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ABSTRACT
Micafungin is a semisynthetic echinocandin antifungal agent derived from fungal natural product 
FR901379 produced by Coleophoma empetri, facing challenges in biomanufacturing due to poor 
chassis performance and unclear high-yield mechanisms. In this study, the mutagenic effects of 
heavy-ion beam and how fungi repaired damage show that compared to the wild-type strain, 
nonhomologous end-joining pathway deficient mutants were more sensitive to heavy ion radia
tion, resulting in higher lethality rates and more mutations from the same radiation dose. 
Moreover, mutants obtained through two rounds of heavy-ion irradiation mutagenesis produced 
1.1 g/L of FR901379, representing a remarkable increase of 253.7%. Compared to the parent strain, 
the mutants displayed noticeable differences in morphology and fermentation status. Comparative 
genomic analysis revealed mutations in several genes critical for morphological differentiation, 
which may have enhanced the production of FR901379 in the excellent mutants. This study has 
implications for the application of heavy-ion irradiation to filamentous fungi breeding. 
Additionally, the mutants with high FR901379 titre not only improve the production efficiency of 
micafungin but also provide a better chassis and theoretical guidance for subsequent metabolic 
engineering.
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1. Introduction

Echinocandins are nonribosomal cyclic hexapeptides 
conjugated with a fatty acid or highly reduced poly
ketide side chain, synthesised by filamentous fungi 
(Denning 2003; Emri et al. 2013). They are a new 
type of antifungal drugs that inhibit the activity of 
β-1,3-glucan synthase and interfere with the synthesis 
of fungal cell walls, including caspofungin, micafun
gin, anidulafungin, and razafungin. Due to their broad 
antimicrobial spectrum and high safety profile, echi
nocandins have become first-line therapies for treat
ing invasive fungal infections (Szymański et al. 2022). 
Unlike the other echinocandins, micafungin displays 
exceptional water solubility due to its sulphonate 
group, a rare feature in natural compounds 
(Iwamoto 1994). The presence of the sulphonate 
group can provide drugs with distinct pharmacologi
cal properties, thereby enhancing their bioavailability 
(Hashimoto 2009). Therefore, micafungin has gar
nered significant attention in the field of drug 
research, establishing its value among enterprises.

In industry, micafungin is chemically synthesised 
from FR901379 which is a natural product produced 
by Coleophoma empetri (Hashimoto 1994; Tomishima 
et al. 2008a, 2008b). Therefore, the production of 
FR901379 is the key step in the manufacture of mica
fungin, a natural FR901379 producer isolated from soil 
like other organisms, exhibits a limited ability to bio
synthesize the desired metabolite (Kanda et al. 2009; 
Ueda et al. 2011). Thus, enhancing the synthesis cap
ability of C. empetri to produce FR901379 emerges as 
a viable approach to minimise production costs. 
Metabolic engineering modifications targeting core 
pathways have been widely employed in genetic 
breeding, with a comprehensive understanding of 
biosynthetic mechanisms constituting a crucial prere
quisite. In previous studies, researchers from our lab 
have identified the core biosynthetic pathway and 
sulphonate group through gene knockout and het
erologous expression (Men et al. 2022). Then, the titre 
of FR901379 was increased from 0.3 g/L to 1.3 g/L by 
metabolic engineering (Men et al. 2023).

However, further systematic analysis has found 
that there are few targets for rational transformation 
in the core pathways. Compared to rational genetic 
engineering focusing on core synthetic pathways, the 
randomness of mutation breeding is more advanta
geous and feasible for performance improvement 

with unknown mechanisms, such as increasing fer
mentation robustness, mycelium morphology, and 
stress resistance, and optimising the underlying meta
bolic network (Xi et al. 2023). In addition, mutation 
breeding can effectively improve the complex meta
bolic networks associated with core synthetic path
ways, which is difficult to achieve with rational 
genetic modification. Efficient parental strain with 
excellent basal metabolic network is also crucial for 
metabolic engineering of core biosynthetic pathway, 
which is more conducive to obtaining more efficient 
engineered strains and towards green biomanufac
turing (Su et al. 2024).

