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M I C R O B I O L O G Y

Circadian clock is critical for fungal pathogenesis by 
regulating zinc starvation response and 
secondary metabolism
Qiaojia Lu1,2†, Muqun Yu1†, Xianyun Sun1,2†, Xin Zhou1, Rui Zhang1, Yahao Zhang1,2,  
Xiao-Lan Liu1, Zhanbiao Li3, Lei Cai1,2, Hongwei Liu1, Shaojie Li1,2, Yunkun Dang3, Xiaodong Xu4, 
Qun He5, Yi Liu6, Xiao Liu1,2*

Circadian clocks are known to modulate host immune responses to pathogen infections, yet their role in influenc-
ing pathogen pathogenesis remains unclear. Here, we investigated the role of circadian clocks in regulating the 
pathogenesis of the fungal pathogen Fusarium oxysporum, which has multiple genes homologous to the Neurospora 
crassa frq due to gene duplication events, with Fofrq1 being the primary circadian clock gene. The pathogenesis of 
F. oxysporum in plants is controlled by its circadian clock, with infections causing severe disease symptoms at 
dawn. Notably, disruption of clock genes dramatically reduces fungal pathogenicity. Circadian clocks regulate the 
rhythmic expression of several transcription factors, including FoZafA, which enables the pathogen to adapt to 
zinc starvation within the plant, and FoCzf1, which governs the production of the toxin fusaric acid. Together, our 
findings highlight the critical roles of circadian clocks in F. oxysporum pathogenicity by regulating zinc starvation 
response and secondary metabolite production.

INTRODUCTION
Circadian clocks are time-regulating systems that operate in organ-
isms ranging from bacteria to humans. They play a crucial role in co-
ordinating biological processes by controlling the rhythmic expression 
of genes, enabling adaptation to daily changes of environments (1–3). 
The eukaryotic circadian clocks depend on core oscillators driven by 
transcription-translation–coupled negative feedback loops (2,  4,  5). 
The nonpathogenic fungus Neurospora crassa is a major eukaryotic 
model system for chronobiology studies (5). In the core oscillator of 
N. crassa circadian system, the transcription factor/photoreceptor 
white collar-1 (WC-1) associates with white collar-2 (WC-2) to form 
the white collar complex (WCC), which periodically binds to the C-
box site in the promoter of the frequency (frq) gene, rhythmically acti-
vating the expression of frq (6–8). FRQ associates with its partner, 
FRQ-interacting RNA helicase (FRH), forming the FRQ-FRH com-
plex and acts as the negative element of the negative feedback loop 
that inhibits the transcription of frq by inhibiting the activity of WCC 
(9–11). FRQ undergoes progressive phosphorylation by kinases and 
subsequent degradation, and the ability of FRQ to be phosphorylated 
determines the period of circadian cycle (12–15). Therefore, FRQ 
plays a key role in the circadian clock system.

Although some fungal species have a single gene encoding for 
protein homologous to N. crassa FRQ, some fungal genomes do not 
have frq gene. The role of the circadian clock and FRQ homologs has 
been extensively investigated in Neurospora, but research on their 

functions in pathogenic fungi remains limited. In Aspergillus flavus, 
a circadian oscillator was found to rhythmically regulate the devel-
opment of sclerotia (16). In Botrytis cinerea, it was shown that the 
fungal clock influences its interaction with the plant Arabidopsis and 
regulates the fungal-fungal interaction with Trichoderma atroviride 
(17, 18). However, in Verticillium dahliae, the existence of a func-
tional circadian clock is unclear although it contains all components 
of circadian core oscillators (19,  20). Thus, while circadian clock 
function has been described in several fungi, only a small number of 
pathogenic fungi have been validated to have functional circadian 
clocks, and the mechanisms underlying circadian clock control of 
fungal pathogenicity are unknown (21, 22).

Fusarium oxysporum is a pathogen that causes a wide range of dis-
eases in plants including melons, cotton, and Solanaceae, among 
others (23, 24). F. oxysporum ranks fifth among the top 10 plant 
pathogenic fungi due to its broad pathogenicity (25). Full immune 
system mobilization is required for plants to cope with F. oxysporum 
invasion. The preexisting plant defense system includes physical and 
chemical barriers against pathogen penetration (26,  27). Once 
F. oxysporum overcomes these defenses, its general pathogenicity fac-
tors induce pathogen-associated molecular pattern–triggered immu-
nity in hosts, an immune response that relies on transmembrane 
pattern recognition receptors (24, 28). Moreover, the plant activates 
effector-triggered immunity by recognizing secreted effectors to pro-
tect itself from phytotoxins, which are products of the secondary me-
tabolism of F. oxysporum (27, 28). Comparative genomic analysis has 
revealed that the F. oxysporum genome is divided into core chromo-
somes (for primary metabolism and reproduction) and accessory 
chromosomes (for pathogen virulence, host specialization, and poten-
tially other functions) (29). Wide pesticide use against F. oxysporum 
has selected for the emergence of drug-resistant strains, indicating an 
urgent need for new strategies to combat this pathogen (30).

Although the functions of the circadian clock in the host im-
mune system and the regulation of the outcome of pathogen infec-
tion have been well documented (31–34), including those showing 
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that the circadian clock regulates virulence in the plant pathogenic 
fungi and the insect-controlling fungi (17, 22, 35, 36), the role played 
by circadian clocks of pathogens in their pathogenicity remains un-
clear. Here, we used plant pathogen F. oxysporum to elucidate 
the function of the fungal circadian clock in virulence and host-
pathogen interaction. The genome of F. oxysporum is predicted to 
encode multiple FRQ homologs (37). Our study reveals the exis-
tence of a functional circadian clock in F. oxysporum. Our results 
demonstrate that the circadian clock in F. oxysporum plays a critical 
role in its pathogenicity by controlling fungal response to zinc star-
vation and secondary metabolite production.

RESULTS
F. oxysporum has a functional circadian clock
To identify potential circadian clock genes in F. oxysporum f. sp. lyco-
persici, we examined its genome for homologs of circadian clock 
components from N. crassa. Two homologs, FoWC1 (FOXG_03727) 
and FoWC2 (FOXG_01037), were identified as counterparts to 
N. crassa WC-1 and WC-2. For FRQ, we identified 10 FoFRQ pro-
teins (FRQ homologs) (37). Among these, FoFRQ1 (FOXG_07759), 
which shares 81% sequence identity with N. crassa FRQ, contains all 
the essential domains required for FRQ function (Fig. 1A). In addi-
tion, we found paired FRQ homologs with remarkably high sequence 
similarity: FoFRQ3 (FOXG_15104) and FoFRQ4 (FOXG_14378), 
FoFRQ5 (FOXG_15157) and FoFRQ6 (FOXG_14323), as well as Fo-
FRQ7 (FOXG_16752) and FoFRQ8 (FOXG_16689) are nearly iden-
tical to one another (Fig. 1A). The number of FRQ homologs varies 
among the different forma specialis of F. oxysporum. Evolutionary 
analysis suggests that these FRQ homologs emerged within the 
F. oxysporum species and may have been transferred between differ-
ent forma specialis (fig. S1A). Collinearity analysis revealed that 
these FRQs are associated with intraspecific gene duplications (Fig. 
1B). Transcriptional analysis showed that Fofrq1 exhibited the high-
est expression levels among the genes encoding FRQ homologs—
more than 100 times greater than the other Fofrq genes (Fig. 1C). 
This finding suggests that Fofrq1 may serve as the dominant FRQ in 
F. oxysporum.

