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Gibberellic acid (GA3) is a vital plant growth hormone widely used in agriculture. Currently, GA3 production
relies on liquid fermentation by the filamentous fungus Fusarium fujikuroi. However, the lack of an effective
selection marker recycling system hampers the application of metabolic engineering technology in F. fujikuroi, as
multiple-gene editing and positive-strain screening still rely on a limited number of antibiotics. In this study, we
developed a strategy using pyr4-blaster and CRISPR/Cas9 tools for recycling orotidine-5-phosphate decarbox-
ylase (Pyr4) selection markers. We demonstrated the effectiveness of this method for iterative gene integration

and large gene-cluster deletion. We also successfully improved GA3 titers by overexpressing geranylgeranyl
pyrophosphate synthase and truncated 3-hydroxy-3-methyl glutaryl coenzyme A reductase, which rewired the
GA3 biosynthesis pathway. These results highlight the efficiency of our established system in recycling selection
markers during iterative gene editing events. Moreover, the selection marker recycling system lays the foun-
dation for further research on metabolic engineering for GA3 industrial production.

1. Introduction

Gibberellins (GAs) are a class of tetracyclic diterpene compounds
that serve as vital natural plant hormones in regulating plant growth [1,
2]. Over 136 structurally distinct gibberellins (GA1-GA136) have been
identified to date [3]. Among these, particular attention has been given
to GA3 due to its significant physiological bioactivity, leading to its
extensive application in agriculture [4,5]. GA3 could be produced by
three ways including phytoextraction, chemical synthesis and microbial
fermentation [6]. The first two methods were limited to low content,
high cost and environment pollution and were quickly abandoned [7].
Currently, industrial production of GA3 relies on the fermentation of the
filamentous fungus F. fujikuroi, which is renowned for its high-level
production of GA3 [8]. In the past few decades, medium optimization
and strain mutagenesis have been commonly employed strategies to
enhance the titer of gibberellic acids [9-13]. However, these methods
often involve a lengthy process with limited improvement in yield,
which has led researchers to seek alternative approaches.

In recent years, genome editing technology has emerged as a
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significant contributor to enhancing productivity and designing genet-
ically manipulated strains with increased efficiency [14-16]. In 2019,
the CRISPR/Cas9 genome editing system was firstly established in
F. fujikuroi by my team, which solves the problem of lacking genetic
manipulation tools to a large extent [17]. However, the lack of stable
autonomous replication sequences for self-replicative plasmid con-
struction has posed a challenge for iterative gene editing [14]. This
limitation has resulted in dependence on a limited number of antibiotic
markers. Among various organisms, the Cre/loxP system and
pyr4-blaster have proven to be effective selection marker recycling
systems. Cre/loxP system consists of Cre recombinase and 34-bp loxP
sites. Cre recombinase is an enzyme capable of site-specific recombi-
nation between two 34-bp loxP sites. LoxP sites with the same orienta-
tion contribute to excision of the flanked sequence such as selection
markers [18]. This system has been applied in virous filamentous fungi
including Aspergillus niger and Fusarium graminearum [19,18]. The
pyr4-blaster involves the incorporation of the 5-phosphoglycoside
decarboxylase gene (pyr4) expression cassette flanked by identical
direct repeats [20-22]. In summary, this system involves integrating it
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into a pyr4 gene deletion mutant to create the chassis cell, which is then
grown on solid medium containing 5-fluoroorotic acid (5-FOA) for
counter-selection purposes. Through homologous recombination be-
tween the direct repeats, the pyr4 gene expression cassette is excised,
restoring the uracil auxotroph phenotype. This strategic approach al-
lows for the pyr4 marker to be reused in subsequent metabolic engi-
neering. Compared with two rounds of protoplast transformations using
Cre/loxP system, the advantage of pyr4-blaster is that only one-round
transformation was required. What’s more, the expression cassette of
Cre recombinase needs to be cloned into a self-replicative plasmid,
which could ensure the Cre recombinase can be loss after the selection
marker was excised. However, the fact is that F. fujikuroi lacks a stable
self-replicative plasmid. Taking these factors into consideration,
pyr4-blaster is more suitable for the establishment of a selectable marker
recycling system. Of course, in order to realize the purpose of iterative
gene editing and improve editing efficiency, pyr4-blaster can be used by
combining with CRISPR system, which could thoroughly solve previous
challenges faced.