Heavy-ion irradiation, as a novel breeding method, 
has demonstrated high efficiency in creating diverse 
new mutants (Yanagisawa et al. 2022; Yan et al. 2024). 
Compared to other physical mutagenic sources, such as 
X-rays and γ-rays, disparities in both physical and biolo
gical effects are readily apparent (Hamada 2009). This 
method possesses distinct advantages, including strong 
penetration, extensive sample processing capabilities, 
and a wide range of mutagenic effects, thereby estab
lishing itself as a highly potent and efficient mutagenic 
technique (Shikazono et al. 2002; Tanaka et al. 2010). 
Filamentous fungi are a relatively complex class of multi
cellular eukaryotic microorganisms that produce 
a variety of secondary metabolites (Hou et al. 2023; Shi 
et al. 2024). Although there is little research on the 
mutagenesis caused by heavy-ion irradiation, many 
valuable achievements have also been discovered. Hu 
et al. (2014a, 2014b) increased the citric acid production 
of Aspergillus niger by 12C6+ ion beam irradiation and 
successfully achieved technology transfer with the 
enterprise. Li et al. (2011) used 80 MeV/n 12C6+ ion 
beam irradiation to produce the lipid-lowering drug 
lovastatin and screened for a mutant of Aspergillus ter
reus CA99, whose production increased fourfold. It can 
be seen that heavy-ion irradiation has a good applica
tion effect in the breeding of filamentous fungi.

To date, there have been no reports of utilising 
heavy-ion irradiation to produce high-yield mutants 
of FR901379 in C. empetri. In this work, FR901379 
production strains with better fermentation perfor
mance were selected through heavy-ion irradiation 
and efficient screening methods. Meanwhile, the reg
ularity and uniqueness of heavy-ion irradiation 
damage repair in C. empetri were explored on the 
molecular level. Moreover, associations between 
mutation sites, genes, and production traits were 
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analysed via omics, and key genes related to high 
yield were predicted. This provides theoretical gui
dance for further metabolic engineering to construct 
more efficient FR901379-producing strains.

2. Materials and methods

2.1. Microorganism, medium, and cultivation 
conditions

Coleophoma empetri MEFC09 and C. empetri MEFC09- 
Δku80 were the parent strains used in this study, 
which were previously stored at our laboratory (Men 
et al. 2021). These strains demonstrated a FR901379 
titre of approximately 0.2–0.3 g/L in shake-flask fer
mentation. The solid medium potato dextrose 
agar (PDA), seed culture medium (MKS: soluble 
starch 15 g/L, sucrose 10 g/L, cotton seed meal 
5 g/L, peptone 10 g/L, KH2PO4 1 g/L, CaCO3 2 g/L, and 
pH 6.5), fermentation medium (MKF: glucose 10 g/L, 
corn starch 30 g/L, peptone 10 g/L, (NH4)2SO4 6 g/L, 
KH2PO4 1 g/L, FeSO4 0.3 g/L, ZnSO4 0.01 g/L, CaCO3 

2 g/L, and pH 6.5), and cultivation conditions were 
described in the previous study (Men et al. 2021). 
Candida albicans CMCC-(F) 98001 was purchased from 
National Center for Medical Culture Collections (CMCC).

2.2. Heavy-ion-beam irradiation

Coleophoma empeteri strain MEFC09 and MEFC09- 
Δku80 were cultured for 8 d at 25 °C on PDA. 
Subsequently, spores were collected by adding 1 mL 
of sterile water and agitating the surface with a brush 
to facilitate spore release. The spore suspension was 
then filtered through a sterile cloth in a funnel and 
diluted to 1 × 108 CFU/mL. Subsequently, 1 mL of the 
spore suspension was transferred into individual 35 mm 
petri dishes. The dishes were exposed to 12C6+ ion beam 
(energy: 80 MeV/u, LET: 40 keV/μm) at the Heavy-Ion 
Research Facility in Lanzhou (HIRFL) (Yan et al. 2024). 
The irradiating doses of MEFC09 and Z40-23 were 40, 
80, 100, 120, 140, 160, 200, 500, and 800 Gy, respectively, 
while the irradiating doses of MEFC09-Δku80 were 20, 
40, 60, 80, 100, 120, 140, 160, and 200 Gy.

