73 in vivo and in vitro identified 

phosphorylation sites in N. crassa FRQ (Tang et al, 2009), 40 sites were 

conserved in V. dahliae FRQ (Figure 3). Overall, the V. dahliae FRQ protein 

showed high conservation to the level of individual phosphorylation sites. 
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Figure 2. Protein domain structure of core clock proteins in N. crassa and V. dahliae based on InterProScan database. The majority of the clock 

components (FRQ, WC-1, WC-2, FRH, FWD-1 and VVD) are highly conserved at the domain level. Protein length is displayed at the end of each 

protein sequence. CC (coiled-coil), FCD and FRQ-CK1a (interaction domains), PEST (protein association), FHA (Forkhead-associated, 

phosphopeptide recognition domain), LOV (Light-oxygen-voltage sensing), PAS (Per-Arnt-Sim, protein binding domain), GATA (Zinc finger, 

GATA-type, DNA binding domain), Helicase (ATPase activity), F-box (protein-protein interaction motif), WD40 repeat (interacting domain). 
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Interestingly, the gene alignment of frq homologues of six different V. dahliae 

strains (JR2, 12253, 12251, 12008, 12161 and 12158) showed several single 

nucleotide polymorphisms (SNPs) between isolates, that were associated with 

their vegetative compatibility (VC) background, such as the VC subclade II-2 

(12161 and 12158), and VC subclade II-1 (JR2, 12253, 12251 and 12008) 

(Figure 5). Consequently, the FRQ protein alignment showed four amino acid 

substitutions (marked with red boxes in Figure 4). However, none of them were 

present in any functional domain sequences. 

V. dahliae proteins WC-1 (VDAG_JR2_Chr2g01990) and WC-2 

(VDAG_JR2_Chr7g03830) presented 45.22 % and 51.12 % sequence identity to 

the N. crassa homologues, respectively. WC-1 protein alignment between V. 

dahliae and N. crassa (Figure 6) showed high conservation in regions relating to 

protein domains, from 79.0 % to 94.34 % of identity. The V. dahliae WC-1 protein 

contained a Light-Oxygen_voltage (LOV) domain. LOV domains are related to 

the Period-ARNT-Singleminded (PAS) domain family, and are distinguished by 

presenting a flavin cofactor and a GXNCRFLQ motif (Pudasaini et al. 2015). The 

LOV domain is essential for the light reception activity of WC-1 in N. crassa. The 

GXNCRFLQ motif was noted to be present in V. dahliae WC-1 (Figure 6). 

Furthermore, two PAS domains, a putative NLS motif (LLSNKKKRKRRKGVG) 

and a GATA-type zinc finger transcription factor (TF) domain were identified in 

V. dahliae (Figure 6), in homology to the N. crassa WC-1 domain structure.  
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Figure 3. Alignment of FRQ homologous sequences from N. crassa and V. dahliae JR2. 

Protein domains characterized in N. crassa FRQ are annotated in red: Coiled-coil 

domain, FCD, FFD and PEST domains. The nuclear localization signal (NLS) are 

annotated in green. The N. crassa serine residue in position 513 (Ser-513), marked in a 

blue circle, is conserved in V. dahliae strains. Additional phosphorylation sites previously 

identified in N. crassa are marked in green circle
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Figure 5. Multiple FRQ alignment of several V. dahliae strains. The alignment includes 

V. dahliae of vegetative compatibility (VC) subclade II-1 (JR2, 12253, 12251, 12008) and 

VC subclade II-2 (12161, 12258). Four single amino-acid polymorphisms seen amongst 

V. dahliae strains are marked in red boxes and reveal differences between VC groups.
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Figure 5. Multiple frq alignment of several V. dahliae strains. The alignment includes V. dahliae of vegetative compatibility (VC) subclade 

II-1 (JR2, 12253, 12251, 12008) and VC subclade II-2 (12161, 12258). Several single nucleotide polymorphisms (SNPs) are observed 

between species from VC subclade II-1 and VC subclade II-2. The gene alignments were performed using the ClustalW algorithm 

implemented in Geneious R10. 



 226 

 
 
Figure 6. N. crassa and V. dahliae WC-1 protein alignment. The protein domains of WC-

1 were identified in N. crassa and V. dahliae: FHA, LOV, two PAS and a zinc-finger 

GATA type domain. V. dahliae lacked the FHA domain. The nuclear localization signals 

are (NLS) annotated in yellow. The GXNCRFLQ motif, representative of the LOV 

domain, is indicated in a black box.  
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V. dahliae WC-2 contained a single PAS domain, a GATA-type zinc finger 

transcription factor (TF) domain with 65.71 % and 79.24 % sites conserved. A 

putative NLS (RGRKRKRQW) sequence was identified in V. dahliae, and lacked 

a homologue sequence in N. crassa (Figure 7).  

In N. crassa, WC-1 and WC-2 interact through their PAS domain to form a 

heterodimeric complex (WCC complex). The WCC complex is essential for light-

induced gene expression of frq and other light-regulated genes, and is required 

for the generation of circadian rhythms (Cheng et al. 2001; Cheng et al. 2002). 

Thus, V. dahliae WC-1 and WC-2 contained all the domains that are required for 

their interaction, light perception and TF activity.  

 
 

 
Figure 7. N. crassa and V. dahliae WC-2 protein alignment. The protein domains of WC-

2 were identified in N. crassa and V. dahliae: PAS and a zinc-finger GATA type domain. 

The nuclear localization signal (NLS) is annotated in yellow, and was only found in V. 

dahliae. 
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4.4 Promoter motif identification 

The WCC induces the transcription of frq and many other light-regulated genes 

by regulating the activation at the promoter level in N. crassa. Therefore, we 

looked at the conservation of the frq promoter across 29 fungal species. Three 

experimentally verified motifs in the promoters of clock-related genes in 

Neurospora crassa were confirmed in our in silico analysis: C-box element 

5’CGAT(N)CCGCT3’ (where N=1-3 bp) motif residing in frq promoter and bound 

by wc-1/wc-2 (Froehlich et al. 2002; Froehlich et al. 2003), the consensus motif 

in frq promoter proposed by He and Liu (2005) containing the sequence 

5’GATNC--CGATN3’, where N is the same in both repeats, and the ACE motif 

first identified in ccg2 (Bell-Pedersen et al. 1996; Bell-Pedersen et al. 2001) 

whose core sequence is 5’AACTTGGCCAAGTT3’ and is bound by yet-

unidentified transcription factor. Using FIMO, we were also able to confirm the 

location of the initially isolated, extended 68 bp ACE element resident in ccg2 

promoter in N. crassa.  

The results from the search of the 5’CGAT(N)CCGCT3’ motif (Froehlich et al. 

2002; Froehlich et al. 2003), showed the presence of related motifs at the 

subgenera level in Fusarium and Trichoderma species, as well as a degree of 

conservation of the motif sequence and position in Sordariales and Hypocreales 

(Figure 8). However, the putative motifs were frequently found on the reverse 

strand and a perfect match was never observed. The GATC motifs position were 

strongly conserved at the species level and the three Verticillium species tested 

contained 14 LRE each.  

Figure 8 (overleaf). Analysis of the conservation of the frq promoter WCC binding motif 

5’CGAT(N)CCGCT3’ from different Ascomycetes. The conservation of the promoter 

motif 5’CGAT(N)CCGCT3’ (Froehlich et al. 2002) was explored in the promoter (2000 

bp upstream the start codon) of frq homologues from 29 different Sordariomycete and 

Leotiomycete. The most conserved motifs, their position in the promoter region and the 

direction are represented by yellow arrows in the central panel. The consensus LRE 

motifs (GATC) are marked in red. The score indicates the level of conservation to the N. 

crassa motif, ranging from 0 (no present) to 13.5 (only in N. crassa). The motif 

sequences, the number of base pairs (bp) space between the 5’ and 3’ extreme of the 

motif, and the base pair differences (red) are presented. The number of LRE motifs 

(GATC) present in the frq promoters are displayed. 
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Exploring the conservation of the consensus motif  5’GATNC--CGATN3’ 

proposed by He and Liu (2005) (Figure 9), showed mixed results on the presence 

of the putative distal LRE and the putative proximal LRE, with complete absence 

in some species while limited conservation in other species. Putative proximal 

and distal motifs were found in V. dahliae, V. alfafae and V. longisporum (Figure 

10), however the distal motif was very widely spaced (more than 70 bp) between 

the two LRE repeats. The proximal motif, displayed a reduced separation in V. 

alfafae and V. longisporum compared to V. dahliae. The frq promoter of six V. 

dahliae isolates were also explored, and 19 SNP differences were found between 

VC groups leading to a missing GATC motif in species of the subclade II-2 

respect the species in subclade II-1 (Figure 11).  

The proposed WCC binding motif described by (Smith et al. 2010) that contains 

the sequence 5’GATCGA3’ was also searched across 29 fungal species. A 

perfect match to the consensus motif was found several times in the majority of 

the promoters, and the position and number was strongly conserved at the 

subgenera level (Figure 9). V. dahliae presented 6 motifs in contrast to the 2 seen 

in N. crassa (Figure 10). We were unable to replicate the finding from Correa et 

al. (2003), where enrichment of core ACE motif and C-box motif were found in 

the promoters of 29 and 17 genes expressed in circadian manner based on 

microarray gene expression profiling in N. crassa. The imperfect motif was 

sometimes found on the reverse strand or inside the coding portion of the gene 

but still missing in at least half of the genes. There were only two instances of the 

presence of the extended motif similar to the N. crassa full ACE motif in Sordaria 

macrospora and Thielavia terrestris. Similarly, bottom-up search for motif 

enrichment with AME and de novo motif discovery with GLAM and DREME in 

the promoters of homolog genes in the two lists of the 29-species brought no 

significant results.  

The consensus WCC binding site 5’GATCGA3’ was also identified in promoters 

of several light-regulated genes and TFs in N. crassa (Smith et al. 2010). We 

analyzed the presence of 5’GATCGA3’ sequence as well as the 5’GATNC--

CGATN3’ motif in the V. dahliae homologues of six N. crassa light-regulated and 

TF genes (Figure S4): al-3 (VDAG_JR2_Chr1g12450), vvd 

(VDAG_JR2_Chr3g10380) and cry-dash (VDAG_JR2_Chr1g17210), sub-1 
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(VDAG_JR2_Chr1g15260), csp-1 (VDAG_JR2_Chr3g07640) and wc-1 

(VDAG_JR2_Chr2g01990). Motifs were identified in the V. dahliae promoters of 

vvd, sub-1, csp-1, wc-1 and cry-dash, but not in al-3. Nevertheless, N. crassa did 

not show any motif 2000 bp upstream from the cry-dash ORF. Our analysis 

showed a lack of conservation in motif number or position between N. crassa and 

V. dahliae, but suggested a possible conservation of the genes regulated by the 

WCC. 

 

Figure 9 (Overleaf). Analysis of the conservation of the proximal and distal frq promoter 

motifs from different ascomycetes. The conservation of the distal (blue) and proximal 

(green) promoter motifs 5’GATNC--CGATN3’ He and Liu (2005) was explored in the 

promoter (2000 bp upstream the start codon) of frq homologues from 29 different 

Sordariomycete and Leotiomycete. The putative motifs, their position in the promoter 

region and the direction are represented by blue and green arrows in the central panel. 

The motif sequences 5’GATCGA3’ (Smith et al. 2010) are represented in purple. The 

motif sequences of the distal, proximal and any additional LRE motifs are presented in 

the table, indicating the number of base pairs (bp) space between the 5’ and 3’ extreme 

of the motif. 

 
 
 
 
 
 
 
 



 232 

 
 
 
 
 

Phylogenetic	 tree Motif	positions	 in		frq promoter Motif	sequences	

Distal LRE Additional	LRE ProximalLRE
GATAC-(18bp)-CGATA

GATGC-(5bp)-CGATG GATTC-(15bp)-CGATT GATACGATA
GATCC-(55bp)-CGATC

GATTC-(13bp)-CGATT

GATCC-(3bp)-CGATC

GATGC-(11bp)-CGATG GATCC--(3bp)--CGATC

GATGC-(11bp)-CGATG GATCC—(60bp)--CGATC

GATGC-(60bp)-CGATG GATGC-(34bp)-CGATG

GATTC--(83bp)--CGATT GATCC--(28bp)--CGATC

GATCC--(87bp)--CGATC GATCC--(70bp)--CGATC

GATCC--(80bp)--CGATC GATCC--(41bp)--CGATC GATCC--(28bp)--CGATC

GATGC-(97bp)-CGATG

GATCC--(42bp)--CGATC

GATCC--(42bp)--CGATC GATTC--(54bp)--CGATT

GATAC-(100bp)-CGATA

GATTC--(5bp)--CGATT

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

-2000	bp 0	bp



 233 

 
Figure 10. Schematic representation of frq promoter LRE motifs in N. crassa and Verticillium spp. The distal (blue) and proximal (green) promoter 

motifs containing the sequence 5’GATNC--CGATN3’ He and Liu (2005) in the promoters (2000 bp upstream the start codon) of frq homologues 
are represented in the top. The motif sequences 5’GATCGA3’ (Smith et al. 2010) are marked in purple. The 5’GATNC--CGATN3’ sequences are 

displayed in the table, indicating the number of base pairs (bp) space between the 5’ and 3’ extreme of the motif.  

 

 

Organism DISTAL	LRE Additional LREs Additional LREs PROXIMAL	LRE
N.	crassa GATGC--(11bp)-CGATG GATCC--(3bp)--CGATC
V.	dahliae GATCC--(87bp)--CGATC GATCC--(70bp)--CGATC

V.	alfalfae GATCC--(80bp)--CGATC GATCC--(94bp)--CGATC GATCC--(41bp)--CGATC GATCC--(28bp)--CGATC
V.longisporum GATTC--(83bp)--CGATT GATCC--(28bp)--CGATC

N.	crassa

V.	dahliae

5’	(-2000bp) 3’	(0bp)

Clock-box	motif	position	in	frqpromoter	

V.	alfafae

V.	longisporum
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Figure 11. Analysis of the conservation of putative frq promoter motifs across several V. dahliae isolates. The putative distal (blue) and proximal 

(green) promoter motifs containing the sequence 5’GATNC--CGATN3’ He and Liu (2005) of the promoter (2000 bp upstream the start codon) of 

frq homologues are represented. The consensus LRE motifs (GATC) are marked in red. SNPs are observed between vegetative compatibility 

(VC) subclade II-1 (JR2, 12008, 12253, 12251) and VC subclade II-2 (12161, 12258). One of the SNPs results in the loss of a GATC motif in VC 

subclade II-2 respective to VC subclade II-1 (represented in a black box).  

V.	Dahliae JR2

V.	Dahliae 12008

V.	Dahliae 12253

V.	Dahliae 12251

V.	Dahliae 12158

V.	Dahliae 12161

Clock-box	motif	position	in	frqpromoter	
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4.5 Light pulses do not activate frq expression in V. dahliae 

In N. crassa the expression of frq is rapidly induced by pulses of light, which is 

mediated by the WCC complex. This event allows light entrainment of the clock 

and synchronization to external conditions (Crosthwaite et al. 1995). The 

presence of putative LRE motifs in the promoter of frq suggested that light could 

control the expression of frq in V. dahliae. Therefore, short pulses of light were 

applied to different isolates of V. dahliae (12253, 12158 and 12008) grown in 

constant darkness (DD), and frq RNA levels were assessed by qRT-PCR (Figure 

12 A). V. dahliae frq expression was not induced by pulses of light in any of the 

isolates tested (F(2,6)=1.11, p=0.38) (Figure 12 C), in contrast to the 10-fold 

increase of frq transcript observed in N. crassa (F(1,2)=84.34, p<0.05) (Figure 

12 B).  

Further experiments with light pulses aimed to examine the expression of frq in 

a Δwc1_12253 mutants strain and a wild-type strain (Figure 13 A). In contrast to 

N. crassa, where frq transcript levels are lower in strains lacking wc-

1  (Crosthwaite et al. 1997; Merrow et al. 2001), the expression of V. dahliae frq 

was no significantly different between the wild-type and the wc-1 knockout strain 

in either constant dark (D) or after a short pulse of light (LP) (F(1,18)=0.033, 

p=0.80; F(1,18)=0.48, p=0.49, respectively). Additionally, the effect of light on the 

transcriptional activity of wc-1 in various V. dahliae isolates was measured 

following the same procedure as before (Figure 13 B). Short light pulses (2 

minutes) failed to induce significant changes in expression of wc-1 in any of the 

V. dahliae isolates tested (F(2,6)=1.40, p=0.31). Together, the results showed no 

evidence of light-induced transcriptional activation of frq and wc-1 in cultures 

exposed to short pulses of light, and no evidence of regulation of frq by WC-1.  
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Figure 12. The effect of short light pulses on frq expression in V. dahliae. A) Schematic 

representation of the light-pulse experiment. Flasks were inoculated with mycelial discs 

and incubated in a shaker incubator (120 rpm) under darkness at at 25 �. After 36 

hours, a short light pulse (LP) of two minutes was given to the samples and transferred 

to DD for 15 minutes, after which the tissues were harvested. Control samples (D) were 

grown for 36 hour in darkness and harvested under a red light. B) N. crassa frq 

expression after a LP compared to the control cultures. C) frq expression of V. dahliae 

isolates 12253, 12158 and 12008 after a LP compared to control cultures. The β-tubulin 

and Elongation factor 1-⍺ genes were used as V. dahliae housekeeping genes.  The N. 

crassa housekeeping genes were the β-tubulin and TATA binding box-encoding genes. 

Transcript levels are normalized to ddCt of D conditions in each strain (control = 1). Data 

is presented as mean (�SEM) with letters denoting statistical differences of p< 0.05 (two-

way ANOVA) for each strain. The primer pairs utilised for gene expression quantification 

by qRT-PCR are specified in Table 2.  
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Figure 13. Analysis of the light induction of frq expression in wc1 null mutants. The light 

pulse experiment was performed as represented in Figure 12 A. A) Expression of V. 

dahliae frq in the wild-type (WT) 12253 and Δwc1_12253 strains measured in the dark 

(D) and after a short light-pulse (LP). B) Expression of wc-1 measured in the dark (D) 

and after a short light-pulse (LP) in several V. dahliae isolates (12253, 12158 and 

12008). The β-tubulin and Elongation factor 1-⍺ genes were used as housekeeping 

genes. Transcript levels are normalized to ddCt of V. dahliae WT strain grown in DD 

conditions (control = 1). Data is presented as mean (�SEM) with letters denoting 

statistical differences of p< 0.05 (two-way ANOVA) for each strain. The primer pairs 

utilised for gene expression quantification by qRT-PCR are specified in Table 2.  
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4.6 V. dahliae lacks rhythmic frq gene expression in LD or DD 

A defining property of circadian rhythms is their persistence in constant 

conditions. In order to determine the presence of the circadian clock, systematic 

screens of RNA expression of the core clock gene frq throughout a time course 

under continuous darkness have been widely used (Bell-Pedersen et al. 1996). 

The results revealed no evidence for oscillation of frq mRNA levels under free-

running conditions in V. dahliae isolates 12253 and 12008. In contrast, robust 

oscillation of frq was seen in N. crassa 30-7 bd strain (Figure 14 A, B), where frq 

expression peaked at 12 h and 36 h after transfer to DD (subjective morning), in 

concordance to previous studies (Hurley et al. 2014). Interestingly, V. dahliae 

isolate 12158 presented an expression trend that resembled a rhythmic 

oscillation, where frq expression peaked at 12 h and 32 h after transfer to DD 

(Figure 14 C). However, statistical analysis did not support rhythmicity as there 

was large variability among biological replicates at time points D12, D32 and D36 

( Figure 14 C). Overall, the daily rhythm of frq expression was either absent or 

highly damped in constant conditions, and thus did not adjust to the first 

generalization of circadian rhythms (Pittendrigh 1960).  

 

Figure 14 (overleaf).  Time-course expression of V. dahliae and N. crassa frq under 

free-running conditions (DD). frq transcript levels were assessed by qRT-PCR every four 

hours over a period of 48 hours in constant darkness (DD). The entrainment and harvest 

protocol is represented in Figure S1. The time course experiment was performed in V. 

dahliae isolates A) 12253 (green), B) 12008 (blue), and C) 12158 (yellow). N. crassa 30-

7 bd was utilised as experimental control and is represented in grey. The β-tubulin and 

Elongation factor 1-⍺ genes were used as V. dahliae housekeeping genes. The N. 

crassa housekeeping genes were the β-tubulin and TATA binding box-encoding genes. 

Transcript levels are normalized to ddCt of D4 conditions in each strain (control = 1). 

Data is presented as mean (�SEM) from three independent biological replicates. The 

primer pairs utilised for gene expression quantification by qRT-PCR are specified in 

Table 2. Statistical analysis of circadian expression was assayed utilising JTK-Cycle and 

p-values for the analysis of each strain are shown in the graphs.  
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A further defining property of circadian rhythms is their ability to entrain to 

external stimuli, for example, daily light/dark and temperature cycles. The 

entrained circadian rhythms are able to anticipate the cyclic changes, thus the 

expression of several clock oscillator genes (frq, wc-1, wc-2 and vvd) was 

assessed in a 12:12 LD cycle, with a high time-point resolution before and after 

“lights on” (Figure 15). Despite the frq transcript levels under DD seemed to 

anticipate the transition to light as the expression steadily increased in D10 and 

D11.5, the changes were lower than 1 log2 fold change. Furthermore, the 

transcript levels did not exhibit significative rhythmic oscillation (p=1) and rapidly 

dropped after the first time-point under light (Figure 15 A). As for wc-1 and wc-2, 

the expression presented a small increase (only 0.5 LFC approximately) during 

the first time-points under light conditions (Figure 15 B, C), which diminished in 

the later light time-points. The assessment of wc-1, wc-2 and vvd gene 

expression did not anticipate changes in light conditions and showed a lack of 

robust circadian rhythmicity under LD conditions. In conclusion, there is no strong 

evidence for an anticipatory behaviour that could confirm light entrainment of 

putative clock oscillator genes in V. dahliae.  

We observed a moderate light induction for frq, wc-1 and wc-2 after 2 hours in 

light (L2) (Figure 15 A, B, C). However, none of these genes presented a 2-fold-

change in expression, which does not reach the accepted expression cutoff 

(Hutchison et al. 2015). For vvd, a 5-fold change in expression was induced after 

2 hours of light exposure (Figure 15 D), but no evidence of circadian rhythmicity 

was observed as transcript levels declined after the initial peak at L2 despite the 

continuous presence of light.  
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Figure 15. Gene expression analysis of four putative clock genes under LD conditions 

in V. dahliae. Cultures were entrained to 12 h/12 h LD cycles, and V. dahliae 12253 

mycelial tissues were harvested at different time-points in the dark (D) or light (L) over a 

24-hour period as represented in Figure S3. The dashed vertical lines represent the 

transition from dark to light conditions. Black-white bars indicate the dark-light 

conditions, respectively. The β-tubulin and Elongation factor 1-⍺ genes were used as 

housekeeping genes. Transcript levels are normalized to ddCt of D2 conditions for each 

gene (control = 1). Data is presented as mean (�SEM) from three independent biological 

replicates. The primer pairs utilised for gene expression quantification by qRT-PCR are 

specified in Table 2. Statistical analysis of circadian oscillation was assayed utilising 

JTK-Cycle and p-values for the analysis of each strain are shown in the graphs.  
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4.7 Temperature as the entrainment cue 

Temperature can also entrain and synchronize the clock to the correct time of 

the day. In N. crassa, temperature regulates and entrains the FRQ/WCC 

oscillator (Nowrousian et al. 2003). In addition, studies have proven the presence 

of a FRQ-less oscillator that is temperature-induced (Merrow et al. 1999). As an 

example, the N. crassa ccg16 oscillates in the absence of frq (although it requires 

wc-1), which implies the presence of a WC-1-dependent FRQ-less oscillator (de 

Paula et al. 2006). Interestingly, the mechanism of clock entrainment by 

temperature has a direct effect on core components rather than needing a 

photoreceptor-mediated transduction. Therefore, temperature can be a more 

powerful clock-resetting signal than light (Liu et al. 1998; Dunlap et al. 2007).  

The effects of a temperature pulse on V. dahliae frq, wc-1, wc-2 and ccg16 gene 

expression were assessed by qRT-PCR (Figure 16). The expression of frq, wc-

1, wc-2 and ccg16 was repressed after a temperature pulse of 28 � for 2 hours 

compared to unpulsed controls (Figure 16 A). Nevertheless, the change in 

expression before and after the temperature pulse was not significant, with large 

variation observed between three biological replicates (F(1,4)=3.61, p=0.13; 

F(1,4)=5.2, p=0.08; F(1,4)=2.39, p=0.19; F(1,4)=5.96, p=0.07, respectively). In 

contrast, the change in expression of frq, wc-1, wc-2 and ccg16 was not 

significant after a cold temperature pulse (20 �) for 2 hours (F(1,4)=0.32, p=0.6; 

F(1,4)=1.32, p=0.31; F(1,4)=0.86, p=0.40; F(1,4)=0.03, p=0.86, respectively) 

(Figure 16 B).  

To investigate whether the expression patterns of frq, wc-1, wc-2 and ccg16 

oscillated under 12 h at 20 �/ 12 h at 28 �, the transcript levels were measured 

at different times of the cycle (Figure 17). In contrast to N. crassa (Merrow et al. 

1999), the mRNA levels of V. dahliae frq were higher during the low temperature 

phase, though the fold change of expression between the highest (H) and lowest 

(L) peak was only 0.7 (Figure 17 A). The expression of wc-1 peaked at L10 and 

decreased towards the end of the low temperature period (Figure 17 B). The 

expression of wc-2 presented two discrete peaks in both low and high 

temperature periods. Transcripts levels of ccg16 peaked at the end of the high 

temperature period and the beginning of the low temperature period (Figure 17 
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D). Statistical analysis did not confirm rhythmic expression for any of the genes 

tested (frq p=0.08; wc-1 p=0.31; wc-2 p=1; ccg16 p=0.13). Overall, our data 

showed a reduction in gene expression when short pulses of high temperature 

were provided, but no induction of expression when cultures were transferred 

from high to low temperatures. The expression of wc-1 and ccg16 from cultures 

incubated in a 12 h at 20 �/ 12 h at 28 � presented an anticipatory behaviour 

to the temperature transitions, however there was no evidence of rhythmicity 

under temperature cycles. 

 
Figure 16. Analysis of temperature-regulated gene expression. Transcript levels of V. 

dahliae (isolate 12253) frq, wc-1, wc-2 and ccg-16 genes were assessed after a high (28 

�) and low (20 �) temperature pulse. A) A schematic representation of the light-pulse 

experiment is represented (top). Flasks were inoculated with mycelial discs and 

incubated in a shaker incubator (120 rpm) at 20 � in DD. After 36 hours, a 2 hour 28 � 

temperature pulse was given, and tissues were harvested under red light. Control 

samples were grown for 38 hour at 20 � in darkness. B) Cultures were subjected to a 

high (28 �) to low (20 �) temperature transition experiment (top). The β-tubulin and 

Elongation factor 1-⍺ genes were used as housekeeping genes. Transcript levels are 

normalized to ddCt of DD conditions in each strain (control = 1). Data is presented as 

mean (�SEM) with letters denoting statistical differences of p< 0.05 (two-way ANOVA) 

for each strain. The primer pairs utilised for gene expression quantification by qRT-PCR 

are specified in Table 2.  
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Figure 17. Gene expression analysis of putative clock and clock-controlled genes under 

cyclic temperature conditions. Cultures were entrained to 12 h/12 h 20 �/28 � 

temperature cycles, and V. dahliae 12253 mycelial tissues were harvested at different 

time-points at low (20 �, L) or high (28 �, H) over a 24-hour period as represented in 

Figure S3. The dashed vertical lines represent the transition from L to H conditions. Blue-

red bars indicate the low-high temperature conditions, respectively. The β-tubulin and 

Elongation factor 1-⍺ genes were used as housekeeping genes. Transcript levels are 

normalized to ddCt of L2 conditions for each gene (control = 1). Data is presented as 

mean (�SEM) from three independent biological replicates. The primer pairs utilised for 

gene expression quantification by qRT-PCR are specified in Table 2. Statistical analysis 

of circadian oscillation was assayed utilising JTK-Cycle and p-values for the analysis of 

each strain are shown in the corresponding graph.  
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4.8 Time-course RNA-Seq reveals lack of transcriptional rhythmicity in DD 

In order to assess the presence of any genes that exhibit circadian expression in 

V. dahliae, we performed whole genome transcriptomics throughout a time 

course. Following light entrainment and transfer to dark, RNA-Seq gene 

expression studies were carried out at D6, D12, D18 and D24 in both wild-type 

(12008 and 12253) and Δfrq_12008 mutant strains. The raw counts were 

normalized to fragments per kilo base of transcript per million mapped reads 

(FPKM), a value used for normalization in paired-end RNA-Seq. To assess the 

presence of genes expressed in a rhythmic manner, the normalized data of each 

strain was analysed using JTK-Cycle (Hughes et al. 2010). The parameters were 

set to look for rhythms with a period between 20 to 28 hours.  

In V. dahliae 12253, significant circadian oscillation was observed for 568 genes 

(approximately 4.9 % of the genome) with a p < 0.05, although the q value (the 

minimum false discovery rate at which the test is considered significant) ranged 

from 0.2 to 0.8 (Table S2). However, the amplitude of the cycle (the difference 

between the highest and lowest value of the rhythm) was lower than 10 in 432 

genes (76 %), which suggests a very weak oscillation. Of the main clock oscillator 

genes, only vvd presented oscillatory behaviour. Furthermore, we did not identify 

rhythmicity in any of the putative clock-controlled genes. Interestingly, the 

photoreceptor cry-dash was detected as rhythmic. On the other hand, V. dahliae 

isolate 12008 presented 884 rhythmic genes (approximately 7.75 % of the 

genome) with a p < 0.05 and a q value ranging from 0.1 to 0.5. As previously 

reported for V. dahliae 12253, of the main clock oscillators, only vvd presented 

oscillatory behaviour in V. dahliae 12008. The putative clock-controlled genes 

ccg9 and ccg16 as well as the photoreceptor cry-dash showed significant 

rhythmicity, but the amplitude of the rhythms ranged from 1.4 to 21.5 (Table S3). 

In V. dahliae 12008 strain, 83 % of the identified rhythmic genes presented cycle 

amplitudes lower than 10. Of the 568 and 884 rhythmic genes identified from V. 

dahliae 12253 and V. dahliae 12008, only 34 genes overlapped between isolates 

(Figure 18 A). The genes cry-dash and vvd were amongst the overlapping genes 

(Figure 19 B). The low level of overlap between the rhythmic genes of the two 

isolates could be due to the spaced time between time points and the lack of a 

48-h time-course, which results in a high number of false positives in the dataset. 
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Figure 18. Venn diagrams of overlapping and unique genes showing significant 

circadian expression. A) Diagram show genes presenting circadian rhythmicity between 

strain V. dahliae 12008 and 122253, B) between V. dahliae 12253 and Δfrq_12008 and 

C) between V. dahliae 12008 and Δfrq_12008. Statistical analysis of circadian oscillation 

was assayed utilising JTK-Cycle, and genes with p< 0.05 were used.  
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We studied the presence of a frq-less oscillator in V. dahliae by assessing the 

occurrence of rhythmic gene expression in a frq knockout strain (Δfrq_12008). 

From the RNA-Seq of V. dahliae Δfrq_12008 time course, 369 rhythmic genes 

(approximately 3.2 % of the genome) were identified, with p < 0.05 but very 

elevated q values ranging from 0.5 to 1 (Table S4). The amplitude of 78.8 % of 

the predicted rhythmic genes in V. dahliae Δfrq_12008 displayed cycle 

amplitudes lower than 10. Interestingly, cry-dash gene did not present rhythmicity 

in the absence of frq. We determined the number of genes identified as rhythmic 

that overlapped between wild-type strains (12008 and 12253) and Δfrq_12008. 

The results indicated that of the 884 and 369 genes identified as rhythmic, only 

18 genes overlapped between 12008 and Δfrq_12008 (Figure 18 B). 