In this study, we investigated the potential of the pyr4-blaster system
in F. fujikuroi and found that it functions effectively. Building upon this,
we combined the pyr4-blaster system with the CRISPR/Cas9 system to
rewire the complex metabolic pathways of F. fujikuroi. This included the
deletion of the bikaverin gene cluster (17 kb) and the fusaric acid gene
cluster (14 kb). Furthermore, we identified key enzymes from the
mevalonate pathway, which led to an increase in GA3 production.
Overall, this research expands the available genetic manipulation tools
for selection marker recycling systems and significantly facilitates
metabolic engineering applications in the non-model filamentous fun-
gus, F. fujikuroi.

2. Materials and methods
2.1. Strains and culture media

The strains and plasmids used in this study were listed in Table S1.
The Escherichia coli DH5x (ATCC 53868) was utilized for transformation.
The F. fujikuroi NRF-C1 (CCTCC M20231195) was provided by Jiangxi
New Reyphon Biochemical Co., Ltd. (Jiangxi, China). The seed medium
consisted of (g/L): glucose, 40; soybean powder, 10; peanut powder, 8;
dextrin, 20; (NH4)2SO4, 0.2; KHoPOy, 1; MgSQOy4, 0.5; The fermentation
medium consisted of (g/L): starch, 50; soybean powder, 10; peanut
powder, 15; soybean oil, 1.2; (NH4)2SO4, 0.25; KH2PO4, 2; MgSOy, 1.5;
ZnS0y4, 0.05; MnSOy4, 0.075. The F. fujikuroi seed liquid was cultivated
for 2 days at 200 rpm and 28 °C. The seed liquid (10 %, v/v) was
inoculated the fresh fermentation medium for 7 days at 200 rpm and
28 °C. The potato dextrose broth (PDB) was used for genome extraction.
Regeneration solid medium consisted of (g/L): glucose, 20; yeast extract,
3; agar, 15; sucrose, 205. Yeast nitrogen base medium (YNB, a synthetic
medium) consisted of (g/L): glucose, 30; yeast nitrogen base without
amino acid and (NH4)2SO4, 1.7; (NH4)2SO4, 5; agar, 30; sucrose, 170.
The potato dextrose agar (PDA) supplemented with 4 g/L 5-FOA was
utilized for the excision of pyr4 gene selection marker. The G medium
consisted of (g/L): glycine, 20; maltodextrin, 25; sucrose, 20;
CH3COONH_4, 4.5; KH2PO4, 1.5; MgS04, 1. Complete supplemental mix
(CSM) purchased from MP Biomedicals Co., Ltd. (USA) consisted of
various amino acids. CSM-URA consisted of various amino acids apart
from the uracil.

2.2. Plasmids and recombinant strains construction

The primers used in this study were listed in Table S2. F. fujikuroi
NRF-C1 genome was used as the template to amplify the gene from
mevalonate (MVA) pathway and these NCBI Gene IDs were listed in
Table S3. The FnCpfl gene fused with the histone H2B nuclear locali-
zation signal (HTByys) was synthesized by Synbio-tech Co., Ltd., China.
The strong PgpdA promoter, TtrpC terminator and hygromycin

160

Synthetic and Systems Biotechnology 9 (2024) 159-164

expression cassette were amplified from the vector pUC-fFuCas9-
HTBnis-hph [17]. All plasmids were constructed by TEDA cloning
method [23]. All N20, N23 protospacers, gRNA and crRNA sequences
for targeted gene editing were listed in Data S1. The upstream and
downstream homologous arm sequences of fubl and bik1 used for the
long gene clusters deletion were listed in Data S2.

2.3. F. fujikuroi protoplast transformation method

The transformation protocol was optimized as follows: F. fujikuroi
was cultured in G medium at 200 rpm and 28 °C for 2 days. The inoc-
ulum, prepared as a 10 % (v/v) seed liquid, was then added to fresh G
medium and grown under the same conditions for 16 h. Subsequently,
four layers of filter paper were used to filtrate wet mycelia which were
added into the phosphate buffered saline (PBS) supplemented with 0.5
M KCl, 5 g/L lysing enzyme and 5 g/L driselase for 3 h incubation at 60
rpm and 28 °C to prepare the protoplast. In total 10 pg plasmid was
introduced into 1 x 107 protoplasts, which was then plated on selection
plates for 3-6 days at 28 °C. The positive transformations were identified
using colony PCR. To eliminate the pyr4 selection marker, the positive
transformation was plated on YPD solid medium supplemented with 1
g/L uracil, 1 g/L uridine, and 4 g/L 5-FOA. The excision of the pyr4
selection marker was confirmed through colony PCR and plate selection
method.