2.3. Detection of the lethality rates

To determine the lethality of C. empetri MEFC09 and 
MEFC09-Δku80 exposed to carbon ions, the spore 

suspension was coated onto a PDA plate. After 6–8 d of 
cultivation, the colonies were counted and the mortality 
rate was calculated. The mortality rate was calculated 
using the following equations:

Lethal rate = (A-B)/A × 100%

Among them, A represents the number of colonies 
grown on the plate after mutagenesis, and B represents 
the number of colonies grown on the plate without 
mutagenesis. The data were from single experiments.

2.4. Screening of the mutants for FR901379 
production

Following irradiation, spore suspensions of C. empeteri 
(108 CFU/mL) treated with mutagens and untreated 
controls were plated on PDA plates. The plates were 
then incubated at 25 °C for 6 to 8 d. Mutant colonies 
were selected and grown on new plates for 3 d. Then, 
the logarithmic growth phase of the C. albicans solu
tion was diluted to an OD600 of around 0.6 before 
taking 500 μL and mixing it with 15 mL of soft agar to 
cover the plate. After 24 h, the diameter of the inhibi
tion zone can be measured, and it will not change over 
time. Later, the mutants with a large inhibition zone 
were further evaluated in a 250 mL flask during 
the second round of screening. Several mutants with 
the highest concentration of FR901379, obtained 
through the primary and second-round screening, 
were further tested for their genetic stability.

2.5. Determination of FR901379 yield

The FR901379 concentration of C. empetri MEFC09, 
C. empetri MEFC09-Δku80, and the mutants were 
detected according to Men et al. (2021). Briefly, a 
1 mL aliquot of the culture was extracted with metha
nol (5 times volume) using ultrasonic crushing for 1 h. 
The resulting fermentation broth was centrifuged at 
10,000 × g for 5 min, and the supernatant was analysed 
for FR901379 concentration using high-performance 
liquid chromatography (HPLC) with monitoring at 
210 nm.

2.6. Whole-genome re-sequencing

Genomic DNA was extracted using the SDS method 
(Lim et al. 2016). The extracted DNA underwent 
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agarose gel electrophoresis for detection and was 
quantified with a Qubit® 2.0 Fluorometer (Thermo 
Scientific). Each sample utilised 1 μg of DNA as input 
material for sample preparation. Sequencing libraries 
were constructed with the NEBNext® Ultra™ DNA 
Library Prep Kit for Illumina (NEB, USA) as per the 
manufacturer’s instructions, incorporating index 
codes to assign sequences to individual samples. 
Whole-genome sequencing of C. empetri was per
formed on an Illumina NovaSeq PE150 at Beijing 
Novogene Bioinformatics Technology Co., Ltd.

2.7. Transcript analysis of the mutant strain

Transcriptomic analysis was performed on selected 
mutants Z40-23, ZZ-138 and the wild strain MEFC09. 
Initially, the strains were cultured in 50 mL of seed 
medium in 250 mL shake flasks at 25 °C and 220 r/min. 
Then, samples were collected and total RNA was 
extracted following the protocol outlined in the 
TRIzol® Reagent manual (Novogene, Beijing, China). 
The extracted RNA was used for cDNA library con
struction, which was subsequently sequenced on the 
Illumina Novaseq 6000 platform. The index of the 
reference genome and paired-end clean reads were 
aligned to the reference genome and built using Hisat 
2 v2.0.5. Differential expression analysis of two groups 
was performed using the DESep2 package. The result
ing p-value was adjusted using Benjamini and 
Hochberg’s approach for controlling the false discov
ery rate.

2.8. Analytical methods

Clean reads were generated by filtering raw reads 
using Fastp software with default settings. Then, 
clean reads were mapped to the genome using 
Bowtie2. The generated bam file was used for the 
detection of the individual SNP (single nucleotide 
polymorphism) and InDel (insertion and deletion) of 
small fragments (<50 bp) using SAMtools. All SNP/ 
InDel sites were annotated by ANNOVAR tool. SV 
(structural variation) between the reference and the 
sample was identified by BreakDancer software 
(V1.4.4, http://breakdancer.sourceforge.net/) (Chen 
et al. 2009). CNVs (copy-number variations) between 
the reference and the sample were screened by 
CNVnator software (v0.3, http://sv.gersteinlab.org/) 
(Abyzov et al. 2011). The variation map of the whole 

genome was created by TBtools to show coverage 
and the distribution of SNP and InDel information 
(Krzywinski et al. 2009).

