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Gene knockdown is a pivotal genetic manipulation technique, particularly when targeting lethal genes or genes 

involved in product synthesis pathways, where complete gene knockout is not a viable option. This approach is 

particularly valuable in multinucleate species, such as Fusarium fujikuroi , where generating homogeneous gene 

knockouts is notoriously difficult. To address these limitations, we first screened a set of repression domains, and 

then leveraged the optimal candidates to construct a CRISPR/dCas9-mediated knockdown platform for F. fujikuroi . 

By targeting erg9 , which encodes squalene synthase, the first committed enzyme in the mevalonate pathway 

for ergosterol biosynthesis, we successfully diverted a portion of the metabolic flux from sterol production to 

gibberellic acid (GA) biosynthesis. This strategy minimizes carbon loss to competing pathways while retaining 

phenotypically normal growth. Additionally, CRISPR/dCas9-mediated knockdown of the dehydrogenase gene 

des enhanced GA4 production by 2.62-fold and eliminated the intermediate GA7 , generating a GA3 + 4 -producing 

strain and fine-tuning its metabolic profile. Using our CRISPRi system, we achieved a 70–89 % reduction in erg9 

mRNA levels and a 67– 84 % reduction in des mRNA levels. Our findings establish a tailored CRISPRi platform 

for effective gene repression in F. fujikuroi . 
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. Introduction 

Filamentous fungi are renowned for their rich and diverse secondary

etabolites, which have significant developmental potential. For ex-

mple, F. fujikuroi produces diverse secondary metabolites with signif-

cant industrial potential. These include harmful mycotoxins such as

usaric acid and fusarins, and pigments such as bikaverin and fusaru-

ins. Tudzynski et al. systematically detailed the biosynthetic gene clus-

ers for ten major secondary metabolites and provided a comprehen-

ive inventory, summarizing 47 putative secondary metabolite clusters

n F. fujikuroi [ 1 ]. Among these metabolites are gibberellic acids (GAs),

hich are of industrial interest. GAs are bioactive phytohormones that

egulate plant growth. To date, 136 distinct GAs have been character-

zed, with GA4 , GA7 , GA3 , and GA1 exhibiting the highest bioactivities.

ifferent GAs can exhibit distinct biological functions and complex reg-

latory behaviors, often acting in concert with other phytohormones

 1–3 ]. GAs have diverse functions and exhibit complex behaviors, of-

en interacting with other plant hormones. GA3 exhibits high physio-

ogical activity and is widely used to promote stem and leaf growth,

articularly in genetically and physiologically dwarfed plants [ 4 ]. How-
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ver, owing to its high potency, GA3 often induces excessive hypocotyl

longation when breaking seed dormancy, thereby reducing lodging re-

istance. Concurrently, it accelerates epidermal cell expansion, leading

o cuticle thinning and fruit-spot cracking. In contrast, GA4 and GA7 

emonstrate moderate physiological activity and are less likely to cause

vergrowth, thereby offering higher efficiency, stability, and safety. Ad-

itionally, GA4 alone has high bioactivity in promoting the growth, ap-

earance, and shelf life of fruits [ 5 ]. Species specificity in the spectrum

f biologically active GAs stems from the highly intricate and special-

zed nature of their biosynthesis and signaling pathways. For example,

rabidopsis relies primarily on GA4 and GA7 -isolactone as key growth

egulators, whereas rice predominantly uses GA1 and GA3 , illustrating a

lear variation in dominant GA types across plant species [ 6 ]. Currently,

nly two GA products are commercially available, GA3 and GA4 + 7 . The

evelopment of diverse GA combinations and single-component formu-

ations is necessary for tailored application and precise regulation of

lant growth [ 7 ]. 