2.4. Analytical methods of GA3

After cultivation, 2 mL of fermentation broth was filtered using a
0.45 pm filter membrane to collect the supernatant fraction. The GA3
content was quantified using HPLC LC-20AT coupled with an ODS-C18
column. The pretreated samples were separated using 100 % methanol
as the organic phase and 0.05 % formic acid as the aqueous phase at a
flow rate of 0.3 mL/min. Detection was performed at a wavelength of
210 nm, with an injection volume of 10 pL. The retention time for GA3
was approximately 24 min.

3. Results and discussion

3.1. Comparing the genome editing efficiency between CRISPR/Cas9 and
CRISPR/Cpf1 system in the industrial strain F. fujikuroi NRF-C1

The utilization of an effective genome editing tool has the potential
to significantly reduce the duration of genetic breeding. In our previous
study, we successfully established the CRISPR/Cas9 technology in the
wild strain F. fujikuroi NJtech 02. We systematically optimized the
strategies for sgRNA and Cas9 expression, enabling the generation of a
three-gene mutant strain through a single round of transformation.

To investigate the applicability of the CRISPR/Cas9 system in in-
dustrial F. fujikuroi strains, we selected three target loci, the Fusarium
cyclin C1 gene (fccl), bikaverin transcription factor (bik5) and fusaric
acid polyketide synthase (fubl), for knockout experiments in order to
generate the mutants YCL002, YCLO04 and YCLf1. The sequencing re-
sults revealed that the mutation efficiency of the fcc1, bik5 and fub1 loci
in the industrial F. fujikuroi NRF-C1 strain reached approximately 62.5
%, 45.8 % and 83.3 %, respectively. This indicated that the CRISPR/
Cas9 system remains effective in the industrial F. fujikuroi NRF-C1 strain,
further highlighting its potential for application in industrial settings
(Fig. 1A).

Recently, the CRISPR/Cpfl system has gained increasing attention
from researchers due to its many advantages. These include a smaller
endonuclease size, staggered DNA overhang distal to the PAM site, and
simplified multiplex genome editing enabled by single crRNA processing
[24,25]. Therefore, we aimed to establish the CRISPR/Cpfl system in
F. fujikuroi NRF-C1 to investigate its potential. Specifically, we utilized
the 5S rRNA promoter and the strong gpdA promoter to drive the
expression of crRNA and FnCpfl, respectively, following a similar
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Fig. 1. The comparison of fcc1, bik5 and fub1 editing efficiency through CRISPR/Cas9 and CRISPR/Cpfl systems. (A) The plasmid map and the editing efficiency
medicated by CRISPR/Cas9. (B) The plasmid map and the editing efficiency medicated by CRISPR/Cpfl.

strategy employed in the CRISPR/Cas9 system (Fig. 1B). The fcc1, bik5
and fub1 genes were chosen for knock-out experiments to generate the
mutant strains YCLO03, YCLOO5 and YCLf2. Our results demonstrated
the effectiveness of CRISPR/Cpf1, as evident from the observed editing
events confirmed through sequencing analysis. Notably, the disruption
efficiencies of fccl, bik5 and fubl were approximately 33.3 %, 25.0 %
and 75 %, respectively. However, due to higher efficiency achieved with
CRISPR/Cas9, this system was selected for subsequent experiments.