Under free-running conditions in constant darkness (DD), both 
Fofrq1 mRNA and protein levels oscillated rhythmically (Fig. 1, D 
and E). In addition, rhythmic expression of Fofrq10 mRNA was also 
observed (Fig. 1D), while the other Fofrq genes did not display 
rhythmic expression at mRNA levels (fig. S2, A to E). These findings 
suggest that multiple Fofrq genes contribute to the core oscillator, 
with Fofrq1 being the primary regulator and others playing mi-
nor roles.

To monitor the circadian rhythm of F. oxysporum in vivo, we in-
troduced a luciferase (LUC) reporter gene at the endogenous locus 
of Fofrq1, creating a translational fusion reporter that contains 
FoFRQ1-LUC through homologous recombination (38). This re-
porter was driven by the endogenous Fofrq1 promoter. The wild-
type (WT) strain displayed a robust circadian rhythm of luciferase 
activity, with a period of approximately 24 hours. However, this 
rhythm was disrupted and became arrhythmic in the ΔFowc1 strain 
(Fig. 1F and fig. S2F).

Next, we examined the response of Fofrq1 expression to light and 
temperature. White light rapidly induced the expression of Fofrq1 
and Fofrq10 mRNAs in F. oxysporum (fig. S3, A and B). Similarly, 

elevated temperatures led to an up-regulation of FoFRQ1 protein 
levels at both the peak and trough of its oscillations (fig. S3C), simi-
lar to the behavior of FRQ in N. crassa (39). These results indicate 
that the circadian oscillators in F. oxysporum can respond to light 
and temperature, despite its status as a well-known soilborne fun-
gal pathogen.

Regulatory network in the circadian oscillator of 
F. oxysporum
To determine the composition of the F. oxysporum core oscilla-
tor, we constructed circadian clock knockout mutants, includ-
ing ΔFowc1, ΔFowc2, ΔFowcc (deletion of both Fowc1 and 
Fowc2), and ΔFofrh, and representative mutants ΔFofrq1 and 
ΔFofrq10. FRH is an essential gene that plays an important role 
in the circadian clock and RNA exosome in N. crassa (9). How-
ever, the gene encoding for FoFRH has been successfully delet-
ed in F. oxysporum and is not essential in the entomopathogenic 
fungi Metarhizium robertsii and Beauveria bassiana, suggesting 
that FRH fungal homologs are not required for RNA exosome 
function in some fungi (40,  41). While the growth of mutant 
mycelium was unaffected compared to the WT, pigment pro-
duction was altered (fig. S3D). In the absence of FoWCC, Fofrq1 
mRNA levels were reduced and lost their rhythmicity as expect-
ed (Fig. 2, A and B), as the rhythmic expression of Fofrq1 de-
pends on the binding of FoWCC to its promoter (Fig. 2C and 
fig. S3E).

Coimmunoprecipitation (co-IP) assays demonstrated that FoWC1 
interacts with FoWC2, forming the positive regulatory complex FoW-
CC in F. oxysporum (Fig. 2D). Similar to observations in N. crassa 
(7,  42), deletion of Fofrq1 resulted in decreased Fowc1 and Fowc2 
mRNA levels (Fig. 2E), indicating that FoFRQ positively regulates 
Fowcc expression. As expected, ectopic overexpression of Fofrq1 un-
der the control of a strong promoter disrupted the rhythms of endog-
enous Fofrq1 and Fofrq10 and suppressed their expression (Fig. 2, F 
and G). This suggests that FoFRQ1 inhibits the activity of FoWCC, 
thereby establishing the negative feedback loop within the circadian 
oscillator (17, 43).

Furthermore, as seen in N. crassa (9), co-IP assays revealed that 
FoFRQ interacts with FoFRH to form a complex in F. oxysporum 
(Fig. 2H). The absence of FoFRH impaired the oscillation of Fofrq1 
mRNA (Fig. 2I), indicating that FoFRH is essential for the circadian 
clock function in F. oxysporum. Overall, these findings reveal that 
the circadian oscillator of F. oxysporum is composed of the positive 
components FoWC1 and FoWC2 and the negative components Fo-
FRQs and FoFRH. Together, these elements form a circadian regula-
tory network that drives circadian rhythms.

Circadian clock of F. oxysporum controls its pathogenesis
The importance of the circadian clock for the growth and metabo-
lism of nonpathogenic fungi is well established (31,  44), but its 
role in pathogenic fungi, particularly its effect on virulence, re-
mains mostly unresolved (17, 22, 35, 36). To address this, we eval-
uated the ability of F. oxysporum clock mutants to infect tomato 
plants. The disease severity index (DSI) was calculated from 7 to 
30 days postinoculation (35). Disruption of either the positive 
regulators (Fowc1 and Fowc2) or the negative regulators (Fofrq1 
and Fofrh), which compromised the core oscillator, resulted in a 
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Fig. 1. FoFRQ1 is the main FRQ protein in the F. oxysporum circadian system. (A) Schematic representations of FoFRQ and NcFRQ proteins illustrate the lengths and 
structural domains. Previously defined functional domains include the coiled-coil domain (CC), FRQ–casein kinase I interacting domains (FCD1 and FCD2), FRQ-FRH inter-
acting domain (FFD), and proline-, glutamate-, serine-, and threonine-rich sequence domains (PEST1 and PEST2). The FRQ homologous proteins include FoFRQ1 
(FOXG_07759), FoFRQ2 (FOXG_14954), FoFRQ3 (FOXG_15104), FoFRQ4 (FOXG_14378), FoFRQ5 (FOXG_15157), FoFRQ6 (FOXG_14323), FoFRQ7 (FOXG_16752), FoFRQ8 
(FOXG_16689), FoFRQ9 (FOXG_15043), FoFRQ10 (FOXG_14438), and FoFRQ-like (FOXG_22895). (B) The schematic of the chromosomal distribution and intrachromo-
somal relationships of Fofrq genes. Gray lines indicate all synteny blocks in the F. oxysporum genome, and red lines denote duplicated Fofrq gene pairs. (C) Reverse tran-
scription quantitative polymerase chain reaction (RT-qPCR) quantification of Fofrq transcripts. Error bars indicate SDs (n ≥ 3). (D) Relative transcript levels of Fofrq mRNAs. 
The eJTK_CYCLE algorithm was used to analyze the rhythmicity of gene expression, with P < 0.05 considered rhythmic. Error bars indicate SDs (n ≥ 3). (E) Western blot 
analysis (top) and quantification (bottom) of FoFRQ1-LUC protein levels. Error bars indicate SDs (n ≥ 3). (F) Quantification of luciferase signal from FoFRQ1-LUC in wild-type 
(WT; top) and ΔFowc1 (bottom) strains. AU, arbitrary units.
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nonpathogenic phenotype (Fig. 3A). In contrast, the ΔFofrq10 
mutant still induced wilt symptoms (Fig. 3A), indicating that Fo-
FRQ1, but not FoFRQ10, plays a pivotal role in fungal virulence.