In contrast with the pattern of some N. crassa true circadian rhythms, the 

transcriptional profile of the majority of the reported clock-controlled genes of V. 

dahliae were increasing or decreasing over the time course rather than oscillating 

up and down (Figure 19 A).  
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Figure 19. Expression profile of cycling genes detected by JTK_Cycle from a 24 h time-

course under constant DD. A) Expression pattern of the 99 genes with the highest cycle 

amplitude in V. dahliae 12253, 12008 Δfrq_12008 isolates. B) Expression pattern of the 

34 genes identified as rhythmicity in both V. dahliae 12253 and 12008. Vvd and cry-dash 

are amongst the overlapping genes.  
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4.9 Transcriptional responses to light and dark in Δwc1 and Δfrq 

To further understand the role of wc-1 and frq in V. dahliae, RNA-Seq of the 

mutant strains under different lighting conditions was performed. Firstly, we 

aimed to assess the differences in gene expression between wild-type and 

mutant strains in darkness (Δwc1_12253 vs 12253 in D, Δfrq_12253 vs 12253 in 

D, and  Δfrq_12008 vs 12008 in D) and light (Δwc1_12253  vs 12253 in L, 

Δfrq_12253 vs 12253 in L and Δfrq_12008 vs 12008 in L). Secondly, we looked 

at the light effect on wc-1 mutant (L vs D in Δwc1_12253), and frq mutants (L vs 

D in Δfrq_12008 and Δfrq_12253). The mycelium of wild-type and mutant strains 

from three independent biological replicates exposed to 6 h of light or 6 h of 

darkness were used for the experiment (Table 4).  

Principal component analysis (PCA) of DESeq2 normalized counts, was used to 

visualize genetic distance and patterns in the dataset, as well as identify outliers 

with respect to the principal components (controlled by the variance of a 

proportion of highly expressed genes) (Figure S5). Three outliers were identified 

(WT08_DD18_rep3, Frq08_DD24_rep3 and Frq53_LL06_rep2) and removed 

from further analysis. The PCA plot without outliers showed five clusters of 

samples with 95 % confidence (Figure 20), corresponding to the five V. dahliae 

strains used in this experiment: 12253 (WT53), 12008 (WT08), Δwc1_12253 

(Wc153), Δfrq_12253 (Frq53), Δfrq_12008 (Frq08). 

 

Table 4. RNA-Seq sample interactions to compare gene expression profiles. 

Effect of mutants Effect of light 

in DD in LL in Δwc1 in Δfrq 

Δwc1_12253 vs 12253 Δwc1_12253 vs 12253 L vs D in Δwc1_12253 L vs D in Δfrq_12008 

Δfrq_12253 vs 12253 Δfrq_12253 vs 12253  L vs D in Δfrq_12253 

Δfrq_12008 vs 12008 Δfrq_12008 vs 12008     
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Figure 20. Principal component analysis (PCA) plot of 54 RNA-seq samples from V. dahliae. PCA plot uses rlog-transformed (rld) normalized 

counts using DESeq2. Clusters of samples with 95 % confidence are marked in ellipses; 12253 (WT53), 12008 (WT08), Δfrq_12008 (Frq08), 

Δfrq_12253 (Frq53), Δwc1_12253 (Wc153). 
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4.10 V. dahliae WT and Δwc1 exhibit important transcriptional differences 
To examine the role of V. dahliae wc-1 as a photoreceptor and transcription 

factor, a gene expression analysis between the wild type (12253) and the mutant 

(Δwc1_12253) in dark and light conditions was performed. Exposure to light and 

dark was also assessed in the Δwc1_12253 mutant strains. Differentially 

expressed genes (DEG) were calculated with a false discovery rate threshold < 

0.05 and selecting genes presenting a > 1-fold change in expression.  

The analysis of the differences in expression of Δwc1_12253 mutant in response 

to light (L/D in Δwc-1), identified a total of 154 up-regulated transcripts (which 

were considered to represent light-induced genes, LIG) and 190 down-regulated 

transcripts (which were considered to represent as light-repressed genes, LRG). 

Venn diagrams were built to see the light effect on DEG that overlapped between 

the wild-type and the Δwc1_12253 strains, and those that were uniquely 

expressed in the different strains (Figure 21). A total of 53 LIG and 54 LRG 

overlapped in both the WT and the Δwc1_12253, indicating that they were 

regulated in a wc-1 independent manner. There were 101 genes exclusively 

induced in the absence of wc-1, and 136 genes exclusively repressed in the 

absence of wc-1. Furthermore, there were 182 genes up-regulated and 108 

genes down-regulated only in the WT 12253, indicating that the modulation of 

the transcriptional responses to light are not restricted to WC-1 in V. dahliae.  

We assessed the number of DEG between the wc-1 knockout and the WT grown 

in dark (Δwc-1/WT in D) or light (Δwc-1/WT in L). Out of 11388 genes with non-

zero total counts, 359 transcripts were up-regulated and 417 transcripts were 

down-regulated in isolate Δwc1_12253 in comparison to the wild type strain 

12253 under dark conditions (Table 5 A). When grown in light conditions, the 

results showed 376 up-regulated transcripts and 592 down-regulated transcripts 

in Δwc1_12253 versus the wild type 12253. This is, the absence of wc-1 had 

wider effect on gene expression than the light to dark transition.  
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Figure 21. Venn diagrams of overlapping and unique DEG genes in light between V. 

dahliae 12253 and Δwc1_12253 strains. Diagram shows up-regulated genes or down-

regulated genes of each strain exposed to light (6 h) or darkness (6 h). The table contain 

the number of DEG with a p<0.05, LFC>1 and percentage in each condition. 

  

 

Table 5. Number of differentially expressed genes due to Δwc1_12253 or Δfrq_12253 

under 6 h light or 6 h dark conditions. 

 
  

182 10153

WT53

Wc1

Up-regulated	genes	L	vs	D	(LIG) Down-regulated	genes	L	vs	D	(LRG)

136 10854

Wc1 WT53

12253

12253Δwc1_12253

Δwc1_12253

Light-induced	genes	(LIG) Light-repressed	genes	(LRG)
P-value	<	0.05 LFG	>	1 % P-value	<	0.05 LFG	<	1 %

L/D	in	V.d 12253 1495 235 2.06 1377 162 1.42
L/D	in	Δwc1	12253 1369 154 1.35 1520 190 1.66

Up-regulated	genes Down-regulated	genes
Interaction P-value	<	0.05 LFG	>	1 % P-value	<	0.05 LFG	<	1 %

Δwc1/	V.d	12253	in	D 1733 359 3.13 1710 417 3.66
Δwc1/	V.d	12253	in	L 2081 376 3.3 2201 592 5.19

Up-regulated	genes Down-regulated	genes
Interaction P-value	<	0.05 LFG	>	1 % P-value	<	0.05 LFG	<	1 %

ΔFrq53/	V.d	12253	in	D 2253 278 2.44 2053 195 1.71
ΔFrq53/	V.d	12253	in	L 2167 435 3.81 2181 233 2.04

A

B



 253 

Functional enrichment analysis was carried out to analyse the biological 

processes of the DEG genes affected by the absence of wc-1 (Table 6). Genes 

involved in transmembrane transport and redox processes were enriched in the 

absence of wc-1 irrespective of the illumination condition (Table 6). The 

functional enrichment analysis results revealed an overrepresentation of up-

regulated genes involved in carbohydrate metabolism and proteolysis in the 

Δwc1_12253 mutant in both light and dark conditions (Table 6). Down-regulated 

genes were enriched in nitrate assimilation, transmembrane transport and 

metabolic processes irrespective to the illumination condition. Under light 

conditions, the overexpressed genes in the Δwc1_12253 mutant were enriched 

in amino-acid transmembrane transport and biosynthetic processes. 

Interestingly, some of the genes that were down-regulated in Δwc1_12253 under 

light conditions, were associated with defense response to bacterium/fungus, 

pathogenesis and melanin metabolic processes.  

 

4.11 V. dahliae wc-1 regulates the expression of TF- and SM- encoding 
genes 

The RNA-seq data revealed that none of the putative core clock genes were light 

induced in either the wild type or the Δwc1 mutant strains (Figure 22 A, Table 

S6). Furthermore, the expression of the putative clock genes frq, wc-2, frh and 

fwd-1 did not differ between the wild type and the Δwc1_12253 mutant strain. 

Only vvd was down-regulated in the absence of wc-1, indicating that vvd 

expression is wc-1-dependent.  

Of the photoreceptor-encoding genes, only cry-dash was induced by light in the 

wild type strain. The light induction of cry-dash was lost in the Δwc1 background. 

The expression of nop-1, lov-u and cry-dash photoreceptor-encoding genes were 

down-regulated in the Δwc1 mutant in light (Figure 22 B, Table S6), suggesting 

that the light-induction of these genes requires the presence of wc-1. 
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Table 6. List of significantly enriched GO terms related to biological processes in Δwc1_12253 versus the WT_12253 strain in light and dark.  

    Wc1 KO/WT in D  Wc1 KO/WT in L 

GO.ID Biological process term UP DOWN UP DOWN 

GO:0055085 transmembrane transport 2.10E-05 0.0012 0.01504 0.00045 

GO:0055114 oxidation-reduction process 0.0475 5.00E-06 0.0348 3.20E-06 

GO:0005975 carbohydrate metabolic process 0.0036  0.02319 0.04613 

GO:0006508 proteolysis 0.0023  0.00091  

GO:0032220 plasma membrane fusion involved in cytogamy 0.0285  0.03158  

GO:0042128 nitrate assimilation  0.0088  0.00112 

GO:0071805 potassium ion transmembrane transport  0.0088  0.02216 

GO:0031221 arabinan metabolic process  0.0306  0.04959 

GO:0006097 glyoxylate cycle  0.0306  0.04959 

GO:0008152 metabolic process   0.00261 0.03495 

GO:0019619 protocatechuate catabolic process 0.0285    

GO:0006809 nitric oxide biosynthetic process  0.0306   

GO:0015706 nitrate transport  0.0306   

GO:0015707 nitrite transport  0.0306   

GO:0019379 sulfate assimilation, phosphoadenylyl sulfate reduction (thioredoxin)  0.0306   

GO:0017183 peptidyl-diphthamide biosynthetic processes   0.00099  

GO:0003333 amino acid transmembrane transport   0.00295  

GO:0006542 glutamine biosynthetic process    0.0071 



 255 

 

    Wc1 KO/WT in D  Wc1 KO/WT in L 

GO.ID Biological process term UP DOWN UP DOWN 

GO:0009308 amine metabolic process    0.0321 

GO:0042742 defense response to bacterium    0.04959 

GO:0009439 cyanate metabolic process    0.04959 

GO:0006582 melanin metabolic process    0.04959 

GO:0009405 pathogenesis    0.04959 

GO:0050832 defense response to fungus    0.04959 

GO:0030091 protein repair       0.04959 
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As a TF, wc-1 regulates the transcription of numerous genes, including other TF 

that enable the light signal transduction in a hierarchical manner. The expression 

of genes containing functional annotations associated with TF domains were 

analysed. Out of the 640 TF-encoding genes present in the V. dahliae genome, 

55 TFs were differentially expressed in at least one of the four conditions tested. 

The absence of wc-1 had the greatest effect on the expression of TF-encoding 

genes (Figure 22, Table S6): 21 TF-encoding genes were down-regulated (red 

pattern) and 8 TF-encoding genes were up-regulated (green pattern) in the 

absence of wc-1, indicating a wc-1-dependent induction and repression, 

respectively. Only 9 TF-encoding genes displayed light-induced (yellow pattern) 

or light-repressed (purple pattern) gene expression, regardless to the strain 

background. The light-dependent expression of several genes was absent in the 

Δwc1_12253 strain, as light-induced genes were no longer induced (blue 

pattern), and light-repressed genes were not repressed in the light (orange 

pattern). Interestingly, the TF of which the promoters were analysed for the 

presence of wc-1 binding motifs (al-3, sub-1 and csp-1) were not differentially 

expressed in the Δwc1_12253 mutant. The C2H2 transcription factor vta2 

(VDAG_JR2_Chr5g09630) previously reported to be involved in fungal virulence 

(Tran et al. 2014), was not differentially expressed in the absence of wc-1 either. 

 
Figure 22 (overleaf). Expression pattern of putative clock oscillator genes, 

photoreceptors and TF-encoding genes in WT and Δwc1_12253 strains. Relative 

expression of the genes in the four conditions (12 samples) were clustered and scaled 

by color using heatmap.2 package in R, and shades of green and red represent under 

and up-regulated genes, respectively. The different expression patterns are labelled in 

a color scale. Genes that are not differentially expressed in any of the categories are 

marked in white. A) Expression of the V. dahliae homologues of the core clock oscillator 

genes. B) Expression of photoreceptor-encoding genes. C) Expression of 55 TF-

encoding genes that are differentially expressed in at least one of the four conditions 

tested.  
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V. dahliae secondary metabolite (SM)-biosynthetic genes were seen to be 

strongly regulated by wc-1. The expression of 17 of the 48 core SM biosynthetic 

genes of V. dahliae were altered in the absence of wc-1, including 3 PKS-NRPS, 

8 PKS, 2 Terpenes and 2 NRPS (Table S7). The core polyketide dehydratase 

encoding gene (VDAG_JR2_Chr1g23880), identified as the lovastatin 

nonaketide synthase, and additional genes belonging to the PKS-NRPS cluster 

(cluster 14), were found to be light-regulated by wc-1, since the light induction of 

this gene disappeared in the Δwc1_12253 (Table S7). Interestingly, most of the 

wc-1-dependent genes were not influenced by light. One example was the core 

SM biosynthetic genes belonging to a PKS cluster (cluster 17) identified as the 

putative aflatoxin biosynthetic cluster. This cluster consisted of 17 genes, of 

which 9 genes were highly up-regulated in the absence of wc-1, regardless of 

the lighting conditions. In addition, 8 of the 17 PKS-encoding genes that are part 

of the mycocerosic acid biosynthetic cluster (cluster 47) were up-regulate or 

down-regulated in Δwc1_12253. 5 of the 12 genes of a NRPS cluster (cluster 78) 

also displayed up-regulated expression in the absence of wc-1 independently of 

the lighting conditions. 

The V. dahliae melanin biosynthetic gene cluster described by Duressa et al. 

(2013), which is composed of 16 genes, presented significant deregulation in 50 

% of the genes in the absence of wc-1, however, the LFC did not reach the cutoff 

level of 1 (Table S8). Furthermore, the scylatone dehydratase-encoding gene 

(VDAG_JR2_Chr8g09480) that has been shown to belong to the melanin 

biosynthetic pathway (Xiong et al. 2014), was under expressed in the 

Δwc1_12253 mutant. A lack of light induction mediated by wc-1 was also 

observed in two carotenoid oxygenase-encoding genes 

(VDAG_JR2_Chr5g03750 and VDAG_JR2_Chr1g29240), involved in the 

biosynthesis of the chromophore retinal. Additionally, the data revealed that a 

member of the velvet family, VosA (VDAG_JR2_Chr3g12090), was induced in 

the Δwc1_12253 mutant. 

A number of genes important for infection and microsclerotia production were 

also differentially expressed in the absence of wc-1 (Table S8). Tran et al. (2014) 

identified candidate genes involved in early infection processes, including the 

putative pathogenicity gene-11 (cdp1, VDAG_JR2_Chr3g12800), two putative 
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adhesins (VDAG_JR2_Chr2g07480 and VDAG_JR2_Chr4g12170), and a 

catalase peroxidase (Cpx2, VDAG_JR2_Chr6g10140). All of these genes were 

differentially expressed in the wc-1 mutant, except for the catalase peroxidase 

gene Cpx2. The two putative adhesins were down-regulated, and the putative 

pathogenicity gene-11 (cdp1) was found to be up-regulated in the Δwc1_12253 

mutant. Previous studies reported that the expression of these genes is regulated 

by the VTA2 TF (Tran et al. 2014). In addition, VTA2 controlled the expression of 

approximately 270 genes involved in sensing, adhesion, defence and 

differentiation. However, the TF-encoding gene vta2 was not differentially 

expressed in the Δwc1_12253 mutant. In contrast to what we expected, the 

hydrophobin gene VDH1 (VDAG_JR2_Chr1g24730) involved in microsclerotia 

development (Klimes and Dobinson 2006), and the endoglucanase VdEG-1 

(VDAG_JR2_Chr1g25020), involved in V. dahliae pathogenicity (Maruthachalam 

et al. 2011), were up-regulated in the Δwc1_12253 mutant.  

Lastly, it was tested whether the the absence of wc-1 could have an effect on the 

genes encoding the enzymatic members of the oxidative stress response (OSR) 

system. As previously seen in other organisms such as B. cinerea, the absence 

of wc-1 increases the susceptibility to ROS levels (Canessa et al. 2013). 

However, the expression of most of the genes involved in the OSR system 

(superoxide dismutases, catalases, peroxidases, peroxiredoxins, thioredoxins 

and glutaredoxins), did not show significant transcriptional changes in response 

to light or in the absence of wc-1 (Table S9). Of the 102 assessed OSR-involved 

genes, only a catalase (VDAG_JR2_Chr7g09790), a peroxidase 

(VDAG_JR2_Chr8g06060) and two thioredoxins (VDAG_JR2_Chr4g11470, 

VDAG_JR2_Chr2g04520) exhibited a light dependency in the WT strain that 

disappeared in the Δwc1_12253 mutant. Additionally, a catalase 

(VDAG_JR2_Chr6g02570), a peroxidase (VDAG_JR2_Chr1g08130) and three 

thioredoxin-encoding genes (VDAG_JR2_Chr3g09580, 

VDAG_JR2_Chr4g00940 and VDAG_JR2_Chr5g03070) showed decreased 

expression levels in the absence of wc-1. 

 
4.12 V. dahliae Δfrq mutation leads to widespread transcriptional 
differences 
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V. dahliae FRQ is highly conserved at the domain level, however the frq mRNA 

does not seem to oscillate in a circadian manner when cultivated in vitro. In order 

to better understand the role of V. dahliae frq, gene expression analysis between 

the wild type (12253) and the mutant (Δfrq_12253) in both dark and light 

conditions were performed.  

 

In total, there were 65 up-regulated genes (LIG) and 30 down-regulated genes 

(LRG) in the Δfrq_12253 mutant strain in response to light (L/D in Δfrq_12253). 

Only 29 LIG (44%) and 6 LRG (20 %) were found to be light-induced in both the 

WT and the Δfrq_12253 mutant strain (Figure 23), revealing a different impact of 

light in the Δfrq_12253 mutant. The results showed a reduced light impact on 

transcriptional changes in the Δfrq_12253 mutant. 

The Δfrq_12253 effect on DEG was also assessed in both lighting conditions: in 

the dark (Δfrq/WT in D) and in the light (Δfrq/WT in L). Of 11388 genes with non-

zero total counts, 278 genes were up-regulated and 195 genes were down-

regulated in isolate Δfrq_12253 in comparison to the wild type strain 12253 under 

dark conditions (Table 5 B). When grown in light conditions, 435 genes were up-

regulated and 233 genes were down-regulated in Δfrq_12253 versus the wild 

type 12253.  

Functional enrichment analysis was carried out to investigate the gene functions 

of the differentially expressed genes between the WT and the Δfrq_12253 

mutant. The Δfrq_12253 mutant exhibited up-regulated genes involved in 

metabolic processes, translation, protein secretion and nucleotide metabolic 

processes regardless of the light conditions (Table 7). Remarkably, the down-

regulated genes in Δfrq_12253 mutant grown in either light or dark were involved 

in redox processes, heme oxidation, circadian rhythms and glutamate 

biosynthetic processes. The functional enrichment of down regulated genes in 

the light revealed phosphate ion transport, nitrate assimilation, transport, 

superoxide anion generation and one-carbon metabolic processes, as well as 

pathogenesis processes.  
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Figure 23. Venn diagrams of overlapping and unique DEG genes in light between V. 

dahliae 12253 and Δfrq_12253 strains. Diagram shows up-regulated genes or down-

regulated genes of each strain exposed to light (6 h) or darkness (6 h). The table contain 

the number of DEG with a p<0.05, LFC>1 and percentage in each condition. 
 
 

 

 

 
 

Up-regulated	genes	L	vs	D	(LIG) Down-regulated	genes	L	vs	D	(LRG)

206 3629

WT53

Frq53

156 24

6

WT53

Frq53

Δfrq_12253
12253 12253

Δfrq_12253

Light-induced	genes	(LIG) Light-repressed	genes	(LRG)
P-value	<	0.05 LFG	>	1 % P-value	<	0.05 LFG	<	1 %

L/D	in	V.d 12253 1495 235 2.06 1377 162 1.41
L/D	in	Δfrq 12253 413 65 0.56 462 30 0.24
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Table 7. List of significantly enriched GO terms related to biological processes in Δfrq_12253 versus the WT_12253 strain in light and dark.  

    Frq53 KO/WT in D  Frq53 KO/WT in L 
GO.ID Biological process term UP DOWN UP DOWN 
GO:0006412 translation 5.40E-11  2.00E-16  
GO:0006414 translational elongation 3.40E-05    
GO:0008152 metabolic process 0.022  0.01  
GO:0045039 protein import into mitochondrial inner membrane 0.024    
GO:0009306 protein secretion 0.024  0.032  
GO:0006228 UTP biosynthetic process 0.024  0.032  
GO:0006241 CTP biosynthetic process 0.024  0.032  
GO:0046836 glycolipid transport 0.024    
GO:0006183 GTP biosynthetic process 0.024  0.032  
GO:0009116 nucleoside metabolic process 0.042    
GO:0033566 gamma-tubulin complex localization   0.032  
GO:0055114 oxidation-reduction process  2.90E-05  8.20E-05 
GO:0007623 circadian rhythm  0.016  0.0221 
GO:0019427 acetyl-CoA biosynthetic process from acetate  0.016   
GO:0006788 heme oxidation  0.016  0.0221 
GO:0009448 gamma-aminobutyric acid metabolic processes  0.031   
GO:0006537 glutamate biosynthetic process  0.032  0.0437 
GO:0001682 tRNA 5'-leader removal  0.032   
GO:0009450 gamma-aminobutyric acid catabolic processes  0.032   
GO:0072488 ammonium transmembrane transport  0.047   
GO:0006817 phosphate ion transport    0.0046 
GO:0042128 nitrate assimilation    0.0046 
GO:0006810 transport    0.0129 
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    Frq53 KO/WT in D  Frq53 KO/WT in L 

GO.ID Biological process term UP DOWN UP DOWN 
GO:0042554 superoxide anion generation    0.0221 
GO:0009405 pathogenesis    0.0221 
GO:0006809 nitric oxide biosynthetic process    0.0221 
GO:0000160 phosphorelay signal transduction system    0.042 
GO:0009395 phospholipid catabolic process    0.0437 
GO:0006730 one-carbon metabolic process       0.0437 
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4.13 V. dahliae frq regulates the expression of TF- and SM- encoding genes 

The expression of the putative clock genes fwd-1, wc-1, vvd and wc-2 were 

significantly down-regulated in the Δfrq_12253 mutant, although the LFC in 

expression did not reach the threshold of 1 (Figure 24, Table S10). The 

expression profile of most of the photoreceptor-encoding genes did not change 

in the absence of frq, except the blue-light photoreceptor cry-dash. The cry-dash 

gene was light-induced in both the WT and the Δfrq_12253 mutant, however this 

gene was underexpressed in the frq mutant respect to the WT.  

Despite not being a TF, the absence of frq seems to directly or indirectly affect 

the expression of several putative TF genes. A total of 50 genes containing 

functional annotations associated with TF exhibited differences in expression due 

to the lighting conditions or the strain effect. Interestingly, most of the differences 

in expression were due to the frq mutation, where 26 TF-encoding genes were 

up-regulated (green pattern) and 8 TF-encoding genes were down-regulated (red 

pattern) in the Δfrq_12253 mutant, regardless to the light conditions (Figure 24). 

Furthermore, there were 6 TF-encoding genes that were no longer light-induced 

(blue pattern) or light-repressed (orange pattern) in the Δfrq_12253 mutant. 

 

Figure 24 (overleaf). Expression pattern of putative clock oscillator genes, 

photoreceptors and TF-encoding genes in WT and Δfrq_12253 strains. Relative 

expression of the genes in the four conditions (12 samples) were clustered and 

scaled by color. Shades of green and red represent under and up-regulated 

genes, respectively. The different expression patterns are labelled in a color 

scale. A) Expression of the V. dahliae homologues of the core clock oscillator 

genes. B) Expression of photoreceptor-encoding genes. C) Expression of 55 TF-

encoding genes that are differentially expressed in at least one of the four 

conditions tested.  
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We found a limited effect of frq on core secondary metabolite-biosynthetic gene 

expression. Nevertheless, the lovastatine nonaketide synthase encoding gene 

(VDAG_JR2_Chr1g23880) (Yun et al. 2015), alongside 7 other members of the 

PKS gene cluster (cluster 14) were strongly affected by the deletion of frq, where 

light-induced expression did not occur in the Δfrq_12253 mutant (Table 

S11).  Interestingly, some genes of the cluster 14 were the top most down-

regulated genes in the Δfrq_12253 mutant (LFC between -1.5 to -3.4), including 

the lovastatine nonaketide synthase encoding gene, TOXD protein-encoding 

gene and a hydrolase encoding gene (Table 9). An additional cluster of PKS-

encoding genes (cluster 17), described above as the putative aflatoxin 

biosynthetic cluster, exhibited 10 up-regulated genes in the absence of frq. 

Several members of the cluster 24 (PKS), where the core biosynthetic gene 

encodes a fatty acid synthase, also exhibited overexpression in the Δfrq_12253 

mutant. Furthermore, 4 genes of the 5 non-ribosomal peptide synthases (NRPS) 

cluster 78 were highly up-regulated (LFC > 2) in the absence of frq. 

There was no effect on the expression of melanin biosynthetic gene cluster 

(Duressa et al. 2013), nor the components of the melanin biosynthetic pathway 

(Xiong et al. 2014) in the Δfrq_12253 mutant (data not shown).
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Table 8. List of the top most differentially expressed genes in Δfrq_12253. Transcripts displaying a log2-fold change (LFC) >1 were classified as 

pink, dark red if the LFC > 2, light green if the LFC < -1 and dark green if the LFC < -2. Yellow boxes indicate p < 0.05. SM: Secondary metabolism. 

    
L/D in V.d 
12253 

L/D in 
Δfrq_12253 

Δfrq/WT in 
D 

Δfrq/WT in 
L         

Transcript_id baseMean LFC 
p-
value LFC 

p-
value LFC 

p-
value LFC 

p-
value Antismash SM TFs Interpro 

Top Up-regulated genes                           

VDAG_JR2_Chr7g10300 121.36 0.60 0.10 0.16 0.69 3.89 0.00 3.45 0.00 cluster_78 nrps  hypothetical protein 

VDAG_JR2_Chr4g11240 55.89 0.05 0.94 1.20 0.05 1.98 0.00 3.13 0.00 cluster_47 t1pks  tubulin-tyrosine ligase 

VDAG_JR2_Chr7g10290 151.84 0.59 0.16 0.21 0.73 3.48 0.00 3.09 0.00 cluster_78 nrps  hypothetical protein 

VDAG_JR2_Chr7g02720 1334.29 -0.08 0.87 0.53 0.29 2.38 0.00 2.99 0.00    Integral membrane protein 

VDAG_JR2_Chr2g00550 10.31 0.39 0.51 1.34 0.02 1.92 0.00 2.87 0.00 cluster_17 t1pks  FAD binding domain-containing protein 

VDAG_JR2_Chr8g11360 452.42 -0.26 0.47 0.45 0.29 2.14 0.00 2.86 0.00    hypothetical protein 

VDAG_JR2_Chr2g00500 5.95 0.08 0.92 0.69 0.31 2.24 0.00 2.85 0.00 cluster_17 t1pks  hypothetical protein 

VDAG_JR2_Chr8g11370 1056.59 -0.17 0.65 0.49 0.25 2.09 0.00 2.76 0.00    
S-adenosyl-L-methionine-dependent 
methyltransferase 

VDAG_JR2_Chr2g00490 58.35 0.63 0.26 0.87 0.17 2.43 0.00 2.67 0.00 cluster_17 t1pks  serine 3-dehydrogenase 

VDAG_JR2_Chr7g10260 317.52 0.20 0.48 0.79 0.00 1.90 0.00 2.49 0.00 cluster_78 nrps  hypothetical protein 

VDAG_JR2_Chr7g02710 2265.56 -0.80 0.00 0.12 0.81 1.49 0.00 2.42 0.00    Cytochrome 

VDAG_JR2_Chr1g24880 24.81 0.20 0.73 -0.41 0.52 2.99 0.00 2.38 0.00    cerato-ulmin hydrophobin  

VDAG_JR2_Chr2g00510 2.81 -0.27 0.65 0.30 NA 1.79 0.00 2.35 0.00 cluster_17 t1pks Homeodomain-like Myb-transcription protein 
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VDAG_JR2_Chr1g23290 36.88 -0.67 0.08 -0.78 0.06 2.43 0.00 2.33 0.00 cluster_13 cf_putative  hypothetical protein 

VDAG_JR2_Chr2g00520 69.36 -0.15 0.77 0.87 0.08 1.29 0.00 2.32 0.00 cluster_17 t1pks Winged helix  
S-adenosyl-L-methionine-dependent 
methyltransferase  

VDAG_JR2_Chr5g05550 22.44 -0.70 0.06 0.66 0.10 0.94 0.00 2.30 0.00    hypothetical protein 

VDAG_JR2_Chr8g02470 55.11 0.16 0.77 2.07 0.00 0.38 0.40 2.28 0.00    mannose-6-phosphate isomerase 

VDAG_JR2_Chr2g02910 43.72 1.45 0.00 2.67 0.00 1.01 0.02 2.22 0.00    hypothetical protein 

VDAG_JR2_Chr1g27430 31.46 -0.73 0.05 0.38 0.40 1.11 0.00 2.22 0.00    hypothetical protein 

VDAG_JR2_Chr8g11350 1851.53 -0.11 0.80 0.01 0.99 2.06 0.00 2.18 0.00    Cytochrome 

VDAG_JR2_Chr7g10270 2637.45 0.28 0.30 0.10 0.83 2.35 0.00 2.17 0.00 cluster_78 nrps bZIP bZIP transcription factor 

VDAG_JR2_Chr8g11140 201.79 -0.32 0.39 0.48 0.28 1.37 0.00 2.17 0.00    hypothetical protein 

VDAG_JR2_Chr7g04960 100.68 -0.70 0.11 -0.47 0.44 1.93 0.00 2.16 0.00    
NADP-dependent oxidoreductase domain-
containing  

VDAG_JR2_Chr2g00540 97.06 -0.13 0.80 1.13 0.02 0.87 0.02 2.14 0.00 cluster_17 t1pks  Alpha/Beta hydrolase  

VDAG_JR2_Chr8g09650 122.03 0.79 0.06 0.61 0.27 2.26 0.00 2.09 0.00    Glycoside hydrolase family  

VDAG_JR2_Chr5g10380 25.61 -0.26 0.62 1.14 0.01 0.67 0.08 2.07 0.00   Zn2 Cys6  Zn2-Cys6 transcription factor 

VDAG_JR2_Chr4g03070 89.63 2.26 0.00 1.51 0.00 2.70 0.00 1.95 0.00    Stress-induced protein, KGG 

VDAG_JR2_Chr6g03720 31.42 1.08 0.02 0.56 0.37 2.44 0.00 1.92 0.00 cluster_63 cf_putative  hypothetical protein 

VDAG_JR2_Chr1g05450 20.37 0.56 0.32 -0.19 0.81 2.24 0.00 1.49 0.00 cluster_3 cf_putative  Integral membrane protein 

VDAG_JR2_Chr6g09180 468.24 1.65 0.00 0.21 0.79 2.01 0.00 0.57 0.24 cluster_70 cf_putative  isoamyl alcohol oxidase 

VDAG_JR2_Chr4g10180 840.55 0.56 0.33 -1.17 0.05 2.04 0.00 0.32 0.58    Endonuclease/Exonuclease/phosphatase 



 269 

Top Down-regulated genes                         

VDAG_JR2_Chr1g23880 410.36 4.27 0.00 0.46 0.53 0.34 0.53 -3.46 0.00 cluster_14 t1pks-nrps  lovastatin nonaketide synthase 

VDAG_JR2_Chr1g23930 223.91 3.76 0.00 0.75 0.25 -0.01 1.00 -3.02 0.00 cluster_14 t1pks-nrps  TOXD protein 

VDAG_JR2_Chr1g23890 459.89 3.58 0.00 0.60 0.36 -0.01 0.99 -2.99 0.00 cluster_14 t1pks-nrps  hypothetical protein 

VDAG_JR2_Chr8g09780 57.25 1.70 0.00 -0.20 0.81 -1.07 0.01 -2.97 0.00    hypothetical protein 

VDAG_JR2_Chr1g23910 116.12 4.13 0.00 1.16 0.05 0.04 0.95 -2.93 0.00 cluster_14 t1pks-nrps  hypothetical protein 

VDAG_JR2_Chr1g23920 114.15 3.40 0.00 0.47 0.50 0.08 0.91 -2.86 0.00 cluster_14 t1pks-nrps  Alpha/Beta hydrolase 

VDAG_JR2_Chr1g23940 625.82 3.36 0.00 0.69 0.30 0.10 0.88 -2.58 0.00 cluster_14 t1pks-nrps  hypothetical protein 

VDAG_JR2_Chr2g03470 5765.15 0.98 0.01 -0.19 0.78 -1.37 0.00 -2.54 0.00    cytochrome P450 monooxygenase 

VDAG_JR2_Chr8g09260 36.24 1.08 0.02 0.29 0.71 -1.66 0.00 -2.44 0.00    hypothetical protein 

VDAG_JR2_Chr6g03670 1016.68 -1.99 0.00 -0.15 0.82 -4.27 0.00 -2.44 0.00 cluster_63 cf_putative  hypothetical protein 

VDAG_JR2_Chr1g22700 4387.46 0.46 0.07 -0.34 0.37 -1.58 0.00 -2.38 0.00    hypothetical protein 

VDAG_JR2_Chr4g04340 2563.03 -1.19 0.00 0.37 0.55 -3.87 0.00 -2.32 0.00    hypothetical protein 

VDAG_JR2_Chr6g04130 796.94 0.58 0.11 0.09 0.91 -1.79 0.00 -2.28 0.00    hypothetical protein 

VDAG_JR2_Chr4g11840 41.01 1.10 0.00 -0.01 0.99 -1.15 0.00 -2.27 0.00    hypothetical protein 

VDAG_JR2_Chr5g01890 247.82 1.56 0.00 -0.16 0.75 -0.49 0.07 -2.22 0.00   
Zn2/Cys6 -Fungal 
TF Zn2-Cys6 transcription factor 

VDAG_JR2_Chr6g08940 153.16 1.22 0.01 0.42 0.56 -1.38 0.00 -2.19 0.00 cluster_69 cf_putative  cytochrome P450 

VDAG_JR2_Chr8g06660 13626.04 0.00 0.99 -0.68 0.06 -1.45 0.00 -2.14 0.00    Ammonium/urea transporter 

VDAG_JR2_Chr8g09770 50.00 1.05 0.01 -0.36 0.58 -0.72 0.07 -2.13 0.00    hypothetical protein 
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VDAG_JR2_Chr1g22660 1015.42 0.87 0.00 0.06 0.92 -1.23 0.00 -2.04 0.00    UDP-glucose 4-epimerase 

VDAG_JR2_Chr1g01960 4976.56 -0.01 0.98 0.77 0.00 -2.82 0.00 -2.04 0.00    Frequency clock protein 

VDAG_JR2_Chr1g09750 2398.82 0.84 0.00 -0.04 0.94 -1.16 0.00 -2.03 0.00    cholesterol oxidase 

VDAG_JR2_Chr6g06730 959.89 0.33 0.59 -1.68 0.00 0.01 0.99 -2.01 0.00    Protein of unknown function 

VDAG_JR2_Chr3g06750 104.25 -1.28 0.01 0.30 0.71 -2.77 0.00 -1.20 0.01    hypothetical protein 

VDAG_JR2_Chr5g10060 42.49 -0.46 0.39 0.17 0.84 -2.30 0.00 -1.67 0.00    hypothetical protein 

VDAG_JR2_Chr1g09640 1869.91 -0.26 0.53 0.54 0.28 -2.02 0.00 -1.22 0.00       Integral membrane protein 
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5 DISCUSSION 

The results in this study demonstrate conservation of the core clock proteins 

between V. dahliae and N. crassa. However, rhythmic gene expression was not 

detected in either LD or free-running conditions in the fungus V. dahliae. 