3.2. Deleting the pyr4 gene in F. fujikuroi NRF-C1 via CRISPR/Cas9
resulted in a stable uracil auxotrophic mutant

Since F. fujikuroi lacks an efficient autonomously replicating plasmid,
the availability of antibiotics remains limited for gene editing. However,
it is worth noting that the pyr4-blaster system has been successfully
utilized in various organisms, including Hypocrea jecorina [26], Mucor
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circinelloides [27] and Aspergillus sp. [13] for recycle of pyr4 selection
marker, we attempted to explore whether this system could be also
established in F. fujikuroi. In order to reduce the size of plasmid and
improve the transformation efficiency, Cas9 and hygromycin resistance
(HPH) expression cassettes were first introduced into the pyr4 gene locus
(FFUJ_13391) to construct an uracil auxotrophic mutant YCL0O06 by
CRISPR/Cas9 technology (Fig. 2A). To confirm the uracil auxotrophic
phenotype, three synthetic solid media were utilized. These included
YNB supplemented with 0.4 g/L CSM lacking uracil (CSM-URA), YNB
supplemented with 0.4 g/L CSM-URA and 4 g/L 5-FOA, and YNB sup-
plemented with 0.4 g/L CSM-URA, 4 g/L 5-FOA, 1 g/L uracil, and uri-
dine. The growth of strain NRF-C1 and YCLOO6 was examined on these
media. As shown in Fig. 2B, YCLOO06 failed to grow on the synthetic
medium without uracil and uridine supplementation. On the other hand,
NRF-C1 exhibited normal growth on the synthetic medium but was
unable to survive in the presence of 5-FOA due to the lethal conversion
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Fig. 2. Deleting the pyr4 gene in F. fujikuroi via CRISPR/Cas9. (A) Flow chart of deleting pyr4 gene. (B) The phenotype comparison of control strain NRF-C1 and

YCLOO6 on three kinds of synthetic base medium.
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of 5-FOA into highly toxic substances by orotidine-5'-phosphate decar-
boxylase Pyr4. This confirms the successful knockout of the pyr4 gene in
YCL006.

3.3. Establishment of a selection marker recycling system in F. fujikuroi
NRF-C1 by combining CRISPR/Cas9 with pyr4-Blaster

To validate the effectiveness of pyr4-blaster, YCLO0O6 was employed
for further experiments targeting the fccl gene. A CRISPR plasmid, pUC-
HUH-FCC1-sgRNA, was constructed. This plasmid contained 0.5 kb
upstream and downstream homologous arms flanking the hisG-pyr4-hisG
cassette, as well as an sgRNA specific to fccl. Four primers were
designed to verify the integration of the hisG-pyr4-hisG cassette into the
fecl locus (Fig. 3A). As shown in Figs. 3B and 2.5 kb and 3.7 kb DNA
fragment could be amplified by two pairs of primers F1/R1 and F2/R2
with the efficiency of 58.3 % (14/24), which demonstrated that the
integration has happened. The mutant was entitled as YCLOO7. Subse-
quently, in order to verify whether the pyr4 marker could be excised by
counter-selection, the mutant YCLOO7 was coated on PDA solid plate
supplemented with 1 g/L uracil, uridine and 4 g/L 5-FOA. After several
days of cultivation, seven transformants were selected for the next
verification. Among these, the PCR result displayed that the 3.4 kb
fragment could be amplified from four transformants, which indicated
that pyr4 marker and a hisG fragment was excised through homologous
interaction between the hisG repeats (Fig. 3C). Subsequently, YCL0O08,
one of the selected transformants, was chosen for phenotype verifica-
tion. YCLOO8 exhibited an inability to grow on the uracil-deficient
synthetic medium, while YCL0OO7 displayed normal growth on YNB
(Fig. 3D). These dates demonstrated that pyr4-blaster system could been
successfully applied in F. fujikuroi.

3.4. The long gene clusters in F. fujikuroi can be deleted by combining
CRISPR/Cas9 with pyr4-Blaster system

Since pyr4-blaster system could been applied in F. fujikuroi, we next
verified whether the selection marker recycling system could be used for
iterative gene editing. On the basis of YCL0O0O8 in which the hisG and pyr4
marker was previously excised, we attempted to again introduce a hisG-
pyr4-hisG cassette to iteratively editing target genes. Considering that it
is very difficult to deleting the long gene clusters in F. fujikuroi, our
purpose was on knocking out bikaverin and fusaric acid gene clusters by
integrating hisG-pyr4-hisG cassette. In F. fujikuroi, the bikaverin pathway
comprises six proximal genes, named bik1 to bik6, while the fusaric acid
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gene cluster consists of five adjacent genes, named fub1 to fub5 [28,29].
The CRISPR plasmids pUC-FfHUH-BIK1-HR and pUC-FfHUH-FUB1-HR
(Fig. 4A) were constructed in which hisG-pyr4-hisG cassette was
flanked by 1.0 kb upstream and downstream homologous arms as well as
the sgRNA targeting to the bik1 or fubl. The two plasmids were indi-
vidually introduced into the uracil auxotrophic YCLOO8 protoplast to
generate the YCLOO9 and YCLOO9F. By PCR sequence, we found bika-
verin (17 kb) and fusaric acid gene cluster (14 kb) were successfully
knocked out with the efficiency of 16.7 + 4.2 and 29.3 + 4.3 (Fig. 4B).
Moreover, as a control, pyr4-blaster plasmids lacking the sgRNA cassette
were utilized, revealing that no mutants were obtained during the
transformation process due to the low efficiency of homologous
recombination. Consequently, the combined approach of CRISPR/Cas9
with the pyr4-blaster system proves to be an effective method for de-
leting long gene clusters.