Given the critical role of the circadian oscillator in F. oxysporum’s 
virulence, we hypothesized that its pathogenicity might exhibit diurnal 
variation. To test this, the tomato seedlings were grown under light-
dark cycles (LD 12:12), but the fungal strains were cultured in either 
in-phase or opposite phase (antiphase) as the plants under LD (Fig. 
3B). We inoculated tomato plants at lights-on time [host Zeitgeber 
time 0 (Host-ZT0)] and lights-off time [host Zeitgeber time 12 (Host-
ZT12)] under LD (12:12) (Fig. 3B). Forty-eight hours after infestation, 
we determined the wilted area of the tomato leaves. When the WT 
strain was in-phase with the plants, infection severity was greatest at 
dawn (Host-ZT0 and Pathogen-ZT0) (Fig. 3C). However, when the 
fungal phase was reversed, the peak of severe symptoms shifted to 
dusk (Host-ZT12 and Pathogen-ZT0) (Fig. 3D). These results suggest 
that F. oxysporum pathogenicity exhibits diurnal variation, with viru-
lence peaking at Pathogen-ZT0.

To eliminate potential effects of light on these observations, we 
performed similar experiments with plants kept in DD postinfec-
tion (fig. S4A). Wilt severity increased in the dark, and diurnal dif-
ferences persisted under DD conditions. Severe wilt was also 
observed when plants were infected with an F. oxysporum strain 
transitioned from dark to light (Pathogen-ZT0) (fig. S4, B and C). 
Because only the phase of F. oxysporum was altered during the in-
fection process, the observed variation in infection severity, which 
was absent in clock mutants, is due to circadian clock–regulated 
fungal virulence.

Circadian gene expression in F. oxysporum
To investigate the relationship between virulence and the circadian 
clock in F. oxysporum, we conducted time-series transcriptomic 
analyses under free-running conditions. A key hallmark of circadi-
an rhythms is the periodic expression of genes with a cycle of ap-
proximately 24 hours (±2 hours) in the absence of environmental 
cues (5). Using the periodicity-detecting algorithm eJTK_CYCLE 

Fig. 2. Regulatory network of the circadian oscillator in F. oxysporum. (A) RT-qPCR analyses of Fofrq1 mRNA levels in ΔFowc1, ΔFowc2, and ΔFowcc strains. (B) RT-qPCR 
analyses of Fofrq1 mRNA in the ΔFowcc strain over time in DD. (C) Chromatin immunoprecipitation (ChIP)–qPCR assays of binding of FoWC2 to the promoter of Fofrq1 at 
indicated times in DD. (D) Coimmunoprecipitation (co-IP) assays revealed the interaction between FoWC1 and FoWC2. (E) The mRNA levels of both Fowc1 and Fowc2 were 
diminished in the ΔFofrq1 mutant. (F and G) RT-qPCR analyses at indicated times in DD of (F) Fofrq1 and (G) Fofrq10 mRNAs in a strain that overexpresses Fofrq1 (OE::Fofrq1). 
(H) Co-IP assays revealed the interaction between FoFRQ1 and FoFRH. (I) The mRNA level of Fofrq1 was increased, and the rhythm of Fofrq1 mRNA was impaired in the 
ΔFofrh mutant. Error bars indicate SDs (n ≥ 3). Student’s t test was performed to determine statistical significance. *P < 0.05 and **P < 0.01.
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Fig. 3. The F. oxysporum circadian clock controls infection of tomato plants. (A) Pathogenicity of the WT and circadian clock mutants was examined. The roots of to-
mato seedlings were slightly wounded and immersed in a suspension of 5 × 106 conidia/ml of F. oxysporum at Host-ZT12. Infected seedlings were grown in the greenhouse 
at approximately 28°C, and DSI was calculated from 7 to 30 days postinoculation. Twelve plants were used for each treatment, and the experiments were conducted three 
times for each mutant. Photographs of representative infected tomato plants at 7, 14, and 28 days postinfection are shown. (B) Workflow to characterize the effects of the 
circadian clock of F. oxysporum on infection. Tomato seedlings were cultured under LL:DD (12:12) until they reached 30 days of age. Fungal strains were cultured in the same 
(in-phase) or opposite (antiphase) LD phase as the plants for 7 days. Plant leaves were infiltrated with fungi (as indicated by the red and black syringes) at alternating light 
and dark times (Host-ZT0 or Host-ZT12), and photographs were taken after 48 hours to document wilting (as indicated by the black camera). (C and D) WT and circadian 
clock mutant F. oxysporum strains were cultured on PDA plates for 7 days under (C) LD conditions (i.e., in-phase with the plants) or (D) DL conditions (i.e., antiphase with the 
plants). Tomato leaves were infiltrated with a suspension of 1 × 107 conidia/ml of F. oxysporum at Host-ZT0 or Host-ZT12 (the time points of light/dark transition), and then 
the plants were incubated in LD for 48 hours. Top: Photographs of representative leaves. Bottom: Quantification of lesion spread performed on at least 120 independent 
virulence assays. Error bars indicate SEMs. A Student’s t test was conducted to determine statistical significance. ***P < 0.001; not significant (n.s.), P ≥ 0.05.
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(45), we identified 993 rhythmic genes oscillating on a 24-hour cycle 
(Fig. 4A and table S1). This substantial number of rhythmic genes 
provides further evidence for the presence of a functional circadian 
clock in F. oxysporum. Annotation of these rhythmic genes using the 
Kyoto Encyclopedia of Genes and Genomes (KEGG) database re-
vealed that they are predominantly associated with transcription 
factors and metabolic components (Fig. 4B). Gene Ontology (GO) 
analysis showed that these genes are highly enriched in categories 
such as transcription factor activity, nucleus, and nucleoside biosyn-
thetic processes (fig. S5A).