Nevertheless, the transcriptional profiling of V. dahliae frq and wc-1 knockout 

mutants have shown their implication in metabolic and signaling processes, as 

well as in pathogenicity. Thus, even though the circadian clock has not been 

identified in V. dahliae under laboratory conditions, the data does not yet support 

the loss of a circadian mechanism. Importantly, the study of the clock does not 

have to focus solely in the assessment of rhythmicity in clock genes, as rhythms 

in behaviour can lead to the identification of a clock. For this, studying 

metabolism, phosphorylation levels and physiological changes can inform the 

presence of a circadian clock in an organism. 

In agreement with the findings of Salichos and Rokas (2010), the core clock 

orthologues were found in most of the tested Sordariomycete and Leotiomycete 

species, with the exception of the Chaetomium family. Homologues of the core 

oscillator components were identified in all the species of the Verticillium genus: 

V. albo-atrum, V. alfalfae, V. nonalfalfae, V. dahliae, V. longisporum subgenome 

A, V. longisporum subgenome D, V. nubilum, V. tricorpus, V. isaacii, V. klebahnii 

and V. zaregamsianum.  This result contrasts with previous analysis carried out 

by Salichos and Rokas (2010), where the authors reported the loss of the wc-2 

homologue in V. albo-atrum, probably due to the poor quality of the publically 

available V. albo-atrum genome. The increasing number of available high quality-

fungal genomes will, therefore, allow a better understanding of the evolution of 

the circadian clock in fungi. Further than that, the conservation of the ccg 

homologues across the 29 Sordariomycete and Leotiomycete species tested 

exhibited mixed results, with some genes more widely distributed than others. 

The variable conservation of ccgs between species imply that the circadian clock 

output pathways differs between organisms.  

It is currently unknown whether the FRQ-WCC oscillator evolved from a FLO in 

the common ancestor of the Sordariomycetes, Leotiomycetes and 

Dothideomycetes. However, the existence of functional FLOs and the observed 

circadian rhythms generated by organisms that lack FRQ (Aspergillus flavus and 
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Aspergillus niduals) (Greene et al. 2003), suggest that circadian rhythms driven 

by a FRQ-independent oscillator may be widely distributed across the fungal 

kingdom. V. dahliae presents an homologue of cry-dash, required  for the function 

of a frq-less oscillator (FLO) identified as CRY-dependent oscillator (Nsa et al. 

2015), and the gene ccg-16, that is driven by a temperature-compensated WC-

FLO (Correa et al. 2003; de Paula et al. 2006). It is, therefore, tempting to 

speculate that the circadian clock in V. dahliae could be driven by FRQ-less 

oscillators.  

We found that V. dahliae core clock homologues displayed strong conservation 

at the domain level. Remarkably, FRQ contained all the domains identified in N. 

crassa and shared similar NLS sequences required for the protein import into the 

nucleus. In addition, V. dahliae FRQ exhibited high conservation of 

phosphorylation sites, which are crucial for the protein degradation and 

determines the period of the circadian output in N. crassa (Liu et al. 2000). Thus, 

the high conservation to its homologue in N. crassa, suggested that FRQ play 

similar functions in V. dahliae. The proteins forming the WCC (WC-1 and WC-2) 

were also highly conserved in V. dahliae. The presence of transcription factor-

specific domains and the loss of light-induced responses of Δwc1 mutants 

confirmed the similarity in function to the N. crassa WC-1. In addition, exploration 

of the conservation of the clock box in the V. dahliae frq promoter, revealed the 

presence of multiple LRE and a consensus proximal and distal LRE motifs 

(though very widely spaced), indicating that the WCC has a potential binding site 

in the promoter of frq. Altogether, we showed that V. dahliae contains all the 

components required for a functional TTFL.  

A defining characteristic of the circadian clock is its ability to entrain to external 

stimuli such as light and temperature (Pittendrigh 1960). In N. crassa, short 

pulses of light trigger a rapid induction of frq transcription that result in the 

resetting of the clock (Crosthwaite et al. 1995). The blue light photoreceptor and 

TF WC-1 is required for the photoinduction of frq in response to light not only in 

N. crassa (Crosthwaite et al. 1997), but in other fungal species containing a 

circadian clock such as B. cinerea, P. confluens and A. pullulans (Hevia et al. 

2015; Traeger and Nowrousian 2015; Franco et al. 2017). We have shown that 

light plays an important role in V. dahliae, at the developmental and 
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transcriptional level. Homologues of the members of all the photoreceptor groups 

have been identified in V. dahliae, and the deletion of wc-1 results in the 

abolishment of light-induced conidiation. These results together with the 

identification of putative WCC binding domains in the promoter of frq, lead to the 

hypothesis that V. dahliae frq be light-induced. However, our results revealed a 

lack of frq or wc-1 induction in response to short pulses of light, in contrast to the 

effect observed in N. crassa (Crosthwaite et al. 1995; Lee et al. 2003). 

Nevertheless, it has been observed that short pulses of light are not sufficient to 

induce a significant increase in wc-1 expression in B. cinerea (Canessa et al. 

2013). Furthermore, frq mRNA levels were not significantly lower in the V. dahliae 

Δwc1 mutant strain, as opposed to the results seen in N. crassa where frq levels 

in the wc1 null mutant were low (Lee et al. 2003). Together, the results showed 

no evidence of light-induced transcriptional activation of frq and wc-1 in cultures 

exposed to short pulses of light, and no evidence of regulation of frq by WC-1. 

Expression analysis of V. dahliae after light entrainment revealed a lack of frq 

mRNA free-running oscillations in any of the isolates tested. Interestingly, the 

expression of frq by V. dahliae 12158 displayed a pattern that resembled a 

rhythmic oscillation, though no significant differences were obtained. We 

hypothesize that the differences in gene expression between isolates are a result 

of the developmental heterogeneity that exists across V. dahliae isolates. 

Therefore, more isolates need to be tested in order to establish whether the 

absence of rhythmic frq expression is a representative result across the different 

subclades of V. dahliae. RNA-seq gene expression studies over a 24-h period in 

two WT and one Δfrq mutant strains, revealed putative rhythmic expression in 

approximately 3 to 8 % of all genes. However, none of these differed more than 

the accepted cutoff of 1.5-fold change in expression for oscillating genes 

(Hutchison et al. 2015). Furthermore, the putative rhythmic genes were not 

correlated in the two WT isolates. One reason for this result could be the high 

number of false-positives that arise in the absence of a full 48 h time course and 

low sample density (Li et al. 2015) and the low-density sampling resolution. It has 

been shown that 2-h sampling resolution increases the accuracy in in rhythmic 

transcript identification (Li et al. 2015). Furthermore, the media composition and 

the growth conditions (vegetative mycelium) that are used to perform the time-
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course gene expression analysis are not representative of the natural 

environment of this fungus and may have an important effect on the strength of 

the rhythms. Additionally, it is important to note that the assessment of circadian 

rhythmicity in N. crassa are performed in a band mutant that display stronger 

clock output signals. Thus, the study of rhythmicity in a wild type strain might be 

the reason for the poor identification of oscillating expression. In conclusion, poor 

evidence of frq-dependent or independent oscillators were observed in V. 

dahliae. 

Previous studies have argued that in a continuous oscillating environment, the 

evolution of free-running rhythms under constant conditions was not a 

prerequisite for the circadian clock (Eelderink-Chen et al. 2010). Therefore, 

endogenous rhythms may not be a global characteristic of circadian rhythms. 

Conversely, circadian clocks confer survival advantages to organisms as they 

facilitate the anticipation of daily external changes and allow their synchronization 

and entrainment to the cyclic environment. Interestingly, under LD entraining 

conditions none of V. dahliae frq, wc-1, wc-2 or vvd transcript levels exhibited 

significant rhythmicity nor anticipation of the dark/light transition. In N. crassa, 

luciferase promoter reporters have been used to assess the expression of 

multiple core oscillator and clock-controlled genes in real-time, and has allowed 

to generate phase-response curves which facilitate the screen of circadian 

rhythmicity in an organism (Gooch et al. 2008; Hurley et al. 2014). This approach 

has also been used to study light-regulated gene expression in N. crassa 

(Morgan et al. 2003). We therefore suggest the use of Luciferase promoter 

reporters will allow a better understanding of rhythmic gene expression, 

entrainment and functionality of a circadian clock in V. dahliae. The 

photoreceptor vvd displayed a 5-fold light induction after 2 hours in light, followed 

by a decrease in expression at 6 h in light, that remained constantly low at 10 h 

and 11.5 h in light. Such phenomenon is known as photoadaptation, which 

consists in the reduction of the initial burst of light-induced expression 

(Schwerdtfeger and Linden 2003). Interestingly in N. crassa, vvd expression 

displays circadian rhythmicity under constant darkness (Schafmeier and 

Diernfellner 2011), however oscillation in expression is strongly masked by light 
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inputs. Therefore, V. dahliae vvd expression needs to be explored in constant 

darkness to assess if it is rhythmically expressed. 

A possible explanation to the absence of cyclic gene expression could be that 

the clock in V. dahliae is not entrained by dark to light transitions, but to 

temperature changes. However, temperature pulses followed by assessment of 

frq, wc-1, wc-2 and ccg-16 expression levels revealed what resembled a heat-

shock effect due to the high-amplitude of the cycles, rather than a temperature-

induced expression. We also showed that frq, wc-1, wc-2 and ccg-16 expression 

did not oscillate under cyclic temperatures, and did not show  robust anticipatory 

behaviour to temperature cycles, as seen in other fungal organisms such as N. 

crassa and B. cinerea (Merrow et al. 1999; Hevia et al. 2015).  

RNA-seq analysis revealed that genes enriched in transmembrane 

transport, redox and metabolic processes were affected by the absence of wc-1, 

regardless of the lighting conditions. Furthemore, reduced expression levels of 

genes involved in melanin biosynthesis and pathogenicity in the Δwc-1 mutant in 

light, indicated that those genes were light-induced in a wc-1-dependent manner. 

This result is in agreement with the regulatory role of wc-1 in pigment production 

in N. crassa (Corrochano and Avalos 2010). Numerous secondary metabolites-

biosynthetic genes were affected by the loss of wc-1. For example, the scalytone 

dehydratase gene that belongs to the melanin biosynthetic pathway (Xiong et al. 

2014), was underexpressed. The member of the Velvet family VosA, which has 

been demonstrated to be a novel DNA-binding domain (Ahmed et al. 2013), was 

upregulated in the Δwc-1 mutant. The deletion of wc-1 negatively affected the 

expression of two carotenoid oxygenase-encoding genes, involved in the 

biosynthesis of the chromophore retinal pigment. In addition, two putative 

adhesin-encoding genes involved in pathogenicity (Tran et al. 2014) were under 

expressed in the wc-1 knockout mutant in comparison to the wild-type. These 

results are in agreement with the lack of pigmented microsclerotia and reduced 

pathogenicity observed in the V. dahliae Δwc-1 mutant.  

V. dahliae wc-1 seemed to regulate the expression of several photoreceptors 

such as vvd, nop-1, lov-u and cry-dash, since in the absence of wc-1 the 

expression levels of these genes are lower than in the wild type. In N. crassa, the 

light-induction of vvd and cry-dash is also wc-1-dependent (Elvin et al. 2005; 
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Froehlich et al. 2010). Nevertheless, the presence of light-induced gene 

expression in the V. dahliae Δwc-1 mutant strain suggests the presence of other 

functional photoreceptors involved in the transcriptional activation of light-

induced genes. The role of wc-1 in the induction and repression of several other 

TF in V. dahliae implied that, as seen in N. crassa (Smith et al. 2010), WC-1 

might play a role as the first element in the hierarchical regulatory cascade 

triggered by light. However, Chip-Seq or EMSA experiments will be used to 

identify the targets of the WCC in V. dahliae to further understand the implication 

of light and the circadian clock in the biology of the fungus.  

Furthermore, genes enriched in metabolic and biosynthetic processes were 

greatly influenced by the loss of frq in V. dahliae. This result is in agreement with 

the observation that circadian control has a major impact in metabolism in N. 

crassa (Hurley et al. 2014). Interestingly, the absence of frq had an effect on the 

response to light in V. dahliae. V. dahliae Δfrq presented a down-regulation in 

wc-1 expression that would explain an altered light-response in the Δfrq mutant. 

However, further analysis of post-transcriptional regulation in V. dahliae is 

required to draw conclusions on the presence of a circadian clock in the fungus. 

 
6 CONCLUSION 
The Sordariomycete fungus V. dahliae contains all of the clock components that 

are required for a functional clock in N. crassa. Furthermore, the developmental 

status of the soil borne fungus changes upon the presence of external stimulus, 

such as light and temperature. Presence of a time controlling mechanism could 

positively contribute to the survival of the fungus by allowing biological processes 

to take place in the appropriate time of the day. It was observed that V. dahliae 

lacked rhythmic gene expression oscillations. These results lead to four different 

hypotheses; i) the clock is present but is not entrained to light or temperature, ii) 

the clock is only active in specific developmental stages / determined conditions 

(e.g. the clock is functional in planta), iii) the clock is post-transcriptional and 

constitutive gene expression leads to oscillation at the protein level. In 

conclusion, further studies will be needed to elucidate the presence of a 

functional circadian clock and the advantages that confer to V. dahliae. iv) the 

clock is absent.  
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7 SUPPORTING INFORMATION  
 

 

Figure S1. Entrainment and harvest protocol used in the time-course gene expression 

profiling experiment. Flasks were inoculated under light (white boxes) conditions. Flasks 

were moved into darkness (black boxes) and harvested at 12 time-points over a 48-hour 

time-course in DD. The age of the cultures at the end of the experiment was 

approximately 72 hours � 4h. 
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Figure S2. Entrainment and harvest protocol used in RNA-seq. A) Flasks were 

inoculated under light (white boxes) or dark (black boxes) conditions. Flasks were moved 

into dark or light and harvested at 4 time-points over a 24-hour time-course in DD and 

at 6 h in light. The age of the cultures at the end of the experiment was approximately 

72 hours � 4h. B) Samples and number of replicates for each condition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Day	1 Day	2 Day	3 Day	4

Time

6	h	LL

6h	DD

12	h	DD

24	h	DD

16:00 20:00 24:00 04:00 08:00 12:00 16:00 20:00 24:00 04:00 08:00 12:00 16:00 20:00 24:00 04:00 08:00 12:00 16:00 20:00

A

B 6	h	LL 6	h	DD 12	h	DD 18	h	DD 24	h	DD

WT	12253 3 3 3 3 3

WT	12008 3 3 3 3 3

Δfrq_12253 3 3 3 3 3

Δfrq_12008 3 3 3 3 3

Δwc1_12253 3 3
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Figure S3. Schedule for the light and temperature entrainment experiment. Flasks with 

mycelial discs were incubated in a shaker incubator (120 rpm) under 12 h/12h light (white 

bars)/dark (black bars) at at 25 �. The cultures were harvested at different times in the 

dark (D) or light (L) over a 24-hour time-course. The age of the cultures at the end of the 

experiment was approximately 72 hours. Temperature entrainment experiments were 

performed similarly, with 12 h/12h cycles at 20 �/28 � under constant darkness.  

0h 12h 24h 36h 48h

0h 12h 24h 36h 48h

2	D
4	D
6	D
8	D
10	D
11.5	D

2	L
4	L
6	L
8	L
10	L
11.5	L

Incubator	1

Incubator	2
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Figure S4. Identification of putative WCC binding motifs in the promoters of TF- and 

photoreceptor-encoding genes in N. crassa and V. dahliae. Presence of 5’GATNC--

CGATN3’ (He and Liu, 2005) motifs (blue) and 5’GATCGA3’ (Smith et al. 2010) motifs 

(purple) are represented in the promoters (2000 bp upstream the start codon) of 

photoreceptor and TF genes: vvd (VDAG_JR2_Chr3g10380), al-3 

(VDAG_JR2_Chr1g12450), sub-1 (VDAG_JR2_Chr1g15260), csp-1 

(VDAG_JR2_Chr3g07640), wc-1 (VDAG_JR2_Chr2g01990) and cry-dash 

(VDAG_JR2_Chr1g17210).  
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5’	(-2000bp) 3’	(0bp)

LREs	motifs	position	in sub-1 promoter	

5’	(-2000bp) 3’	(0bp)

LREs	motifs	position	in	csp-1 promoter	

5’	(-2000bp) 3’	(0bp)

LREs	motifs	position	in	wc-1 promoter	

5’	(-2000bp) 3’	(0bp)

LREs	motifs	position	in	cry-dash promoter	

N.	crassa
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Figure S4. PCA plot of RNA-Seq samples. Three outliers were identified (WT08_DD18_rep3, Frq08_DD24_rep3 and Frq53_LL06_rep2). 
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Table S1. List of samples utilised in RNA-Seq. Sample name, V. dahliae strain, time 

over the time-course and light/dark conditions are displayed. 

Sample	 Strain	 Time	 Light/Dark	
WT53_LL6_rep1	 Vd12253	 6h	 LL	
WT53_LL6_rep2	 Vd12253	 6h	 LL	
WT53_LL6_rep3	 Vd12253	 6h	 LL	
WT53_DD6_rep1	 Vd12253	 6h	 DD	
WT53_DD6_rep2	 Vd12253	 6h	 DD	
WT53_DD6_rep3	 Vd12253	 6h	 DD	
WT53_DD12_rep1	 Vd12253	 12h	 DD	
WT53_DD12_rep2	 Vd12253	 12h	 DD	
WT53_DD12_rep3	 Vd12253	 12h	 DD	
WT53_DD18_rep1	 Vd12253	 18h	 DD	
WT53_DD18_rep2	 Vd12253	 18h	 DD	
WT53_DD18_rep3	 Vd12253	 18h	 DD	
WT53_DD24_rep1	 Vd12253	 24h	 DD	
WT53_DD24_rep2	 Vd12253	 24h	 DD	
WT53_DD24_rep3	 Vd12253	 24h	 DD	
WT08_LL6_rep1	 Vd12008	 6h	 LL	
WT08_LL6_rep2	 Vd12008	 6h	 LL	
WT08_LL6_rep3	 Vd12008	 6h	 LL	
WT08_DD6_rep1	 Vd12008	 6h	 DD	
WT08_DD6_rep2	 Vd12008	 6h	 DD	
WT08_DD6_rep3	 Vd12008	 6h	 DD	
WT08_DD12_rep1	 Vd12008	 12h	 DD	
WT08_DD12_rep2	 Vd12008	 12h	 DD	
WT08_DD12_rep3	 Vd12008	 12h	 DD	
WT08_DD18_rep1	 Vd12008	 18h	 DD	
WT08_DD18_rep2	 Vd12008	 18h	 DD	
WT08_DD18_rep3	 Vd12008	 18h	 DD	
WT08_DD24_rep1	 Vd12008	 24h	 DD	
WT08_DD24_rep2	 Vd12008	 24h	 DD	
WT08_DD24_rep3	 Vd12008	 24h	 DD	
Frq08_LL6_rep1	 Δfrq_12008 6h	 DD	
Frq08_LL6_rep2	 Δfrq_12008 6h	 DD	
Frq08_LL6_rep3	 Δfrq_12008 6h	 DD	
Frq08_DD6_rep1	 Δfrq_12008 6h	 DD	
Frq08_DD6_rep2	 Δfrq_12008 6h	 DD	
Frq08_DD6_rep3	 Δfrq_12008 6h	 DD	
Frq08_DD12_rep1	 Δfrq_12008 12h	 DD	
Frq08_DD12_rep2	 Δfrq_12008 12h	 DD	
Frq08_DD12_rep3	 Δfrq_12008 12h	 DD	
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Frq08_DD18_rep1	 Δfrq_12008 18h	 DD	
Frq08_DD18_rep2	 Δfrq_12008 18h	 DD	
Frq08_DD18_rep3	 Δfrq_12008 18h	 DD	
Frq08_DD24_rep1	 Δfrq_12008 24h	 DD	
Frq08_DD24_rep2	 Δfrq_12008 24h	 DD	
Frq08_DD24_rep3	 Δfrq_12008 24h	 DD	
Frq53_LL6_rep1	 Δfrq_12253 6h	 LL	
Frq53_LL6_rep2	 Δfrq_12253 6h	 LL	
Frq53_LL6_rep3	 Δfrq_12253 6h	 LL	
Frq53_DD6_rep1	 Δfrq_12253 6h	 DD	
Frq53_DD6_rep2	 Δfrq_12253 6h	 DD	
Frq53_DD6_rep3	 Δfrq_12253 6h	 DD	
Wc153_LL6_rep1	 Δwc1_12253 6h	 LL	
Wc153_LL6_rep2	 Δwc1_12253 6h	 LL	
Wc153_LL6_rep3	 Δwc1_12253 6h	 LL	
Wc153_DD6_rep1	 Δwc1_12253 6h	 DD	
Wc153_DD6_rep2	 Δwc1_12253 6h	 DD	
Wc153_DD6_rep3	 Δwc1_12253 6h	 DD	
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Table S2. List of rhythmically expressed genes in V. dahliae 12253. Statistical analysis 

of rhythmic gene expression was performed utilising JTK-Cycle, and 99 genes with p< 

0.05 with the highest cycle amplitude are shown. Corresponds with genes represented 

in Figure 18 A. 

              FPKM values 

Gene ID Gene  BH.Q ADJ.P PERIOD PHASE AMPLITUDE 

Vd 
12253 
D6 

Vd 
12253 
D12 

Vd 
12253 
D18 

Vd 
12253 
D24 

VDAG_JR2_Chr1g13730  0.71 0.02 24 3 1050.29 2897.32 3019.18 1779.05 1605.32 
VDAG_JR2_Chr4g11580  0.69 0.01 24 3 584.69 3344.25 3118.58 2035.56 2278.93 
VDAG_JR2_Chr4g11880  0.64 0.01 24 15 420.92 1463.13 1621.67 2021.45 2281.78 
VDAG_JR2_Chr7g03490  0.71 0.02 24 3 394.52 1423.08 1203.97 904.87 678.56 
VDAG_JR2_Chr8g02090  0.69 0.01 24 18 287.95 1076.98 1073.98 1344.47 1507.02 
VDAG_JR2_Chr3g01720  0.71 0.02 24 6 189.55 702.93 702.98 571.43 478.65 
VDAG_JR2_Chr1g14330  0.80 0.04 24 6 143.09 717.88 781.00 617.04 602.60 
VDAG_JR2_Chr7g08780  0.71 0.02 24 15 142.64 1016.24 1032.42 1222.07 1237.14 
VDAG_JR2_Chr2g03770  0.64 0.01 24 6 132.08 1196.25 1243.19 1200.49 1064.36 
VDAG_JR2_Chr1g07060  0.71 0.02 24 3 129.41 845.20 724.03 654.48 578.12 
VDAG_JR2_Chr2g12620  0.48 0.00 24 6 126.08 852.18 923.94 801.68 732.78 
VDAG_JR2_Chr5g05410  0.59 0.00 24 18 123.06 664.32 639.01 762.72 797.21 
VDAG_JR2_Chr3g00030  0.71 0.02 24 15 115.82 672.66 674.69 783.80 824.42 
VDAG_JR2_Chr8g09110  0.69 0.01 24 6 111.44 477.75 526.43 406.32 373.68 
VDAG_JR2_Chr7g10390  0.80 0.04 24 6 106.81 470.64 449.78 376.14 316.40 
VDAG_JR2_Chr2g03680  0.46 0.00 24 15 102.24 115.06 140.15 285.33 229.42 
VDAG_JR2_Chr1g10300  0.80 0.04 24 3 99.51 616.60 626.59 573.72 529.52 
VDAG_JR2_Chr8g08620  0.80 0.04 24 6 93.71 518.77 570.18 467.11 439.46 
VDAG_JR2_Chr6g09820  0.69 0.01 24 15 81.48 413.75 399.20 477.22 500.90 
VDAG_JR2_Chr1g05940  0.69 0.01 24 3 80.68 735.77 739.33 579.42 612.24 
VDAG_JR2_Chr7g03510  0.80 0.04 24 6 64.99 519.03 504.64 445.05 383.15 
VDAG_JR2_Chr1g02550  0.69 0.01 24 15 63.70 458.65 463.85 549.01 531.43 
VDAG_JR2_Chr1g23010  0.71 0.02 24 6 60.38 411.70 445.69 393.14 372.19 
VDAG_JR2_Chr2g11060  0.48 0.00 24 15 57.74 187.60 217.87 266.48 278.79 
VDAG_JR2_Chr1g14190  0.64 0.01 24 18 56.57 690.46 652.99 682.22 739.97 
VDAG_JR2_Chr1g14340  0.64 0.01 24 6 51.40 211.60 215.97 173.79 140.12 
VDAG_JR2_Chr1g24260  0.64 0.01 24 15 46.62 273.19 278.82 349.19 319.75 
VDAG_JR2_Chr8g08120  0.59 0.00 24 21 46.52 695.25 675.72 684.52 769.32 
VDAG_JR2_Chr2g11880  0.80 0.04 24 15 45.64 344.41 363.17 444.49 413.93 
VDAG_JR2_Chr3g11290  0.71 0.02 24 3 43.74 290.39 252.56 185.14 198.16 
VDAG_JR2_Chr3g02360  0.59 0.00 24 9 42.90 470.08 527.93 532.27 474.25 
VDAG_JR2_Chr1g16060  0.46 0.00 24 3 42.86 544.26 529.21 456.37 482.31 
VDAG_JR2_Chr6g00420  0.80 0.04 24 6 41.59 214.32 225.15 207.82 171.73 
VDAG_JR2_Chr8g09220  0.80 0.04 24 6 39.38 255.09 286.60 246.04 247.13 
VDAG_JR2_Chr6g10010  0.69 0.01 24 3 39.08 229.26 222.66 170.62 196.90 
VDAG_JR2_Chr1g19320  0.71 0.02 24 6 38.61 194.62 204.17 167.16 156.11 
VDAG_JR2_Chr7g00580  0.80 0.04 24 15 37.76 162.77 157.62 200.85 196.03 
VDAG_JR2_Chr5g08490  0.64 0.01 24 6 35.43 536.52 553.83 536.95 504.96 
VDAG_JR2_Chr3g01540  0.71 0.02 24 15 35.17 273.38 280.75 332.65 343.83 
VDAG_JR2_Chr7g09610  0.64 0.01 24 15 34.57 171.93 185.55 228.31 226.14 
VDAG_JR2_Chr6g10000  0.69 0.01 24 3 34.23 245.23 218.35 162.92 166.11 
VDAG_JR2_Chr2g03660  0.48 0.00 24 15 33.08 52.09 57.96 134.70 96.06 
VDAG_JR2_Chr1g05670  0.71 0.02 24 18 32.71 195.81 200.86 222.95 258.15 
VDAG_JR2_Chr1g18780  0.80 0.04 24 18 32.44 772.28 786.29 770.98 824.98 
VDAG_JR2_Chr3g03950  0.80 0.04 24 15 31.53 259.33 267.16 309.69 313.74 
VDAG_JR2_Chr3g00630  0.71 0.02 24 3 31.44 409.91 399.38 351.03 368.73 
VDAG_JR2_Chr6g03880  0.71 0.02 24 3 30.84 176.80 154.17 114.00 122.92 
VDAG_JR2_Chr8g05490  0.64 0.01 24 18 30.64 148.00 159.13 161.99 215.64 
VDAG_JR2_Chr4g11470  0.71 0.02 24 15 30.63 56.12 48.72 77.23 85.03 
VDAG_JR2_Chr7g01100  0.71 0.02 24 3 30.62 246.28 249.68 222.32 223.90 
VDAG_JR2_Chr1g11520  0.71 0.02 24 6 29.46 154.28 154.73 122.49 111.42 
VDAG_JR2_Chr3g10650  0.80 0.04 24 6 29.29 130.78 143.88 124.03 103.66 
VDAG_JR2_Chr3g05640  0.59 0.00 24 15 29.07 22.28 22.74 54.45 55.98 
VDAG_JR2_Chr4g08700  0.64 0.01 24 6 28.75 311.42 318.84 300.64 278.01 
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VDAG_JR2_Chr1g16720  0.80 0.04 24 18 28.25 259.92 260.80 287.18 297.55 
VDAG_JR2_Chr2g03670  0.59 0.00 24 15 27.98 42.08 49.40 107.39 79.13 
VDAG_JR2_Chr1g16160  0.71 0.02 24 15 27.32 317.16 333.67 380.21 345.23 
VDAG_JR2_Chr8g04370  0.69 0.01 24 3 26.34 102.63 85.58 70.27 50.39 
VDAG_JR2_Chr5g11130  0.80 0.04 24 6 26.10 234.98 236.35 215.18 199.86 
VDAG_JR2_Chr6g06940  0.71 0.02 24 18 25.92 189.21 176.71 207.52 209.88 
VDAG_JR2_Chr6g00670  0.71 0.02 24 15 25.90 126.52 129.82 159.74 155.86 
VDAG_JR2_Chr1g29060  0.80 0.04 24 18 25.44 58.83 47.46 50.44 90.59 
VDAG_JR2_Chr3g02770  0.59 0.00 24 3 24.83 122.33 122.76 82.37 88.09 
VDAG_JR2_Chr2g11760  0.80 0.04 24 3 24.74 183.61 172.58 135.49 125.31 
VDAG_JR2_Chr3g09380  0.80 0.04 24 3 24.65 329.96 303.07 256.13 269.70 
VDAG_JR2_Chr7g01680  0.25 0.00 24 15 23.92 74.81 82.69 110.54 106.35 
VDAG_JR2_Chr6g03140  0.46 0.00 24 3 23.69 352.99 343.20 298.22 301.15 
VDAG_JR2_Chr2g13320  0.80 0.04 24 15 23.00 197.13 217.56 218.70 240.76 
VDAG_JR2_Chr1g23080  0.80 0.04 24 3 22.90 310.95 289.08 262.16 264.11 
VDAG_JR2_Chr6g01330  0.71 0.02 24 3 22.86 174.70 164.55 123.71 135.25 
VDAG_JR2_Chr8g04700  0.80 0.04 24 6 22.24 387.46 368.85 365.96 319.34 
VDAG_JR2_Chr1g01560  0.71 0.02 24 15 21.89 69.85 71.08 92.59 95.08 
VDAG_JR2_Chr8g10630  0.80 0.04 24 18 21.75 83.12 71.22 109.01 96.47 
VDAG_JR2_Chr2g02610  0.59 0.00 24 3 21.68 157.76 158.24 117.41 128.88 
VDAG_JR2_Chr3g10380 vvd 0.71 0.02 24 3 21.08 96.14 78.99 47.76 51.04 
VDAG_JR2_Chr6g02200  0.80 0.04 24 18 20.13 92.13 82.48 100.38 105.87 
VDAG_JR2_Chr3g04570  0.80 0.04 24 6 19.86 97.89 100.63 87.38 77.30 
VDAG_JR2_Chr2g06960  0.80 0.04 24 6 19.83 269.33 276.64 239.78 244.93 
VDAG_JR2_Chr1g15670  0.80 0.04 24 3 19.29 206.52 202.96 178.55 184.30 
VDAG_JR2_Chr5g01920  0.80 0.04 24 15 19.02 62.32 55.08 85.94 69.29 
VDAG_JR2_Chr1g14670  0.46 0.00 24 3 18.97 207.91 192.26 168.06 175.09 
VDAG_JR2_Chr1g06150  0.80 0.04 24 18 18.40 70.35 63.01 104.22 86.09 
VDAG_JR2_Chr1g18430  0.80 0.04 24 15 18.07 196.37 190.71 194.92 202.01 
VDAG_JR2_Chr2g03810  0.69 0.01 24 6 17.81 121.25 111.83 125.24 87.77 
VDAG_JR2_Chr2g09910  0.80 0.04 24 6 17.78 153.76 151.99 151.09 119.91 
VDAG_JR2_Chr5g06700  0.69 0.01 24 15 17.74 154.43 154.54 184.76 172.01 
VDAG_JR2_Chr7g01070  0.80 0.04 24 3 17.54 161.26 151.55 145.14 129.17 
VDAG_JR2_Chr6g02990  0.69 0.01 24 3 17.47 74.90 77.46 54.93 58.15 
VDAG_JR2_Chr7g00910  0.69 0.01 24 3 17.24 206.83 202.29 198.06 184.33 
VDAG_JR2_Chr1g16460  0.71 0.02 24 18 16.96 297.24 296.72 304.23 323.62 
VDAG_JR2_Chr2g10250  0.64 0.01 24 3 16.70 90.71 86.41 70.71 64.99 
VDAG_JR2_Chr3g01510  0.80 0.04 24 15 16.62 25.17 21.75 38.69 41.71 
VDAG_JR2_Chr1g03530  0.69 0.01 24 9 16.56 203.65 220.97 230.63 201.15 
VDAG_JR2_Chr6g08330  0.80 0.04 24 3 16.51 248.53 228.75 224.36 215.06 
VDAG_JR2_Chr1g18660  0.80 0.04 24 9 16.38 136.52 147.32 162.49 127.50 
VDAG_JR2_Chr1g13300  0.80 0.04 24 9 16.27 216.49 236.26 266.34 217.43 
VDAG_JR2_Chr4g07440  0.69 0.01 24 3 16.09 77.73 64.13 46.86 42.55 
VDAG_JR2_Chr7g01500  0.59 0.00 24 15 15.75 13.94 14.42 32.32 31.35 
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Table S3. List of rhythmically expressed genes in V. dahliae 12008. Statistical analysis 

of rhythmic gene expression was assayed utilising JTK-Cycle, and 99 genes with p< 

0.05 with the highest cycle amplitude are shown. Corresponds with genes represented 

in Figure 18 A. 