2.9. Statistical analysis

All experiments were conducted in triplicates unless 
otherwise specified. The data plotted in the graphs 
represent the mean values of the replicates with the 
corresponding standard deviations. Statistical signifi
cance was assessed using a t-test, with differences 
deemed significant at a p-value <0.05.

3. Results and discussion

3.1. Establishment of high-throughput screening 
methods

In addition to efficient mutation breeding methods 
and high-quality mutation libraries, high-throughput 
screening is another important factor in determining 
the success or failure of strain mutagenesis (Liu et al.  
2017). In order to quickly screen high-yielding strains, 
a high-throughput screening method for the preli
minary screening of C. empetri was established 
based on the size of inhibition zone (Figure 1). 
Firstly, monoclones cultured on agar plates were 
selected and transferred onto fresh agar plates for 
3-day subculture. This will prevent leakage during 
screening, as colonies distributed on the agar plate 
are in an ideal state, often with many colonies close 
together or connected. Subsequently, C. albicans sus
pension in the logarithmic growth phase was taken 
and mixed into soft agar to cover the plate instead of 
spraying the C. albicans with a sprayer, which would 
reduce errors and prevent contamination. 
Furthermore, C. albicans is an opportunistic pathogen, 
so covering them instead of spraying will be safer. 
After covering the Petri dish, the diameter of the 
inhibition zone can be measured after 24 h, and it 
did not change as time passed. Finally, strains with 
large inhibition zone were selected and sent for re- 
screening through shake flask fermentation.

3.2. Lethal effects of the 12C6+ ion beam on MEFC09 
and MEFC09-Δku80

DNA double-strand breaks (DSBs) are a critical primary 
form of damage, commonly induced by heavy-ion 
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irradiation (Averbeck et al. 2016). In eukaryotic cells, 
DSBs are primarily repaired through two pathways: 
nonhomologous end-joining (NHEJ) and homologous 
recombination (HR) (Ma et al. 2013). In filamentous 
fungi, the NHEJ pathway occupies a dominant posi
tion in repair. Deleting the genes of ku70, ku80, or ligD 
could inactivate the NHEJ pathway, making the HR 
pathway dominant (Ninomiya et al. 2004; Huang et al.  
2016). We selected different doses of 12C6+ ion radia
tion to induce mutations in wild-type strain MEFC09 
and the NHEJ-defective strain MEFC09-∆ku80. The 
results showed that the MEFC09 strain had a fatality 
rate of only 32.8% at 40 Gy, which increased to 83.6% 
at 100 Gy, and reached 100% at 800 Gy (Figure 2a). In 
contrast, the MEFC09-∆ku80 strain had a fatality rate 
of 95% at 20 Gy, and a fatality rate of 97% at 40 Gy 
(Figure 2b). This indicates that the NHEJ-defective 
strain is more sensitive to heavy-ion radiation, result
ing in higher fatality rates at the same radiation dose.

Additionally, the fatality rates of the two strains 
exhibit a “saddle-shaped” relationship with the irra
diation dose of 12C6+ ion beam. This differs from the 
conventional “shoulder type” or “straight” survival 
curves commonly observed in traditional irradiation 
methods applied to living organisms, such as expo
sure to ultraviolet or gamma rays (Hu et al. 2018). The 
phenomenon is characterised by a rapid escalation in 
cell damage and viability reduction as radiation 
dosage rises during the initial mortality rate upsurge 
phase. Subsequently, as the dosage reaches 
a threshold, unclear cellular repair mechanisms are 
triggered, elevating cell survival rates. However, at 
higher dosage levels, the damage from radiation 
becomes irreversible, resulting in a further decline in 
survival rates (Ning and Long 2009).