The industrial production of GAs relies on F. fujikuroi fermentation

 8 ]. This fungus synthesizes GAs from acetyl-CoA via the mevalonate

athway, with farnesyl pyrophosphate (FPP) serving as a key branching-
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Fig. 1. The gibberellic acid and ergosterol biosynthesis pathways in F. fujikuroi . The gibberellic acid biosynthetic gene cluster is highlighted. Arrows indicate 

sequential enzymatic steps. Molecular structures of the bioactive GAs (GA1 , GA3 , GA4 , GA7 ) are shown. 
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oint intermediate ( Fig. 1 ) [ 9 , 10 ]. FPP also functions as a metabolic

recursor of sterols, carotenoids, and other secondary metabolites [ 11 ].

ecent advances in genetic engineering have significantly propelled GA

roduction research in F. fujikuroi [ 12–14 ]. Shi et al. established the first

RISPR-Cas system for F. fujikuroi . In their work, they deleted the p450–

 gene and overexpressed truncated variants of hmgr and cps/ks , achiev-

ng a GA4 + 7 yield of 716.37 mg/L [ 14 ]. Subsequently, Huang et al.

eveloped a marker-recyclable CRISPR/Cas9 system and succeeded in

onstructing a F. fujikuroi strain with multicopy integration of the trun-

ated hmgr , which significantly enhanced the GA3 yield [ 15 ]. However,

RISPR/Cas9 implementation in F. fujikuroi poses significant technical

hallenges. The multinucleate nature of this filamentous fungus substan-

ially compromises editing efficiency in obtaining homogenous mutants

 13 ]. In our experiments, most transformants exhibited heterokaryotic

tates, containing both edited and non-edited nuclei, with genetic mod-

fications typically restricted to only one or a subset of nuclei per cell.

his nuclear heterogeneity poses a substantial obstacle for the isolation

f homogeneous mutants. More critically, the knockdown, not knock-

ut, of genes essential for cell viability or targeting metabolic pathways

s necessary for metabolic engineering. 

To address these challenges, clustered regularly interspaced short

alindromic repeats (CRISPRi) systems have emerged as a refined al-

ernative [ 16 ]. This system achieves tunable gene suppression with-

ut permanent genomic alterations and offers superior controllability

or metabolic flux analysis. In the CRISPR/dCas9 system, unlike the

anonical Cas9 nuclease [ 17 ], dCas9 retains its sgRNA-guided DNA tar-

eting capability but is rendered catalytically inactive by point mu-

ations (D10A in the RuvC domain and H840A in the HNH domain)

 18 , 19 ]. In prokaryotic systems, standalone dCas9 effectively functions

s a steric hindrance to transcription because the compact genomic ar-

hitecture and coupled transcription-translation processes render simple

NA binding sufficient for gene repression [ 20 ]. However, this mecha-

ism is inadequate in eukaryotes because of complex chromatin orga-

ization and sophisticated transcriptional regulation. Therefore, dCas9

s usually fused with eukaryote-specific repressor domains (RDs) to ac-

ively recruit chromatin-modifying complexes, thereby enabling effec-

ive transcriptional suppression in the native nuclear environment of
2

ukaryotic cells [ 21 ]. For instance, dCas9-Mxi1, which recruits histone

eacetylases through interaction with mammalian Sin3, achieves po-

ent gene silencing in yeast, outperforming dCas9 alone [ 22 , 24 ]. Fur-

her studies demonstrated that yeast-derived RDs (e.g., RD2 from TUP1,

D5 from MIG1, and RD11 from UME6) [ 22 ] have been shown to sig-

ificantly boost CRISPRi efficiency when fused to dCas9. These are the

ative RDs of Saccharomyces cerevisia e. As general transcriptional repres-

ors, RD1–4 bind histones and contribute to nucleosome positioning by

orming repression complexes with CYC8. RD5 and RD6 are transcrip-

ion factors involved in glucose repression. RD7–9 serve as major re-

ressors of DNA damage-responsive genes. RD10 operates as a direct

ranscriptional repressor, whereas RD11 mediates repression by recruit-

ng the conserved histone deacetylase RPD3 and chromatin-remodeling

actor ISW2 [ 25 ]. 