              FPKM values 

Gene ID Gene BH.Q ADJ.P PERIOD PHASE AMPLITUDE 

Vd 
12008 
D6 

Vd 
12008 
D12 

Vd 
12008 
D18 

Vd 
12008 
D24 

VDAG_JR2_Chr2g00960  0.36 0.01 24 3 693.73 4721.74 3595.25 3008.26 3433.82 
VDAG_JR2_Chr5g10550  0.36 0.01 24 0 603.80 4721.90 3559.14 3208.94 3829.39 
VDAG_JR2_Chr8g02730  0.36 0.01 24 21 592.39 3974.09 3016.05 3541.27 4284.75 
VDAG_JR2_Chr2g01530  0.31 0.01 24 3 586.11 3760.80 2934.80 2253.47 2763.32 
VDAG_JR2_Chr2g13020  0.51 0.04 24 15 499.93 2803.82 3298.02 3654.26 3816.51 
VDAG_JR2_Chr5g05710  0.31 0.01 24 3 480.38 3958.39 3762.69 2858.70 3444.53 
VDAG_JR2_Chr4g11350  0.51 0.04 24 21 416.92 1708.98 909.78 1300.94 1526.37 
VDAG_JR2_Chr8g10850  0.51 0.04 24 3 320.20 1443.42 1208.16 920.34 876.88 
VDAG_JR2_Chr1g18990  0.51 0.04 24 9 319.00 756.22 1359.03 1490.56 599.09 
VDAG_JR2_Chr2g10290  0.21 0.00 24 3 287.95 2250.15 2008.48 1501.28 1719.43 
VDAG_JR2_Chr2g01720  0.51 0.04 24 3 276.25 2839.89 2673.72 2141.11 2515.55 
VDAG_JR2_Chr2g01730  0.36 0.01 24 3 235.25 3035.87 2637.47 2124.92 2596.92 
VDAG_JR2_Chr3g01130  0.44 0.02 24 3 228.41 1938.48 1638.01 1373.58 1590.48 
VDAG_JR2_Chr4g07740  0.44 0.02 24 3 206.70 1991.06 1807.06 1520.95 1643.13 
VDAG_JR2_Chr3g09110  0.36 0.01 24 0 176.63 2028.88 1694.67 1482.02 1762.00 
VDAG_JR2_Chr7g02650  0.51 0.04 24 3 172.07 964.17 1085.53 669.90 838.45 
VDAG_JR2_Chr5g10680  0.44 0.02 24 0 171.00 2115.61 1816.19 1617.44 1760.57 
VDAG_JR2_Chr1g18700  0.31 0.01 24 9 150.66 687.97 898.15 830.11 604.98 
VDAG_JR2_Chr3g02060  0.27 0.00 24 0 134.03 765.55 612.21 497.07 733.95 
VDAG_JR2_Chr8g08810  0.51 0.04 24 0 133.63 1270.92 972.23 1003.55 1087.39 
VDAG_JR2_Chr3g08610  0.31 0.01 24 3 132.32 1434.90 1163.00 1049.79 1167.72 
VDAG_JR2_Chr8g02530  0.27 0.00 24 3 113.69 1418.64 1249.43 1025.52 1222.39 
VDAG_JR2_Chr1g21620  0.31 0.01 24 0 113.64 874.43 798.25 642.62 858.20 
VDAG_JR2_Chr1g25500  0.36 0.01 24 3 113.35 1214.69 1069.96 904.33 1058.09 
VDAG_JR2_Chr7g01330  0.31 0.01 24 3 90.44 874.18 631.57 490.48 544.17 
VDAG_JR2_Chr7g09220  0.31 0.01 24 3 89.60 530.54 479.85 360.23 400.02 
VDAG_JR2_Chr5g05720  0.36 0.01 24 3 89.50 694.78 617.17 503.47 529.35 
VDAG_JR2_Chr2g12890  0.51 0.04 24 3 81.23 614.62 550.70 440.19 498.28 
VDAG_JR2_Chr2g00590  0.21 0.00 24 3 72.61 818.35 562.20 474.92 564.89 
VDAG_JR2_Chr5g09480  0.51 0.04 24 18 70.20 611.80 528.71 680.35 657.67 
VDAG_JR2_Chr3g03500  0.44 0.02 24 15 69.71 407.45 372.51 531.47 446.70 
VDAG_JR2_Chr7g07660  0.51 0.04 24 18 65.13 514.17 459.34 631.99 568.36 
VDAG_JR2_Chr1g10960  0.17 0.00 24 15 63.05 528.62 551.30 646.34 610.47 
VDAG_JR2_Chr1g09070  0.36 0.01 24 18 62.50 841.58 794.19 892.42 919.03 
VDAG_JR2_Chr7g05940  0.36 0.01 24 3 61.80 349.16 249.18 217.66 215.40 
VDAG_JR2_Chr1g00980  0.36 0.01 24 0 59.59 712.50 603.66 541.51 616.47 
VDAG_JR2_Chr1g18780  0.51 0.04 24 15 59.47 523.30 504.24 639.00 561.44 
VDAG_JR2_Chr3g09420  0.31 0.01 24 0 57.17 154.62 89.51 20.51 105.95 
VDAG_JR2_Chr1g00950  0.27 0.00 24 0 54.54 462.10 400.29 325.02 401.23 
VDAG_JR2_Chr5g03040  0.21 0.00 24 15 53.84 259.11 281.92 377.44 319.64 
VDAG_JR2_Chr1g07030  0.51 0.04 24 15 53.47 349.35 328.61 437.63 398.59 
VDAG_JR2_Chr7g08600  0.36 0.01 24 15 52.54 482.91 460.27 591.57 523.84 
VDAG_JR2_Chr2g11140  0.44 0.02 24 0 51.50 545.73 437.69 438.46 476.28 
VDAG_JR2_Chr8g08480  0.44 0.02 24 15 49.85 300.75 311.25 394.56 350.13 
VDAG_JR2_Chr1g19600  0.44 0.02 24 6 49.68 380.54 440.01 374.67 322.13 
VDAG_JR2_Chr8g00300  0.27 0.00 24 6 47.66 300.66 363.14 263.53 247.70 
VDAG_JR2_Chr3g02660  0.44 0.02 24 15 47.19 369.09 425.52 485.38 468.57 
VDAG_JR2_Chr3g10050  0.36 0.01 24 3 47.12 516.50 463.28 443.46 405.42 
VDAG_JR2_Chr4g05370  0.36 0.01 24 18 45.82 421.89 382.73 513.07 454.00 
VDAG_JR2_Chr7g02040  0.51 0.04 24 12 43.79 334.31 397.70 428.40 363.52 
VDAG_JR2_Chr5g00950  0.36 0.01 24 0 42.04 354.64 247.43 187.53 232.66 
VDAG_JR2_Chr4g04800  0.31 0.01 24 3 41.96 210.80 212.10 135.90 157.63 
VDAG_JR2_Chr5g04820  0.44 0.02 24 3 41.85 413.94 383.31 326.46 341.48 
VDAG_JR2_Chr1g07850  0.51 0.04 24 12 36.99 310.82 375.22 375.80 366.69 
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VDAG_JR2_Chr7g10440  0.44 0.02 24 3 36.57 137.26 128.74 68.63 98.37 
VDAG_JR2_Chr3g08420  0.11 0.00 24 15 36.35 257.34 291.18 345.14 313.99 
VDAG_JR2_Chr4g08750  0.31 0.01 24 0 34.38 349.70 279.38 257.00 299.30 
VDAG_JR2_Chr4g09500  0.17 0.00 24 0 32.53 180.86 130.36 111.06 151.16 
VDAG_JR2_Chr5g03580  0.31 0.01 24 3 32.12 86.94 88.84 36.43 52.61 
VDAG_JR2_Chr1g17590  0.11 0.00 24 12 29.68 340.98 388.06 424.46 385.70 
VDAG_JR2_Chr3g03560  0.51 0.04 24 15 29.63 244.31 269.45 308.56 297.07 
VDAG_JR2_Chr8g01780  0.27 0.00 24 15 29.29 123.75 156.34 191.76 168.88 
VDAG_JR2_Chr1g24190  0.51 0.04 24 0 28.47 328.21 271.03 254.18 281.25 
VDAG_JR2_Chr1g17150  0.31 0.01 24 3 28.22 273.08 266.80 216.67 249.33 
VDAG_JR2_Chr8g05490  0.51 0.04 24 15 27.83 120.58 117.21 184.33 129.18 
VDAG_JR2_Chr6g03460  0.44 0.02 24 15 26.82 154.04 181.98 204.15 217.08 
VDAG_JR2_Chr8g07480  0.36 0.01 24 12 26.78 152.96 203.30 231.16 196.73 
VDAG_JR2_Chr6g10830  0.27 0.00 24 15 26.44 88.58 112.80 171.67 126.77 
VDAG_JR2_Chr4g09510  0.21 0.00 24 0 24.34 143.45 109.47 86.81 122.58 
VDAG_JR2_Chr8g02960  0.51 0.04 24 18 24.26 188.21 162.49 193.86 206.95 
VDAG_JR2_Chr1g07390  0.36 0.01 24 15 24.20 144.92 179.33 198.01 190.50 
VDAG_JR2_Chr2g01260  0.36 0.01 24 15 24.14 125.63 134.35 165.13 162.41 
VDAG_JR2_Chr5g12150  0.51 0.04 24 15 23.95 147.50 179.96 194.25 200.29 
VDAG_JR2_Chr1g12500  0.51 0.04 24 6 23.76 207.65 238.97 191.69 195.13 
VDAG_JR2_Chr5g09410  0.44 0.02 24 6 23.42 161.37 219.10 149.09 148.40 
VDAG_JR2_Chr3g11230  0.31 0.01 24 6 22.59 200.20 217.14 182.85 168.01 
VDAG_JR2_Chr1g12860  0.31 0.01 24 15 22.31 150.69 192.28 239.94 184.58 
VDAG_JR2_Chr3g10380 vvd 0.21 0.00 24 3 21.53 93.85 72.16 48.85 54.25 
VDAG_JR2_Chr2g07440  0.36 0.01 24 3 21.44 170.83 177.05 137.32 148.56 
VDAG_JR2_Chr2g00610  0.36 0.01 24 3 20.91 208.80 177.13 136.34 179.86 
VDAG_JR2_Chr4g09520  0.21 0.00 24 3 20.34 129.46 94.78 73.14 100.03 
VDAG_JR2_Chr8g05600  0.51 0.04 24 3 19.90 162.00 144.85 97.20 142.68 
VDAG_JR2_Chr2g02830  0.44 0.02 24 3 19.46 124.97 143.06 98.82 113.23 
VDAG_JR2_Chr3g09550  0.27 0.00 24 12 19.06 214.43 237.14 255.99 219.98 
VDAG_JR2_Chr3g00980  0.44 0.02 24 21 17.78 147.98 133.38 118.61 156.95 
VDAG_JR2_Chr1g18950  0.51 0.04 24 21 17.11 204.81 194.53 186.17 223.43 
VDAG_JR2_Chr5g10370  0.51 0.04 24 3 17.03 200.35 184.98 148.55 182.42 
VDAG_JR2_Chr6g06990  0.27 0.00 24 15 16.57 123.73 137.23 155.71 149.08 
VDAG_JR2_Chr8g04960  0.51 0.04 24 15 16.38 135.27 165.54 175.90 173.44 
VDAG_JR2_Chr1g08420  0.31 0.01 24 15 16.07 91.18 96.07 118.12 112.72 
VDAG_JR2_Chr4g03110  0.36 0.01 24 15 16.07 99.05 101.66 123.04 120.83 
VDAG_JR2_Chr2g02180  0.44 0.02 24 0 15.99 149.18 114.21 101.88 116.03 
VDAG_JR2_Chr6g03930 ccg9 0.51 0.04 24 21 15.86 132.90 93.62 123.63 125.67 
VDAG_JR2_Chr1g21740  0.36 0.01 24 15 15.73 120.74 115.60 148.34 131.94 
VDAG_JR2_Chr8g07570  0.31 0.01 24 0 15.68 234.09 198.33 183.85 200.49 
VDAG_JR2_Chr1g23480  0.36 0.01 24 12 15.27 144.57 163.22 171.99 147.70 
VDAG_JR2_Chr5g07880  0.44 0.02 24 15 14.60 137.20 148.28 163.17 167.98 
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Table S4. List of rhythmically expressed genes in V. dahliae Δfrq_12008. Statistical 

analysis of rhythmic gene expression was performed utilising JTK-Cycle, and 99 genes 

with p< 0.05 with the highest cycle amplitude are shown. Corresponds with genes 

represented in Figure 18 A. 

              FPKM values 

Gene ID Gene BH.Q ADJ.P PERIOD PHASE AMPLITUDE 
Frq08 
D6 

Frq08 
D12 

Frq08 
D18 

Frq08 
D24 

VDAG_JR2_Chr3g06460  1.00 0.05 24 21 687.26 4929.11 2875.39 4357.07 4442.18 
VDAG_JR2_Chr1g14390  1.00 0.05 24 18 499.33 3614.66 3390.96 4158.57 4349.23 
VDAG_JR2_Chr6g02860  1.00 0.05 24 18 345.73 1931.88 1872.80 2343.94 2653.84 
VDAG_JR2_Chr5g10550  1.00 0.03 24 6 226.41 2326.48 2453.68 2116.32 1929.04 
VDAG_JR2_Chr6g10140  1.00 0.01 24 18 133.48 805.86 521.52 918.53 860.75 
VDAG_JR2_Chr4g11660  1.00 0.03 24 18 127.97 832.19 729.62 932.60 1007.43 
VDAG_JR2_Chr1g18700  1.00 0.05 24 15 99.79 330.75 359.92 500.83 475.18 
VDAG_JR2_Chr4g03680  1.00 0.05 24 15 94.63 204.37 241.23 337.00 345.29 
VDAG_JR2_Chr2g07690  1.00 0.03 24 6 80.56 939.69 1027.65 872.01 807.96 
VDAG_JR2_Chr2g08140  1.00 0.03 24 18 79.60 843.68 776.57 919.13 919.41 
VDAG_JR2_Chr4g10440  1.00 0.05 24 0 76.39 1114.00 974.21 957.12 997.69 
VDAG_JR2_Chr4g11650  1.00 0.03 24 18 69.28 998.88 948.48 1082.09 1070.38 
VDAG_JR2_Chr6g09120  1.00 0.01 24 18 68.37 251.03 194.46 335.30 338.90 
VDAG_JR2_Chr4g09260  1.00 0.05 24 15 65.25 159.17 168.86 260.16 248.14 
VDAG_JR2_Chr8g08620  1.00 0.01 24 18 58.02 513.18 438.81 535.67 591.06 
VDAG_JR2_Chr2g10610  1.00 0.03 24 6 52.65 192.17 196.71 151.63 72.13 
VDAG_JR2_Chr2g07360  1.00 0.05 24 12 49.74 718.59 746.48 823.31 743.64 
VDAG_JR2_Chr1g12550  1.00 0.01 24 18 49.05 307.60 286.87 356.64 394.93 
VDAG_JR2_Chr7g01720  1.00 0.03 24 6 39.92 377.24 423.73 327.37 281.10 
VDAG_JR2_Chr1g14610  1.00 0.05 24 15 38.50 167.50 139.56 219.71 202.80 
VDAG_JR2_Chr5g03580  1.00 0.01 24 6 34.93 112.06 126.18 78.30 46.65 
VDAG_JR2_Chr8g09110  1.00 0.03 24 18 33.03 450.67 407.61 457.10 518.19 
VDAG_JR2_Chr1g02680  1.00 0.01 24 3 32.54 301.52 296.77 245.63 259.43 
VDAG_JR2_Chr6g02350  1.00 0.05 24 3 32.32 239.16 247.86 191.67 193.14 
VDAG_JR2_Chr6g04830  1.00 0.03 24 15 28.75 430.11 396.30 487.29 450.01 
VDAG_JR2_Chr2g06330  1.00 0.01 24 6 28.27 405.52 436.77 361.78 381.12 
VDAG_JR2_Chr4g07370  1.00 0.01 24 18 28.04 86.90 74.37 121.50 132.33 
VDAG_JR2_Chr3g05810  1.00 0.05 24 3 28.03 242.23 251.39 201.38 213.53 
VDAG_JR2_Chr4g03730  1.00 0.01 24 6 27.33 255.95 265.92 234.47 197.71 
VDAG_JR2_Chr3g13380  1.00 0.03 24 6 25.45 147.62 150.33 126.78 91.86 
VDAG_JR2_Chr6g04120  1.00 0.05 24 6 24.77 502.82 521.83 477.27 466.31 
VDAG_JR2_Chr1g02620  1.00 0.01 24 6 24.14 486.07 513.51 472.93 455.71 
VDAG_JR2_Chr5g04450  1.00 0.05 24 18 23.66 82.77 71.66 114.02 113.29 
VDAG_JR2_Chr5g02840  1.00 0.00 24 21 22.86 245.62 204.51 237.76 255.93 
VDAG_JR2_Chr5g03070  1.00 0.03 24 15 22.04 104.49 113.00 145.99 141.86 
VDAG_JR2_Chr4g05860  1.00 0.05 24 6 20.86 114.10 131.00 87.26 103.37 
VDAG_JR2_Chr3g10210  1.00 0.05 24 15 20.55 90.26 105.18 127.32 126.36 
VDAG_JR2_Chr3g02660  1.00 0.03 24 15 20.23 297.97 356.41 344.89 329.55 
VDAG_JR2_Chr3g06640  1.00 0.01 24 21 19.98 350.00 307.82 321.53 343.12 
VDAG_JR2_Chr7g02830  1.00 0.01 24 9 19.57 29.19 69.06 40.55 26.62 
VDAG_JR2_Chr1g00960  1.00 0.05 24 15 19.07 211.24 194.71 240.63 230.51 
VDAG_JR2_Chr6g06820  1.00 0.05 24 6 18.60 241.84 255.90 221.39 225.05 
VDAG_JR2_Chr4g09700  1.00 0.00 24 21 18.59 301.11 278.75 285.44 329.35 
VDAG_JR2_Chr2g07040  1.00 0.05 24 15 17.97 211.79 231.58 246.48 247.23 
VDAG_JR2_Chr6g04020  1.00 0.01 24 18 17.67 148.65 146.25 170.12 207.31 
VDAG_JR2_Chr1g02040  1.00 0.05 24 6 17.58 374.61 389.17 349.61 356.81 
VDAG_JR2_Chr2g08060  1.00 0.03 24 6 17.31 45.91 40.85 22.22 15.37 
VDAG_JR2_Chr1g02850  1.00 0.05 24 6 17.12 209.35 225.68 192.69 195.46 
VDAG_JR2_Chr7g04270  1.00 0.03 24 18 16.71 28.14 28.74 45.35 65.59 
VDAG_JR2_Chr1g09490  1.00 0.05 24 15 15.53 142.60 129.35 180.39 164.98 
VDAG_JR2_Chr3g10860  1.00 0.01 24 18 15.39 189.84 180.55 207.08 235.26 
VDAG_JR2_Chr1g19320  1.00 0.05 24 18 14.97 176.97 163.05 185.86 203.64 
VDAG_JR2_Chr1g19290  1.00 0.03 24 6 14.92 115.09 130.03 103.86 96.07 
VDAG_JR2_Chr8g09410  1.00 0.05 24 6 14.41 56.82 74.12 52.00 29.51 
VDAG_JR2_Chr6g10840  1.00 0.05 24 15 14.12 48.26 46.35 66.40 68.77 
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VDAG_JR2_Chr1g23950  1.00 0.03 24 6 13.95 61.86 64.43 49.77 32.08 
VDAG_JR2_Chr1g23080  1.00 0.01 24 21 13.70 225.28 206.21 218.91 240.62 
VDAG_JR2_Chr1g02340  1.00 0.05 24 15 13.59 65.23 71.28 87.03 93.61 
VDAG_JR2_Chr1g22670  1.00 0.03 24 6 13.41 77.78 98.23 70.63 64.78 
VDAG_JR2_Chr2g00130  1.00 0.03 24 3 13.23 301.46 300.91 277.84 284.24 
VDAG_JR2_Chr1g10790  1.00 0.00 24 6 12.87 162.39 166.31 148.55 143.06 
VDAG_JR2_Chr3g00280  1.00 0.03 24 9 12.60 248.89 280.40 265.83 254.48 
VDAG_JR2_Chr1g12840  1.00 0.03 24 18 12.45 117.24 108.56 131.02 136.82 
VDAG_JR2_Chr1g19970  1.00 0.01 24 21 12.32 165.90 144.32 154.38 167.34 
VDAG_JR2_Chr7g09800  1.00 0.05 24 3 12.23 153.62 137.26 128.33 131.49 
VDAG_JR2_Chr6g01680  1.00 0.05 24 3 12.21 102.00 90.64 84.42 72.24 
VDAG_JR2_Chr4g05870  1.00 0.01 24 6 11.83 76.83 80.29 60.97 61.45 
VDAG_JR2_Chr7g00680  1.00 0.00 24 18 11.48 111.95 106.64 125.12 140.58 
VDAG_JR2_Chr4g05460  1.00 0.05 24 15 11.09 159.61 158.78 188.80 180.13 
VDAG_JR2_Chr6g06900  1.00 0.05 24 9 11.03 38.37 80.47 41.56 36.07 
VDAG_JR2_Chr3g01240  1.00 0.03 24 15 11.03 35.91 32.87 53.96 51.90 
VDAG_JR2_Chr1g26320  1.00 0.00 24 6 10.97 71.88 93.97 68.28 60.37 
VDAG_JR2_Chr7g05280  1.00 0.03 24 18 10.84 85.10 82.81 105.55 101.91 
VDAG_JR2_Chr5g04440  1.00 0.05 24 15 10.66 30.64 29.63 49.51 44.46 
VDAG_JR2_Chr3g01440  1.00 0.01 24 6 10.62 238.38 260.29 233.75 219.31 
VDAG_JR2_Chr1g28450  1.00 0.03 24 18 10.47 68.95 66.16 77.76 89.05 
VDAG_JR2_Chr1g29060  1.00 0.03 24 9 9.84 20.79 40.47 29.32 15.50 
VDAG_JR2_Chr7g00690  1.00 0.03 24 18 9.73 127.42 128.33 138.24 157.40 
VDAG_JR2_Chr5g11090  1.00 0.01 24 6 9.72 58.11 68.94 49.51 50.47 
VDAG_JR2_Chr1g28260  1.00 0.05 24 18 9.65 36.27 37.48 47.28 52.81 
VDAG_JR2_Chr4g10460  1.00 0.03 24 6 9.63 11.64 44.35 8.96 6.30 
VDAG_JR2_Chr5g09710  1.00 0.05 24 6 9.58 135.83 144.46 122.74 122.44 
VDAG_JR2_Chr3g13110  1.00 0.05 24 18 9.42 28.32 28.14 36.98 47.79 
VDAG_JR2_Chr1g13250  1.00 0.03 24 6 9.23 76.82 80.49 68.42 61.22 
VDAG_JR2_Chr3g10640  1.00 0.05 24 18 9.13 68.38 58.70 75.18 80.42 
VDAG_JR2_Chr4g02610  1.00 0.03 24 18 8.79 24.25 25.13 34.83 42.95 
VDAG_JR2_Chr1g11370  1.00 0.01 24 18 8.75 62.79 46.38 69.56 71.03 
VDAG_JR2_Chr3g00250  1.00 0.03 24 18 8.66 66.90 66.89 75.79 85.08 
VDAG_JR2_Chr6g10160  1.00 0.05 24 18 8.54 35.03 28.91 44.31 47.41 
VDAG_JR2_Chr3g02050  1.00 0.01 24 6 8.51 138.73 142.19 132.66 119.87 
VDAG_JR2_Chr1g13590  1.00 0.05 24 18 8.05 71.29 69.83 78.28 85.81 
VDAG_JR2_Chr7g09410  1.00 0.03 24 18 8.04 22.59 22.90 34.46 35.34 
VDAG_JR2_Chr8g04640  1.00 0.01 24 6 7.99 111.80 117.32 103.24 97.91 
VDAG_JR2_Chr1g21200  1.00 0.05 24 18 7.97 92.47 95.00 104.23 109.15 
VDAG_JR2_Chr4g11290  1.00 0.01 24 18 7.87 78.92 66.03 86.54 86.81 
VDAG_JR2_Chr1g09790  1.00 0.03 24 6 7.53 61.41 68.83 56.23 52.66 
VDAG_JR2_Chr3g10380 vvd 1.00 0.03 24 3 7.44 55.34 49.40 43.93 38.73 
VDAG_JR2_Chr3g06110  1.00 0.03 24 15 7.08 27.84 23.14 40.36 38.71 
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Table S5. List of rhythmically expressed genes in both V. dahliae 12253 and 12008. 

Statistical analysis of rhythmic gene expression was performed utilising JTK-Cycle, and 

genes with p< 0.05 are shown. 

  V.dahliae_12253 V.dahliae_12008 

Genes Amplitude DD6  DD12 DD18 DD24 Amplitude DD6 DD12 DD18 DD24 

VDAG_JR2_Chr3g10380 21.08 96.14 78.99 47.76 51.04 21.53 93.85 72.16 48.85 54.25 

VDAG_JR2_Chr4g10260 0.90 1.10 1.24 3.20 2.57 5.61 18.41 3.76 7.43 9.72 

VDAG_JR2_Chr5g07440 10.01 66.76 62.56 54.87 57.79 10.48 56.47 62.75 41.98 48.69 

VDAG_JR2_Chr1g24190 13.55 285.02 279.29 273.00 264.91 28.47 328.21 271.03 254.18 281.25 

VDAG_JR2_Chr1g11930 6.76 66.70 68.01 70.63 78.14 6.53 60.98 55.14 67.48 67.99 

VDAG_JR2_Chr3g03450 0.94 16.20 16.74 18.50 18.21 0.96 10.56 10.92 12.95 11.58 

VDAG_JR2_Chr4g07950 4.07 11.66 16.35 18.28 19.24 10.93 29.33 12.91 15.73 27.54 

VDAG_JR2_Chr6g05800 2.74 49.34 49.06 46.82 45.09 6.68 53.18 50.76 42.24 43.13 

VDAG_JR2_Chr5g00550 0.51 4.34 4.65 4.85 3.51 0.64 3.56 4.83 4.20 3.54 

VDAG_JR2_Chr2g00520 0.23 1.34 1.34 1.53 1.05 0.54 1.11 1.93 1.77 1.10 

VDAG_JR2_Chr4g05790 0.87 16.56 16.60 17.14 17.52 1.81 10.89 11.90 14.84 13.39 

VDAG_JR2_Chr5g05820 1.11 1.10 1.24 3.20 2.57 1.69 20.01 19.52 22.85 21.41 

VDAG_JR2_Chr8g05490 30.64 148.00 159.13 161.99 215.64 27.83 120.58 117.21 184.33 129.18 

VDAG_JR2_Chr7g01180 3.47 46.28 45.97 48.38 49.96 4.44 26.74 29.08 38.73 29.94 

VDAG_JR2_Chr1g17210 1.83 8.09 6.95 4.40 4.26 1.39 5.80 5.31 3.61 3.51 

VDAG_JR2_Chr1g14960 3.57 39.28 38.15 37.55 33.20 4.86 34.56 40.25 37.51 30.04 

VDAG_JR2_Chr7g00930 1.32 13.03 13.27 14.49 15.64 1.84 12.22 16.45 15.72 14.73 

VDAG_JR2_Chr8g00200 1.69 6.45 4.94 2.01 1.94 1.33 2.38 4.58 2.85 1.68 

VDAG_JR2_Chr2g02610 21.68 157.76 158.24 117.41 128.88 14.00 112.14 98.78 77.66 85.64 

VDAG_JR2_Chr4g02020 0.34 0.58 0.65 0.70 1.37 0.41 1.21 0.81 1.57 2.12 

VDAG_JR2_Chr3g00650 2.76 9.22 9.74 14.39 12.95 5.20 27.37 16.39 15.44 20.02 

VDAG_JR2_Chr6g09180 1.90 1.95 1.74 7.83 4.47 8.34 9.15 6.97 23.85 15.70 

VDAG_JR2_Chr2g12930 2.95 45.84 48.02 52.55 52.10 3.64 34.09 33.94 41.03 37.58 

VDAG_JR2_Chr1g08240 1.16 7.93 6.75 6.24 5.77 1.09 9.21 8.93 6.60 8.09 

VDAG_JR2_Chr3g11370 1.60 32.08 34.44 35.17 35.72 2.49 31.81 29.89 30.48 35.95 

VDAG_JR2_Chr5g05660 8.36 22.93 25.44 37.54 34.98 10.65 51.77 31.00 30.74 40.45 

VDAG_JR2_Chr3g01270 2.37 24.36 23.15 25.08 26.36 1.84 12.24 11.78 16.39 13.09 

VDAG_JR2_Chr2g02830 7.89 110.27 108.78 109.65 101.38 19.46 124.97 143.06 98.82 113.23 

VDAG_JR2_Chr2g12910 8.43 55.45 57.64 69.57 64.56 10.10 54.71 44.87 70.03 63.57 

VDAG_JR2_Chr3g05100 2.05 4.35 4.07 6.55 6.51 2.64 15.24 8.53 8.76 10.58 

VDAG_JR2_Chr1g07290 2.08 47.12 49.15 53.12 50.93 4.78 47.31 45.64 51.76 55.08 

VDAG_JR2_Chr7g08360 1.77 23.37 22.90 24.39 26.58 0.91 22.35 21.35 20.55 23.32 

VDAG_JR2_Chr1g18780 32.44 772.28 786.29 770.98 824.98 59.47 523.30 504.24 639.00 561.44 

VDAG_JR2_Chr1g02750 3.96 34.64 34.31 42.58 40.58 8.04 51.86 42.11 45.78 56.57 
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Table S6. Expression of putative core clock genes, photoreceptor- and TF-encoding genes in response to light and/or due to Δwc1_12253. 