3.5. Identifying key enzymes from the mevalonate pathway to increase the
GA3 titer

The diterpene GA3 used geranylgeranyl pyrophosphate (GGPP) as
the precursor [30]. Generally, the high GGPP content is favorable for the
accumulation of diterpenes [31,32]. As shown in Fig. 5A, in eukaryotic
microorganisms, GGPP can be biosynthesized using the acetyl-CoA as
the substrate by mevalonate pathway [33], which consists of nine en-
zymes including acetoacetyl-CoA thiolase (Ergl0), hydrox-
ymethylglutaryl-CoA synthase (Ergl3), hydroxymethylglutaryl-CoA
reductase (Hmgr), mevalonate kinase (Ergl2), phosphomevalonate ki-
nase (Erg8), mevalonate diphosphate decarboxylase (Ergl9), iso-
pentenyl diphosphate isomerase (Idi), geranyl/farnesyl diphosphate
synthase (Erg20), and geranylgeranyl pyrophosphate synthase (Ggs2).
However, there are few reports on which enzyme plays an important
role in enhancing the supply of precursor GGPP at present. We therefore
constructed the CRISPR/Cas9-based integrated plasmids of single gene
which was controlled under the strong promoter gpdA. These plasmids
were individually introduced into F. fujikuroi NRF-C1 and these genes
would therefore be integrated into the bik5 locus in the genome to
generate the strains YCLO10-YCL018 by CRISPR/Cas9 gene editing tool.
As shown in Fig. 5B, overexpression of Ergl0, Ergl3, Erg8, Erg20, and
Ggs2 improved the GAS3 titer by 5.43 %. 2.47 %. 4.51 %. 2.00 % and
9.22 %. while overexpression of Hmgr, Ergl2, Erg19, Idi reduced the GA3
titer by 12.80 %, 22.36 %, 10.96 % and 7.52 %, which may result from
the negative feedback suppression. In addition, truncating Hmgr (tHmgr)
by deleting the N-terminal domain is generally considered to be

YCL007

YCL008

Fig. 3. Establishment of a selection marker recycling system by combining CRISPR/Cas9 with pyr4-blaster in F. fujikuroi. (A) Introducing a hisG-pyr4-hisG cassette in
the fccl locus to generate strain YCLOO7 and obtaining an uracil auxotrophic mutant YCLOO8 by 5-FOA counter-selection of YCLOO7. (B) Verifying the efficiency of
obtaining the mutant YCLOO7 by PCR. (C) Verifying the efficiency of pyr4 and hisG excision. (D) The phenotype comparison of control strain YCLO07 and YCLOO8 on

the synthetic base medium.
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Fig. 5. Identifying key enzymes from the mevalonate pathway to increase the GA3 titer (A) GA3 biosynthesis pathway in F. fujikuroi. (B) the effect of single gene

overexpression in the mevalonate pathway on the GA3 titer.

beneficial for protein soluble expression [34]. Consequently, we con-
structed the YCLO19 strain overexpressing tHmgr, resulting in a 10.98 %
enhancement in GA3 titer, reaching 2.255 g/L compared to the control.
These findings underscore the significant impact of Ggs2 and tHmgr,
acting as crucial rate-limiting genes, on bolstering the precursor GGPP
supply. Moreover, these results lay the groundwork for achieving further
improvements in GA3 titer through metabolic engineering.