In this study, we developed an optimized CRISPRi system for F. fu-

ikuroi by screening a set of yeast transcriptional repressor domains,

nd engineered dCas9 via fusion with the S. cerevisia e RD4 domain.

his F. fujikuroi -customized system enabled the efficient repression of

wo critical genes, erg9 (a growth-essential gene) and des (key to GA

etabolism), achieving 70–89 % and 67–84 % reductions in their re-

pective mRNA levels. Targeted knockdown of erg9 effectively redi-

ected a portion of the metabolic flux from ergosterol biosynthesis to GA

roduction. Concurrently, des suppression yielded an exclusive GA3 + 4 -

roducing strain, completely eliminating the intermediate GA7 . Overall,

e screened a set of RDs, established a tailored CRISPRi system in F.

ujikuroi , and successfully knocked down essential genes, thereby redi-

ecting the metabolic flux. To our knowledge, this is the first report of

 functional CRISPRi system in F. fujikuroi . 

. Materials and methods 

.1. Strains and cultivation conditions 

Wild-type F. fujikuroi was provided by Zhejiang Qianjiang Biochem-

cal Co., Ltd. (stock code: 600,796). S. cerevisiae strain BY4742 served

s the origin of the natural RDs. Constructs were transformed into and

loned using Escherichia coli DH5 𝛼. F. fujikuroi was cultivated on potato
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extrose agar at 28 °C for genomic DNA extraction and routine mycelial

ropagation. The fermentation conditions and medium composition are

escribed in our previous studies [ 8 , 26 ]. 

.2. Plasmid construction 

E. coli DH5 𝛼 was used as the host for plasmid propagation and was

ultured in Luria-Bertani medium supplemented with 100 𝜇g/mL ampi-

illin at 37 °C. The RDs were amplified via PCR (the primer sequences

re listed in Table S1) and subsequently cloned into the pUC19 plas-

id backbone. The resultant fragments were integrated into the BsaI-

igested pUC-fFuCas9-HTBNLS-hph plasmid backbone (provided by Shi

t al.) [ 14 ] via Gibson Assembly®. Concurrently, site-directed muta-

enesis was performed using overlapping PCR primers to engineer the

atalytic inactivation of Cas9. The aspartate at site 10 was substituted

ith alanine (D10A), and the histidine at site 840 was substituted with
3

lanine (H840A) [ 27 ]. Subsequently, the RDs mentioned previously by

ilbert et al. (RD1, RD2, RD3, RD4, RD5, RD6, and RD7) [ 22–27 ] were

used to the C-terminus of dCas9 using fusion PCR. The CRISPR/dCas9-

epressor expression constructs were generated by linking the expres-

ion cassette with a hygromycin resistance marker via Gibson Assem-

ly®. For targeted gene suppression, sgRNA cassettes were constructed

sing 20-bp targeting sequences (CCTCCATCTGTGAATCAAGT for des

nd TCATTCCACTGCTCTTCTCT for erg9 , in 5 ′ to 3 ′ direction) adjacent

o PAM sites located 100–150 bp upstream of their respective coding

equences. 

The CRISPRi system was constructed using the following molecu-

ar cloning procedure. Initially, site-directed mutagenesis of Cas9 was

erformed using the primer pairs 10-F/10-R and 840-F/840-R to intro-

uce the D10A and H840A mutations, respectively, yielding a catalyt-

cally inactive dCas9 protein. Subsequently, RD1 was amplified using

he primers RD1-F/RD1-R and fused to a hygromycin resistance marker
Fig. 2. A CRISPR/dCas9 platform for tar- 

geted gene repression in Fusarium fujikuroi . 

a Schematic of the CRISPRi knockdown con- 

structs. The sgRNAs were transcribed by the 5S 

rRNA promoter, and individual repression do- 

mains (RDs) were C-terminally fused to dCas9. 

b Phenotypic screening of transformants by 

fermentation. Heatmaps depict the titers of 

GA3 . Labels 01–04: four independent biologi- 

cal replicates (distinct transformants) carrying 

the same plasmid construct. WT replicates: four 

replicates of independent fermentations. Data 

are presented as mean ± SD ( n = 4). dCas- 

Des: no repression domains fused. dCas-RD1- 

Des…dCas-RD7-Des: with corresponding re- 

pression domains fused. c Effect of dCas9-RD4 

on GA3 yield. GA3 production was measured in 

strains harboring the dCas9-RD4 fusion with- 

out a targeting sgRNA ( “dCas-RD4 ”) or with an 

sgRNA designed to target the des gene ( “dCas- 

RD4-Des-1 ”). Statistical significance was de- 

termined by Student’s t -test (∗ ∗ ∗ ∗ : P value < 

0.0001). 
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Fig. 3. qPCR analysis of des gene repression via CRISPRi. Relative des mRNA 