3.3. The first-round mutagenesis and screening 
mutants

After irradiation, a high-throughput screening method 
was used to identify high-yield mutants. This process 
involved primary screening utilising the inhibition zone 

Figure 1. High throughput screening flowchart.

Figure 2. The lethal rate curve of Coleophoma empetri. (a) The effect 
of 12C6+ ions doses on lethality rate of C. empetri MEFC09. (b) The 
effect of 12C6+ ions doses on lethality rate of C. empetri MEFC09- 
Δku80.
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and secondary screening based on fermentation. For 
primary screening, 64 monoclones were selected from 
approximately 258 clones based on the measurement of 
inhibition zone, using irradiation with different doses of 
12C6+ ion beam. During the secondary screening, ten 
mutants (Z40-1, Z40-5, Z40-6, Z40-12, Z40-13, Z40-16, 
Z40-23, Z80-12, Z120-5, Z120-6) showed higher 
FR901379 titre compared to the wild-type MEFC09 at 
40 Gy, 80 Gy, and 120 Gy. Especially, the titre of 
FR901379 reached 0.73 g/L in the mutant Z40-23, 

which was 3.7 times higher than C. empetri MEFC09 
(p < 0.0001) (Figure 3a).

In addition, the 10 mutants exhibited smaller, 
darker, and more compact colony morphology 
(Figure 3c). This observation aligns with previous 
research showing a reduction in colony size with 
an increased concentration of FR901379 in 
C. empeteri F-11899 following UV mutagenesis 
(Kanda et al. 2009). Meanwhile, the mycelium pel
lets in the mutant fermentation broth appeared 

Figure 3. The screening of mutants for FR901379. (a) Effects of 12C6+ ions on the FR901379 production of Coleophoma empetri MEFC09. 
(b) Effects of 12C6+ ions on the FR901379 production of C. empetri MEFC09-Δku80. (c) Changes in morphological differentiation of 
FR901379 high-yield strains obtained from MEFC09 after 12C6+ ion irradiation. (d) Changes in fermentation status of FR901379 high- 
yield strains obtained from MEFC09 after 12C6+ ion irradiation.
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more uniform and less viscous compared to the 
wild-type strain (Figure 3d). In the fermentation 
process of filamentous fungi, mycelium morphol
ogy plays a crucial role in metabolite production 
(Niu et al. 2020). Figures 3c,d demonstrated that 
the morphology and size of mycelium may corre
late with the FR901379 titre, with smaller mycelium 
pellets being favoured for FR901379 production.

Furthermore, to evaluate the impact of NHEJ-defi
cient strains as irradiated materials on the diversity of 
mutagenesis libraries, mutants were selected from the 
irradiated MEFC09-Δku80 mutant library. As shown in 
Figure 3b, a total of 59 monoclonal clones were selected 
from around 325 clones based on the measurement of 
inhibition zone diameter. However, only a limited num
ber of high-yield strains were obtained through fermen
tation. Notably, the increase in FR901379 production 
was not particularly significant, with the highest 
observed in the ∆ku80-28 strain at 0.52 g/L, which 
increased by about 40.3% compared to the control 
strain C. empetri MEFC09-Δku80 (p < 0.05).

3.4. MEFC09-Δku80 showed a higher mutation 
frequency after irradiation with the 12C6+ ion beam

The characteristics of DNA damage generated by dif
ferent mutation sources are significantly different. 
Different organisms also have differences in DNA 
damage repair mechanisms, leading to unique muta
tions (Bajinskis et al. 2012; Averbeck et al. 2016). 
Ionizing radiation results in various forms of DNA 
damage, such as apyrimidinic sites (APs), single- 
strand breaks (SSBs), double-strand breaks (DSBs), 
and DNA-protein cross-links. Double-strand breaks 
(DSBs) are particularly significant as they can cause 
genome rearrangement, mutations, and even cell 
death, making them critical DNA lesions (Dianov 
et al. 2001; Averbeck et al. 2016). Heavy-ion beams 
are well known for their significant impact on cellular 
components, particularly for inducing DSBs. To gain 
insight into the mutagenic effect of heavy-ion beams, 
the wild-type strain MEFC09 and the NHEJ-defective 
strain MEFC09-∆ku80 were irradiated with 12C6+ ion 
beam, and the type of mutations generated in the 
survivors was re-sequenced and analysed.