Transcripts displaying a Log fold change (LFC) >1 were classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and dark green if 

the LFC < -2. Yellow boxes indicate p< 0.05.  

    
L/D in V.d 
12253 

L/D in 
Δwc1_12253 

Δwc1/WT 
in D 

Δwc1/WT 
in L           

Transcript_id baseMean LFC 

p-
value LFC p-value LFC 

p-
value LFC 

p-
value Gene Antismash SM TFs Interpro 

Clock oscillator genes                             

VDAG_JR2_Chr6g03850.t1 2113.89 0.07 0.51 0.01 0.97 0.10 0.35 0.03 0.81 

FWD-

1 cluster_63 cf_putative  F-box; WD40 repeat 

VDAG_JR2_Chr4g00070.t1 1474.05 

-

0.01 0.94 0.05 0.81 0.14 0.38 0.20 0.16 FRH    

ATP-binding; Helicase; 

rRNA-processing arch, Ski2 

VDAG_JR2_Chr3g10380.t1 1236.87 

-

0.05 0.83 -0.41 0.04 

-

1.68 0.00 

-

2.04 0.00 VVD    LOV 

VDAG_JR2_Chr7g03830.t1 698.85 

-

0.10 0.47 -0.10 0.46 

-

0.01 0.94 

-

0.02 0.91 WC-2   

Zinc finger, 

GATA-type PAS; GATA Zinc Finger 

VDAG_JR2_Chr2g01990.t1 1748.38 0.17 0.23 -0.49 0.06 

-

5.48 0.00 

-

6.14 0.00 WC-1   

Zinc finger, 

GATA-type LOV; PAS; GATA Zinc Finger 

VDAG_JR2_Chr1g01960.t1 4976.56 

-

0.01 0.98 -0.35 0.05 

-

0.19 0.32 

-

0.53 0.00 FRQ    

Coiled-Coil; FCD1; FCD2; 

PEST1; FFD;PEST2 

Photoreceptors genes                             

VDAG_JR2_Chr4g09150.t1 1433.05 0.26 0.17 0.42 0.02 0.13 0.56 0.28 0.11 PHY    HK; PAS; Phytochrome 

VDAG_JR2_Chr7g00170.t1 1376.59 

-

0.06 0.68 0.13 0.28 0.10 0.41 0.29 0.00 PHR    

DNA-photolyase; FAD-

binding 

VDAG_JR2_Chr1g22390.t1 1602.12 0.05 0.77 0.05 0.79 0.50 0.00 0.50 0.00 

LOV-

RGS    PAS 

VDAG_JR2_Chr3g10380.t1 1236.87 

-

0.05 0.83 -0.41 0.04 

-

1.68 0.00 

-

2.04 0.00 VVD    PAS 

VDAG_JR2_Chr7g03830.t1 698.85 

-

0.10 0.47 -0.10 0.46 

-

0.01 0.94 

-

0.02 0.91 WC-2   

Zinc finger, 

GATA-type PAS 

VDAG_JR2_Chr1g29230.t1 614.73 0.56 0.18 0.15 0.78 

-

0.76 0.05 

-

1.17 0.00 NOP-1    

G-protein glucose receptor; 

Rhodopsin 

VDAG_JR2_Chr6g07410.t1 386.51 0.56 0.00 -0.19 0.39 

-

0.37 0.05 

-

1.11 0.00 LOV-u    PAS 

VDAG_JR2_Chr1g17210.t1 349.67 0.99 0.00 -0.51 0.02 

-

0.43 0.04 

-

1.93 0.00 

CRY-

DASH cluster_8 terpene  

Cryptochorme/photoliase; 

FAD-binding 
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VDAG_JR2_Chr6g00620.t1 191.19 

-

0.07 0.82 0.18 0.48 

-

0.47 0.02 

-

0.22 0.30 CRY-1 cluster_60 other  

Photolyase/cryptochrome; 

FAD-binding 

VDAG_JR2_Chr2g01990.t1 1748.38 0.17 0.23 -0.49 0.06 

-

5.48 0.00 

-

6.14 0.00 WC-1   

Zinc finger, 

GATA-type PAS; GATA, Zinc finger 

Transcription factors                             

VDAG_JR2_Chr1g17310.t1 3045.55 0.23 0.31 -0.40 0.05 

-

0.58 0.00 

-

1.21 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr6g07650.t1 2339.84 

-

0.12 0.56 -0.25 0.19 

-

0.93 0.00 

-

1.06 0.00    C2H2  C2H2  

VDAG_JR2_Chr5g04520.t1 3255.53 0.74 0.00 0.10 0.55 

-

0.44 0.00 

-

1.09 0.00    bZIP bZIP 

VDAG_JR2_Chr2g11140.t1 4420.16 

-

0.41 0.12 0.00 1.00 

-

1.06 0.00 

-

0.65 0.01    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr1g18820.t1 2511.66 

-

0.16 0.59 -0.43 0.08 

-

1.37 0.00 

-

1.65 0.00    

Homeodomain-

like Homeodomain-like 

VDAG_JR2_Chr1g09490.t1 2341.95 

-

0.13 0.64 -0.53 0.02 

-

0.96 0.00 

-

1.36 0.00    

Lambda 

repressor-like Lambda repressor-like 

VDAG_JR2_Chr6g09990.t1 1904.82 

-

0.68 0.02 -1.55 0.00 

-

0.02 0.97 

-

0.89 0.00    

Fungal-specific 

,Zn2 Cys6 Fungal-specific ,Zn2 Cys6 

VDAG_JR2_Chr8g11340.t1 2413.49 0.04 0.91 0.24 0.34 1.21 0.00 1.41 0.00    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr3g03860.t1 1443.07 

-

0.54 0.03 0.05 0.89 1.06 0.00 1.66 0.00    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr7g10270.t1 2637.45 0.28 0.30 -0.12 0.71 2.12 0.00 1.72 0.00  cluster_78 nrps bZIP bZIP 

VDAG_JR2_Chr1g05210.t1 1093.19 

-

0.33 0.08 0.12 0.58 0.60 0.00 1.05 0.00    GATA-type GATA-type 

VDAG_JR2_Chr3g04790.t1 3257.99 

-

0.11 0.73 -0.10 0.76 1.00 0.00 1.01 0.00    

Zn2 

Cys6;Fungal-

specific TF Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr2g05130.t1 3526.82 

-

0.41 0.18 -0.01 0.98 0.86 0.00 1.26 0.00    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr1g08230.t1 4094.27 0.38 0.00 -0.11 0.48 1.04 0.00 0.55 0.00    p53-like TF p53-like TF 

VDAG_JR2_Chr1g08930.t1 5025.47 

-

0.62 0.00 -1.04 0.00 0.31 0.12 

-

0.10 0.65    

Homeodomain-

like Homeodomain-like 

VDAG_JR2_Chr2g04990.t1 4202.92 

-

1.05 0.00 -1.41 0.00 

-

0.36 0.21 

-

0.72 0.00    

Nucleic acid-

binding Nucleic acid-binding proteins 

VDAG_JR2_Chr3g08730.t1 6405.83 0.61 0.00 0.54 0.00 

-

0.95 0.00 

-

1.02 0.00    

Zn2 

Cys6;Fungal-

specific TF Zn2 Cys6;Fungal-specific TF 
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VDAG_JR2_Chr3g08070.t1 3513.45 0.75 0.00 0.28 0.31 

-

0.70 0.00 

-

1.17 0.00    bZIP bZIP 

VDAG_JR2_Chr1g07150.t1 1074.78 

-

0.12 0.45 -0.46 0.00 

-

0.96 0.00 

-

1.30 0.00    ACT-like ACT-like 

VDAG_JR2_Chr2g00700.t1 1030.66 

-

0.09 0.66 -0.49 0.00 

-

0.61 0.00 

-

1.01 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr3g09510.t1 1257.30 

-

0.35 0.26 -1.01 0.00 

-

0.38 0.19 

-

1.04 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr5g05660.t1 1280.98 1.33 0.00 0.04 0.91 0.10 0.75 

-

1.19 0.00    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr1g27300.t1 905.11 1.00 0.00 -0.03 0.91 

-

0.06 0.77 

-

1.08 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr2g07010.t1 553.52 

-

0.13 0.60 0.29 0.18 0.63 0.00 1.06 0.00  cluster_23 t1pks 

Zinc finger, 

GATA-type Zinc finger, GATA-type 

VDAG_JR2_Chr5g11380.t1 597.80 0.32 0.09 -0.49 0.01 

-

0.21 0.31 

-

1.01 0.00    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr2g07860.t1 574.74 0.13 0.49 0.28 0.12 

-

1.17 0.00 

-

1.03 0.00    C2H2  C2H2  

VDAG_JR2_Chr1g23950.t1 945.69 1.68 0.00 0.84 0.06 0.52 0.27 

-

0.33 0.49  cluster_14 t1pks-nrps Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr5g00990.t1 503.03 

-

0.58 0.05 0.01 0.99 0.66 0.02 1.25 0.00    

Zn2 

Cys6;Fungal-

specific TF Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr8g01630.t1 439.62 

-

1.26 0.00 -0.75 0.01 0.88 0.00 1.38 0.00    

Zinc finger, 

C2H2;Fungal TF Zinc finger, C2H2;Fungal TF 

VDAG_JR2_Chr2g01990.t1 1748.38 0.17 0.23 -0.49 0.06 

-

5.48 0.00 

-

6.14 0.00 WC-1   

Zinc finger, 

GATA-type Zinc finger, GATA-type 

VDAG_JR2_Chr5g05720.t1 27062.18 

-

1.01 0.00 -0.88 0.00 

-

0.60 0.00 

-

0.48 0.02    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr7g07100.t1 23846.48 

-

1.01 0.00 -0.71 0.00 

-

0.79 0.00 

-

0.50 0.04    HLH HLH 

VDAG_JR2_Chr6g02190.t1 72.20 0.18 0.60 0.23 0.56 

-

1.24 0.00 

-

1.20 0.00  cluster_62 cf_putative Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr2g10410.t1 99.24 

-

0.05 0.89 0.12 0.75 

-

1.38 0.00 

-

1.21 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr1g12350.t1 62.89 

-

0.23 0.38 0.44 0.14 

-

1.33 0.00 

-

0.66 0.00    

Zinc finger, 

CCHC-type Zinc finger, CCHC-type 

VDAG_JR2_Chr1g26850.t1 91.41 

-

1.03 0.00 -1.42 0.00 0.00 1.00 

-

0.39 0.20    Zn2 Cys6  Zn2 Cys6  
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VDAG_JR2_Chr8g00200.t1 52.88 

-

1.92 0.00 -1.56 0.00 

-

0.38 0.37 

-

0.03 0.96    C2H2 C2H2 

VDAG_JR2_Chr2g00520.t1 69.36 

-

0.15 0.77 0.72 0.08 0.54 0.21 1.41 0.00  cluster_17 t1pks Winged helix  Winged helix  

VDAG_JR2_Chr3g12060.t1 264.48 0.32 0.31 -0.35 0.28 

-

0.54 0.06 

-

1.22 0.00  cluster_32 cf_putative Fungal-specific  Fungal-specific  

VDAG_JR2_Chr1g03770.t1 112.66 0.86 0.00 0.05 0.92 

-

0.30 0.38 

-

1.12 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr1g27370.t1 134.92 

-

0.22 0.47 -0.37 0.26 

-

1.66 0.00 

-

1.81 0.00    

Homeodomain-

like Homeodomain-like 

VDAG_JR2_Chr8g07580.t1 129.78 0.01 0.99 -1.03 0.00 

-

0.24 0.55 

-

1.27 0.00    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr4g04620.t1 427.43 0.12 0.76 -0.49 0.14 

-

0.39 0.24 

-

1.01 0.00  cluster_40 other Fungal-specific  Fungal-specific  

VDAG_JR2_Chr8g07070.t1 412.26 

-

0.40 0.18 -1.01 0.00 

-

0.58 0.04 

-

1.19 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr5g01890.t1 247.82 1.56 0.00 -0.07 0.86 

-

0.26 0.41 

-

1.89 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr2g03270.t1 259.52 

-

0.57 0.08 -0.37 0.28 1.39 0.00 1.59 0.00  cluster_18 cf_putative 

Zn2 Cys6;Fungal 

TF Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr3g06100.t1 289.98 

-

0.15 0.68 0.16 0.63 1.29 0.00 1.60 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr3g06490.t1 211.06 

-

0.70 0.00 0.23 0.39 0.12 0.68 1.05 0.00    Fungal-specific  Fungal-specific  

VDAG_JR2_Chr1g24030.t1 47.75 

-

1.23 0.00 -0.09 0.85 

-

1.53 0.00 

-

0.39 0.23    

Zn2 Cys6;Fungal 

TF Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr2g10850.t1 51.00 0.16 0.65 0.48 0.20 

-

1.24 0.00 

-

0.92 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr3g13030.t1 42.82 1.35 0.00 -0.56 0.18 

-

0.56 0.14 

-

2.47 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr5g01930.t1 33.92 0.18 0.73 -1.04 0.01 0.54 0.19 

-

0.68 0.09    

Zinc finger, 

C2H2-type Zinc finger, C2H2-type 

VDAG_JR2_Chr2g10990.t1 26.88 

-

0.06 0.90 -0.10 0.86 

-

1.09 0.00 

-

1.13 0.00    Zn2 Cys6  Zn2 Cys6  

VDAG_JR2_Chr2g08700.t1 12.88 0.23 0.67 -0.01 0.99 

-

1.03 0.02 

-

1.27 0.00    

Zn2 Cys6;Fungal 

TF Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr2g00510.t1 2.81 

-

0.27 0.65 1.12 0.03 1.29 0.01 2.69 0.00   cluster_17 t1pks 

Homeodomain-

like Homeodomain-like 
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Table S7. Expression pattern of secondary metabolite biosynthetic genes in response to light and/or due to Δwc1_12253. Transcripts displaying 

a Log fold change (LFC) >1 were classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and dark green if the LFC < -2. Yellow 

boxes indicate p< 0.05. 

    
L/D in V.d 
12253 

L/D in 
Δwc1_12253 

Δwc1/WT 
in D 

Δwc1/WT 
in L           

Transcript_id baseMean LFC 

p-
value LFC p-value LFC 

p-
value LFC 

p-
value Gene Antismash SM TFs Interpro 

Core secondary metabolite biosynthetic 
genes                         

VDAG_JR2_Chr1g12430 3063.64 0.03 0.87 0.09 0.53 0.05 0.75 0.11 0.37  cluster_6 terpene  Serine/Threonine protein kinases 

VDAG_JR2_Chr1g12450 2596.85 0.28 0.08 0.47 0.00 

-

0.05 0.83 0.14 0.40  cluster_6 terpene  

Polyprenyl synthetase; Isoprenoid 

synthase 

VDAG_JR2_Chr1g15880 838.31 -0.19 0.37 -0.41 0.03 

-

0.34 0.07 

-

0.56 0.00  cluster_7 t1pks  

Conidial yellow pigment 

biosynthesis PKS 

VDAG_JR2_Chr1g17230 517.48 0.08 0.68 -0.25 0.15 

-

0.42 0.01 

-

0.75 0.00 CarA cluster_8 terpene  

Isoprenoid synthase; lycopene 

cyclase  

VDAG_JR2_Chr1g20610 37640.82 0.08 0.80 -0.13 0.65 

-

0.52 0.02 

-

0.74 0.00  cluster_9 cf_fatty_acid  TRANSFERASE SYNTHASE  

VDAG_JR2_Chr1g20650 2698.17 -0.29 0.05 -0.07 0.72 

-

0.11 0.49 0.10 0.51  cluster_9 cf_fatty_acid  

Nucleotide-diphospho-sugar 

transferases 

VDAG_JR2_Chr1g23880 410.36 4.27 0.00 0.91 0.07 0.33 0.57 

-

3.03 0.00  cluster_14 

t1pks-

nrps  Polyketide synthase dehydratase 

VDAG_JR2_Chr1g23900 892.89 2.54 0.00 1.30 0.01 0.21 0.75 

-

1.03 0.04  cluster_14 

t1pks-

nrps  Alpha/Beta hydrolase fold 
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VDAG_JR2_Chr1g23920 114.15 3.40 0.00 0.92 0.07 

-

0.01 0.99 

-

2.50 0.00  cluster_14 

t1pks-

nrps  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr2g00450 8.71 0.13 0.85 0.97 0.07 1.99 0.00 2.83 0.00  cluster_17 t1pks  Polyketide synthase dehydratase 

VDAG_JR2_Chr2g00460 2.56 0.26 0.63 0.95 0.04 0.91 0.04 1.60 0.00  cluster_17 t1pks  

Acyl transferase/acyl 

hydrolase/lysophospholipase 

VDAG_JR2_Chr2g00470 2.99 -0.02 0.97 0.92 0.05 1.40 0.00 2.34 0.00  cluster_17 t1pks  Polyketide synthase 

VDAG_JR2_Chr2g00480 272.09 -0.36 0.27 0.63 0.04 

-

0.84 0.00 0.14 0.68  cluster_17 t1pks  AMP-binding enzyme 

VDAG_JR2_Chr2g00490 58.35 0.63 0.26 1.61 0.00 2.04 0.00 3.02 0.00  cluster_17 t1pks  

Glucose/ribitol dehydrogenase 

family  

VDAG_JR2_Chr2g06950 148.90 0.78 0.00 0.46 0.03 0.49 0.02 0.17 0.44  cluster_23 t1pks  Polyketide synthase 

VDAG_JR2_Chr2g07190 3281.68 0.21 0.73 -0.43 0.42 0.48 0.34 

-

0.16 0.78  cluster_24 t1pks  Polyketide synthase 

VDAG_JR2_Chr2g09130 25.32 0.33 0.43 0.37 0.47 

-

1.11 0.00 

-

1.07 0.00  cluster_25 terpene  

Terpenoid cyclases/protein 

prenyltransferase alpha-alpha 

toroid 

VDAG_JR2_Chr2g09140 3.21 0.35 0.57 0.09 0.91 

-

0.23 0.72 

-

0.49 0.37  cluster_25 terpene  Cytochrome P450 

VDAG_JR2_Chr2g09150 1.09 -0.02 NA -0.06 0.92 0.04 0.94 0.00 1.00  cluster_25 terpene  Cytochrome P450 

VDAG_JR2_Chr2g09160 1.02 0.17 NA 0.05 0.93 

-

0.06 0.91 

-

0.19 0.70  cluster_25 terpene  Cytochrome P450 

VDAG_JR2_Chr3g00930 10.62 0.18 0.75 0.21 0.74 

-

0.71 0.14 

-

0.68 0.12  cluster_28 t1pks  Polyketide synthase 

VDAG_JR2_Chr3g01000 99.90 0.51 0.17 0.60 0.12 

-

1.08 0.00 

-

0.99 0.00  cluster_28 t1pks  Alpha/Beta hydrolase 

VDAG_JR2_Chr3g13240 3087.09 -0.49 0.03 -0.84 0.00 1.41 0.00 1.07 0.00  cluster_33 nrps  Polyketide synthase 
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VDAG_JR2_Chr4g04680 1946.58 0.04 0.86 0.30 0.06 0.06 0.78 0.32 0.03  cluster_40 other  

NAD-binding; Thioester 

reductase-like 

VDAG_JR2_Chr4g09550 1000.80 -0.17 0.14 0.11 0.37 

-

0.21 0.06 0.07 0.55  cluster_44 t3pks  

Polyketide synthase, type III; 

Chalcone/stilbene synthase 

VDAG_JR2_Chr4g11250 199.16 0.07 0.83 -1.04 0.00 

-

0.35 0.19 

-

1.47 0.00  cluster_47 t1pks  Polyketide synthase 

VDAG_JR2_Chr5g10100 12.15 -0.25 0.70 -0.40 0.51 0.27 0.66 0.12 0.85  cluster_56 t1pks  Cytochrome P450 

VDAG_JR2_Chr5g10130 24.58 0.13 0.85 -0.07 0.93 0.32 0.59 0.13 0.84  cluster_56 t1pks  Dienelactone hydrolase family 

VDAG_JR2_Chr5g10150 218.12 -0.44 0.44 -0.80 0.13 0.95 0.05 0.59 0.24  cluster_56 t1pks  

Polyketide synthase; Beta-

ketoacyl synthase 

VDAG_JR2_Chr5g10170 4712.67 -0.13 0.45 0.05 0.78 

-

0.42 0.00 

-

0.24 0.09  cluster_56 t1pks  Serine/Threonine protein kinase 

VDAG_JR2_Chr5g11480 1402.58 -0.01 0.99 0.09 0.91 0.61 0.27 0.71 0.17  cluster_58 other  

Polyketide synthase; AMP-

binding enzyme 

VDAG_JR2_Chr5g11500 176.76 -0.49 0.26 -0.13 0.82 

-

0.26 0.58 0.10 0.84  cluster_58 other  

Serine proteases, subtilase 

family, histidine active site 

VDAG_JR2_Chr5g11790 59.81 -0.57 0.10 0.30 0.49 

-

1.23 0.00 

-

0.35 0.33  cluster_59 other  

Polyketide synthase; AMP-

binding enzyme 

VDAG_JR2_Chr6g00660 1776.10 -0.31 0.05 -0.13 0.50 0.17 0.31 0.36 0.01  cluster_60 other  

Glucose/ribitol dehydrogenase 

family  

VDAG_JR2_Chr6g01090 19.15 0.68 0.15 -0.57 0.22 1.64 0.00 0.40 0.38  cluster_61 other  

Pyoverdine/dityrosine 

biosynthesis protein 

VDAG_JR2_Chr6g05990 146.88 -0.33 0.25 -0.24 0.39 1.79 0.00 1.88 0.00  cluster_67 nrps  AMP-binding enzyme 

VDAG_JR2_Chr6g06000 1730.62 0.06 0.81 -0.16 0.46 1.01 0.00 0.79 0.00  cluster_67 nrps  

Polyketide synthase; AMP-

binding enzyme 

VDAG_JR2_Chr6g06030 124.87 -0.62 0.21 -0.45 0.39 

-

0.28 0.61 

-

0.12 0.84  cluster_67 nrps  Cytochrome P450 
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VDAG_JR2_Chr7g02940 9056.05 -0.63 0.01 -0.17 0.56 1.23 0.00 1.69 0.00  cluster_75 terpene  Subtilisin serine protease  

VDAG_JR2_Chr7g02950 2388.82 0.06 0.68 0.16 0.17 0.04 0.81 0.14 0.21  cluster_75 terpene  Squalene/phytoene synthase 

VDAG_JR2_Chr7g02960 933.17 -0.26 0.28 -0.16 0.55 

-

0.87 0.00 

-

0.77 0.00  cluster_75 terpene  NAD(P)-binding 

VDAG_JR2_Chr7g07940 848.00 -0.11 0.44 -0.18 0.17 

-

0.02 0.89 

-

0.09 0.48  cluster_77 cf_fatty_acid  Ubiquitin-activating enzyme 

VDAG_JR2_Chr7g07970 871.20 -0.21 0.20 -0.26 0.10 0.28 0.06 0.23 0.12  cluster_77 cf_fatty_acid  Beta-ketoacyl synthase 

VDAG_JR2_Chr7g10250 1273.08 -0.25 0.20 -0.30 0.11 0.82 0.00 0.77 0.00  cluster_78 nrps  Phosphopantetheine binding ACP  

VDAG_JR2_Chr8g01170 225.26 -0.56 0.02 -0.67 0.00 0.44 0.06 0.34 0.15  cluster_79 other  Thioester reductase-like  

VDAG_JR2_Chr8g10310 1699.28 0.12 0.86 -0.21 0.76 1.88 0.00 1.55 0.00  cluster_85 t1pks  Polyketide synthase 

Cluster  PKS-NRPS                             

VDAG_JR2_Chr1g23780 1142.51 -0.01 0.98 -0.06 0.81 

-

0.12 0.53 

-

0.17 0.33  cluster_14 

t1pks-

nrps  

pyrD_sub2;dihydroorotate 

dehydrogenase 

VDAG_JR2_Chr1g23790 849.83 0.68 0.00 0.27 0.04 

-

0.10 0.50 

-

0.51 0.00  cluster_14 

t1pks-

nrps  Mpv17 / PMP22 family 

VDAG_JR2_Chr1g23800 2808.89 0.38 0.01 0.38 0.01 0.33 0.02 0.33 0.01  cluster_14 

t1pks-

nrps  Coil 

VDAG_JR2_Chr1g23810 248.35 0.12 0.69 0.06 0.87 

-

0.35 0.17 

-

0.41 0.08  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23820 110.78 -0.76 0.02 -0.37 0.31 

-

0.59 0.07 

-

0.19 0.59  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23830 4863.33 -1.00 0.00 -0.59 0.04 

-

0.78 0.00 

-

0.36 0.20  cluster_14 

t1pks-

nrps  

NAD(P)-binding domain; ;Short-

chain dehydrogenase/reductase 

SDR; Glucose/ribitol 

dehydrogenase family 

VDAG_JR2_Chr1g23840 1278.89 -0.10 0.49 0.06 0.72 0.10 0.46 0.25 0.02  cluster_14 

t1pks-

nrps  - 
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VDAG_JR2_Chr1g23850 36.61 -0.72 0.07 -0.85 0.03 

-

0.04 0.94 

-

0.16 0.73  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23860 27.30 -0.64 0.10 0.17 0.73 

-

0.30 0.50 0.52 0.18  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23870 77.95 -0.41 0.30 0.07 0.89 0.69 0.05 1.17 0.00  cluster_14 

t1pks-

nrps  CFEM 

VDAG_JR2_Chr1g23880 410.36 4.27 0.00 0.91 0.07 0.33 0.57 

-

3.03 0.00  cluster_14 

t1pks-

nrps  

NAD(P)-binding 

domain;Polyketide synthase, 

dehydratase;Malonyl-CoA ACP 

transacylase, ACP-binding 

VDAG_JR2_Chr1g23890 459.89 3.58 0.00 0.99 0.05 0.01 1.00 

-

2.58 0.00  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23900 892.89 2.54 0.00 1.30 0.01 0.21 0.75 

-

1.03 0.04  cluster_14 

t1pks-

nrps  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr1g23910 116.12 4.13 0.00 1.34 0.01 0.62 0.24 

-

2.16 0.00  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23920 114.15 3.40 0.00 0.92 0.07 

-

0.01 0.99 

-

2.50 0.00  cluster_14 

t1pks-

nrps  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr1g23930 223.91 3.76 0.00 1.31 0.01 0.06 0.94 

-

2.39 0.00  cluster_14 

t1pks-

nrps  

GroES-like; NAD(P)-binding 

domain; Alcohol 

dehydrogenase;Polyketide 

synthase 

VDAG_JR2_Chr1g23940 625.82 3.36 0.00 1.22 0.02 0.21 0.75 

-

1.94 0.00  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23950 945.69 1.68 0.00 0.84 0.06 0.52 0.27 

-

0.33 0.49  cluster_14 

t1pks-

nrps Zn2 Cys6  Zn2/Cys6 
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VDAG_JR2_Chr1g23960 3746.81 2.13 0.00 1.14 0.02 0.37 0.53 

-

0.61 0.24  cluster_14 

t1pks-

nrps  

Major facilitator superfamily;Sugar 

transport proteins 

VDAG_JR2_Chr1g23970 7.42 0.16 0.81 0.27 0.68 

-

0.78 0.13 

-

0.67 0.18  cluster_14 

t1pks-

nrps  Clr5 

Cluster  PKS                             

VDAG_JR2_Chr2g00390 5083.91 -0.14 0.66 -0.11 0.73 

-

0.02 0.95 0.00 1.00  cluster_17 t1pks  

Glycosyltransferase family; UDP-

glucuronosyl/UDP-

glucosyltransferase 

VDAG_JR2_Chr2g00400 247.46 0.39 0.04 0.29 0.15 0.23 0.26 0.13 0.53  cluster_17 t1pks  Cmr1/WDR76; WD40 repeat 

VDAG_JR2_Chr2g00410 260.09 0.23 0.18 0.08 0.70 0.14 0.45 

-

0.01 0.98  cluster_17 t1pks  - 

VDAG_JR2_Chr2g00420 23.74 -0.10 0.85 -0.24 0.60 

-

0.14 0.76 

-

0.29 0.46  cluster_17 t1pks  

Concanavalin A-like 

lectin/glucanase 

VDAG_JR2_Chr2g00430 3.72 0.23 0.73 -0.10 0.90 

-

0.08 0.91 

-

0.40 0.47  cluster_17 t1pks  

Pectin lyase fold/virulence factor; 

Pectate lyase 

VDAG_JR2_Chr2g00440 4.70 -0.07 0.93 -0.43 0.48 0.70 0.19 0.34 0.56  cluster_17 t1pks  Major Facilitator Superfamily 

VDAG_JR2_Chr2g00450 8.71 0.13 0.85 0.97 0.07 1.99 0.00 2.83 0.00  cluster_17 t1pks  Polyketide synthase dehydratase 

VDAG_JR2_Chr2g00460 2.56 0.26 0.63 0.95 0.04 0.91 0.04 1.60 0.00  cluster_17 t1pks  

Acyl transferase/acyl 

hydrolase/lysophospholipase 

VDAG_JR2_Chr2g00470 2.99 -0.02 0.97 0.92 0.05 1.40 0.00 2.34 0.00  cluster_17 t1pks  Polyketide synthase 

VDAG_JR2_Chr2g00480 272.09 -0.36 0.27 0.63 0.04 

-

0.84 0.00 0.14 0.68  cluster_17 t1pks  AMP-binding enzyme 

VDAG_JR2_Chr2g00490 58.35 0.63 0.26 1.61 0.00 2.04 0.00 3.02 0.00  cluster_17 t1pks  

Glucose/ribitol dehydrogenase 

family  

VDAG_JR2_Chr2g00500 5.95 0.08 0.92 1.63 0.00 2.09 0.00 3.65 0.00  cluster_17 t1pks  - 

VDAG_JR2_Chr2g00510 2.81 -0.27 0.65 1.12 0.03 1.29 0.01 2.69 0.00  cluster_17 t1pks 

Homeodomain-

like Homeodomain-like 
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VDAG_JR2_Chr2g00520 69.36 -0.15 0.77 0.72 0.08 0.54 0.21 1.41 0.00  cluster_17 t1pks Winged helix  Winged helix  

VDAG_JR2_Chr2g00530 229.83 0.04 0.93 0.43 0.24 0.02 0.98 0.40 0.24  cluster_17 t1pks  

Aromatic-ring hydroxylase 

(flavoprotein monooxygenase) 

signature 

VDAG_JR2_Chr2g00540 97.06 -0.13 0.80 0.62 0.14 0.71 0.08 1.46 0.00  cluster_17 t1pks  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr2g00550 10.31 0.39 0.51 1.07 0.04 1.77 0.00 2.44 0.00  cluster_17 t1pks  

CO dehydrogenase flavoprotein-

like, FAD-binding, 

Cluster  PKS                             

VDAG_JR2_Chr4g11160 122.05 0.66 0.07 -0.33 0.44 

-

0.46 0.24 

-

1.46 0.00  cluster_47 t1pks  - 

VDAG_JR2_Chr4g11170 217.74 0.88 0.07 -0.40 0.49 

-

1.73 0.00 

-

3.02 0.00  cluster_47 t1pks  - 

VDAG_JR2_Chr4g11180 160.36 0.15 0.75 -0.61 0.15 

-

1.89 0.00 

-

2.65 0.00  cluster_47 t1pks  - 

VDAG_JR2_Chr4g11190 1077.16 0.23 0.64 -0.21 0.69 

-

1.89 0.00 

-

2.32 0.00  cluster_47 t1pks  - 

VDAG_JR2_Chr4g11200 2.10 0.31 0.62 -0.12 0.86 

-

0.41 0.47 

-

0.85 0.09  cluster_47 t1pks  - 

VDAG_JR2_Chr4g11210 74.34 -0.44 0.23 -0.66 0.07 

-

0.41 0.27 

-

0.63 0.06  cluster_47 t1pks  

Prokaryotic membrane lipoprotein 

lipid attachment site  

VDAG_JR2_Chr4g11220 0.91 0.00 NA 0.54 0.22 0.00 1.00 0.60 0.16  cluster_47 t1pks  Peptidase family  

VDAG_JR2_Chr4g11230 1.54 -0.03 0.96 0.25 0.67 0.05 0.94 0.33 0.51  cluster_47 t1pks  

Glucose/ribitol dehydrogenase 

family signature 

VDAG_JR2_Chr4g11240 55.89 0.05 0.94 1.30 0.01 1.46 0.00 2.70 0.00  cluster_47 t1pks  

Tubulin-tyrosine ligase/Tubulin 

polyglutamylase 

VDAG_JR2_Chr4g11250 199.16 0.07 0.83 -1.04 0.00 

-

0.35 0.19 

-

1.47 0.00  cluster_47 t1pks  Polyketide synthase 
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VDAG_JR2_Chr4g11260 264.05 0.61 0.00 -0.09 0.69 

-

0.05 0.82 

-

0.75 0.00  cluster_47 t1pks  Promethin 

VDAG_JR2_Chr4g11270 1228.86 0.26 0.00 0.23 0.01 0.08 0.39 0.05 0.58  cluster_47 t1pks  

Retinoic acid induced 16-like 

protein 

VDAG_JR2_Chr4g11280 0.96 -0.20 NA -0.15 0.78 0.28 0.53 0.33 0.43  cluster_47 t1pks  Pectin lyase fold/virulence factor 

VDAG_JR2_Chr4g11290 5098.00 0.04 0.91 -0.26 0.37 0.97 0.00 0.67 0.00  cluster_47 t1pks  

Glucose-methanol-choline 

oxidoreductase 

VDAG_JR2_Chr4g11300 406.20 0.47 0.14 0.16 0.68 1.00 0.00 0.70 0.01  cluster_47 t1pks  - 

VDAG_JR2_Chr4g11310 76.76 0.39 0.29 0.09 0.82 2.61 0.00 2.31 0.00  cluster_47 t1pks  Choice-of-anchor B domain 

VDAG_JR2_Chr4g11320 549.67 0.32 0.48 0.10 0.87 

-

1.87 0.00 

-

2.10 0.00  cluster_47 t1pks  

Peptidase family; Caspase-like 

domain 

Cluster  NRPS                             

VDAG_JR2_Chr7g10210 5729.92 0.14 0.36 -0.07 0.68 0.06 0.75 

-

0.15 0.26  cluster_78 nrps  

SIT4 phosphatase-associated 

protein 

VDAG_JR2_Chr7g10220 2866.70 -0.14 0.42 -0.19 0.26 0.15 0.36 0.10 0.53  cluster_78 nrps  

GC-rich sequence DNA-binding 

factor domain 

VDAG_JR2_Chr7g10230 42240.20 -0.65 0.01 -0.54 0.03 0.92 0.00 1.03 0.00  cluster_78 nrps  

NADPH-cytochrome p450 

reductase; Flavoprotein pyridine 

nucleotide cytochrome reductase 

signature 

VDAG_JR2_Chr7g10240 450.08 0.29 0.13 0.24 0.23 

-

0.16 0.44 

-

0.21 0.26  cluster_78 nrps  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr7g10250 1273.08 -0.25 0.20 -0.30 0.11 0.82 0.00 0.77 0.00  cluster_78 nrps  Phosphopantetheine binding ACP  

VDAG_JR2_Chr7g10260 317.52 0.20 0.48 0.09 0.77 1.72 0.00 1.61 0.00  cluster_78 nrps  - 

VDAG_JR2_Chr7g10270 2637.45 0.28 0.30 -0.12 0.71 2.12 0.00 1.72 0.00  cluster_78 nrps bZIP bZIP 

VDAG_JR2_Chr7g10280 1.44 0.48 0.38 0.41 0.46 0.06 0.92 0.00 1.00  cluster_78 nrps  - 

VDAG_JR2_Chr7g10290 151.84 0.59 0.16 0.06 0.90 3.20 0.00 2.67 0.00  cluster_78 nrps  - 
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VDAG_JR2_Chr7g10300 121.36 0.60 0.10 0.12 0.70 3.42 0.00 2.94 0.00  cluster_78 nrps  - 

VDAG_JR2_Chr7g10310 7148.43 0.34 0.05 0.10 0.63 0.20 0.27 

-

0.04 0.86  cluster_78 nrps  

Amino acid/polyamine transporter 

I 

VDAG_JR2_Chr7g10320 1920.03 -0.02 0.94 0.03 0.85 

-

0.01 0.97 0.04 0.79   cluster_78 nrps   

Manganese/iron superoxide 

dismutase 
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Table S8. Expression of pigment-related genes and velvet family genes in response to light and/or due to Δwc1_12253. Transcripts displaying a 

Log fold change (LFC) >1 were classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and dark green if the LFC < -2. Yellow boxes 

indicate p< 0.05. 