abundance in WT and des-targeting dCas9-RD4 strains were measured. Cell sam- 

ples were harvested from 7-day fermentation cultures. Expression levels were 

normalized to 18S rRNA and calculated via the 2ˆ(–ΔΔCt) method. Values are 

mean ± SD ( n = 3 biological replicates). ∗ ∗ ∗ ∗ , P < 0.0001. 
sing the primers Hygr-RD1-F and Hygr-R. This fusion strategy was

lso applied to the other repression domains (RD2–RD7, for example,

D2-F/RD2-R and Hygr-RD2-F/Hygr-R for RD2). To assemble the com-

lete CRISPRi expression cassette, the dCas9 sequence was amplified

sing the primers PCas9-F/Pcas9-R-1 and subjected to ligation. sgRNA

xpression units targeting des and erg9 were individually incorporated

nto the plasmid backbone using the primer pairs des-1-F/des-1-R and

rg9-1-F/erg9-1-R, respectively. For the antibiotic resistance markers,

ygromycin and bleomycin resistance cassettes were amplified using

he primer pairs Hygr-F/Hygr-R and Pbleo-F/Pbleo-R, respectively, and

mployed for post-transformation screening and validation. Addition-

lly, the primers Quhygr-F and Quhygr-R were used to excise the hy-

romycin resistance genes and replace them with bleomycin resistance

enes, thereby facilitating multiple rounds of genetic manipulation. The

rimer and encoding sequences for the RDs are provided in Tables S1

nd S2. 

.3. Protoplast preparation and transformation 

The F. fujikuroi strain used in this study was grown in YEPD medium

t 28 °C for two days. The mycelia were separated via filtration, fol-

owed by protoplast preparation via enzymatic lysis. The enzyme cock-

ail comprised yatalase (20 g/L; Takara, Japan), driselase (10 g/L;

igma-Aldrich, USA), and snailase (10 g/L; Sangon Biotech®, Shang-

ai, China), dissolved in a 0.8 M NaCl solution. The cell-enzyme cock-

ail was incubated for 3–3.5 h for complete cell wall lysis. The result-

ng protoplast suspension was then adjusted to a density of 107 –108 

ells/mL for the subsequent experiments. Next, 10 𝜇g DNA was mixed

ith 160 𝜇L of the prepared protoplast suspension and 60 𝜇L of 30 %

EG6000 for transformation. This cocktail mixture was first kept on ice

or 30 min, followed by adding 1.5 mL 30 % PEG6000, and incubated

or another 25 min at 25 °C. The protoplast suspension was then mixed

ith 6 mL warm STC buffer and 3 mL warm MYG-agar, supplemented

ith 100 𝜇g/mL hygromycin, and finally spread on top of MYG solid

edium. The cells were grown for 4–5 days at 28 °C for colony forma-

ion. 

.4. Quantification of GAs 

Here, 2 mL of the fermentation broth was collected and centrifuged

t 12,000 rpm for 10 min. The resulting supernatant was then filtered

hrough a 0.22- 𝜇m membrane and stored at − 20 °C for further anal-

sis. High-performance liquid chromatography (HPLC) was then per-

ormed to measure the GA4 and GA7 levels. The mobile phase was a

ethanol/ultrapure water/phosphoric acid solution at a composition

atio of 68:32:0.05. The HPLC system used was a Shimadzu Essentia SIL-

6 equipped with a C18 column (250 mm × 4.6 mm, 5 μm, WelChrom,

hanghai), with the following parameters: flow rate, 0.8 mL/min; diode

rray detector; detection wavelength, 210 nm; injection volume, 20 𝜇L;

olumn temperature, 40 °C; and retention times of approximately 9 min

nd 11 min for GA7 and GA4 , respectively. GA3 was similarly quanti-

ed using HPLC, but with a modified protocol based on our previously

stablished method [ 26 ]. 