We then compared the differentially expressed genes (DEGs) be-
tween the WT strain and the ΔFowcc mutant at DD24, the time point 
corresponding to peak frq expression. This comparison identified 
972 genes that were down-regulated and 548 genes that were up-
regulated in the ΔFowcc mutant relative to the WT strain (Fig. 4C). 
KEGG analysis indicated that down-regulated genes were enriched 
in transcription factors and metabolic pathways (Fig. 4D), while up-
regulated genes were associated with chaperones and metabolic pro-
cesses (fig. S5B). GO analysis further confirmed the enrichment of 
categories such as transcription factor activity, ion binding, and 

Fig. 4. Rhythmic expression of transcription factors is a major output of the F. oxysporum circadian clock. (A) Heatmap of gene expression by the WT strain of 
F. oxysporum over time in DD. Rhythmic genes were identified using eJTK_CYCLE. Each vertical line represents a time point, with gene expression displayed horizontally. 
Expression values were mean-normalized for each gene and are represented as a z score of SDs from the mean. (B) KEGG classification analysis of the rhythmic genes. 
(C) Volcano plot of differentially expressed genes (DEGs) in F. oxysporum between WT and ΔFowcc at DD24. (D) KEGG classification analysis of down-regulated genes in 
the ΔFowcc mutant compared to the WT strain. (E) Venn diagram of overlapping gene counts between down-regulated genes in the ΔFowcc mutant compared to the WT 
strain and rhythmic genes in the WT strain. FC, fold change; GTP, guanosine triphosphate.
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metabolism among these DEGs (fig. S5, C and D). Last, a compari-
son of overlapping genes revealed that 71 down-regulated genes and 
29 up-regulated genes were rhythmically expressed (Fig. 4E and fig. 
S5E). These findings suggest that these genes may be direct targets of 
WCC, the positive regulator of the circadian negative feedback loop.

Among the 71 down-regulated genes that overlap with rhythmic 
genes, there is a notable enrichment for transcription factor genes, in-
cluding nine rhythmic transcription factors (table S2). Of these nine 
transcription factors, FoZafA (FOXG_00370) and FoCzf1 (FOX 
G_00578) have been reported as critical for virulence in F. oxysporum 
(46), as indicated in Fig. 4C. This suggests that FoZafA and FoCzf1 may 
serve as critical clock-controlled pathogenicity factors involved in fungal 
pathogenesis and the host-pathogen interaction.

The rhythmicity of transcriptome has been extensively examined 
in N. crassa (47–49). Using blast analyses, we identified the homo-
logs of N. crassa rhythmic genes (47) in F. oxysporum (table S3). 
There are 179 genes in F. oxysporum that overlap with the rhythmic 
genes in N.crassa and are enriched in zinc ion binding, DNA bind-
ing transcription factors, and transition metal ion binding (fig. S5F 
and table S3). We also identified the homologs of N. crassa WC-2 
target genes (47, 50) in F. oxysporum and found that 18 genes were 
categorized as rhythmic in both N. crassa and F. oxysporum (fig. 
S5F), including the homologous gene of FozafA in N. crassa (table 
S3), suggesting a conserved regulation of ZafA homologs by circa-
dian clocks in fungi.

Circadian clock of F. oxysporum regulates zinc 
starvation response
Fungal pathogens must overcome the host’s nutritional immunity, 
which restricts their access to metals and induces metal stress condi-
tions (51). Zinc is one of these essential metals, playing a critical role 
in fungal virulence. FoZafA regulates zinc homeostasis and mediates 
the adaptive response to zinc starvation in pathogenic fungi (52, 53). 
Reverse transcription quantitative polymerase chain reaction (RT-
qPCR) analysis confirmed reduced transcription and an impaired 
circadian rhythm of FozafA in the ΔFowc2 mutant (Fig. 5A).

To further explore its role, we generated a ΔFozafA mutant, which 
exhibited a slower growth rate and dramatically reduced virulence 
toward tomato plants compared to the WT strain (Fig. 5, B and C). 
To assess whether FoZafA-mediated zinc homeostasis influences 
the altered virulence of circadian clock mutants, we evaluated the 
response of ΔFowcc and ΔFofrq1 strains to zinc starvation. The ex-
pression levels of FozafA and FozrfB—the latter encoding a high-
affinity zinc transporter regulated by FoZafA—were substantially 
reduced in the circadian mutants (Fig. 5, D and E). Consistent with 
this, the circadian clock mutants exhibited impaired reproduction 
under zinc starvation, with significantly reduced critical spore pro-
duction (Fig. 5F). This finding suggests that the circadian clock 
plays a crucial role in the adaptation of F. oxysporum to zinc starva-
tion. Collectively, these results highlight the importance of the 
clock-regulated virulence factor FoZafA in facilitating F. oxysporum’s 
adaptation to zinc homeostasis during infection of the tomato host.

Circadian clock–controlled secondary metabolites 
contribute to F. oxysporum pathogenicity
Fungal invasion of plants relies heavily on the secretion of phytotoxins 
generated through secondary metabolism (51). To determine whether 
secondary metabolites are involved in the circadian clock–regulated 
infection process, we harvested secondary metabolite extracts from 

WT and ΔFowcc strains. These extracts, applied at a concentra-
tion of 50 μg/ml, were sprayed onto tomato plant leaves. Within 
48 hours, plants treated with WT strain extracts exhibited wilting, 
while those treated with ΔFowcc mutant extracts showed no wilting 
(Fig. 6A). This suggests that the circadian clock may regulate sec-
ondary metabolism by transmitting temporal signals through a hi-
erarchical transcriptional regulatory network (52).

One such transcription factor, FoCzf1 (FOXG_00578), which ac-
tivates the biosynthesis of the secondary metabolite fusaric acid (53), 
was found to display rhythmic expression (tables S1 and S2). As con-
firmed by RT-qPCR experiments, the rhythmic expression of Foczf1 
is dependent on FoWC2 (Fig. 6B), consistent with RNA sequencing 
(RNA-seq) data (Fig. 4, C and E), indicating its regulation by the cir-
cadian clock. Fusaric acid is a crucial phytotoxin that contributes to 
the virulence of F. oxysporum (54). To investigate whether the circa-
dian clock regulates fusaric acid production, we performed high-
performance liquid chromatography (HPLC) and mass spectrometry 
(MS) analyses on extracts from circadian clock mutants and their 
complementation strains. As expected, fusaric acid was undetectable 
in the ΔFoczf1 strain (Fig. 6, C and D). Moreover, its production was 
dramatically reduced in the ΔFowcc strain compared to the WT 
strain (Fig. 6, C and D). Complementation of each mutant with the 
corresponding gene restored fusaric acid production.