    
L/D in V.d 
12253 

L/D in 
Δwc1_12253 

Δwc1/WT 
in D 

Δwc1/WT 
in L           

Transcript_id baseMean LFC 

p-
value LFC 

p-
value LFC 

p-
value LFC 

p-
valu
e Gene Antismash SM TFs Interpro 

Melanin biosynthetic cluster (Duressa et al., 2013)                 

VDAG_JR2_Chr1g15800 156.52 -0.27 0.27 0.13 0.66 

-

0.77 0.00 

-

0.36 0.10 

Amino acid 

adenylation  cluster_7 t1pks  - 

VDAG_JR2_Chr1g15810 332.87 -0.30 0.07 -0.12 0.55 0.01 0.96 0.19 0.25  cluster_7 t1pks  Hypothetical protein 

VDAG_JR2_Chr1g15820 1327.97 0.12 0.60 0.18 0.44 

-

0.31 0.12 

-

0.26 0.19 

Pyroxidal_dependent 

decarboxylase cluster_7 t1pks  

Pyridoxal phosphate-dependent 

transferase 

VDAG_JR2_Chr1g15830 1112.47 -0.02 0.91 0.07 0.59 

-

0.07 0.58 0.02 0.89 

DUF92 domain-

containing protein cluster_7 t1pks  - 

VDAG_JR2_Chr1g15840 15.87 -0.66 0.15 -0.64 0.21 

-

0.64 0.17 

-

0.62 0.18  cluster_7 t1pks  

Nucleotide-diphospho-sugar 

transferases;Glycosyl transferase 

VDAG_JR2_Chr1g15850 169.67 0.22 0.37 0.42 0.07 

-

0.62 0.00 

-

0.42 0.04  cluster_7 t1pks  - 

VDAG_JR2_Chr1g15860 198.15 0.32 0.16 -0.07 0.83 

-

0.61 0.00 

-

0.99 0.00 

Conidial pigment 

biosynthesis oxidase cluster_7 t1pks  

Multicopper oxidase, copper-

binding site 

VDAG_JR2_Chr1g15870 152.74 0.39 0.02 0.21 0.31 

-

0.35 0.07 

-

0.53 0.00  cluster_7 t1pks  - 
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VDAG_JR2_Chr1g15880 838.31 -0.19 0.37 -0.41 0.03 

-

0.34 0.07 

-

0.56 0.00 

Conidial yellow 

pigment PKS cluster_7 t1pks  Polyketide synthase 

VDAG_JR2_Chr1g15890 2.36 0.59 0.30 0.25 0.70 

-

0.30 0.62 

-

0.64 0.22 

DUF1996 domain 

protein cluster_7 t1pks  - 

VDAG_JR2_Chr1g15900 45.24 0.33 0.37 0.44 0.27 

-

0.88 0.01 

-

0.77 0.01  cluster_7 t1pks  - 

VDAG_JR2_Chr1g15910 83.52 0.36 0.14 0.78 0.00 

-

0.69 0.00 

-

0.27 0.25  cluster_7 t1pks  - 

VDAG_JR2_Chr1g15920 144.04 0.13 0.61 0.11 0.74 

-

0.91 0.00 

-

0.94 0.00 C1CMR2 cluster_7 t1pks Zn2/Cys6 

Aflatoxin biosynthesis regulatory 

protein  

VDAG_JR2_Chr1g15930 565.35 0.05 0.76 0.08 0.63 

-

0.26 0.03 

-

0.24 0.05 CMR1/Pig1 cluster_7 t1pks 

Zinc 

finger, 

C2H2 Zinc finger, C2H2-type 

VDAG_JR2_Chr1g15940 174.33 0.47 0.04 0.97 0.00 0.31 0.20 0.81 0.00  cluster_7 t1pks  Glycosyl transferase 

VDAG_JR2_Chr1g15790 179.02 -0.08 0.76 0.07 0.81 

-

0.07 0.78 0.08 0.76  cluster_7 t1pks  

Short-chain 

dehydrogenase/reductase  

Melanin biosyntetic pathway genes (Xiong et 
al., 2014)                       

VDAG_JR2_Chr6g02720 59239.03 -0.36 0.08 -0.56 0.00 

-

0.17 0.45 

-

0.37 0.05 

acetyl-CoA 

carboxylase    

Acetyl-coenzyme A 

carboxyltransferase 

VDAG_JR2_Chr1g02550 4622.08 0.39 0.10 -0.04 0.91 0.21 0.41 

-

0.22 0.37 polyketide synthase    Cytochrome c-like domain 

VDAG_JR2_Chr6g02610 3.07 -0.14 0.80 -0.06 0.92 

-

0.02 0.98 0.07 0.90 THN    

Short-chain 

dehydrogenase/reductase SDR 

VDAG_JR2_Chr8g09480 69.99 0.41 0.40 -0.02 0.97 

-

0.94 0.03 

-

1.38 0.00 

scytalone 

dehydratase cluster_84 cf_putative  Scytalone dehydratase 
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VDAG_JR2_Chr1g15790 179.02 -0.08 0.76 0.07 0.81 

-

0.07 0.78 0.08 0.76 

versicolorin 

reductase    

Short-chain 

dehydrogenase/reductase SDR 

Carotenoid biosynthetic genes                            

VDAG_JR2_Chr1g12450 2596.85 0.28 0.08 0.47 0.00 

-

0.05 0.83 0.14 0.40 GGPP synthase cluster_6 terpene   

VDAG_JR2_Chr1g17230 517.48 0.08 0.68 -0.25 0.15 

-

0.42 0.01 

-

0.75 0.00 CarA cluster_8 terpene  Phytoene synthase 

VDAG_JR2_Chr1g17240 297.73 -0.08 0.70 -0.25 0.16 

-

0.26 0.12 

-

0.43 0.00 CarB cluster_8 terpene  

Phytoene dehydrogenase; 

Carotenoid oxidoreductase  

VDAG_JR2_Chr7g05440 415.37 -0.19 0.30 -0.47 0.00 0.32 0.05 0.03 0.88 CarX    

Carotenoid oxygenase; Retinal 

pigment 

VDAG_JR2_Chr5g03750 282.15 0.78 0.02 -0.90 0.01 

-

0.67 0.05 

-

2.35 0.00     

Carotenoid oxygenase; Retinal 

pigment 

VDAG_JR2_Chr1g29240 115.70 -0.08 0.87 -0.67 0.08 

-

0.53 0.17 

-

1.12 0.00     

Carotenoid oxygenase; Retinal 

pigment 

VDAG_JR2_Chr3g03050 12.52 -0.68 0.20 -0.60 0.29 

-

0.64 0.23 

-

0.55 0.29     Carotenoid oxygenase 

VDAG_JR2_Chr7g04870 5568.44 0.32 0.15 -0.52 0.01 0.78 0.00 

-

0.06 0.81 CarO    Rhodopsin 

Velvet Family genes                              

VDAG_JR2_Chr7g04890 3087.75 0.22 0.02 0.00 0.99 

-

0.18 0.05 

-

0.40 0.00 VeA    Velvet factor 

VDAG_JR2_Chr3g06150 1871.59 0.13 0.34 0.19 0.13 0.23 0.06 0.29 0.01 VelB    Velvet factor 

VDAG_JR2_Chr3g12090 395.32 0.53 0.01 0.23 0.31 1.62 0.00 1.32 0.00 VosA cluster_32 cf_putative  Velvet factor 

VDAG_JR2_Chr6g00630 2533.00 0.08 0.58 0.25 0.04 

-

0.13 0.34 0.04 0.77 VelC cluster_60 other  Velvet factor 
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L/D in V.d 
12253 

L/D in 
Δwc1_12253 Δwc1/WT in D Δwc1/WT in L           

Transcript_id baseMean LFC 

p-
value LFC 

p-
value LFC 

p-
value LFC 

p-
value Gene SM TFs Source 

Knockout 
phenotype/Function 

Other genes (Infection and microsclerotia production related genes)               

VDAG_JR2_Chr2g07480 745.82 0.44 0.36 -0.61 0.18 0.01 0.99 -1.04 0.01 

Putative 

adhesin   Tran et al. 2013 Adhesion, interaction 

VDAG_JR2_Chr3g12800 143.68 0.35 0.54 0.37 0.50 3.05 0.00 3.07 0.00 Cdp1   Tran et al. 2013 Putative effector 

VDAG_JR2_Chr6g10140 43503.26 

-

0.14 0.71 -0.73 0.01 0.69 0.01 0.10 0.78 

CAT/PRD 

Cpx2   Tran et al. 2013 Defense 

VDAG_JR2_Chr4g12170 152.04 

-

0.16 0.80 -0.12 0.86 -3.32 0.00 -3.29 0.00 

Putative 

adhesin   Xiong,2016 Adhesion 

VDAG_JR2_Chr5g09630 5981.26 

-

0.21 0.11 -0.24 0.06 -0.11 0.46 -0.14 0.30 Vta2  

Zn F; 

C2H2 Tran et al. 2013 

No microsclerotia and 

systemic infection 

VDAG_JR2_Chr2g02500 181.69 0.23 0.73 0.45 0.46 1.37 0.01 1.60 0.00 VDH1   

Klimes and Dobinson 

2006 No microsclerotia  

VDAG_JR2_Chr1g24730 8967.83 0.76 0.15 0.68 0.21 0.33 0.58 0.24 0.68 VDH5   Morales,2015 

Reduced spore 

producion and 

pathogenicity 

VDAG_JR2_Chr2g10010 149.91 

-

0.28 0.44 -0.29 0.42 -0.03 0.96 -0.04 0.93 Vayg1 

cf_putativ

e  Fan et al. 2017 No melanin 

VDAG_JR2_Chr1g13400 6120.06 0.23 0.07 0.32 0.01 0.26 0.03 0.34 0.00 VST1  APSES Sarmiento-Villamil, 2017 

Impaired 

microsclerotia 

production 

VDAG_JR2_Chr2g01260 4231.87 0.10 0.47 0.54 0.00 -0.13 0.35 0.31 0.00 VMK1   Rauyaree et al 2015 

Reduced virulence, 

conidiation and 
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microsclerotia 

production 

VDAG_JR2_Chr1g18430 12752.08 0.04 0.85 0.02 0.92 0.11 0.49 0.10 0.55 VdMsb   Tian , 2014 

Requiered for 

virulence and 

microsclerotia 

production 

VDAG_JR2_Chr5g12120 2513.34 0.32 0.00 0.27 0.01 -0.17 0.10 -0.22 0.02 VGB   Tzima 2012 

Regulates virulence 

and development 

VDAG_JR2_Chr5g07340 1054.87 0.09 0.77 -0.01 0.97 -0.78 0.00 -0.88 0.00 VdCYP1   Zhang, 2016 

Reduced 

pathogenicity 

VDAG_JR2_Chr6g10170 82.07 

-

0.28 0.63 -1.09 0.02 1.40 0.00 0.59 0.21 
PR-1 

  Xiong,2016 Putative effector 

VDAG_JR2_Chr1g03550 1673.03 

-

0.52 0.26 -0.78 0.07 0.90 0.03 0.64 0.13 
AbaA  

 TEA/ATTS Xiong,2016 

Requiered for 

conidiation 

VDAG_JR2_Chr5g10150 218.12 

-

0.44 0.44 -0.80 0.13 0.95 0.05 0.59 0.24 PKS1 t1pks  Zhang, 2017 

No melanin and 

reduced virulence  

VDAG_JR2_Chr1g13020 3675.31 

-

0.01 0.95 0.42 0.00 0.22 0.12 0.65 0.00 VdSNF1   Tzima et al 2011 No pathogenicity 

VDAG_JR2_Chr1g25020 1203.52 

-

0.41 0.02 -0.07 0.77 1.40 0.00 1.74 0.00 VdEG1   Maruthachalm et al 2011 No pathogenicity 

VDAG_JR2_Chr3g08240 4937.45 

-

0.09 0.47 -0.10 0.42 0.35 0.00 0.34 0.00 VdHMGS   Maruthachalm et al 2011 No pathogenicity 

VDAG_JR2_Chr1g27740 2838.20 0.04 0.86 0.20 0.34 0.03 0.91 0.19 0.34 VsPbs2     Tian et al. 2016 

Regulate 

microscleortia, plant 

infection 
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Table S9. Expression profile of oxidative stress response-related genes in response to light and/or due to Δwc1_12253. Transcripts displaying 

a Log fold change (LFC) >1 were classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and dark green if the LFC < -2. Yellow 

boxes indicate p< 0.05. 

    
L/D in V.d 
12253 

L/D in 
Δwc1_12253 

Δwc1/WT in 
D 

Δwc1/WT in 
L       

Transcript_id baseMean LFC 

p-
value LFC p-value LFC 

p-
value LFC 

p-
value Gene Antismash SM 

Superoxide dismutase                       

VDAG_JR2_Chr5g09530 1718.51 0.03 0.87 0.21 0.16 -0.01 0.95 0.16 0.24 SOD   

VDAG_JR2_Chr4g11650 18737.73 -0.23 0.48 -0.04 0.91 -0.15 0.67 0.04 0.92 SOD   

VDAG_JR2_Chr3g06270 5081.95 -0.31 0.21 -0.40 0.09 -0.68 0.00 -0.78 0.00 SOD   

VDAG_JR2_Chr3g04840 2261.18 -0.49 0.00 -0.56 0.00 0.41 0.01 0.34 0.03 SOD   

VDAG_JR2_Chr7g10320 1920.03 -0.02 0.94 0.03 0.85 -0.01 0.97 0.04 0.79 SOD cluster_78 nrps 

Catalases                         

VDAG_JR2_Chr7g09790 943.08 1.10 0.00 0.33 0.20 0.26 0.33 -0.51 0.02 CAT   

VDAG_JR2_Chr7g07440 471.30 0.37 0.01 0.38 0.01 0.15 0.36 0.15 0.29 CAT   

VDAG_JR2_Chr8g05560 9.21 0.21 0.72 -0.55 0.33 -0.20 0.74 -0.97 0.04 CAT   

VDAG_JR2_Chr6g10140 43503.26 -0.14 0.71 -0.73 0.01 0.69 0.01 0.10 0.78 CAT/PRX  

VDAG_JR2_Chr6g02570 734.46 0.85 0.00 -0.01 0.98 -0.23 0.39 -1.09 0.00 CAT cluster_62 cf_putative 

VDAG_JR2_Chr6g10280 214.48 -0.29 0.21 -0.10 0.73 -0.48 0.02 -0.29 0.17 CAT   

VDAG_JR2_Chr6g10600 1.19 -0.03 NA -0.19 0.75 0.16 0.78 0.00 1.00 CAT cluster_71 cf_putative 

VDAG_JR2_Chr1g28270 47976.83 -0.80 0.00 -0.35 0.06 -0.21 0.28 0.24 0.19 CAT/PRX  

VDAG_JR2_Chr5g08450 7946.04 -0.95 0.00 -1.03 0.00 -0.07 0.86 -0.15 0.64 CAT   

Peroxidase                         

VDAG_JR2_Chr1g11630 6601.56 -0.17 0.51 0.11 0.71 0.14 0.59 0.41 0.05 PRD/GPX cluster_4 cf_putative 



 310 

VDAG_JR2_Chr2g03060 52.46 0.46 0.11 0.50 0.11 -0.36 0.26 -0.33 0.24 PRD cluster_18 cf_putative 

VDAG_JR2_Chr1g08130 2277.94 0.32 0.15 0.17 0.50 -1.02 0.00 -1.17 0.00 PRD   

VDAG_JR2_Chr6g03090 43.05 0.22 0.62 -0.07 0.89 1.52 0.00 1.24 0.00 PRD   

VDAG_JR2_Chr7g00800 1.37 0.20 0.72 -0.09 0.89 0.06 0.93 -0.23 0.65 PRD   

VDAG_JR2_Chr1g01480 3909.83 0.19 0.24 0.10 0.60 -0.02 0.93 -0.11 0.50 PRD   

VDAG_JR2_Chr3g07710 1263.97 0.18 0.43 0.12 0.65 -0.31 0.13 -0.38 0.05 PRD   

VDAG_JR2_Chr3g13290 1402.92 0.03 0.82 0.11 0.39 -0.01 0.93 0.06 0.62 PRD cluster_33 nrps 

VDAG_JR2_Chr4g02920 899.97 0.09 0.49 -0.06 0.65 0.22 0.04 0.07 0.56 PRD cluster_39 cf_putative 

VDAG_JR2_Chr5g05870 130.94 0.03 0.90 -0.13 0.56 -0.18 0.37 -0.35 0.04 PRD   

VDAG_JR2_Chr2g10970 1.72 -0.13 0.84 -0.81 0.12 0.78 0.12 0.10 0.87 PRD   

VDAG_JR2_Chr6g10140 43503.26 -0.14 0.71 -0.73 0.01 0.69 0.01 0.10 0.78 CAT/PRD  

VDAG_JR2_Chr1g08270 877.12 -0.34 0.02 -0.48 0.00 0.22 0.16 0.08 0.66 PRD   

VDAG_JR2_Chr1g22230 175.76 -0.35 0.05 -0.55 0.00 0.21 0.24 0.01 0.97 PRD   

VDAG_JR2_Chr2g02880 2072.36 -0.45 0.21 0.42 0.25 0.05 0.92 0.92 0.00 PRD   

VDAG_JR2_Chr6g09600 7.61 -0.64 0.25 0.00 1.00 0.90 0.08 1.54 0.00 PRD   

VDAG_JR2_Chr1g28270 47976.83 -0.80 0.00 -0.35 0.06 -0.21 0.28 0.24 0.19 CAT/PRD  

VDAG_JR2_Chr8g06060 14599.24 -1.02 0.00 -0.89 0.00 0.23 0.22 0.36 0.03 PRD   

Peroxidredoxins                         

VDAG_JR2_Chr2g07110 3714.10 -0.40 0.05 -0.17 0.49 -0.19 0.40 0.04 0.87 PRX cluster_24 t1pks 

VDAG_JR2_Chr7g05010 8480.99 -0.32 0.06 -0.08 0.72 0.12 0.55 0.36 0.02 PRX   

Thioredoxin                         

VDAG_JR2_Chr4g11470 1793.34 1.47 0.00 0.08 0.89 -1.02 0.01 -2.40 0.00 TRX   

VDAG_JR2_Chr2g04520 364.58 1.41 0.00 0.53 0.08 0.08 0.85 -0.80 0.00 TRX   

VDAG_JR2_Chr1g11630 6601.56 -0.17 0.51 0.11 0.71 0.14 0.59 0.41 0.05 PRD/GPX cluster_4 cf_putative 

VDAG_JR2_Chr4g09640 857.19 0.36 0.17 0.69 0.00 0.43 0.08 0.76 0.00 TRX   

VDAG_JR2_Chr4g00930 4.78 0.35 0.58 0.31 0.63 -0.11 0.87 -0.15 0.81 TRX   
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VDAG_JR2_Chr2g00530 229.83 0.04 0.93 0.43 0.24 0.02 0.98 0.40 0.24 TRX cluster_17 t1pks 

VDAG_JR2_Chr5g07320 589.94 0.32 0.05 0.03 0.90 0.31 0.06 0.02 0.94 TRX   

VDAG_JR2_Chr2g05960 400.32 0.30 0.08 0.01 0.95 0.36 0.03 0.07 0.71 TRX   

VDAG_JR2_Chr7g05700 1405.17 0.30 0.02 0.21 0.14 -0.19 0.18 -0.28 0.02 TRX   

VDAG_JR2_Chr2g11450 1330.39 0.24 0.02 0.34 0.00 -0.05 0.71 0.05 0.69 TRX   

VDAG_JR2_Chr2g07110 3714.10 -0.40 0.05 -0.17 0.49 -0.19 0.40 0.04 0.87 PRX cluster_24 t1pks 

VDAG_JR2_Chr2g12530 913.04 0.24 0.28 0.41 0.04 0.23 0.28 0.40 0.03 TRX   

VDAG_JR2_Chr1g12580 398.26 0.24 0.17 0.19 0.30 0.06 0.76 0.02 0.94 TRX   

VDAG_JR2_Chr3g07660 503.76 0.23 0.10 -0.07 0.70 -0.24 0.10 -0.54 0.00 TRX   

VDAG_JR2_Chr2g04850 181.06 0.19 0.63 0.61 0.07 0.03 0.96 0.45 0.17 TRX   

VDAG_JR2_Chr3g09580 478.43 0.18 0.51 -0.19 0.51 -1.58 0.00 -1.94 0.00 TRX   

VDAG_JR2_Chr3g05030 5801.89 0.17 0.12 -0.10 0.40 0.34 0.00 0.07 0.52 TRX   

VDAG_JR2_Chr1g09920 10752.26 0.15 0.38 0.41 0.00 0.25 0.10 0.50 0.00 TRX   

VDAG_JR2_Chr2g08290 772.37 0.14 0.32 0.49 0.00 0.17 0.20 0.53 0.00 TRX   

VDAG_JR2_Chr1g10460 656.21 0.14 0.44 0.17 0.32 -0.16 0.35 -0.12 0.45 TRX   

VDAG_JR2_Chr1g16280 954.15 0.11 0.56 -0.02 0.91 -0.37 0.01 -0.50 0.00 TRX   

VDAG_JR2_Chr2g12550 787.47 0.08 0.76 0.20 0.35 0.00 0.99 0.13 0.53 TRX   

VDAG_JR2_Chr4g00940 163.28 0.06 0.83 -0.36 0.19 -1.40 0.00 -1.82 0.00 TRX   

VDAG_JR2_Chr3g01040 2109.19 0.05 0.76 0.04 0.82 0.30 0.01 0.29 0.01 TRX   

VDAG_JR2_Chr4g08240 284.24 0.04 0.90 -0.38 0.17 -0.33 0.24 -0.75 0.00 TRX   

VDAG_JR2_Chr2g08400 3764.09 0.04 0.90 -0.31 0.16 0.42 0.04 0.08 0.75 TRX   

VDAG_JR2_Chr2g12210 1241.42 0.02 0.85 -0.10 0.37 0.01 0.96 -0.11 0.24 TRX   

VDAG_JR2_Chr1g13630 44.74 0.02 0.97 -0.67 0.06 -0.05 0.91 -0.74 0.02 TRX   

VDAG_JR2_Chr5g12130 932.61 0.00 1.00 -0.10 0.59 0.71 0.00 0.61 0.00 TRX   

VDAG_JR2_Chr1g01150 1026.96 -0.01 0.98 0.31 0.13 -0.38 0.04 -0.07 0.76 TRX   

VDAG_JR2_Chr1g28670 2503.39 -0.01 0.94 -0.08 0.60 0.26 0.04 0.19 0.13 TRX   
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VDAG_JR2_Chr3g02300 2080.27 -0.02 0.91 0.05 0.69 0.31 0.00 0.37 0.00 GRX   

VDAG_JR2_Chr1g27460 1899.21 -0.04 0.71 0.17 0.06 0.22 0.01 0.42 0.00 TRX   

VDAG_JR2_Chr1g19200 4246.76 -0.06 0.69 0.07 0.63 -0.10 0.48 0.04 0.81 TRX   

VDAG_JR2_Chr6g03350 516.42 -0.07 0.73 -0.09 0.67 -0.47 0.00 -0.49 0.00 TRX   

VDAG_JR2_Chr7g08160 1114.40 -0.10 0.53 0.09 0.58 -0.05 0.80 0.15 0.29 TRX   

VDAG_JR2_Chr1g28040 1928.38 -0.14 0.34 -0.29 0.02 0.34 0.00 0.19 0.13 TRX   

VDAG_JR2_Chr1g18400 10327.37 -0.14 0.48 -0.12 0.56 0.13 0.51 0.15 0.42 TRX   

VDAG_JR2_Chr8g06020 2896.92 -0.16 0.35 -0.25 0.13 0.26 0.09 0.18 0.25 TRX   

VDAG_JR2_Chr8g05200 20323.00 -0.18 0.23 -0.13 0.42 -0.58 0.00 -0.53 0.00 TRX   

VDAG_JR2_Chr5g05570 825.37 -0.19 0.11 -0.22 0.07 -0.12 0.34 -0.15 0.20 TRX   

VDAG_JR2_Chr7g00600 3162.66 -0.20 0.23 0.02 0.91 -0.42 0.01 -0.19 0.23 TRX   

VDAG_JR2_Chr1g13280 1897.14 -0.21 0.37 -0.23 0.30 0.00 1.00 -0.02 0.94 TRX   

VDAG_JR2_Chr2g12350 475.55 -0.22 0.13 -0.16 0.31 0.45 0.00 0.52 0.00 TRX   

VDAG_JR2_Chr3g02420 390.02 -0.29 0.13 0.04 0.86 -0.01 0.98 0.33 0.06 GRX   

VDAG_JR2_Chr7g05010 8480.99 -0.32 0.06 -0.08 0.72 0.12 0.55 0.36 0.02 PRX   

VDAG_JR2_Chr4g11970 4397.93 -0.37 0.15 -0.29 0.27 -0.13 0.66 -0.05 0.87 GRX   

VDAG_JR2_Chr7g09480 2164.56 -0.39 0.01 -0.53 0.00 0.51 0.00 0.38 0.01 TRX   

VDAG_JR2_Chr5g03070 3211.32 -0.41 0.16 -0.92 0.00 -1.73 0.00 -2.24 0.00 TRX   

VDAG_JR2_Chr1g26760 125.98 -0.41 0.31 -0.32 0.47 0.00 1.00 0.10 0.84 TRX   

VDAG_JR2_Chr1g01750 2293.06 -0.43 0.14 -0.58 0.04 -0.28 0.35 -0.43 0.12 TRX   

VDAG_JR2_Chr1g25610 798.73 -0.44 0.02 -0.20 0.38 -0.63 0.00 -0.39 0.04 TRX   

VDAG_JR2_Chr8g08610 4197.64 -0.46 0.00 -0.44 0.00 0.40 0.00 0.42 0.00 GRX   

VDAG_JR2_Chr2g00280 1484.83 -0.50 0.00 -0.10 0.63 0.46 0.00 0.85 0.00 TRX   

VDAG_JR2_Chr1g03150 5189.65 -0.53 0.02 -1.04 0.00 -0.11 0.69 -0.62 0.00 TRX   

VDAG_JR2_Chr1g08040 6870.28 -0.54 0.00 -0.44 0.03 -0.47 0.01 -0.37 0.05 TRX   

VDAG_JR2_Chr1g25500 8684.04 -0.54 0.00 -0.69 0.00 0.29 0.05 0.15 0.35 GRX   
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VDAG_JR2_Chr6g08230 2157.32 -0.56 0.03 -0.65 0.01 -0.48 0.06 -0.57 0.02 TRX   

VDAG_JR2_Chr2g12620 12046.56 -0.70 0.00 -0.18 0.52 0.34 0.16 0.86 0.00 TRX   

VDAG_JR2_Chr3g09880 2639.90 -0.74 0.00 -0.95 0.00 0.20 0.40 -0.01 0.99 TRX   

VDAG_JR2_Chr7g04210 14345.58 -0.77 0.00 -1.07 0.00 0.48 0.02 0.18 0.45 TRX   

VDAG_JR2_Chr8g03670 709.67 -0.05 0.85 0.20 0.33 -0.09 0.67 0.15 0.44 TRX cluster_81 cf_putative 

VDAG_JR2_Chr8g10290 1209.68 -0.13 0.37 -0.04 0.82 -0.03 0.86 0.06 0.69 TRX cluster_85 t1pks 

Glutaredoxin                         

VDAG_JR2_Chr3g02300 2080.27 -0.02 0.91 0.05 0.69 0.31 0.00 0.37 0.00 GRX   

VDAG_JR2_Chr3g02420 390.02 -0.29 0.13 0.04 0.86 -0.01 0.98 0.33 0.06 GRX   

VDAG_JR2_Chr4g11970 4397.93 -0.37 0.15 -0.29 0.27 -0.13 0.66 -0.05 0.87 GRX   

VDAG_JR2_Chr8g08610 4197.64 -0.46 0.00 -0.44 0.00 0.40 0.00 0.42 0.00 GRX   

VDAG_JR2_Chr1g25500 8684.04 -0.54 0.00 -0.69 0.00 0.29 0.05 0.15 0.35 GRX     
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Table S10. Expression of putative core clock genes, photoreceptor-encoding genes and TF-encoding genes in response to light and/or due to 

Δfrq_12253. Transcripts displaying a Log fold change (LFC) >1 were classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and 

dark green if the LFC < -2. Yellow boxes indicate p< 0.05. 