.5. qPCR analysis 

qPCR was used to quantify the mRNA levels. Genomic DNA extracted

rom wild-type strains was used as a control. Total RNA was isolated us-

ng the Novozan FastPure® Cell/Tissue Total RNA Isolation Kit. Reverse

ranscription was performed with the Novozan HiScript® II Q RT Super-

ix ( + gDNA wiper). Quantitative real-time PCR (qPCR) was conducted

sing the Novozan ChamQ Universal SYBR qPCR Master Mix. Transcrip-

ional levels were normalized to the endogenous control gene 18S rRNA,

nd relative expression values were calculated using the 2− ΔΔCt method

 21 , 28 ]. 
4

.6. Ergosterol determination 

Mycelia were cultured in YEPD medium for three days, and then

ollected via vacuum filtration using filter paper. Subsequently, 20 mL

f alkaline alcohol solution (ethanol:50 % KOH, 3:2 v/v) was added,

nd the mixture was subjected to water-bath extraction at 85 °C for 3

. After cooling to room temperature, the samples were extracted using

-heptane (15 mL). After vigorous shaking for 30 min, the mixture was

llowed to stand until phase separation occurred. The upper n-heptane

ayer (7.5 mL) was vacuum concentrated and redissolved in 2 mL of

thanol. The sample was analyzed by HPLC under the following con-

itions: a C18 column (150 × 4.6 mm); mobile phase, pure methanol;

ow rate, 1 mL/min; column temperature, 28 °C; and injection volume,

0 𝜇L. Detection was performed at 283 nm. The analyte has a retention

ime of approximately 10 min. 

.7. Minimum inhibitory concentration (MIC) determination 

The MIC assay was performed according to the protocol established

y the Clinical and Laboratory Standards Institute. Briefly, the proto-

lasts were prepared and diluted in liquid MYG medium to a 0.5 McFar-

and turbidity standard. A stock solution of amphotericin B was then di-

uted to generate concentration gradients of 500, 250, 125, 62.5, 31.25,

5.625, 7.8125, 3.90625, 1.953125, and 0.9765625 𝜇g/mL, forming a

00 × stock premix. Fluconazole was serially diluted with liquid MYG

edium to concentrations of 4000, 2000, 1000, 500, 250, 125, 62.5,

1.25, 15.625, and 7.8125 𝜇g/mL. The protoplasts and amphotericin

-containing premix were then diluted 50-fold with MYG medium to

repare 2 × solutions, whereas the fluconazole solution was diluted 10-

old. The two solutions (protoplasts and antifungal agents) were mixed

n a 1:1 ratio in sterile 96-well microtiter plates. Each sample was tested
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n triplicate. The microtiter plates were incubated at 28 °C for 5 days,

nd daily observations were recorded. 

.8. Biomass quantification 

In this experiment, 2 mL aliquots of the fermentation broth were

ransferred to a preweighed microcentrifuge tube and centrifuged at

2,000 × g for 8 min. The supernatant was discarded, and the tube was

laced with the cap open in a drying oven at 65 °C until a constant

eight was achieved. The dry weight of the cell material was calculated

y subtracting the tare weight of the empty tube from the total weight of

he tube containing the cells. To account for the weight of non-cellular

olids and residual medium components, the uninoculated medium was

rocessed according to a previously described protocol [ 29 ]. The dry cell

eight (DCW) was determined by subtracting the average dry weight of

he uninoculated control from the dry weight of the sample. Three bio-

ogical replicate samples ( n = 3) were used for statistical analysis. 

. Results and discussion 

.1. Development of a F. fujikuroi-customized CRISPR/dCas9 gene 

nockdown platform 

The CRISPRi plasmid utilized in our study primarily comprised two

ey components: a Cas9 expression cassette and an sgRNA expression

assette using strain-customized promoters ( PgpdA for Cas9 expression

nd the F. fujikuroi origin 5S rRNA promoter for sgRNA expression).

he aspartic acid at position 10 within the RuvC domain and histidine

t position 840 within the HNH domain of the Cas9 protein were mu-

ated to alanine (D10A and H840A, respectively), thereby abolishing

ts DNA cleavage activity. The sgRNA sequence was then optimized us-

ng the ChopChop online tool ( https://chopchop.cbu.uib.no/ ) [ 30 ] to
ig. 4. Effect of des knockdown on gibberellic acid production. Yields of a GA3 , b

ere plotted. Data are presented as the mean ± SD of three independent fermenta

ndicating P < 0.001. 