Genome annotation of F. oxysporum identified 50 secondary me-
tabolite biosynthetic gene clusters, including those required for fusaric 
acid biosynthesis (table S2). RT-qPCR confirmed that the expression of 
fusaric acid biosynthetic genes was markedly reduced in the ΔFoczf1, 
ΔFowcc, and ΔFofrq1 mutants (Fig. 7, A to C). Deletion of Foczf1 also 
resulted in reduced growth rates and decreased pathogenicity toward 
tomato plants (Fig. 7, D and E). These findings demonstrate that fu-
saric acid, regulated by the clock-controlled transcription factor FoC-
zf1, is a major metabolite contributing to changes in F. oxysporum 
virulence. Overall, our study suggests that the circadian clock serves as 
a critical command system in F. oxysporum, orchestrating strategies for 
host invasion (Fig. 7F). Clock-controlled transcription factors act as 
key regulators, enabling the pathogen to adapt to host-induced stress 
and produce toxic metabolites through secondary metabolism. These 
sophisticated, clock-driven mechanisms empower F. oxysporum to by-
pass host defenses and infect at the optimal time.

DISCUSSION
In this study, we demonstrated the existence of a functional circa-
dian clock in F. oxysporum, a soilborne organism that lacks an overtly 
rhythmic phenotype. In its core oscillator, the FoWC1-FoWC2 
complex acts as a positive regulator to activate Fofrq1 transcription 
(Fig. 2A), while the FoFRQ1-FoFRH complex functions as the nega-
tive regulator to repress FoWCC activity, forming a negative feed-
back loop (Fig. 2F). The expression of Fowcc was significantly 
reduced in the ΔFofrq1 mutant (Fig. 2E), indicating a positive regu-
lation of Fowcc expression by FoFRQ1. This is similar to the positive 
feedback loop involving FRQ and WCC previously described in 
N. crassa (7, 42). In the WT strain, the rhythmic activity of FoWCC 
governs the rhythm of genome-wide gene transcription. In the 
ΔFowcc or ΔFofrq1 mutants, the loss or reduction of FoWCC 
disrupts circadian gene expression, resulting in impaired virulence. 
The reduced pathogenicity of circadian clock gene mutants, along 
with the diurnal variations in infection outcomes, indicates that 
the circadian clock is critical for fungal virulence in F. oxysporum. 
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Transcriptome analysis revealed that the circadian clock governs the 
rhythmic expression of genes, particularly those enriched in tran-
scription factors and metabolism, with partial overlap with reported 
pathogenic factors (Fig. 4). This regulation enables F. oxysporum to 
adapt to the host environment, such as by mitigating zinc starvation 
stress and enhancing production of the phytotoxin fusaric acid 
(Figs. 5 and 6). Thus, the circadian clock coordinates rhythmic 
transcription factors, facilitating extensive downstream transcrip-
tional regulation. This interlocking regulatory network is essential 

for fungal development, stress responses, secondary metabolism, 
and other critical functions (Fig. 7F).

Most eukaryotic and some prokaryotic organisms, including 
pathogenic microbes, have circadian clocks that aid in environmental 
adaptation through conserved mechanisms (2, 5). In pathogens, 
circadian clocks have evolved specific functions in response to 
natural and host-imposed selective pressures. In fungal patho-
gens such as A. flavus and B. cinerea, circadian clocks regulate 
development or virulence to adapt to adverse environmental 

Fig. 5. The F. oxysporum circadian clock regulates the response to zinc starvation through rhythmic expression of FoZafA. (A) RT-qPCR analyses of FozafA mRNA in 
WT and ΔFowc2 mutant as a function of time in DD. (B) Photographs of WT and ΔFozafA mutant incubated on PDA or minimal medium (MM) to evaluate growth pheno-
type. (C) Photographs of plants infected with WT and ΔFozafA mutant. (D and E) RT-qPCR analyses of (D) FozafA and (E) FozrfB during zinc starvation in WT and circadian 
clock mutants. (F) Spore production by WT and circadian clock mutants under varying ZnSO4 concentrations over 5 days. Error bars indicate SDs (n ≥ 3). A Student’s t test 
was conducted to determine statistical significance. *P < 0.05; **P < 0.01; ***P < 0.001; n.s., P ≥ 0.05.
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conditions (16,  17). FRQ is a well-studied core circadian clock 
protein in filamentous fungi (17,  18,  20,  40,  55). Most fungi 
have one or two FRQ homologs; however, F. oxysporum contains 
an exceptional 10 FRQ homologs (Fig. 1 and fig. S1) (37). This 
multiplicity of FRQ homologs likely allows F. oxysporum to adapt 
to fluctuating environments during prolonged interactions with 
diverse hosts. Although F. oxysporum does not reproduce sexu-
ally, it enhances genetic diversity through genetic recombination 
and horizontal gene transfer (23). More than half of the FoFRQ 
genes are located on accessory genomes, such as chromosome 15, 
and were likely acquired through horizontal gene transfer (Fig. 
1B). This mechanism is further supported by the variability in 
the number of FoFRQ genes across different forma specialis of 
F. oxysporum (fig. S1A).

The importance of the circadian clock in host-pathogen interac-
tions was suggested decades ago through observations of diurnal 

variations in host immune responses to lethal infections (33, 56, 57). 
However, the precise role of circadian clocks in coordinating inter-
actions between hosts and their microbial communities remains 
unclear. The host circadian clock regulates the host immune system, 
enabling rapid elimination of pathogens (34, 58, 59). For example, 
the circadian clock in mice modulates the immune response to the 
bacterial pathogen Salmonella typhimurium (33, 60), while the clock 
component CCA1 in Arabidopsis allows the plant to anticipate infec-
tions caused by the fungal pathogen Hyaloperonospora arabidopsidis 
at dawn (61,  62). Pathogen circadian clocks can also coordinate 
development and infection processes (59). Microbial pathogens ex-
hibit timed virulence, exploiting host defenses to their advantage as 
a classic strategy to evade host resistance (63). Studies have shown 
that circadian clock elements can affect fungal virulence. For in-
stance, the absence of core circadian regulator WCC or FRQ reduces 
virulence in several fungi (17, 55, 64–67). However, the virulence 