    
L/D in V.d 
12253 

L/D in 
Δfrq_12253 

Δfrq/WT in 
D Δfrq/WT in L         

Transcript_id baseMean LFC 

p-
value LFC p-value LFC 

p-
value LFC 

p-
value Gene Antismash SM Interpro 

Clock oscillator genes       

VDAG_JR2_Chr6g03850 2113.89 0.07 0.51 -0.21 0.10 -0.16 0.08 -0.45 0.00 fwd-1 cluster_63 cf_putative F-box; WD40 repeat 

VDAG_JR2_Chr2g01990 1748.38 0.17 0.23 -0.16 0.47 -0.30 0.02 -0.63 0.00 wc-1   Zinc finger, GATA-type 

VDAG_JR2_Chr4g00070 1474.05 -0.01 0.94 -0.11 0.66 0.06 0.74 -0.04 0.85 frh   

ATP-binding; Helicase; rRNA-

processing arch, Ski2 

VDAG_JR2_Chr3g10380 1236.87 -0.05 0.83 0.97 0.00 -0.53 0.00 0.49 0.01 vvd   LOV 

VDAG_JR2_Chr1g01960 4976.56 -0.01 0.98 0.77 0.00 -2.82 0.00 -2.04 0.00 frq   

Coiled-Coil; FCD1; FCD2; 

PEST1; FFD;PEST2 

VDAG_JR2_Chr7g03830 698.85 -0.10 0.47 -0.23 0.17 -0.68 0.00 -0.82 0.00 wc-2   Zinc finger, GATA-type 

Photoreceptors genes       

VDAG_JR2_Chr7g03830 698.85 -0.10 0.47 -0.23 0.17 -0.68 0.00 -0.82 0.00 wc-2   Zinc finger, GATA-type 

VDAG_JR2_Chr2g01990 1748.38 0.17 0.23 -0.16 0.47 -0.30 0.02 -0.63 0.00 wc-1   Zinc finger, GATA-type 

VDAG_JR2_Chr3g10380 1236.87 -0.05 0.83 0.97 0.00 -0.53 0.00 0.49 0.01 vvd   LOV 

VDAG_JR2_Chr1g22390 1602.12 0.05 0.77 -0.04 0.89 0.23 0.07 0.14 0.36 rgs-lov   PAS 

VDAG_JR2_Chr6g00620 191.19 -0.07 0.82 0.03 0.95 -0.35 0.09 -0.25 0.29 cry-1 cluster_60 other 

Photolyase/cryptochrome; FAD-

binding 

VDAG_JR2_Chr4g09150 1433.05 0.26 0.17 0.11 0.73 -0.21 0.27 -0.36 0.06 phy   HK; PAS; Phytochrome 

VDAG_JR2_Chr7g00170 1376.59 -0.06 0.68 0.14 0.41 0.01 0.92 0.21 0.07 phr   DNA-photolyase; FAD-binding 
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VDAG_JR2_Chr1g29230 614.73 0.56 0.18 0.31 0.63 0.65 0.09 0.40 0.36 nop-1   

G-protein glucose receptor; 

Rhodopsin 

VDAG_JR2_Chr6g07410 386.51 0.56 0.00 0.19 0.53 -0.40 0.02 -0.77 0.00 lov-u   PAS 

VDAG_JR2_Chr1g17210 349.67 0.99 0.00 1.11 0.00 -1.16 0.00 -1.05 0.00 

cry-

dash cluster_8 terpene 

Photolyase/cryptochrome; FAD-

binding 

Transcription factors                           

VDAG_JR2_Chr1g26850 91.41 -1.03 0.00 -0.19 0.72 -0.93 0.00 -0.09 0.81    Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr5g05720 27062.18 -1.01 0.00 -0.52 0.07 -0.81 0.00 -0.32 0.19    Zinc finger, C2H2-type 

VDAG_JR2_Chr2g04990 4202.92 -1.05 0.00 -0.67 0.06 -0.35 0.20 0.03 0.93    Nucleic acid-binding proteins 

VDAG_JR2_Chr1g24030 47.75 -1.23 0.00 -0.53 0.17 -0.20 0.52 0.50 0.12    Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr5g05660 1280.98 1.33 0.00 0.75 0.01 -0.01 0.98 -0.58 0.01    Zinc finger, C2H2-type 

VDAG_JR2_Chr1g23950 945.69 1.68 0.00 0.69 0.24 0.13 0.81 -0.87 0.05  cluster_14 t1pks-nrps Zn2 Cys6 

VDAG_JR2_Chr4g03300 951.19 0.51 0.01 1.09 0.00 0.35 0.06 0.93 0.00    Zn2 Cys6 

VDAG_JR2_Chr6g08330 9249.77 -0.76 0.00 -0.45 0.01 -1.27 0.00 -0.95 0.00  cluster_68 cf_putative Zinc finger, C2H2-type;Fungal TF 

VDAG_JR2_Chr8g07070 412.26 -0.40 0.18 0.18 0.71 -1.13 0.00 -0.55 0.07    Zn2 Cys6 

VDAG_JR2_Chr3g04200 36396.10 -0.91 0.00 -0.38 0.13 -1.11 0.00 -0.58 0.00    Zinc finger, C2H2-type 

VDAG_JR2_Chr2g11050 3358.89 0.59 0.00 0.47 0.01 1.10 0.00 0.97 0.00    Zn2 Cys6 

VDAG_JR2_Chr2g03990 18.20 0.77 0.11 -0.07 0.94 1.31 0.00 0.48 0.32  cluster_19 cf_putative Fungal-specific TF 

VDAG_JR2_Chr8g00200 52.88 -1.92 0.00 0.17 0.82 -1.55 0.00 0.54 0.22    C2H2 and C2HC zinc fingers 

VDAG_JR2_Chr7g07100 23846.48 -1.01 0.00 -0.72 0.02 -1.11 0.00 -0.83 0.00    HLH 

VDAG_JR2_Chr5g05400 1535.28 -0.24 0.12 -0.33 0.11 -0.93 0.00 -1.02 0.00    Zn2 Cys6 

VDAG_JR2_Chr1g03770 112.66 0.86 0.00 0.28 0.60 -0.88 0.00 -1.47 0.00    Zn2/Cys6 DNA-binding domain 

VDAG_JR2_Chr1g10470 1305.60 0.29 0.18 -0.11 0.78 -0.85 0.00 -1.25 0.00    Zn2 Cys6 

VDAG_JR2_Chr4g09890 2291.00 0.17 0.38 -0.15 0.62 -0.72 0.00 -1.03 0.00  cluster_45 cf_putative Zn2 Cys6 

VDAG_JR2_Chr3g08070 3513.45 0.75 0.00 0.29 0.45 -0.67 0.00 -1.13 0.00    bZIP 

VDAG_JR2_Chr1g27300 905.11 1.00 0.00 -0.05 0.87 -0.29 0.05 -1.34 0.00    Zn2 Cys6 
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VDAG_JR2_Chr5g00990 503.03 -0.58 0.05 0.24 0.62 0.34 0.25 1.16 0.00    Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr7g02150 631.00 -0.30 0.15 0.37 0.16 0.43 0.02 1.10 0.00    HLH 

VDAG_JR2_Chr1g22480 307.59 -0.20 0.36 0.30 0.25 0.56 0.00 1.06 0.00    Zn2 Cys6 

VDAG_JR2_Chr2g07670 8272.23 -0.23 0.12 0.24 0.24 0.59 0.00 1.05 0.00    Nucleic acid-binding proteins 

VDAG_JR2_Chr2g10410 99.24 -0.05 0.89 0.32 0.29 0.64 0.00 1.00 0.00    Zn2 Cys6 

VDAG_JR2_Chr8g08220 276.28 -0.15 0.43 0.23 0.30 0.65 0.00 1.03 0.00    Nucleic acid-binding proteins 

VDAG_JR2_Chr2g11140 4420.16 -0.41 0.12 0.16 0.73 0.72 0.00 1.28 0.00    Zinc finger, C2H2-type 

VDAG_JR2_Chr2g03270 259.52 -0.57 0.08 0.37 0.44 0.77 0.01 1.72 0.00  cluster_18 cf_putative Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr2g12610 11872.65 0.06 0.83 0.29 0.34 0.82 0.00 1.05 0.00    Glucocorticoid receptor-like  

VDAG_JR2_Chr5g10370 2513.36 -0.79 0.00 0.11 0.75 0.83 0.00 1.73 0.00    bZIP 

VDAG_JR2_Chr4g07710 13092.22 0.07 0.78 0.24 0.42 0.86 0.00 1.03 0.00    Winged helix DNA-binding 

VDAG_JR2_Chr6g06230 2733.17 0.06 0.76 0.26 0.23 0.87 0.00 1.07 0.00    Winged helix DNA-binding 

VDAG_JR2_Chr4g11420 52.20 -0.03 0.95 0.20 0.68 0.90 0.00 1.13 0.00  cluster_48 cf_putative Zn2 Cys6 

VDAG_JR2_Chr1g03460 762.45 0.14 0.48 0.30 0.18 0.93 0.00 1.09 0.00    Homeodomain-like 

VDAG_JR2_Chr4g10010 79.48 -0.24 0.51 -0.07 0.90 0.98 0.00 1.14 0.00  cluster_45 cf_putative MADS-box 

VDAG_JR2_Chr3g06100 289.98 -0.15 0.68 0.48 0.18 0.98 0.00 1.61 0.00    Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr8g01630 439.62 -1.26 0.00 0.42 0.31 -0.59 0.03 1.09 0.00    Zinc finger, C2H2-type;Fungal TF 

VDAG_JR2_Chr5g01890 247.82 1.56 0.00 -0.16 0.75 -0.49 0.07 -2.22 0.00    Zn2 Cys6;Fungal-specific TF 

VDAG_JR2_Chr5g10380 25.61 -0.26 0.62 1.14 0.01 0.67 0.08 2.07 0.00    Zn2 Cys6  

VDAG_JR2_Chr2g13070 264.38 0.00 0.99 -0.12 0.77 -1.53 0.00 -1.66 0.00  cluster_27 cf_putative Zn2/Cys6  

VDAG_JR2_Chr6g07650 2339.84 -0.12 0.56 -0.20 0.47 -1.13 0.00 -1.21 0.00    C2H2  

VDAG_JR2_Chr3g07150 3982.06 -0.15 0.44 -0.20 0.47 -1.02 0.00 -1.06 0.00    Homeodomain-like 

VDAG_JR2_Chr1g05850 11542.15 0.12 0.61 0.13 0.71 1.00 0.00 1.01 0.00    Nucleic acid-binding proteins 

VDAG_JR2_Chr4g03340 253.43 -0.02 0.94 0.18 0.54 1.08 0.00 1.29 0.00    Zn2 Cys6  

VDAG_JR2_Chr2g10850 51.00 0.16 0.65 0.27 0.49 1.19 0.00 1.30 0.00    Zn2 Cys6  
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VDAG_JR2_Chr2g00520 69.36 -0.15 0.77 0.87 0.08 1.29 0.00 2.32 0.00  cluster_17 t1pks 

Winged helix DNA-binding 

domain 

VDAG_JR2_Chr8g11340 2413.49 0.04 0.91 -0.11 0.80 1.54 0.00 1.40 0.00    Zinc finger, C2H2-type 

VDAG_JR2_Chr2g00510 2.81 -0.27 0.65 0.30 NA 1.79 0.00 2.35 0.00  cluster_17 t1pks Homeodomain-like 

VDAG_JR2_Chr7g10270 2637.45 0.28 0.30 0.10 0.83 2.35 0.00 2.17 0.00  cluster_78 nrps bZIP 

VDAG_JR2_Chr3g13030 42.82 1.35 0.00 0.67 0.19 -1.10 0.00 -1.78 0.00       Zn2 Cys6 
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Table S11. Expression pattern of secondary metabolite biosynthetic genes in response to light and/or due to Δfrq_12253. Transcripts displaying 

a Log fold change (LFC) >1 were classified as pink, dark red if the LFC > 2, light green if the LFC < -1 and dark green if the LFC < -2. Yellow 

boxes indicate p< 0.05. 

   
L/D in V.d 
12253 

L/D in 
Δfrq_12253 

Δfrq/WT in 
D 

Δfrq/WT in 
L           

Transcript_id baseMean LFC 

p-
value LFC 

p-
value LFC 

p-
value LFC 

p-
value Gene Antismash SM TFs Interpro 

Cluster PKS-NRPS         

VDAG_JR2_Chr1g23780 1142.51 

-

0.01 0.98 -0.05 0.88 

-

0.10 0.62 

-

0.14 0.50  cluster_14 

t1pks-

nrps  

pyrD_sub2;dihydroorotate 

dehydrogenase 

VDAG_JR2_Chr1g23790 849.83 0.68 0.00 0.44 0.00 0.24 0.05 0.00 1.00  cluster_14 

t1pks-

nrps  Mpv17 / PMP22 family 

VDAG_JR2_Chr1g23800 2808.89 0.38 0.01 0.07 0.79 0.00 0.99 

-

0.31 0.04  cluster_14 

t1pks-

nrps  Coil 

VDAG_JR2_Chr1g23810 248.35 0.12 0.69 0.35 0.32 0.08 0.80 0.30 0.26  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23820 110.78 

-

0.76 0.02 -0.65 0.13 

-

0.51 0.10 

-

0.40 0.27  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23830 4863.33 

-

1.00 0.00 -0.84 0.02 

-

0.31 0.28 

-

0.15 0.68  cluster_14 

t1pks-

nrps  

NAD(P)-binding domain;SDR; 

Glucose/ribitol dehydrogenase 

family 

VDAG_JR2_Chr1g23840 1278.89 

-

0.10 0.49 -0.05 0.83 0.19 0.10 0.24 0.06  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23850 36.61 

-

0.72 0.07 -0.95 0.06 

-

0.17 0.71 

-

0.40 0.38  cluster_14 

t1pks-

nrps  - 
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VDAG_JR2_Chr1g23860 27.30 

-

0.64 0.10 -0.15 0.82 

-

0.05 0.92 0.44 0.30  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23870 77.95 

-

0.41 0.30 0.13 0.84 0.00 1.00 0.54 0.15  cluster_14 

t1pks-

nrps  CFEM 

VDAG_JR2_Chr1g23880 410.36 4.27 0.00 0.46 0.53 0.34 0.53 

-

3.46 0.00  cluster_14 

t1pks-

nrps  

Polyketide synthase, 

dehydratase;Malonyl-CoA ACP 

transacylase, ACP-binding 

VDAG_JR2_Chr1g23890 459.89 3.58 0.00 0.60 0.36 

-

0.01 0.99 

-

2.99 0.00  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23900 892.89 2.54 0.00 0.72 0.28 0.06 0.93 

-

1.75 0.00  cluster_14 

t1pks-

nrps  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr1g23910 116.12 4.13 0.00 1.16 0.05 0.04 0.95 

-

2.93 0.00  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23920 114.15 3.40 0.00 0.47 0.50 0.08 0.91 

-

2.86 0.00  cluster_14 

t1pks-

nrps  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr1g23930 223.91 3.76 0.00 0.75 0.25 

-

0.01 1.00 

-

3.02 0.00  cluster_14 

t1pks-

nrps  

GroES-like; NAD(P)-binding 

domain; Alcohol 

dehydrogenase;Polyketide 

synthase 

VDAG_JR2_Chr1g23940 625.82 3.36 0.00 0.69 0.30 0.10 0.88 

-

2.58 0.00  cluster_14 

t1pks-

nrps  - 

VDAG_JR2_Chr1g23950 945.69 1.68 0.00 0.69 0.24 0.13 0.81 

-

0.87 0.05  cluster_14 

t1pks-

nrps Zn2 Cys6  Zn2/Cys6 

VDAG_JR2_Chr1g23960 3746.81 2.13 0.00 0.59 0.39 0.01 0.99 

-

1.53 0.00  cluster_14 

t1pks-

nrps  

Major facilitator 

superfamily;Sugar transport 

proteins 
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VDAG_JR2_Chr1g23970 7.42 0.16 0.81 1.00 0.11 

-

0.83 0.09 0.01 0.99  cluster_14 

t1pks-

nrps  Clr5 

Clutster PKS         

VDAG_JR2_Chr2g00390 5083.91 

-

0.14 0.66 0.00 1.00 

-

0.51 0.02 

-

0.37 0.16  cluster_17 t1pks  

Glycosyltransferase family; 

UDP-glucuronosyl/UDP-

glucosyltransferase 

VDAG_JR2_Chr2g00400 247.46 0.39 0.04 0.19 0.54 0.35 0.05 0.15 0.50  cluster_17 t1pks  Cmr1/WDR76; WD40 repeat 

VDAG_JR2_Chr2g00410 260.09 0.23 0.18 0.05 0.87 0.32 0.04 0.14 0.46  cluster_17 t1pks  - 

VDAG_JR2_Chr2g00420 23.74 

-

0.10 0.85 -0.15 0.83 

-

0.11 0.81 

-

0.16 0.73  cluster_17 t1pks  

Concanavalin A-like 

lectin/glucanase 

VDAG_JR2_Chr2g00430 3.72 0.23 0.73 -0.05 NA 0.11 0.86 

-

0.16 0.79  cluster_17 t1pks  

Pectin lyase fold/virulence factor; 

Pectate lyase 

VDAG_JR2_Chr2g00440 4.70 

-

0.07 0.93 -0.48 0.53 0.77 0.13 0.36 0.52  cluster_17 t1pks  Major Facilitator Superfamily 

VDAG_JR2_Chr2g00450 8.71 0.13 0.85 1.05 0.09 0.77 0.12 1.69 0.00  cluster_17 t1pks  

Polyketide synthase 

dehydratase 

VDAG_JR2_Chr2g00460 2.56 0.26 0.63 1.15 NA 0.13 0.81 1.02 0.01  cluster_17 t1pks  

Acyl transferase/acyl 

hydrolase/lysophospholipase 

VDAG_JR2_Chr2g00470 2.99 

-

0.02 0.97 1.01 NA 0.39 0.39 1.42 0.00  cluster_17 t1pks  Polyketide synthase 

VDAG_JR2_Chr2g00480 272.09 

-

0.36 0.27 0.19 0.72 

-

0.01 0.98 0.53 0.09 LFC cluster_17 t1pks  AMP-binding enzyme 

VDAG_JR2_Chr2g00490 58.35 0.63 0.26 0.87 0.17 2.43 0.00 2.67 0.00  cluster_17 t1pks  

Glucose/ribitol dehydrogenase 

family  

VDAG_JR2_Chr2g00500 5.95 0.08 0.92 0.69 0.31 2.24 0.00 2.85 0.00  cluster_17 t1pks  - 
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VDAG_JR2_Chr2g00510 2.81 

-

0.27 0.65 0.30 NA 1.79 0.00 2.35 0.00  cluster_17 t1pks 

Homeodomain-

like Homeodomain-like 

VDAG_JR2_Chr2g00520 69.36 

-

0.15 0.77 0.87 0.08 1.29 0.00 2.32 0.00  cluster_17 t1pks Winged helix Winged helix  

VDAG_JR2_Chr2g00530 229.83 0.04 0.93 0.82 0.05 0.56 0.08 1.33 0.00  cluster_17 t1pks  

Aromatic-ring hydroxylase 

(flavoprotein monooxygenase) 

signature 

VDAG_JR2_Chr2g00540 97.06 

-

0.13 0.80 1.13 0.02 0.87 0.02 2.14 0.00  cluster_17 t1pks  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr2g00550 10.31 0.39 0.51 1.34 0.02 1.92 0.00 2.87 0.00  cluster_17 t1pks  

CO dehydrogenase flavoprotein-

like, FAD-binding, 

Clutster PKS         

VDAG_JR2_Chr7g10210.t1 5729.92 0.14 0.36 -0.11 0.62 

-

0.17 0.22 

-

0.42 0.00  cluster_78 nrps  

SIT4 phosphatase-associated 

protein 

VDAG_JR2_Chr7g10220.t1 2866.70 

-

0.14 0.42 0.25 0.24 

-

0.41 0.00 

-

0.01 0.96  cluster_78 nrps  

GC-rich sequence DNA-binding 

factor domain 

VDAG_JR2_Chr7g10230.t1 42240.20 

-

0.65 0.01 -0.25 0.54 

-

0.32 0.20 0.08 0.79  cluster_78 nrps  

Flavoprotein pyridine nucleotide 

cytochrome reductase signature 

VDAG_JR2_Chr7g10240.t1 450.08 0.29 0.13 0.19 0.51 0.23 0.22 0.13 0.55  cluster_78 nrps  Alpha/Beta hydrolase fold 

VDAG_JR2_Chr7g10250.t1 1273.08 

-

0.25 0.20 -0.04 0.91 

-

0.06 0.77 0.14 0.52  cluster_78 nrps  

Phosphopantetheine binding 

ACP  

VDAG_JR2_Chr7g10260.t1 317.52 0.20 0.48 0.79 0.00 1.90 0.00 2.49 0.00  cluster_78 nrps  - 

VDAG_JR2_Chr7g10270.t1 2637.45 0.28 0.30 0.10 0.83 2.35 0.00 2.17 0.00  cluster_78 nrps bZIP bZIP 

VDAG_JR2_Chr7g10280.t1 1.44 0.48 0.38 -0.52 NA 0.79 0.09 

-

0.20 0.71  cluster_78 nrps  - 

VDAG_JR2_Chr7g10290.t1 151.84 0.59 0.16 0.21 0.73 3.48 0.00 3.09 0.00  cluster_78 nrps  - 
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VDAG_JR2_Chr7g10300.t1 121.36 0.60 0.10 0.16 0.69 3.89 0.00 3.45 0.00  cluster_78 nrps  - 

VDAG_JR2_Chr7g10310.t1 7148.43 0.34 0.05 0.27 0.26 0.08 0.68 0.01 0.96  cluster_78 nrps  

Amino acid/polyamine 

transporter I 

VDAG_JR2_Chr7g10320.t1 1920.03 

-

0.02 0.94 0.11 0.62 0.31 0.01 0.44 0.00  cluster_78 nrps  

Manganese/iron superoxide 

dismutase 

VDAG_JR2_Chr7g10330.t1 413.39 0.39 0.01 0.49 0.00 0.57 0.00 0.67 0.00   cluster_78 nrps   GINS complex 
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GENERAL DISCUSSION 
 

1 KEY FINDINGS 

This thesis aimed to investigate the presence of the circadian clock in the plant-

pathogen Verticillium dahliae and assess its effect on the biology of the fungus. 

The circadian clock keeps track of time and anticipates the changes of the 

oscillating environment. This mechanism has an important impact on gene 

expression, modulates different processes such as metabolism (Hurley et al. 

2014) and regulates virulence in the plant-pathogen B. cinerea (Hevia et al. 

2015).  

In this study, a multidisciplinary approach was undertaken to provide knowledge 

of how light and the circadian system affect the biology of the fungus and the 

outcome of the pathogen-host interaction. Firstly, the presence of phenotypic 

circadian rhythms were studied in detail. The effects of light and temperature on 

the development of the fungus were also determined. Subsequently, clock gene 

knockouts were used to explore the role of these genes on V. dahliae 

development and on disease progression in planta. Lastly, comparative genetics 

studied the conservation of the clock genes in V. dahliae, and gene expression 

assays were used to assess rhythmic gene expression and transcriptional 

responses to light and temperature.  

In N. crassa, the daily conidiation is a product of the circadian clock that has 

served for the study of the circadian clock output pathways. The visualization of 

conidial rhythms in constant conditions in N. crassa is possible in a strain 

containing a mutant allele of the ras-1 gene called band, which leads to an 

enhanced circadian conidiation (Belden et al. 2007; Hevia et al. 2015). 

Nevertheless, although overt rhythms can be hard to see in wild type isolates of 

N. crassa, they do exist, and the addition of chemical supplementation allows the 

visualization of the circadian conidiation. Following Pittendrigh specifications 

(Pittendrigh 1960), circadian rhythms need to fulfill the following parameters; i) 

they free-run with a close 24 h period, ii) they are entrainable by external stimuli, 

and iii) they show temperature compensation over a wide range of temperatures. 

The assessment of V. dahliae microsclerotia and conidia ring formation 
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performed in Chapter 2, showed that such rhythms did not persist in the absence 

of external stimuli. Furthermore, the  addition of chemical supplementation 

(menadione) on the media did not result in the visualization of free-running 

rhythmic conidiation in V. dahliae, as opposed to N. crassa wild-type strains.  

The absence of overt free-running rhythms in V. dahliae could be due to an easily 

damped rhythm. Roenneberg & Merrow argued that self-sustained biological 

rhythms would have been a complementary artefact gained in the evolution 

process of entrainment, rather than being utterly essential for the function of the 

circadian clock, since complete constant conditions in the environment are 

extremely rare (Roenneberg and Merrow 2002; Eelderink-Chen et al. 2010). The 

ability to entrain, synchronize and anticipate external cues are, thus, additional 

ways to identify a circadian rhythm. However, due to the small size of the ring 

and the difficulty to track their rhythmic appearance, it was not established 

whether the phasing of V. dahliae microsclerotia and conidia peaks changed with 

respect to the length of the cycle, as the imaging programmes require information 

of the transitions from dark to light conditions to properly measure the rhythms’ 

phase. Consequently, frequency multiplication and demultiplication assays were 

not conclusive on whether the rhythm was driven by external cues or by the 

circadian clock in V. dahliae. In the future, video footage will be considered to 

optimally image the developmental rhythms and the proper quantification of 

changes in phase angle. 

Several putative clock genes were deleted to determine their implication on the 

fungus. Surprisingly, the absence of frq did not lead to the abolishment of the 

developmental rhythm. Such event clearly differed with what has been reported 

in N. crassa frq knockout strains, which exhibit arrhythmic conidiation (Baker et 

al. 2012). However, a more accurate term would be “conditionally rhythmic” since 

the presence of additional oscillators other than the FRQ/WCC feedback loop 

have allowed the visualization of reminiscent rhythms in N. crassa frq null 

mutants (Loros and Feldman 1986; Lakin-Thomas et al. 2011). Frequency 

demultiplication experiments were used to explore whether V. dahliae WT and 

Δfrq mutant strains exhibited differences in their phenotype that could indicate 

entrainment. The fact that both the V. dahliae WT and the Δfrq mutant strains 

failed to de-multiply or multiply under temperature cycles, implied that it was 
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unlikely that the bands of microsclerotia and conidia were the output of a FRQ-

less oscillator. Two possible explanations exist for these results; first, the daily 

rhythms observed in V. dahliae are not true intrinsic circadian rhythms, but are 

only an hourglass mechanism that merely respond to cyclic environmental cues. 

Secondly, entrainment exists in the Δfrq mutant but is obscured by masking 

effects. 

Despite not having an effect on mircesclerotia and conidia production, the 

deletion of V. dahliae frq had an impact on total colony growth in a nutritional-

dependent manner. Furthermore, the virulence of one of the V. dahliae frq 

knockout strains was significantly reduced, suggesting that frq has additional 

roles other than its hypothesized function in the circadian clock. In the 

necrotrophic fungus B. cinerea, the deletion of frq results in an enhanced 

pathogenic response (Hevia et al. 2015), implying that frq may have distinct extra 

circadian functions in the different fungi. Nevertheless, further mutants need to 

be tested to reach a plausible conclusion in regards to its involvement in the 

regulation of pathogenicity in V. dahliae. 

The deletion of wc-1 led to a complete abrogation of microslerotia formation 

under all conditions, and the loss of cyclic conidiation under light/dark cycles. In 

conditions of oscillating temperature, restoration of rhythmic conidiation in the 

wc-1 deletion mutant was observed. This implied that wc-1 is an upstream 

regulator of microsclerotia production and is involved in the light-induction of 

conidiation. In addition, conidiation is also regulated by temperature. Deleting wc-

2, on the other hand, led to no effect upon microsclerotia production but induced 

massive overproduction of mycelium. The presence of microsclerotia zonations 

under LD cycles in a wc-2 deletion background implied that the rhythm is 

regulated by light in a wc-1-dependent manner but does not require the presence 

of both components of the WCC complex, as opposed to N. crassa (Cheng et al. 

2001). It can, therefore, be postulated that light and temperature play an 

important role modulating aspects of the life cycle and development of the soil 

borne fungus. The absence of wc-1 also led to the reduction of the virulence 

response under LD cycling conditions, whilst wc-2 knockout strains presented an 

unaltered virulence. This demonstrated that light mediated by wc-1 has a 

substantial impact on the developmental status of the fungus, and can be 
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associated to the ability to cause disease in V. dahliae. Changes in light quality 

and intensity are informative of place in the environment, and might be indicative 

of the soil surface or the lack of it, as well as the position inside. Light indirectly 

informs of the time-of-day by changes in transpiration and photosynthetic sugar 

content. Thus, it is possible to hypothesize that light modulates the interaction 

between V. dahliae and its host, and that wc-1 mediates the interaction by 

affecting the differentiation of structures involved in pathogenicity, such as 

hyphae, spore germination and microsclerotia formation. Nevertheless, further 

experiments will be needed to elucidate the mechanisms by which the plant and 

the fungal hypothetical clock interact and modulate the outcome of the 

pathogenic process under different environmental conditions. 

Previous studies have highlighted that the absence of overt circadian output do 

not necessarily compromise the presence of a circadian clock controlling other 

processes. Several active circadian clocks have been described in fungi lacking 

a visible circadian rhythm, such as in B. cinerea and P. confluens (Hevia et al. 

2015; Traeger and Nowrousian 2015). Therefore, comparative genetics and 

molecular approaches shouch to characterize the circadian system of V. dahliae 

at the molecular level. The observation of clock components in Verticillium and 

other related fungi showed that in general the main clock components were 

strongly conserved in Sordariomycetes and Leotiomycetes, in agreement with 

the findings of Salichos and Rokas (2010). V. dahliae core clock components 

exhibited high conservation to N. crassa, not only at the domain level but even 

down to the individual phosphorylation sites in the FRQ protein. FRQ 

phosphorylation is a decisive mechanism that sets the length of the circadian 

period by releasing its negative effect on WCC activity (Liu and Bell-Pedersen 

2006; Baker et al. 2012). This observation suggested that similar post-

transcriptional modifications might be at play in V. dahliae and that the clock 

components contain most of the features required for an operative circadian 

clock. 

At the promoter level, exploration of the conservation of the clock box and Light 

Regulated Elements (LREs) revealed the presence of potential binding sites for 

the WCC in the promoter of V. dahliae frq. However, after light entrainment, the 

expression of V. dahliae frq did not oscillate under free-running conditions. Three 
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V. dahliae strains belonging to different VCGs were tested, however, the results 

were not robust in the three strain backgrounds, possibly due an existing 

difference in differentiation stages among isolates or to the loss of clock functions 

in pathogenic isolates. Interestingly, in B. cinerea, the deletion of frq resulted in 

an enhanced pathogenicity (Hevia et al. 2015), and thus, some pathogens might 

benefit from the loss of circadian function. A circadian-like oscillation was 

observed in the strain 12158, even though the high variability between replicates 

did not support significant rhythmicity. Despite a greater number of strains need 

to be tested, one possible explanation might be that the developmental status of 

the fungal strains differed at the harvest and that the clock might only be 

functional under defined developmental stages, for example, after the fungus has 

reached developmental competence (Axelrod et al. 1973; Bayram and Braus 

2012).  

Despite the presence of multiple LREs in the promoter of frq in V. dahliae, 

experiments with short light pulses revealed no light-induction of frq expression, 

in contrast to N. crassa and B. cinerea (Crosthwaite et al. 1995; Crosthwaite et 

al. 1997; Canessa et al. 2013). Furthermore, frq mRNA levels did not oscillate 

under LD nor temperature cycles, and the transcript levels remained 

constitutively high even in a wc-1 knockout background, resembling to a N. 

crassa dysfunctional clock evidenced under conditions of constant light or in a 

wc1 knockout strain (Crosthwaite et al. 1995; Lee et al. 2003). The elevated 

levels of frq mRNA would explain why light-pulses fail to induce a peak in V. 

dahliae frq expression, and could explain the absence of a transcription-

translation negative feedback loop in V. dahliae (Aronson et al. 1994).  