5

fficiently and precisely target the fungi, and the sgRNA expression cas-

ettes were integrated into the dCas9 expression plasmid ( Fig. 2 a). 

To enhance transcriptional repression efficiency, we screened seven

east-derived RDs. These included four general transcriptional repres-

ors (RD1–4), two transcription factors involved in glucose repression

RD5–6), and a relatively small DNA damage-responsive repressor (RD7)

 Fig. 2 a) [ 22 ]. Using the des gene, which encodes a desaturase that cat-

lyzes the conversion of GA4 to GA7 ( Fig. 1 ), as our target gene, we eval-

ated the RD performance based on GA3 production levels. As shown in

ig. 2 b, gene repression efficiency varied significantly among the tested

Ds. RD4 emerged as the most effective repressor, reducing GA3 pro-

uction by 39.2 % and achieving a final yield of 1.16 g/L (see Table

3 and Fig. S1 for the detailed information). To rule out the potential

onspecific effects of the RD on cellular metabolism, a control strain

dCas9-RD4) expressing the RD4 domain without targeting sgRNA was

onstructed. Fermentation analysis revealed no significant differences

n GA3 production between the control and the wild-type (WT) strains

 Fig. 2 c), indicating that the RD itself had no discernible impact. 

The dCas9 protein alone is frequently used to block transcription via

teric hindrance [ 31 ]. However, this method often results in moderate

epression [ 32 ]. To enhance gene knockdown efficiency, the fusion of ef-

ective RDs is necessary, although the functionality of RDs varies across

pecies [ 33 , 34 ]. Our results demonstrate that RD4 functions effectively

n F. fujikuroi , enabling the enhanced repression of a key metabolic gene

nd resulting in a significant reduction in the yield of its corresponding

roduct. 

.2. Quantifying des suppression efficiency and its metabolic consequences 

n GA biosynthesis 

Quantitative real-time PCR analysis confirmed significant downreg-

lation of des mRNA levels in dCas9-RD4 transformants ( Fig. 3 ), demon-
 GA4 , and GA7 for the WT and des -targeting CRISPR/dCas9-RD4 transformants 

tion experiments, with ∗ indicating P < 0.05, ∗ ∗ indicating P < 0.01, and ∗ ∗ ∗ 

https://chopchop.cbu.uib.no/
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Fig. 5. qPCR analysis of erg9 gene repression via CRISPRi. Relative erg9 

mRNA levels in WT and erg9 -targeting dCas9-RD4 strains were measured. Cell 

samples were harvested from 7-day fermentation cultures. Expression levels 

were normalized to 18S rRNA and calculated via the 2ˆ(–ΔΔCt) method. Values 

are mean ± SD ( n = 3 biological replicates). ∗ ∗ ∗ ∗ , P < 0.0001. 
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Fig. 6. Effect of erg9 knockdown on gibberellic acid production. Yields of 

GA3 , GA4 , and GA7 for the WT and erg9 -targeting CRISPR/dCas9-RD4 transfor- 

mants were plotted. Data are presented as the mean ± SD of three independent 

fermentation experiments (∗ : P < 0.05; ∗ ∗ : P < 0.01; ∗ ∗ ∗ : P < 0.001). 

Fig. 7. Effect of des and erg9 dual knockdown on gibberellic acid pro- 

duction. Yields of GA3 , GA4 , and GA7 for the WT, des -targeting (dCas-des- 

RD4–3), erg9 -targeting (dCas-RD4-ERG9–4) and erg9 - des -dual-targeting trans- 

formants were plotted. Data are presented as the mean ± SD of three indepen- 

dent fermentation experiments (∗ : P < 0.05; ∗ ∗ : P < 0.01; ∗ ∗ ∗ : P < 0.001). 
trating 67–84 % transcriptional suppression ( P < 0.0001). These results

alidated the efficacy of the CRISPRi system for targeted gene silencing

n F. fujikuroi . All transformants produced significantly less GA3 , which

as consistent with a limited precursor supply ( Fig. 4 a). Notably, all

Cas9-RD4 transformants completely abolished GA7 production while

ignificantly increasing GA4 yields, with the highest-performing strain

chieving approximately 2.62-fold higher GA4 accumulation than the

T control ( Fig. 4 b). This metabolic shift generated exclusive GA3 + 4 
roducers, demonstrating successful restriction of the Des-catalyzing ca-

acity of the strains through efficient transcriptional repression and ef-

cient fine-tuning of metabolic intermediates. 