Fig. 6. The F. oxysporum circadian clock regulates secondary metabolite fusaric acid through the virulence factor FoCzf1. (A) Toxicity analysis of crude extracts 
from WT and ΔFowcc. Secondary metabolic extracts from WT and ΔFowcc strains were collected and sprayed on the leaves of tomato plants. Experiments were performed 
three times for each mutant, and representative photographs were shown. (B) RT-qPCR analysis of Foczf1 mRNA in WT and Fowc2 strains as a function of time in DD. 
(C) High-performance liquid chromatography (HPLC) analysis (λ =230 nm) of fusaric acid in the WT strain, ΔFoczf1, ΔFowcc mutants, and ΔFoczf1::FoCzf1 and 
ΔFowcc::FoWC1-FoWC2 complementation strains. The indicated strains were cultivated for 7 days under high nitrogen conditions, and the cultures were extracted with 
ethyl acetate for chemical analysis. mAU, milli-absorbance units. (D) Mass spectrometry (MS) analysis of fusaric acid standard and metabolites produced by the WT strain, 
highlighting the peaks of fusaric acid. ES+, positive electrospray; m/z, mass/charge ratio.
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Fig. 7. The F. oxysporum circadian clock is important for fungal virulence by regulating fusaric acid biosynthesis through FoCzf1.  (A to C) Levels of fusaric acid 
biosynthetic genes (FUB) determined by RT-qPCR in WT strain and ΔFoczf1, ΔFowcc, and ΔFofrq1 mutants in DD. Error bars indicate SDs (n ≥ 3). (D) Photographs of WT 
and ΔFoczf1 mutant incubated on PDA or MM to evaluate growth phenotype. (E) Photographs of plants infected with WT or ΔFoczf1 mutant. A Student’s t test was con-
ducted to determine statistical significance. *P < 0.05, **P < 0.01, and ***P < 0.001. (F) A model to explain how the endogenic circadian clock in F. oxysporum contributes 
to virulence and infection. Interconnected feedback loops, both positive and negative, are formed by FoWC1-FoWC2 and FoFRQ1-FoFRH. Rhythmic genes governed by 
the circadian clock dramatically influence F. oxysporum metabolism (both basic and secondary). The circadian clock acts as a command center in F. oxysporum, orchestrat-
ing the host invasion through clock-controlled virulence factors. The adaptation of F. oxysporum to stress within the host and the production of phytotoxin via secondary 
metabolism are regulated by the circadian clock.
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factors controlled by the circadian clock in these fungi remain un-
known. On the other hand, in some pathogens, such as V. dahliae 
and M. robertsii, circadian clock components are not essential for 
virulence (19, 20, 40).

In this study, we demonstrated the critical role of the circadian 
clock in regulating F. oxysporum virulence and its interaction with 
tomato hosts. The circadian clock governs the rhythmic expression 
of transcription factors, such as FoZafA and FoCzf1, which are vital 
for the fungal adaptation to zinc starvation stress in the host and the 
production of the secondary toxin fusaric acid (Figs. 4 and 5). Both 
FoZafA and FoCzf1 are transcription factors containing C2H2 zinc 
finger domains. FoZafA is an ortholog of Zap1 in the budding yeast 
Saccharomyces cerevisiae, where it acts as a central regulator of zinc 
homeostasis (68). Orthologs of FoZafA are also present in other 
pathogenic fungi, including Aspergillus fumigatus and Candida albicans, 
where they are also important for virulence (68–70). Similarly, Fo-
Czf1 is widely conserved across fungi, and loss of function has been 
associated with reduced virulence in pathogens such as Fusarium 
graminearum and Magnaporthe oryzae (46, 53). These findings sug-
gest that ZafA and Czf1 homologs in other fungi may also play crit-
ical roles in clock-controlled fungal pathogenesis.

Pathogenic fungi use various effectors, such as secreted proteins, 
nucleic acids, and secondary metabolites, to suppress the plant host 
immune system and promote infection (52, 71–75). While secondary 
metabolites are not essential for normal growth, they may provide a 
selective advantage in specific environments (52, 76). Soilborne patho-
gens are known to invade plants in the rhizosphere, a complex 
environment with various microorganisms (77, 78), where secondary 
metabolites play crucial roles in multiorganism interactions and 
ecological niche colonization (75). Circadian clocks transmit tempo-
ral signals downstream through extensive transcriptional regulatory 
networks that have the potential to orchestrate global gene regulation. 
A study in T. atroviride demonstrated that TaFRQ acts as a general 
repressor of secondary metabolism, mediating fungal-fungal interac-
tions (18). However, the interaction between fungal circadian clocks 
and secondary metabolism still needs to be systematically explored in 
different fungi. Here, we show that secondary metabolism in 
F. oxysporum is regulated by the circadian clock, which is critical for 
fungal virulence and its interaction with the host. Fusaric acid, a well-
known phytotoxin produced by F. oxysporum, is toxic to the tomato 
host and influences the plant’s rhizosphere microbiome (53, 54, 79). 
Specifically, the transcription factor FoCzf1 activates the gene clusters 
responsible for fusaric acid synthesis and is itself regulated by the cir-
cadian clock (Figs. 6 and 7). Our results indicate that the circadian 
clock in F. oxysporum establishes molecular connections between fun-
gal secondary metabolism and plant host immunity by regulating the 
virulence factor FoCzf1 and fusaric acid production.

In summary, our findings underscore the importance of the en-
dogenous circadian clock in F. oxysporum pathogenesis and host inva-
sion. Given the circadian clock’s role in cross-kingdom communication, 
which enhances sustainable agriculture, the development of biofungi-
cides based on clock-controlled host-pathogen interactions presents a 
promising strategy for managing soilborne pathogens (32, 80).

MATERIALS AND METHODS
Strains and culture conditions
The strain of F. oxysporum f. sp. lycopersici, originally isolated from 
Tomato (Solanum lycopersicum) (81), was used as the WT strain for 

genetic modifications. ΔFowc1, ΔFowc2, ΔFofrq1, ΔFofrq10, ΔFofrh, 
ΔFozafA, and ΔFoczf1 strains were generated using homologous re-
combination with the hygromycin resistance gene. To generate the 
ΔFowcc strain using homologous recombination, Fowc2 was replaced 
with a hygromycin resistance gene, and Fowc1 was replaced with a 
neomycin resistance gene. Constructs with the cfp promoter–driven 
expression of Myc-FoFRQ1 or Myc-FoWC2 strain were generated by 
random insertion with the neomycin resistance gene. Cfp-Flag-
FoFRH was introduced into the cfp-Myc-FoFRQ1 strain and screened 
with hygromycin B to obtain Myc-FoFRQ1; Flag-FoFRH strain. Cfp-
Flag-FoWC1 was introduced into the cfp-Myc-FoWC2 strain and 
screened with hygromycin B to obtain Myc.FoWC2; Flag.FoWC1 
strain. Complementation strains ΔFowcc-Myc-FoWC2, Flag-FoWC1, 
ΔFofrh-Myc-FoFRH, and ΔFoczf-Myc-FoCzf1 were generated by ran-
dom insertion of the target gene into the corresponding knockout 
mutant with neomycin selection. F. oxysporum strains were cultivated 
in Potato Dextrose Agar (PDA) medium at 28°C using an incubator 
or grown in Potato Dextrose Broth (PDB) medium using incubator 
shakers in a 12:12-hour LD cycle.