One point to note is that the level of conservation of the mechanisms underlying 

circadian oscillations is poorly understood across fungi. FRQ has been lost 

several times during fungal evolution (Salichos and Rokas 2010) and is the least 

conserved core clock component among fungi. Furthermore, FRQ has been 

shown to have extra circadian roles in B. cinerea (Hevia et al. 2015), which were 

previously unknown in other fungal organisms. The characterization of frq-less 

oscillators (FLOs) in N. crassa (de Paula et al. 2006) and other species such as 

A. nidulans (Greene et al. 2003) suggested that despite the absence of rhythmic 

frq expression in V. dahliae, circadian transcriptional oscillations could be driven 
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by a FLO. However, RNA-seq expression studies revealed a lack of robust frq-

dependent or independent oscillations under free-running conditions. This 

indicates that the evidence to confirm the presence of a circadian clock is 

insufficient in V. dahliae. RNA-seq experiments were also used to assess the role 

of frq at the transcriptional level. Interestingly, V. dahliae frq mutants resulted in 

an altered expression of genes involved in a wide range of processes, such as 

metabolism and translation, which coincide with the processes that are regulated 

by the circadian clock in N. crassa (Hurley et al. 2014). This leads us to speculate 

that frq might have acquired additional functions, or might have repurpose its role 

in regulation of metabolic/functional pathways. Even if frq was able to function as 

the central clock gene, it could also be hypothesised that V. dahliae could lose 

or gain a clock in advantageous situations by changes at the promoter level or at 

the protein interaction sites, and regain the circadian regulation if required. 

It could be postulated that the circadian clock in soil-borne fungi is not as robust 

as in other species that are fully exposed to the daily changes in the environment, 

or simply entrains to other environmental factors such humidity or nutrition. 

Therefore, the circadian clock in V. dahliae might be a plastic mechanism that 

adapts to the environmental conditions throughout its life cycle. The resting 

bodies (microsclerotia) may not require a functional circadian clock for its survival 

in the soil, but as a pathogen, V. dahliae may benefit from the clock in later stages 

of its life cycle, by controlling biological processes to boost its pathogenicity in 

the plant.  

Taken together, the evidence is insufficient to confirm the presence of a circadian 

clock in V. dahliae, however, four possible explanations exist: 

1. The clock is present but not synchronized by light/dark or temperature 

cues 

2. The clock may be only functional in specific cell types or developmental 

stages 

3. The clock is post-transcriptional and rhythmicity is observed at the protein 

level 

4. The clock has been lost in V. dahliae 
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Thus, V. dahliae could be a relevant model to study the evolution of circadian 

systems. It would allow the exploration of possible transitions to clocklike and 

clockless behaviour, study whether the clock could re-evolve in the future and 

the acquisition of extra-circadian functions of the clock homologues in the 

absence of a clock.  

As mentioned, light plays an important role in fungal development. Despite that 

Verticillium species are soil-borne fungus, they contain photoreceptor proteins 

covering all sources of visible light. In other species such as N. crassa and B. 

cinerea, wc-1 plays a central role in light reception and fungal differentiation 

(Corrochano 2007; Lee et al. 2003; Hevia et al. 2015). In V. dahliae, the light 

induction of the photoreceptor-encoding genes vvd, cry-dash and nop-1 require 

WC-1. However, other genes remained light-responsive in the absence of wc-1, 

suggesting the existence of alternative components mediating light perception 

and activation of gene expression in V. dahliae, in contrast to the results obtained 

in N. crassa (Lee et al. 2003). V. dahliae wc-1 regulated the transcription, both 

positively and negatively, of 51 TF-encoding genes, leading to a hierarchical 

transcriptional cascade. The TF-encoding genes regulated by V. dahliae WC-1 

differed from those described as light-regulated in N. crassa (Chen et al. 2009), 

indicating that the light-induced signaling pathways have differentially evolved 

among fungal species.  Further than that, V. dahliae WC-1 was seen to modulate 

the transcription of numerous secondary metabolite biosynthetic-encoding 

genes, in particular those involved in melanin production, as well as genes 

involved in pathogenicity. Thus, V. dahliae WC-1 is involved in the regulation of 

microsclerotia formation and might control the expression of developmental 

regulators affecting virulence and the completion of the lifecycle. Importantly, 

RNA-seq was performed in cultures incubated for 6 h in light, thus the data could 

be neglecting the transcriptional changes that occur in early light-induced genes. 

Thus, the implications of light in the plant-pathogen V. dahliae are still largely 

unknown. 

In conclusion, V. dahliae possess all the necessary genetic loci for a functional 

clock, but there is no evidence of rhythmicity in either morphological traits or in 

gene expression. However, putative core clock genes play an important role in 

the overall fitness of the fungus. Furthermore, light and temperature modulate 
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development in V. dahliae and WC-1 ia a key photoreceptor that regulate the 

transcriptional responses to light and control microsclerotia production, 

conidiation and virulence. The overt importance of light in morphogenesis and 

pathogenicity implies that V. dahliae might use light as an environmental indicator 

of surface and the subsequent differentiation of infection structures in order to 

colonize the plants. Therefore, the study of the circadian clock and their 

components can provide a better understanding of the host-pathogen interaction. 

 

2 FUTURE DIRECTIONS 

Light and temperature affect lifecycle, development and pathogenicity in the soil 

borne plant-pathogen V. dahliae. Studying the mechanisms by which these 

environmental cues control the biology of the fungus and whether such 

processes oscillate throughout the course of a day will help to develop new 

understanding which may lead to novel control measures. 

This thesis has provided preliminary evidence of the role of environmental signals 

in fungal development and pathogenicity. The molecular components that have 

been described as playing a central role in the circadian clock in N. crassa appear 

to be key to light and temperature signaling in V. dahliae. Further work will use 

the combination of transcriptomics, cloning assays, pathogenicity tests and 

bioinformatics to generate hypothesis about the regulatory pathways controlling 

conidiation and microsclerotia production in response to external stimuli and the 

underlying regulatory networks of these processes in V. dahliae.  

• Determine the implication of light and temperature in the development of 

V. dahliae. There is a clear role of WC-1 and WC-2 in developmental 

processes important for pathogenicity including conidiation and 

microsclerotia formation. The use of RNA-seq profiling in oscillating 

conditions, the characterization of knockout mutants and the performance 

of EMSA shift assays will help to determine key targets of the WCC and 

other light and temperature activated TFs and how they regulate the 

pathogen’s life cycle throughout a time course.  

• Investigate whether the frq-dependent clock has been lost in V. dahliae. 

Rhythmic oscillations of V. dahliae frq cannot be observed in standard 
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conditions, though frq appears to be functionally conserved. Therefore, it 

is necessary to test whether rhythmic oscillation in V. dahliae occurs in 

other media types or in planta, and whether FRQ oscillates post-

transcriptionally.  

• Luciferase promoter reporter assays would also provide information on 

entrainment and rhythmic expression oscillations of putative core clock 

genes or clock-controlled genes under different conditions. This method 

allows an in vivo visualization of the transcriptional activation, the 

assessment of light and temperature pulses and an accurate analysis of 

the phase of the rhythm to discern between entrainment and 

environmental driveness.  

• Future studies will need to assess if the oscillations can be restored in V. 

dahliae trough promoter swap experiments. The study of V. dahliae frq 

under the regulation of the N. crassa promoter will inform on whether V. 

dahliae frq is able to induce circadian oscillation. On the other hand, the 

insertion of V. dahliae frq promoter in N. crassa will inform on the 

conservation of promoter motifs that regulate frq expression. These 

experiments would help to understand whether the clock components of 

Verticillium have lost their ability in circadian regulation, or whether the 

promoter regions have evolved into a clockless behaviour.  

• Carry out pathogenicity tests, host-induced gene silencing and gene 

expression analysis of mutants in planta to determine the life cycle 

changes during infection and any interaction between clock components 

and pathogenicity. RNA profiling of V. dahliae from the transpiration 

stream would allow the profiling of gene expression patterns in planta to 

determine if there is cross talk between environmental sensing pathways 

and the expression of pathogenicity effectors.  
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APPENDIX 
 
Table A1. ANOVA table and Tukey-HSD groups for total colony growth in DD LD and 

RD (Corresponds to Figure 6 in Chapter 2). 

REML        

REML criterion at convergence: 851.233      

ANOVA        

  Sum Sq Mean Sq NumDF DenDF F.value Pr(>F)   
Strain 151.08 75.541 2 127.94 2.44763 0.09054 . 
Conditions 79.33 26.444 3 126.47 0.85682 0.46549  
Strain:Conditions 332.17 66.433 5 126 2.15253 0.06346 . 
        
Groups        
V.dahliae_12008             
 Conditions lsmean SE df group   
 LD 39.51881 2.095506 9.64 1   
 LL 40.33234 2.095506 9.64 1   
 RD 41.83086 2.27798 13.26 1   
 DD 42.20234 2.095506 9.64 1   
        
V.dahliae_12158             
 Conditions lsmean SE df group   
 DD 40.7359 3.096999 37.6 1   
 LD 47.4679 3.096999 37.6 1   
 LL 47.4739 3.096999 37.6 1   
 RD NA NA NA    
        
V.dahliae_12253             
  Conditions lsmean SE df group   
 RD 38.31503 2.27798 13.26 1   
 DD 41.91293 2.095506 9.64 1   
 LL 42.16116 2.095506 9.64 1   
  LD 42.21175 2.095506 9.64 1   
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Table A2. ANOVA table and Tukey-HSD groups for total colony growth in DD LD and 
RD (Corresponds to Figure 15 in Chapter 2). 
 
REML        
REML criterion at convergence: 336.5007      
ANOVA        
  Sum Sq Mean Sq NumDF DenDF F.value Pr(>F)   
Strain 1928.03 642.68 3 81.107 290.549 2.20E-16 *** 
Conditions 33.8 11.27 3 81.423 5.094 0.002785 ** 
Strain:Conditions 53.42 5.94 9 81.029 2.684 0.008808 ** 
        
Groups        
V.albo-atrum_11001             
 Conditions lsmean SE df group   
 LL 50.84633 1.280197 4.54 1   
 Lr 51.47446 1.155384 3.03 1   
 DD 51.52667 1.141679 2.89 1   
 RD 52.124 1.200741 3.53 1   
        
V.albo-atrum_11006             
 Conditions lsmean SE df group   
 LL 42.212 1.362655 5.78 1   
 RD 42.344 1.200741 3.53 1   
 DD 42.37278 1.141679 2.89 1   
 Lr 42.58722 1.141679 2.89 1   
        
V.nubilum_15001             
 Conditions lsmean SE df group   
 DD 37.66444 1.141679 2.89 1   
 RD 39.04483 1.200741 3.53 12   
 Lr 39.72833 1.141679 2.89 2   
 LL 40.16366 1.362655 5.78 12   
        
V.tricorpus_20001             
  Conditions lsmean SE df group   
 DD 42.73816 1.200492 3.52 1   
 Lr 43.77816 1.200492 3.52 12   
 LL 45.917 1.362655 5.78 23   
  RD 47.11765 1.357805 5.71 3   
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Table A3. ANOVA table and Tukey-HSD groups for total colony growth for WT_12008 

and Δfrq_12008 in DD and LD (Corresponds to Figure 1C in Chapter 3). 

WT_12008 and Δfrq_12008 colony growth 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Experiment 7 1994.2 284.9 7.745 3.18E-07 *** 
Strain 1 2275.9 2275.9 61.874 1.05E-11 *** 
Conditions 1 2.1 2.1 0.058 0.811  
Strain:Conditions 1 45.6 45.6 1.238 0.269  
Residuals 85 3126.6 36.8       
       
       
Groups       
Conditions=DD            
 Strain lsmean SE df group  
 Frq_12008 32.45438 1.237998 85 b  
 WT_12008 43.57021 1.237998 85 a  
       
Conditions=LD            
 Strain lsmean SE df group  
 Frq_12008 34.12938 1.237998 85 b  
  WT_12008 42.48979 1.237998 85 a  
 
Table A4. ANOVA table and Tukey-HSD groups for total colony growth for WT_12253 

and Δfrq_12253 in DD and LD (Corresponds to Figure 1D in Chapter 3). 

WT_12253 and Δfrq_12253 colony growth 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Experiment 6 1400.7 233.4 12.742 7.98E-10 *** 
Strain 1 601.7 601.7 32.84 2.03E-07 *** 
Conditions 1 403.4 403.4 22.021 1.21E-05 *** 
Strain:Conditions 1 30.5 30.5 1.666 0.201  
Residuals 74 1355.8 18.3       
       
       
Groups       
Conditions=DD           
 Strain lsmean SE df group  
 Frq_12253 34.66619 0.9340392 74 b  
 WT_12253 38.81333 0.9340392 74 a  
       
Conditions=LD           
 Strain lsmean SE df group  
 Frq_12253 37.84381 0.9340392 74 b  
  WT_12253 44.4019 0.9340392 74 a   
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Table A5. ANOVA table and Tukey-HSD groups for total colony growth of all strains on 

different media types in LD cycles (Corresponds to Figure 2 in Chapter 3). 
 
Colony growth on different media types 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Experiment 1 1050 1049.9 60.81 2.39E-13 *** 
Strain 6 1762 293.7 17.01 3.69E-16 *** 
Conditions 3 6109 2036.4 117.95 2.00E-16 *** 
Strain:Conditions 18 3543 196.8 11.4 2.00E-16 *** 
Residuals 223 3850 17.3       
       
       
Groups       
BMM            
 Strain lsmean SE df group  
 frq_12008 43.42833 1.385039 223 a  
 wc2_12008_1 43.72556 1.385039 223 a  
 wc2_12008_10 43.74889 1.385039 223 a  
 WT_12008 44.76722 1.385039 223 a  
 wc1_12253 44.95278 1.385039 223 a  
 WT_12253 47.35889 1.385039 223 a  
 frq_12253 58.27556 1.385039 223 b  
       
DOX            
 Strain lsmean SE df group  
 wc2_12008_10 45.25278 1.385039 223 a  
 wc2_12008_1 46.21 1.385039 223 a  
 wc1_12253 46.82278 1.385039 223 a  
 WT_12253 53.51833 1.385039 223 b  
 frq_12253 55.17333 1.385039 223 b  
 frq_12008 57.00944 1.385039 223 b  
 WT_12008 58.41167 1.385039 223 b  
       
MM            
 Strain lsmean SE df group  
 wc2_12008_10 50.62556 1.385039 223 a  
 WT_12253 53.7 1.385039 223 ab  
 wc2_12008_1 53.94556 1.385039 223 ab  
 frq_12008 54.98222 1.385039 223 ab  
 WT_12008 57.05278 1.385039 223 bc  
 wc1_12253 58.59667 1.385039 223 bc  
 frq_12253 62.42778 1.385039 223 c  
       
PLYA            
 Strain lsmean SE df group  
 frq_12008 32.98278 1.385039 223 a  
 WT_12008 40.72611 1.385039 223 b  
 wc1_12253 43.18333 1.385039 223 bc  
 frq_12253 43.97778 1.385039 223 bc  
 WT_12253 45.93833 1.385039 223 bc  
 wc2_12008_10 46.70333 1.385039 223 c  
  wc2_12008_1 47.31444 1.385039 223 c  
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Table A6. ANOVA table and Tukey-HSD groups for total colony growth for WT_12253 

and Δwc1_12253 in DD and LD (Corresponds to Figure 4 B in Chapter 3). 

 
WT_12253 and Δwc1_12253 colony growth 
ANOVA             
  Df Sum Sq Mean Sq F value Pr(>F)   
Experiment 7 2015 287.8 7.594 4.27E-07 *** 
Strain 1 288 287.9 7.595 0.00716 ** 
Conditions 1 203 202.6 5.345 0.0232 * 
Strain:Conditions 1 7 7.1 0.187 0.66633  
Residuals 85 3222 37.9       
       
       
Groups       
Conditions=DD          
 Strain lsmean SE df group  
 Wc1_12253 38.29667 1.256659 85 a  
 WT_12253 41.21625 1.256659 85 a  
       
Conditions=LD          
 Strain lsmean SE df group  
 Wc1_12253 40.65833 1.256659 85 a  
  WT_12253 44.66542 1.256659 85 a  
 
 
 
Table A7. ANOVA table and Tukey-HSD groups for total colony growth for WT_12008 

and Δwc2_122008 in DD and LD (Corresponds to Figure 5 B in Chapter 3). 
 
WT_12008 and Δwc2_12008 colony growth 
ANOVA             
  Df Sum Sq Mean Sq F value Pr(>F)   
Experiment 2 182.39 91.19 29.612 5.43E-09 *** 
Strain 2 4.35 2.18 0.707 0.499  
Conditions 1 72.45 72.45 23.527 1.45E-05 *** 
Strain:Conditions 2 2.02 1.01 0.328 0.722  
Residuals 46 141.66 3.08       
       
Groups       
Conditions=DD            
 Strain lsmean SE df group  
 Wc2_12008_10 42.46 0.5849608 46 a  
 WT_12008 42.71333 0.5849608 46 a  
 Wc2_12008_1 42.76222 0.5849608 46 a  
       
Conditions=LD            
 Strain lsmean SE df group  
 Wc2_12008_10 44.57778 0.5849608 46 a  
 WT_12008 44.68778 0.5849608 46 a  
  Wc2_12008_1 45.62 0.5849608 46 a  
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Table A8. ANOVA table and Tukey-HSD groups for total colony growth of for WT_12253 

and Δwc1_12253 on media containing different menadione concentrations 

(Corresponds to Figure 9 in Chapter 3). 
 
Colony growth of isolate 12553 on media containing menadione 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Experiment 1 3417 3417 644.372 2.00E-16 *** 
Strain 1 2 2 0.361 0.5501  
Conditions 5 599 120 22.609 1.36E-12 *** 
Strain:Conditions 5 68 14 2.572 0.0359 * 
Residuals 59 313 5       
       
       
Groups       
12553            
Strain Conditions lsmean SE df group  
wc1_12253 ME_70uM 33.90667 0.940104 59 d  
wc1_12253 ME_80uM 34.26833 0.940104 59 d  
WT_12253 ME_80uM 34.49083 0.940104 59 d  
WT_12253 ME_70uM 36.6175 0.940104 59 cd  
wc1_12253 ME_60uM 37.6725 0.940104 59 bcd  
WT_12253 ME_50uM 39.67583 0.940104 59 abc  
WT_12253 ME_60uM 39.91417 0.940104 59 abc  
WT_12253 ME_40uM 40.19583 0.940104 59 abc  
wc1_12253 ME_30uM 41.0175 0.940104 59 abc  
wc1_12253 ME_50uM 41.69917 0.940104 59 ab  
WT_12253 ME_30uM 42.1725 0.940104 59 ab  
wc1_12253 ME_40uM 42.545 0.940104 59 a  
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Table A9. ANOVA table and Tukey-HSD groups for total colony growth of WT_12008 

and Δfrq_12008 on media containing different menadione concentrations (Corresponds 

to Figure 9 in Chapter 3). 
 
Colony growth of isolate 12008 on media containing menadione 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Experiment 1 9845 9845 2747.48 2.00E-16 *** 
Strain 1 18 18 5.041 0.0285 * 
Conditions 5 232 46 12.949 1.64E-08 *** 
Strain:Conditions 5 60 12 3.337 0.0101 * 
Residuals 59 211 4       
       
       
Groups       
Strain Conditions lsmean SE df group  
WT_12008 ME_80uM 36.39 0.7727949 59 d  
frq_12008 ME_80uM 38.165 0.7727949 59 cd  
frq_12008 ME_70uM 39.1575 0.7727949 59 bcd  
WT_12008 ME_70uM 39.31 0.7727949 59 bcd  
frq_12008 ME_40uM 39.98167 0.7727949 59 bcd  
frq_12008 ME_60uM 40.03417 0.7727949 59 bcd  
WT_12008 ME_60uM 40.47417 0.7727949 59 bc  
frq_12008 ME_50uM 40.7975 0.7727949 59 bc  
frq_12008 ME_30uM 40.93583 0.7727949 59 bc  
WT_12008 ME_40uM 41.81 0.7727949 59 abc  
WT_12008 ME_50uM 41.92333 0.7727949 59 ab  
WT_12008 ME_30uM 45.175 0.7727949 59 a  
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Table A10. ANOVA table and Tukey-HSD groups Log10-transformed colony counts of 

WT_12008 and Δfrq_12008 over a time-course (Corresponds to Figure 11 in Chapter 

3). 
 
Colony counts of different V. dahliae isolates over a time-course 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Strain 3 3.98E+11 1.33E+11 2.15 0.11  
Timepoint 4 2.40E+12 5.99E+11 9.7 1.81E-05 *** 
Strain:Timepoint 12 8.48E+11 7.07E+10 1.145 0.357  
Residuals 37 2.28E+12 6.17E+10       
       
       
Timepoint=0hpi            
 Strain lsmean SE df group  
 Vd_12158 1 143442.3 37 a  
 Vd_12008 1 143442.3 37 a  
 Vd_12251 1 143442.3 37 a  
 Vd_12253 1 143442.3 37 a  
       
Timepoint=48hpi            
 Strain lsmean SE df group  
 Vd_12251 1 143442.3 37 a  
 Vd_12253 1 143442.3 37 a  
 Vd_12008 1 143442.3 37 a  
 Vd_12158 1 143442.3 37 a  
       
Timepoint=96hpi            
 Strain lsmean SE df group  
 Vd_12158 36236.54 143442.3 37 a  
 Vd_12253 80735.7 143442.3 37 a  
 Vd_12251 212094.41 175680.2 37 a  
 Vd_12008 463687.57 143442.3 37 a  
       
Timepoint=7dpi            
 Strain lsmean SE df group  
 Vd_12158 133861.36 143442.3 37 a  
 Vd_12251 552979.45 175680.2 37 ab  
 Vd_12253 793666.54 175680.2 37 b  
 Vd_12008 851007.46 143442.3 37 b  
       
Timepoint=21dpi            
 Strain lsmean SE df group  
 Vd_12008 42339.2 143442.3 37 a  
 Vd_12158 45701.78 143442.3 37 a  
 Vd_12251 47602.08 143442.3 37 a  
  Vd_12253 72791.4 143442.3 37 a  
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Table A11. ANOVA table and Tukey-HSD groups Log10-transformed colony counts 

WT_12008 and Δfrq_12008 over a time-course (Corresponds to Figure 12 A in Chapter 

3). 
 
Colony counts of WT 12008 and Δfrq_12008 isolates over a time-course 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Strain 1 1.03E+11 1.03E+11 5.555 0.023542 * 
Timepoint 3 4.62E+11 1.54E+11 8.31 0.000214 *** 
Strain:Timepoint 3 1.88E+11 6.28E+10 3.384 0.027539 * 
Residuals 39 7.23E+11 1.85E+10       
       
Group       
Timepoint=0hpi            
 Strain lsmean SE df group  
 frq_12008 1 55589.54 39 a  
 WT_12008 1 55589.54 39 a  
       
Timepoint=7dpi            
 Strain lsmean SE df group  
 frq_12008 37000 60895.29 39 a  
  WT_12008 44750 55589.54 39 a  
       
Timepoint=14dpi            
 Strain lsmean SE df group  
 frq_12008 46916.67 55589.54 39 a  
 WT_12008 106916.67 55589.54 39 a  
       
Timepoint=21dpi            
 Strain lsmean SE df group  
 frq_12008 102250 55589.54 39 a  
  WT_12008 410750 55589.54 39 b  
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Table A12. ANOVA table and Tukey-HSD groups Log10-transformed colony counts 

WT_12153 and Δwc1_12253 over a time-course (Corresponds to Figure 12 B in Chapter 

3). 
 
Colony counts of WT 12253 and Δwc1_12253 isolates over a time-course 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Strain 1 5.02E+10 5.02E+10 5.49 0.02446 * 
Timepoint 3 1.62E+11 5.40E+10 5.911 0.00206 ** 
Strain:Timepoint 3 1.24E+11 4.12E+10 4.514 0.00837 ** 
Residuals 38 3.47E+11 9.14E+09       
       
Group       
Timepoint=0hpi            
 Strain lsmean SE df group  
 wc1_12253 1 39021.12 38 a  
 WT_12253 1 39021.12 38 a  
       
Timepoint=7dpi            
 Strain lsmean SE df group  
 WT_12253 57200 42745.49 38 a  
  wc1_12253 118200 42745.49 38 a  
       
Timepoint=14dpi            
 Strain lsmean SE df group  
 wc1_12253 53666.67 39021.12 38 a  
 WT_12253 271416.67 39021.12 38 b  
       
Timepoint=21dpi            
 Strain lsmean SE df group  
 wc1_12253 21083.33 39021.12 38 a  
  WT_12253 107333.33 39021.12 38 a  
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Table A13. ANOVA table and Tukey-HSD groups of AUDPC data from A. thaliana 

inoculated with WT and clock mutants (Corresponds to Figure 13 A in Chapter 3). 
 
AUDPC of disease caused by WT and clock mutants in Arabidopsis 
ANOVA       

  Df Sum Sq Mean Sq F value Pr(>F)   
Strain 3 28389 9463 16.18 7.99E-07 *** 
Residuals 36 21052 585       

       
Groups       
trt means M     

WT_12253 115.85 a     
Wc1_12253 81.2 b     
Frq_12253 77.7 b     
Mock 40.6 c     
 
 
 
Table A14. ANOVA table and Tukey-HSD groups of the disease score of strawberry 

inoculated with WT and clock mutants (Corresponds to Figure 13 C in Chapter 3). 
 
Disease score of WT and clock mutants in strawberry 
ANOVA       

  Df Sum Sq Mean Sq F value Pr(>F)   

Strain 3 52.46 17.486 7.686 0.00131 ** 

Residuals 20 45.5 2.275       

       
Groups       

trt means M     

WT_12253 5.5 a     
wc1_12253 3.666667 ab     
frq_12253 3.333333 ab     
Mock 1.333333 b     
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Table A15. ANOVA table and Tukey-HSD groups of AUDPC data from A. thaliana 

inoculated with WT and clock mutants (Corresponds to Figure 14 A in Chapter 3). 
 
AUDPC of disease caused by WT and clock mutants in Arabidopsis 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Strain 3 34441 11480 33.39 1.69E-10 *** 
Residuals 36 12379 344       
       
Groups       
trt means M     
WT_12008 112 a     
Wc2_08_10 102.2 a     
Frq_12008 101.5 a     
Mock 38.15 b     
 
 
 
Table A16. ANOVA table and Tukey-HSD groups of the disease score of strawberry 

inoculated with WT and clock mutants (Corresponds to Figure 14 C in Chapter 3). 
 
Disease score WT and clock mutants in strawberry 
ANOVA       

  Df Sum Sq Mean Sq F value Pr(>F)   

Strain 3 125.79 41.93 30.87 1.06E-07 *** 
Residuals 20 27.17 1.36       

       
Groups       

trt means M     

WT_12253 5.5 a     
wc1_12253 3.666667 ab     
frq_12253 3.333333 ab     
Mock 1.333333 b     
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Table A17. ANOVA table and Tukey-HSD groups of the light pulse experiment in N. 

crassa (Corresponds to Figure 11 B in Chapter 4). 
 
Light pulse experiment in N. crassa 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 85.29 85.29 84.34 0.0116 * 
Residuals 2 2.02 1.01       
       
Groups       
  Conditions lsmean SE df group  
 D 1.014029 0.7110843 4.073577 1  
  LP 10.249427 0.7110843 13.308976 2  
 
 
Table A18. ANOVA table and Tukey-HSD groups of the light pulse experiment in V. 

dahlia WT isolates (Corresponds to Figure 11 C in Chapter 4). 
 
Light pulse experiment in V. dahliae WT isolates 
ANOVA       
  Df Sum Sq Mean Sq F value Pr(>F)  
Strain 2 0.2055 0.10273 1.185 0.368  
Conditions 1 0.0105 0.01053 0.121 0.739  
Strain:Conditions 2 0.1925 0.09624 1.11 0.389  
Residuals 6 0.5201 0.08668      
       
Groups       
V.d_12008:            
 Conditions lsmean SE df group  
 D 1.0060463 0.2081771 6 a  
 LP 1.1003428 0.2081771 6 a  
       
V.d_12158:            
 Conditions lsmean SE df group  
 LP 0.5843807 0.2081771 6 a  
 D 1.0006721 0.2081771 6 a  
       
V.d_12253:            
 Conditions lsmean SE df group  
 D 1.0122465 0.2081771 6 a  
  LP 1.1565207 0.2081771 6 a  
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Table A19. ANOVA table and Tukey-HSD groups of the light pulse experiment in 

WT_12253 and Δwc1_12253 (Corresponds to Figure 12 in Chapter 4). 
 
Light pulse experiment in V. dahliae WT12253 and Δwc1_12253 isolates 

ANOVA       

  Df Sum Sq Mean Sq F value Pr(>F)   

Experiment 2 2.6058 1.3029 8.827 0.00213 ** 

Strain 1 0.0048 0.0048 0.033 0.85893  

Conditions 1 0.0715 0.0715 0.484 0.49539  

Strain:Conditions 1 0.0095 0.0095 0.064 0.80271  
Residuals 18 2.657 0.1476       

       

Groups       

WT_12253            

 Conditions lsmean SE df group  

 LP -0.1435415 0.1568494 18 a  

 D 0.0053769 0.1568494 18 a  
       

Δwc1_12253            

 Conditions lsmean SE df group  

 LP -0.1320514 0.1568494 18 a  

  D -0.0626733 0.1568494 18 a  
 
 
Table A20. ANOVA table and Tukey-HSD groups of wc1 expression after a light pulse 

experiment (Corresponds to Figure 12 in Chapter 4). 

wc1 expression after a light pulse experiment in V. dahliae WT isolates  
ANOVA       

  Df Sum Sq Mean Sq F value Pr(>F)   

Strain 2 0.1285 0.0643 1.162 0.3745  
Conditions 1 0.3595 0.3595 6.502 0.0435 * 
Strain:Conditions 2 0.1557 0.0778 1.407 0.3154  
Residuals 6 0.3318 0.0553       

       
Groups       

  Conditions Strain lsmean SE df group 

 LP V.d_12158 0.4349592 0.1662755 0.8418207 1 
 LP V.d_12253 0.6289386 0.1662755 1.0358002 1 

 LP V.d_12008 0.9613604 0.1662755 1.368222 1 
 D V.d_12008  1.0062217 0.1662755 1.4130832 1 
 D V.d_12253 1.0271351 0.1662755 1.4339966 1 
  D V.d_12158 1.030442 0.1662755 1.4373035 1 
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Table A21. ANOVA table and Tukey-HSD groups of clock genes expressionsubjected 

to a temperature pulse (Corresponds to Figure 15 in Chapter 4). 
 
Expression of different genes subjected to temperature pulses 
Temp 20-28 Frq  
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 0.5609 0.5609 3.619 1.3E-01  
Residuals 4 0.6199 0.155    
       
Temp 20-28Wc1  
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 1.81 1.8101 5.211 0.0845 . 
Residuals 4 1.389 0.3473    
       
Temp 20-28 Wc2  
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 3.094 3.094 2.397 0.196  
Residuals 4 5.164 1.291    
       
Temp 20-28 ccg16  
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 1.783 1.7831 5.969 0.071  
Residuals 4 1.195 0.2987       
       
Temp 28-20 Frq       
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 0.02499 0.02499 0.32 6.0E-01  
Residuals 4 0.31205 0.07801    
       
Temp 28-20 Wc1       
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 0.1651 0.1651 1.32 0.315  
Residuals 4 0.5002 0.1251    
       
Temp 28-20 Wc2       
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 0.3107 0.3107 0.866 0.405  
Residuals 4 1.4345 0.3586    
       
Temp 28-20 ccg16       
  Df Sum Sq Mean Sq F value Pr(>F)   
Conditions 1 0.0099 0.0099 0.031 0.869  
Residuals 4 1.2822 0.3206       
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Table A21. JTK_Cycle results table of frq expression of different V. dahliae 

isolates over a time course in DD (Corresponds to Figure 13 in Chapter 4). 
JTK_Cycle 

Time course DD 

Organism Gene BH.Q ADJ.P PER LAG AMP 

N. crassa frq 2.39E-05 2.39E-05 20 10 2.57969 

V. dahliae 12253 frq 0.944203 0.944203 24 0 0.04598 

V. dahliae 12008 frq 1 1 28 26 0.12952 

V. dahliae 12158 frq 0.41544 0.41544 20 10 0.65494 
 
 
 
Table A22. JTK_Cycle results table of clock gene expression of V. dahlia 12253 over a 

12:12 LD cycle (Corresponds to Figure 14 in Chapter 4) 

JTK_Cycle 

Time course DD 

Organism Gene BH.Q ADJ.P PER LAG AMP 

V. dahliae 12253 vvd 0.93795 0.39766 24 4 0.51225 

V. dahliae 12253 wc2 0.93795 0.48426 24 6 0.11580 

V. dahliae 12253 wc1 0.93795 0.70346 24 6 0.11192 

V. dahliae 12253 frq 1 1 20 2 0.27448 
 
 
 
Table A23. JTK_Cycle results table of clock gene expression of V. dahlia 12253 over a 

temperature time course (Corresponds to Figure 16 in Chapter 4) 

JTK_Cycle 

Time course temperature 

Organism Gene BH.Q ADJ.P PER LAG AMP 

V. dahliae 12253 frq 0.26761 0.08327 24 6 0.29522 

V. dahliae 12253 ccg16 0.26761 0.13381 24 2 0.16275 

V. dahliae 12253 wc1 0.41606 0.31205 20 4 0.35804 

V. dahliae 12253 wc2 1 1 20 4 0.12187 
 