4. Conclusion

Due to the lack of self-replicative plasmids in F. fujikuroi, the iterative
gene editing events still depend on limited number of selection markers,
which hindered the development of metabolic engineering. Therefore, it
is very necessary to establish a selection marker recycling system to meet
above requirements. In this study, the system was developed by
combining the pyr4-blaster and CRISPR/Cas9 technology. This toolbox
has been successfully used for multi-round gene editing including long
gene clusters deletion, which was greatly favorable for facilitating the
genetic manipulation of the non-model filamentous fungus F. fujikuroi
and shortening the research and development cycle of high-producing
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strains. In addition, in order to identify the key rate-limiting enzymes
in the MVA pathway, ten genes were individually overexpressed to
generate the strain YCLO10-YCLO18. The result showed that GGS2 and
tHMGR play an important role in increasing the supply of precursor
GGPP, the GA3 titer was improved by 9.22 % and 10.98 %, separately.
These statistics provided the efficient targets for construction of GA3-
overproducing strains using the metabolic engineering strategies. In
the further research, pyr4-blaster and CRISPR systems were expected to
be applied into all kind of F. fujikuroi for GA3 titer improvement by
systems metabolic engineering.

CRediT authorship contribution statement

Tian-Qiong Shi: developed the research plan, performed the ex-
periments, analyzed the statistics and did, Methodology, Validation,
Supervision, the experiments, Writing — review & editing, the manu-
script. Cai-Ling Yang: performed the experiments. Dong-Xun Li: per-
formed the experiments. Yue-Tong Wang: analyzed the statistics and
did, Methodology, Validation, Supervision, the experiments, Writing —
review & editing, the manuscript. Zhi-Kui Nie: developed the research



T.-Q. Shi et al.

plan, analyzed the statistics and did, Methodology, Validation, Super-
vision, the experiments, Writing — review & editing, the manuscript.

Declaration of competing interest

The authors declare that there is no conflict of interest in the pub-
lication of this manuscript.

Acknowledgements

This work was supported by National key research and development
program of China (2021YFC2104300), Natural Science Foundation of
Jiangsu Province (BK20210573, 20230381), Project of Leading Inno-
vative Talents in Short-term Jiangxi Province (jxsq2023102172), Tian-
jin Synthetic Biotechnology Innovation Capacity Improvement Project
TSBICIP-PTJS-003-04, Postgraduate Research & Practice Innovation
Program of Jiangsu Province KYCX23_1788.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.synbio.2024.01.010.

References

[1

—

[2]
[3]

[4

=

[5]

[6

iy

7]

[8

—

[9

—

[10]

[11]

[12]

Rademacher W. Plant growth regulators: backgrounds and uses in plant
production. J Plant Growth Regul 2015;34:845-72.

Hedden P. The current status of research on gibberellin biosynthesis. Plant Cell
Physiol 2020;61:1832-49.

Keswani C, Singh SP, Garcia-Estrada C, Mezaache-Aichour S, Glare TR, Borriss R,
Rajput VD, Minkina TM, Ortiz A, Sansinenea E. Biosynthesis and beneficial effects
of microbial gibberellins on crops for sustainable agriculture. J Appl Microbiol
2022;132:1597-615.

Rodrigues C, Vandenberghe LP, de Oliveira J, Soccol CR. New perspectives of
gibberellic acid production: a review. Crit Rev Biotechnol 2012;32:263-73.

Shi TQ, Peng H, Zeng SY, Ji RY, Shi K, Huang H, Ji XJ. Microbial production of
plant hormones: opportunities and challenges. Bioengineered 2017;8:124-8.
Camara MC, Vandenberghe LPS, Rodrigues C, de Oliveira J, Faulds C, Bertrand E,
Soccol CR. Current advances in gibberellic acid (GA3) production, patented
technologies and potential applications. Planta 2018;248:1049-62.

Wang HN, Ke X, Zhou JP, Liu ZQ, Zheng YG. Recent advances in metabolic
regulation and bioengineering of gibberellic acid biosynthesis in Fusarium fujikuroi.
World J Microbiol Biotechnol 2022;38:131.

Hedden P, Sponsel V. A century of gibberellin research. J Plant Growth Regul 2015;
34:740-60.

Gokdere M, Ates S. Extractive fermentation of gibberellic acid with free and
immobilized Gibberella fujikuroi. Prep Biochem Biotechnol 2014;44:80-9.