.3. Targeted gene silencing using erg9 as the target 

Erg9 is the first enzyme to divert the metabolic flux from the FPP

f the mevalonate pathway toward ergosterol biosynthesis, making er-

osterol a competitive sink for GA precursors ( Fig. 1 ). However, be-

ause ergosterol is essential for cell viability, complete blocking of its

iosynthesis is lethal. Instead, we employed our CRISPRi system to par-

ially knock down erg9 , thus redirecting the metabolic flux toward GA

roduction without compromising cellular viability and growth. qPCR

nalysis confirmed a 70–89 % significant reduction in erg9 mRNA lev-

ls ( Fig. 5 ), demonstrating satisfactory knockdown efficiency. Conse-

uently, the engineered strain exhibited a 5.05-fold increase in GA4 pro-

uction, a 1.87-fold increase in GA7 production, and an 18 % increase

n GA3 production, indicating successful metabolic enhancement of GA

iosynthesis. The total GA (GA3 + 4 + 7 ) production reached 2365 mg/L,

 significant 23.5 % increase ( P < 0.001) in GA accumulation ( Fig. 6 ). To
6
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Fig. 8. Effect of erg9 knockdown on ergosterol accumulation. Ergosterol 

was quantified from cells grown inYEPD medium and normalized to wet cell 

weight. Data represent the mean ± SD of three biological replicates. (∗ : P < 0.05). 
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Table 1 

Minimal inhibitory concentrations (MICs) of fluconazole and amphotericin B 

against erg9 -knockdown F. fujikuroi strains. 

Strains 

MIC ( 𝝁g/ml) 

Fluconazole amphotericin B 

WT 200 3.125 

dCsa-RD4-ERG9–2 100 6.25 

dCsa-RD4-ERG9–4 100 6.25 

Fig. 9. Growth curves of erg9 knockdown strains. Dry cell weight (DCW) 

of wild-type (WT) and erg9 -targeting knockdown strains was measured over a 

7-day fermentation period. The wild-type strain served as the control. 
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H  
chieve a synergistic effect, we constructed a dual-knockdown strain tar-

eting both erg9 and des . This strain exhibited reduced GA7 production,

hereas GA4 accumulated at a concentration of 150 mg/L. However,

he overall GA yield was lower than that of the WT strain, primarily

ecause of decreased GA3 production, an expected outcome given the

verall reduction in metabolic flux toward GA7 . Nevertheless, by par-

ially diverting metabolic flux from sterol synthesis toward terpene pre-

ursors, the total GA yield increased by approximately 37.3 % compared

ith the des single-knockdown strain ( Fig. 7 ). 

In previous studies, CRISPRi has achieved 50–80 % repression in

upriavidus necator [ 35 ], while efficiencies of 54–94 % were observed

n an archaeon [ 36 ]. In this study, the repression of 69–89 % for des and

rg9 in F. fujikuroi is comparable to that reported in other species and

alls within a more consistent range. 

.4. Characterization of the erg9-knockdown strains 

To evaluate the physiological effects of erg9 knockdown, we quan-

ified the ergosterol levels in the knockdown strains. The results re-

ealed that strains carrying the erg9 -CRISPRi cassette exhibited a sig-

ificant reduction in ergosterol content of up to 40.7 % ( Fig. 8 ), consis-

ent with the MIC assay findings: the erg9 knockdown strains displayed

ecreased susceptibility to amphotericin B but increased sensitivity to

uconazole [ 8 ] ( Table 1 ). Growth curve analysis revealed no signifi-

ant differences in biomass production between the WT and knockdown

trains ( Fig. 9 ). Collectively, these results demonstrate that, despite the

educed metabolic flux toward ergosterol biosynthesis, fermentation

erformance, particularly biomass accumulation, remained unaffected.
7

hus, the CRISPRi-mediated attenuation of this essential pathway is a

iable strategy for enhancing GA production. 