The results revealed that the total number of muta
tions in the MEFC09-∆ku80 mutant group was higher 
than in the MEFC09 mutant group. Specifically, the 
MEFC09-∆ku80 group showed a range of 3,670 to 

4,457 for InDels and 1,406 to 1,506 for SNPs, while 
the MEFC09 group had a range of 3,148 to 4,085 for 
InDels and 1,494 to 1,531 for SNPs. This suggests an 
increase of InDels and SNPs in NHEJ-defective 
mutants compared to MEFC09 mutants (p = 0.0001). 
In the MEFC09 mutant group, the number of SVs 
remained in the single digits, contrasted with the 
MEFC09-∆ku80 mutant group where the count of 
SVs varied from tens to hundreds (Figure 4a, Table 
S1). And it was also higher than that in the MEFC09 
mutant group (p = 0.0001). The results align with our 
expectations as the wild-type strain MEFC09 pos
sesses two DNA repair pathways: NHEJ and HR, 
while the MEFC09-∆ku80 strain only has the HR repair 
pathway. After mutagenesis, the repair capacity of the 
MEFC09-∆ku80 was weakened, resulting in a higher 
incidence of InDels, SNPs, and SVs. Additionally, the 
single-nucleotide mutations in the MEFC09 mutant 
group and the MEFC09-∆ku80 mutant group were 
compared, it was found that 85% of the mutations 
were the same. The MEFC09 mutant group had only 
30 unique mutations, while the MEFC09-∆ku80 
mutant group had 801 unique mutations (Figure 4c). 
Theoretically, 801 unique mutations in the MEFC09- 
∆ku80 mutant group should be repaired through the 
HR pathway. However, enrichment analysis revealed 
that 99% of the mutations are located in intergenic 
regions and non-coding regions, and these mutations 
are relatively scattered (Figure 4d).

In addition, a series of pieces of evidence reveals 
that high-LET radiation induces the occurrence of two 
or more damages within 1–2 helical turns of DNA 
(~10 nm), a dense form of damage known as DNA 
cluster damage (MDS) (Brenner and Ward 1992). 
MDS is more difficult to repair than individual DSBs, 
and it may even be irreparable in some cases 
(Okayasu et al. 2006; Lorat et al. 2016). This is a main 
reason why high-LET radiation has higher biological 
effects than low LET-radiation (Oike et al. 2016; 
Schipler et al. 2016). In our study, two or more muta
tions within 20 bp were identified as an MDS site in 
two mutant groups, respectively. The results revealed 
that the number of MDS in the MEFC09 mutant group 
was 842–1,075, while in the MEFC09-∆ku80 mutant 
group was 1,053–1,202 (Figure 4b, Table S2). It indi
cates that the weaker repair ability of the MEFC09- 
∆ku80 strain, resulted in an increase in the number of 
MDS (p = 0.0001).
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3.5. The second-round mutagenesis and screening 
high-yielding mutants

For further enhancement of the FR901379 titre, 
a second round of mutagenesis was conducted with 
C. empeteri Z40-23 as the initial strain. The outcomes 
revealed that the viability rates of Z40-23 continued 
to display a characteristic “saddle-shaped” pattern 
(Figure 5a) (Ning and Long 2009). Ninety-one clones 
were selected and transferred into shake flasks based 
on their order of appearance on agar plates and the 
diameter of the inhibition zone for fermentation eva
luation. The titres of FR901379 showed a significant 
increase in three mutants, particularly in the ZZ-138 
mutant, where the titre reached 1.12 g/L. This amount 
was 56.7% and 253.7% higher than the titres in 
C. empetri Z40-23 and MEFC09, respectively 
(p < 0.0001) (Figure 5b). By comparing the colony 
morphology of MEFC09 to Z40-23 and ZZ-138 
mutants, it was found that Z40-23 mutant grew 

darker, smaller, and more robust than MEFC09, while 
the ZZ-138 mutant was smaller and appeared whiter 
than the Z40-23 mutant (Figure 5c). The decreased 
colony size with increasing concentration of 
FR901379 suggested that the heavy-ion irradiation 
mutagenesis altered the colony morphology of the 
mutants, making it more beneficial to synthesise 
FR901379 (Kanda et al. 2009).