Camara MC, Vandenberghe LPS, Sextos GC, Tanobe VOA, Magalhaes Junior Al,
Soccol CR. Alternative methods for gibberellic acid production, recovery and
formulation: a case study for product cost reduction. Bioresour Technol 2020;309:
123295.

Zhang B, Lei Z, Liu ZQ, Zheng YG. Improvement of gibberellin production by a
newly isolated Fusarium fujikuroi mutant. J Appl Microbiol 2020;129:1620-32.
Wang BX, Yin KN, Wu CF, Wang L, Yin LH, Lin HP. Medium optimization for GA4
production by Gibberella fujikuroi using response surface methodology.
Fermentation 2022;8:230.

164

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

Synthetic and Systems Biotechnology 9 (2024) 159-164

Chen Y, Yang J, Cai C, Shi J, Song Y, Ma J, Ju J. Development of marker recycling
systems for sequential genetic manipulation in marine-derived fungi Spiromastix sp.
SCSIO F190 and Aspergillus sp. SCSIO SX7S7. J Fungi (Basel) 2023;9:302.

Cen YK, Lin JG, Wang YL, Wang JY, Liu ZQ, Zheng YG. The gibberellin producer
Fusarium fujikuroi: methods and technologies in the current toolkit. Front Bioeng
Biotechnol 2020;27(8):232.

Wang Y, Liu Y, Zheng P, Sun J, Wang M. Microbial base editing: a powerful
emerging technology for microbial genome engineering. Trends Biotechnol 2021;
39:165-80.

Lv X, Hueso-Gil A, Bi X, Wu Y, Liu Y, Liu L, Ledesma-Amaro R. New synthetic
biology tools for metabolic control. Curr Opin Biotechnol 2022;76:102724.

Shi TQ, Gao J, Wang WJ, Wang KF, Xu GQ, Huang H, Ji XJ. CRISPR/Cas9-based
genome editing in the filamentous fungus fusarium fujikuroi and its application in
strain engineering for gibberellic acid production. ACS Synth Biol 2019;8:445-54.
Twaruschek K, Sporhase P, Michlmayr H, Wiesenberger G, Adam G. New plasmids
for Fusarium transformation allowing positive-negative selection and efficient Cre-
loxP mediated marker recycling. Front Microbiol 2018;9:1954.

Xu Y, Shan L, Zhou Y, Xie Z, Ball AS, Cao W, Liu H. Development of a Cre-loxP-
based genetic system in Aspergillus niger ATCC1015 and its application to
construction of efficient organic acid-producing cell factories. Appl Microbiol
Biotechnol 2019;103:8105-14.

Staab JF, Sundstrom P. URA3 as a selectable marker for disruption and virulence
assessment of Candida albicans genes. Trends Microbiol 2003;11:69-73.

Gao S, Tong Y, Zhu L, Ge M, Zhang Y, Chen D, Jiang Y, Yang S. Iterative integration
of multiple-copy pathway genes in Yarrowia lipolytica for heterologous p-carotene
production. Metab Eng 2017;41:192-201.

Morita K, Seike T, Ishii J, Matsuda F, Shimizu H. Improvement of 2,3-butanediol
production by dCas9 gene expression system in Saccharomyces cerevisiae. J Biosci
Bioeng 2022;133:208-12.

Xia VY, LiK, Li J, Wang T, Gu L, Xun L. T5 exonuclease-dependent assembly offers a
low-cost method for efficient cloning and site-directed mutagenesis. Nucleic Acids
Res 2019;47:e15.

Zetsche B, Heidenreich M, Mohanraju P, Fedorova I, Kneppers J, DeGennaro EM,
Winblad N, Choudhury SR, Abudayyeh OO, Gootenberg JS, Wu WY, Scott DA,
Severinov K, van der Oost J, Zhang F. Multiplex gene editing by CRISPR-Cpf1 using
a single crRNA array. Nat Biotechnol 2017;35:31-4.

Verwaal R, Buiting-Wiessenhaan N, Dalhuijsen S, Roubos JA. CRISPR/Cpf1 enables
fast and simple genome editing of Saccharomyces cerevisiae. Yeast 2018;35:201-11.
Hartl L, Seiboth B. Sequential gene deletions in Hypocrea jecorina using a single
blaster cassette. Curr Genet 2005;48(3):204-11.