Protoplast preparation and transformation of F. oxysporum
F. oxysporum transformations were carried out using protoplast-
mediated transformation. Briefly, 1 × 108 of conidia from F. oxysporum 
were inoculated into 50 ml of PDB medium and cultivated at 28°C 
for 4 to 6 hours with shaking at 200 rpm. The germlings were har-
vested with a centrifuge of 1000g at 4°C for 15 min, washed three 
times with 0.7 M NaCl, and then digested with disease (10 mg/ml), 
lysing enzyme from Trichoderma harzianum (10 mg/ml), and cellu-
lase from Trichoderma longibrachiatum (15 mg/ml) at 30°C for 1 and 
2 hours with shaking at 100 rpm. The protoplasts were collected by 
centrifugation of 1000g at 4°C for 5 min and washed twice with So-
bital, Tris-HCl, CaCl2 (STC) buffer [1.2 M sorbitol, 10 mM tris-HCl 
(pH 8.0), and 50 mM CaCl2]. Last, the protoplasts were diluted in 
storage buffer [STC:SPTC:dimethyl sulfoxide = 8:2:0.1 (v/v); SPTC 
buffer: 0.8 M sorbitol, 50 mM tris-HCl (pH 8.0), 50 mM CaCl2, and 
40% polyethylene glycol, molecular weight 8000 (PEG-8000)] at a 
final concentration of 1 × 108 protoplasts/ml.

For transformation, 1 to 10 mg of DNA in 100 μl of STC buffer 
was mixed with 100 μl of protoplasts, and then 50 μl of 30% PEG-
8000 (v/v) was added and incubated at room temperature for 20 min. 
After incubation, 2 ml of 30% PEG-8000 (v/v) was added and incu-
bated for 5 min. STC buffer of 4 ml was added before mixing thor-
oughly. The mixture was dissolved in molten regeneration medium 
[0.1% yeast extract (w/v), 0.1% casein-enzyme hydrolysate (w/v), 
0.8 M sucrose, and 1.5% agar (w/v)] at 50°C and poured into petri 
dishes. The transformants were cultivated at 28°C for 12 hours, and 
overlay regeneration medium with selective reagent was added to 
the plate for further screening.

Luciferase reporter assay
The luciferase reporter assay was performed as reported previously 
(82). The luciferase gene was inserted at the end of the Fofrq1 gene 
in the WT and ΔFowc1 strains by homologous recombination with 
hygromycin B selection. Conidial suspension was placed on autoclaved 
Czapek Dox medium, replaced sucrose with 1% sorbose (0.3% 
sodium nitrate, 0.1% dipotassium phosphate, 0.05% magnesium 
sulfate, 0.05% potassium chloride, 0.001% ferrous sulfate, and 1.5% 
agar (pH 7.2)] with 50 μM firefly luciferin, and grown in constant 
light overnight. The cultures were then transferred to DD, and 
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luminescence was recorded in real time using a LumiCycle for 5 
days in DD. The data were then normalized with LumiCycle Analy-
sis software by subtracting the baseline luciferase signal, which in-
creases as the strain grows.

RNA extraction and RT-qPCR analysis
Strain cultures were frozen in liquid nitrogen and ground to powder. 
Total RNA was extracted and purified using an Ultrapure RNA Kit 
[CoWin Biosciences (CWBIO), CW0581S] according to the manu-
facturer’s instructions. A FastQuant RT Kit with gDNase (Vazyme, 
CW0581S) was used for first-strand cDNA synthesis. The RT-qPCR 
was conducted using power SYBR qPCR premix reagents (CWBIO, 
CW0957H) in a CFX96 Touch Real-time PCR detection system (Bio-
Rad), and relative transcript levels were calculated as fold changes 
and normalized to the housekeeping gene actin (FOXG_01569) us-
ing the comparative Ct method. Primers used for RT-qPCR are listed 
in table S4.

Protein analysis
Protein extraction, quantification, and Western blot analyses were 
conducted as previously described (83, 84). Briefly, tissue was ground 
in liquid nitrogen using a mortar and pestle and suspended in ice-
cold extraction buffer [50 mM Hepes (pH 7.4), 137 mM NaCl, and 
10% glycerol] containing protease inhibitors [pepstatin A (1 mg/ml), 
leupeptin (1 mg/ml), and 1 mM phenylmethylsulfonyl fluoride]. Fol-
lowing centrifugation, protein concentration was assessed using a 
protein assay dye reagent (Bio-Rad, 5000205). For Western blot anal-
yses, equal amounts of total protein (40 mg) were loaded into each 
lane of 7.5 or 10% SDS–polyacrylamide gel electrophoresis gels with 
an acrylamide-to-bisacrylamide ratio of 37.5:1. After electrophoresis, 
proteins were transferred to polyvinylidene difluoride membranes, 
and Western blot analyses using anti-Myc (TransGen, HT101), anti-
Flag (Sigma-Aldrich, F1804), and anti-luciferase (Sigma-Aldrich, 
L2164) antibodies were performed. Western blot signals were detect-
ed using x-ray films and scanned for quantification.

Co-IP analysis
Co-IP analysis was performed as previously described (83). Briefly, 
proteins were extracted as described above. For each IP reaction, 2 
mg of protein and 2 μl of anti-Myc antibody were used. After incu-
bation with anti-Myc antibody for 3 hours, 40 μl of GammaBind G 
Sepharose beads (GE Healthcare, 17061801) was added, and sam-
ples were incubated for 1 hour. Immunoprecipitated proteins 
were washed three times using extraction buffer before Western blot 
analysis with anti-Myc and anti-Flag antibodies.

ChIP-qPCR
Chromatin immunoprecipitation (ChIP) assays were performed as 
previously described (83–85). Briefly, the germinating conidia of 
different strains were cultured in yeast extract, peptone, and dex-
trose medium [glucose (20 g/liter), peptone (20 g/liter), and yeast 
extract(10 g/liter)] with shaking at 150 rpm at 25°C. Before harvest, 
1% formaldehyde (37%) was added directly to the liquid culture to 
cross-link the proteins with the chromatin, followed by a 15-min 
incubation. To halt the cross-linking, 125 mM glycine (pH 7.5) was 
added, and the mixture was incubated for an additional 5 min. The 
culture was washed several times with 1× phosphate-buffered saline 
and harvested after treatment. IP was performed using 2 mg of 
protein and 1 μl of anti-Myc antibody along with GammaBind G 

Sepharose beads overnight at 4°C. After separation, beads were washed 
sequentially with low-salt wash buffer [150 mM NaCl, 0.2% SDS, 
20 mM tris-HCl (pH 8.0), 2 mM EDTA, and 0.5% Triton X-100], 
high-salt wash buffer [500 mM NaCl, 2 mM EDTA, 20 mM tris-HCl 
(pH 8.0), 0.2% SDS, and 0.5% Triton X-100], LiCl wash buffer [0.25 
M LiCl, 1% NP-40, 1% sodium deoxycholate, 1 mM EDTA, and 10 
mM tris-HCl (pH 8.0)], and TE buffer. DNA bound to the beads was 
subsequently eluted and precipitated. ChIP-qPCR was indepen-
dently repeated three times. Relative enrichment values were calcu-
lated by dividing the immunoprecipitated DNA by the input DNA 
and the internal control gene (actin). Primers used for ChIP-qPCR 
are listed in table S4.