The ergosterol biosynthesis pathway shares a common precursor

f FPP with many other valuable secondary metabolites, including

arotenoids, terpenoids, and quinones. Reducing the metabolic flow to-

ard sterol production is a feasible way to maximize the synthesis of

arget products, although ergosterol is essential for cell viability. Pre-

ious studies have attempted to attenuate the transcription of erg9 by

eplacing its promoter with a weaker promoter [ 37 ]. Without altering

he genomic DNA in situ, which requires precise genetic manipulation,

e efficiently knocked down erg9 expression. This partially redirected

etabolic flow from sterols to GAs, and no significant growth defects

ere observed. 

. Conclusion 

Significant advancements have been made in CRISPR-Cas9 genome

diting systems, which, owing to their rapid and versatile character-

stics, have been widely adopted in diverse species. However, devel-

ping efficient and stable genetic manipulation systems for non-model

rganisms, like filamentous fungi, particularly for sporeless, unicellu-

ar yet multinucleate Fusarium spp., remains challenging despite re-

ent progress. The multinucleate state of F. fujikuroi poses a significant

hallenge for achieving homozygote knockouts, as it requires all nuclei

ithin a single cell to receive the deletion components (the Cas protein,

RNA, and donor DNA) simultaneously and edit the DNA efficiently.

owever, in many cases, heterozygotes with functional WT nuclei per-
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ist. However, the CRISPRi system has circumvented this problem. Its

echanism relies on the synthesized dCas9-repressor complex, which

ocalizes to the nucleus and suppresses transcription without altering

he DNA sequence. This repression resulted in a stable knockdown phe-

otype across the cell, independent of nuclear heterogeneity. However,

raditional gene knockout approaches are insufficient for identifying the

ssential genes involved in cell viability and targeted metabolic path-

ays. CRISPRi has emerged as an effective strategy for addressing these

imitations. Catalytically inactive dCas9 mediates transcriptional repres-

ion via steric hindrance. In this study, we evaluated several inhibitory

omains in yeast by fusing them with dCas9, ultimately identifying the

D4 domain as the most effective repressor. The repressor domain RD4,

erived from the MIG1 gene in S. cerevisiae, functions as a key tran-

criptional regulator and operates by recruiting the general repressor

omplex Tup1-Cyc8, which subsequently interacts with histone deacety-

ases to establish a repressive chromatin state. This recruitment leads to

hromatin compaction and impedes the access of RNA polymerase II and

asal transcription factors to the promoter regions. When fused to dCas9

n CRISPRi systems, RD4 significantly enhances the transcriptional re-

ression efficiency by enabling stable epigenetic silencing, making it

articularly effective in downregulating targeting genes [ 38 ]. By con-

tructing dCas-gRNA components in a F. fujikuroi expression cassette,

e developed a customized CRISPRi system for this species. 

Targeting the ergosterol biosynthesis pathway, we focused on Erg9,

s it catalyzes the first committed step in this pathway, making it ideal

or maximizing precursor accumulation for GA synthesis. We also exam-

ned Des, a key metabolic node that controls GA7 and GA3 production.

sing sgRNA-guided dCas9-RD4, we achieved a significant downreg-

lation of both targets. The Erg9-knockdown strain showed a 23.5 %

ncrease in total GA yield, whereas Des repression completely abolished

A7 production, enhanced GA4 accumulation, and established a GA3 + 4 
roducer. This also suggests that the CRISPRi system could be a valu-

ble tool for “titrating ” component proportions such as the ratio of GA4 

o GA7 in the GA4 + 7 product. However, the metabolism of essential

ompounds appears to be tightly regulated, as only two transformants

howed significantly reduced ergosterol accumulation despite success-

ul erg9 mRNA knockdown. This incomplete penetrance at the metabolic

evel may explain why no significant increase in GA yield was observed

n any strain. Nevertheless, by enabling a highly efficient gene knock-

own, we established the CRISPRi system as a valuable genetic tool and

latform for targeting essential genes and fine-tuning metabolic inter-

ediates in F. fujikuroi . 
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