Garcia A, Adedoyin G, Heitman J, Lee SC. Construction of a recyclable genetic
marker and serial gene deletions in the human pathogenic Mucorales Mucor
circinelloides. G3 (Bethesda) 2017;7:2047-54.

Wiemann P, Willmann A, Straeten M, Kleigrewe K, Beyer M, Humpf HU,
Tudzynski B. Biosynthesis of the red pigment bikaverin in Fusarium fujikuroi: genes,
their function and regulation. Mol Microbiol 2009;72:931-46.

Niehaus EM, von Bargen KW, Espino JJ, Pfannmiiller A, Humpf HU, Tudzynski B.
Characterization of the fusaric acid gene cluster in Fusarium fujikuroi. Appl
Microbiol Biotechnol 2014;98:1749-62.

Kildegaard KR, Arnesen JA, Adiego-Pérez B, Rago D, Kristensen M, Klitgaard AK,
Hansen EH, Hansen J, Borodina I. Tailored biosynthesis of gibberellin plant
hormones in yeast. Metab Eng 2021;66:1-11.

Albermann S, Linnemannstons P, Tudzynski B. Strategies for strain improvement in
Fusarium fujikuroi: overexpression and localization of key enzymes of the
isoprenoid pathway and their impact on gibberellin biosynthesis. Appl Microbiol
Biotechnol 2013;97:2979-95.

Wang HN, Ke X, Jia R, Huang LG, Liu ZQ, Zheng YG. Multivariate modular
metabolic engineering for enhanced gibberellic acid biosynthesis in Fusarium
fujikuroi. Bioresour Technol 2022;27(364):128033.

Daletos G, Katsimpouras C, Stephanopoulos G. Novel strategies and platforms for
industrial isoprenoid engineering. Trends Biotechnol 2020;38:811-22.

Li ZJ, Wang YZ, Wang LR, Shi TQ, Sun XM, Huang H. Advanced strategies for the
synthesis of terpenoids in Yarrowia lipolytica. J Agric Food Chem 2021;69:2367-81.


https://doi.org/10.1016/j.synbio.2024.01.010
https://doi.org/10.1016/j.synbio.2024.01.010
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref1
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref1
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref2
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref2
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref3
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref3
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref3
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref3
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref4
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref4
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref5
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref5
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref6
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref6
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref6
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref7
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref7
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref7
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref8
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref8
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref9
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref9
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref10
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref10
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref10
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref10
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref11
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref11
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref12
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref12
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref12
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref13
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref13
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref13
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref14
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref14
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref14
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref15
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref15
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref15
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref16
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref16
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref17
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref17
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref17
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref34
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref34
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref34
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref33
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref33
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref33
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref33
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref18
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref18
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref19
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref19
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref19
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref20
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref20
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref20
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref32
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref32
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref32
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref21
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref21
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref21
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref21
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref22
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref22
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref23
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref23
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref24
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref24
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref24
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref25
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref25
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref25
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref26
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref26
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref26
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref27
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref27
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref27
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref28
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref28
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref28
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref28
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref29
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref29
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref29
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref30
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref30
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref31
http://refhub.elsevier.com/S2405-805X(24)00010-3/sref31

	Establishment of a selectable marker recycling system for iterative gene editing in Fusarium fujikuroi
	1 Introduction
	2 Materials and methods
	2.1 Strains and culture media
	2.2 Plasmids and recombinant strains construction
	2.3 F. fujikuroi protoplast transformation method
	2.4 Analytical methods of GA3

	3 Results and discussion
	3.1 Comparing the genome editing efficiency between CRISPR/Cas9 and CRISPR/Cpf1 system in the industrial strain F. fujikuro ...
	3.2 Deleting the pyr4 gene in F. fujikuroi NRF-C1 via CRISPR/Cas9 resulted in a stable uracil auxotrophic mutant
	3.3 Establishment of a selection marker recycling system in F. fujikuroi NRF-C1 by combining CRISPR/Cas9 with pyr4-Blaster
	3.4 The long gene clusters in F. fujikuroi can be deleted by combining CRISPR/Cas9 with pyr4-Blaster system
	3.5 Identifying key enzymes from the mevalonate pathway to increase the GA3 titer

	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