Time course experiments
Strains were grown in incubators at 28°C. For circadian rhythm ex-
periments under DD conditions, the WT strain and clock mutants 
were grown on PDA plates covered with cellophane under constant 
light conditions for 24 hours and then transferred to DD every 
6 hours. After 48 hours, mycelium samples (obtained from indepen-
dent PDA plates) were harvested. Protein or RNA isolation and RT-
qPCR procedures were conducted.

Virulence assay
Before infection, F. oxysporum was grown in PDA under varying 
light conditions for 7 days at 28°C. Sterile tomato plants (cultivar: 
Zhongza9) for the virulence assays in roots were grown at 28°C until 
the two true leaves stage, receiving 12 hours of light each day. Subse-
quently, plant roots were inoculated with F. oxysporum conidia 
(5 × 106 spores/ml), obtained from PDA plates. Pathogenicity was 
assessed 4 weeks postinoculation in the greenhouse under 12:12-hour 
LD conditions. Disease indices were scored on a scale of 0 to 4: 0, no 
disease symptoms; 1, slight wilting on true or cotyledon leaves, but 
growth remained normal; 2, distinct necrotic plaques appeared on 
true or cotyledon leaves, with roots becoming diseased and growth 
delayed; 3, root necrosis and parts of the plant wilted or exhibited 
growth rigidity; 4, the entire plant wilted, and the plant was either 
dead or very small and wilted (86). DSI was calculated using the fol-
lowing formula: DSI = [∑ (class × number of plants in that class)/
(4 × total number of assessed plants)] × 100. Each treatment con-
sisted of three replicates, with 12 seedlings per replicate.

For leaf inoculation, F. oxysporum spores were harvested from 
the same plate at dawn or dusk, and conidial suspensions of 1 × 107 
spores/ml were infiltrated into unwounded tomato leaves (1 month 
old). Infections were conducted at 9:00 (Host-ZT0) or 21:00 (Host-
ZT12), in accordance with the photoperiod of the F. oxysporum 
growth chamber. All inoculated plants were maintained inside plas-
tic boxes at 28°C in a humid environment, under LD or dark/light 
(DL) conditions for 48 hours, and then immediately analyzed 
(2 days post-noculation). Lesions on tomato leaves (at least 120 in-
fected leaves per F. oxysporum strain and condition) were measured 
semiautomatically using ImageJ software with an external calibra-
tion scale. Because of the varying leaf sizes, the lesion area was cal-
culated by measuring both the total and the infected areas of the 
leaf, with the total area representing 100%. Consequently, the mea-
surements in the graphs are expressed as percentages.

RNA-seq analysis
RNA-seq data were analyzed as previously described (83). The refer-
ence genome of F. oxysporum f. sp. lycopersici 4287 was downloaded 
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from the following link: www.ncbi.nlm.nih.gov/datasets/genome/
GCF_000149955.1/. Raw reads were filtered using SOAPnuke (v1.4.0) 
to obtain high-quality reads by removing low-quality reads with 
Q < 15. After trimming low-quality bases (Q < 15) and adaptor se-
quences, the resulting high-quality reads were aligned to the 
downloaded reference genome using HISAT2 (v2.1.0) and Bowtie2 
(v2.2.5). The reads were assembled and normalized. Gene expression 
levels were quantified in terms of fragments per kilobase of exon per 
million fragments mapped (FPKM) using RSEM v1.2.8 (http://dew-
eylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html). Heat-
maps were generated using FPKM values with the heatmap2 function 
of the R package (www.R.project.org/). DESeq2 was used to identify 
DEGs based on false discovery rate (FDR) adjusted P ≤ 0.05, after 
Benjamini-Hochberg correction for multiple testing and absolute log2 
fold change values of ≥1, with significance marked as “yes.” Circadian 
rhythms were assessed through eJTK_cycle analysis (45). After 
Benjamini-Hochberg adjustments, any gene with a P < 0.05 was con-
sidered rhythmically expressed in this study. GO enrichment analysis 
was performed using Blast2GO 2.5.0, and KEGG enrichment was 
conducted using KOBAS 2.0. The two-tailed Fisher’s exact test, based 
on the FDR cutoff of 0.05, was used as one of the justification condi-
tions. Annotation of F. oxysporum genomic secondary metabolic syn-
thesis gene clusters was completed using antiSMASH database version 
4 (https://antismash-db.secondarymetabolites.org/).

HPLC-MS analysis of the secondary metabolites
F. oxysporum was cultivated for 7 days at 28°C on PDA medium. The 
strain spores were collected using sterile water and adjusted to 
1 × 105 spores/ml. Fermentation was performed in 300 ml of PDB 
and incubated for 1 week at 28°C with shaking at 150 rpm. Using 
ultrasonication, the fermented broths were extracted with ethyl ac-
etate, and the organic solvent was filtered and evaporated to dryness 
under vacuum to obtain the crude extract.

The crude extract of the WT strain and mutants was subjected 
to HPLC-MS analysis (Kromasil, 100-5-C8 column; 4.6 mm by 250 
mm; 1.0 ml/min; ultraviolet detection at 230 nm), using a gradient 
flow of acetonitrile and water (0.3% acetic acid was added to the 
mobile phase) over 45 min. The retention time for the authentic 
standard fusaric acid was 13 min. The entire column flow was di-
rected to the mass spectrometer. The operation of the chromatogra-
phy and MS instruments, as well as the quantification of the eluting 
fusaric acid, was conducted using Agilent OpenLab software. All 
experiments were conducted using a Waters antibody drug conju-
gate. The mass spectrometer operated under the following parame-
ters: polarity: electrospray, capillary: 2 kV; sampling cone: 40; source 
temperature: 100°C; desolvation temperature: 450°C; sample infu-
sion flow rate: 30 μl/min; LockSpray infusion flow rate: 5 μl/min; 
and LockSpray capillary: 2.5 kV. Data were acquired with MassLynx 
v4.2 software. Uncertainties in mean determinations are expressed 
in terms of SD.

Quantification and statistical analyses
Quantification of Western blot data was performed using ImageJ 
software. All studies were performed on at least three independent 
experiments. Error bars are SDs for RT-qPCR, Western blot, and 
ChIP assays and SEMs for virulence assays. Statistical significance 
was determined by Student’s t test.

Supplementary Materials
The PDF file includes:
Figs. S1 to S5
Images of uncropped Western blots
Legends for tables S1 to S4

Other Supplementary Material for this manuscript includes the following:
Tables S1 to S4
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