Meanwhile, we also compared the growth rates of 
the three mutants and no differences were observed 
between MEFC09, Z40-23, and ZZ-138 (Figure 5c). 
Significant differences were noted in the state of the 
fermentation broth among MEFC09, Z40-23, and 
ZZ-138. Specifically, the fermentation broth of 
Z40-23 and ZZ-138 exhibited lower viscosity, charac
terised by smaller and more uniform mycelium pellets 
compared to those of MEFC09 (Figure 5d). The visc
osity of the fermentation broth and mycelial morphol
ogy are crucial factors influencing the metabolism of 

Figure 4. Mutation analysis between MEFC09 mutation group and MEFC09-∆ku80 mutation group. (a) The statistics of mutations in 
mutant strains. (b) The total number of MDS in mutant strains. (c) The Venn diagram of specific single nucleotide mutations for two 
groups. (d) The enrichment analysis of specific single base mutation sites for two groups.
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filamentous microorganisms. Various methods have 
been documented to regulate both the viscosity of 
the fermentation broth and mycelial morphology with 
the aim of enhancing the production of secondary 
metabolites (Niu et al. 2020). The results showed that 
the FR901379 titre might be caused by improved 
mycelial morphogenesis, and lower viscosity of the 
fermentation broth and regular mycelium pellet 

were beneficial for improving the FR901379 titre of 
Z40-23 and ZZ-138 (Men et al. 2023). We demon
strated that heavy-ion beam irradiation had 
a prominent mutagenic effect on C. empetri and 
strongly improved the titre of FR901379. These find
ings suggest that it is a feasible method for the 
mutation breeding of FR901379 production of 
C. empetri.

Figure 5. FR901379 production and morphological differentiation of the mutants in the second-round mutagenesis compared with 
the WT and Z40-23 mutant. (a) The effect of 12C6+ ions doses on lethality rate of Coleophoma empetri Z40-23. (b) FR901379 titers were 
quantified after the second-round mutagenesis. (c) Changes in morphological differentiation of FR901379 high-yield strains obtained 
from MEFC09 after 12C6+ ion irradiation. (d) Changes in fermentation status of FR901379 high-yield strains obtained from MEFC09 after 
12C6+ ion irradiation.
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3.6. Omics analysis of high-yield mutants

The above elaborations highlighted the optimal 
mutants displaying superior phenotypes and high 
FR901379 production capacity, indicating their 
potential as valuable candidates in the micafungin 
industry. Yet, it is imperative to analyse the genomic 
variations linked to phenotypes and FR901379 
synthesis to delve deeper into the molecular 
mechanisms of metabolic regulation in superior 
mutants derived via heavy-ion irradiation mutagen
esis. Ten high-yield strains from the MEFC09 mutant 
group and the wild type (WT) were designated as 
the experimental and control groups, respectively. 
Compared with WT, it was found that 71% and 58% 
of the genes related to InDel and SNP mutation sites 
among the 10 strains in the functional region were 
the same, respectively (Table S3, Table S4). In addi
tion to putative and unidentified proteins, the pro
teins produced by these genes primarily consist of 
oxidoreductases, transporters, kinases, and methyl
transferases. Oxidoreductases (A04734, A04841, 
A06768, A08992, A00981, A05711, A08062, A03619, 
A08967, A02460, A03231, A05592, A06810) like cyto
chrome P450 enzymes play an important role in the 
biosynthesis of natural fungal products due to their 
wide substrate range, strong catalytic multifunction
ality, and high participation frequency (Zhang et al.  
2021). Besides oxidoreductases, some mutant genes 
related to membrane proteins were also found, such 
as A00035, A01236, A03266, A07050, A04547, 
A09177, A02623, and A02229. Membrane proteins 
play diverse and essential roles in various life pro
cesses of organisms, such as cell proliferation and 
differentiation, energy conversion, signal transduc
tion, and molecular transport (Santos et al. 2017). In 
addition, four mutations are related to transferase 
(A00181, A02506, A08274, A08274), which play an 
important role in the morphology and physiological 
metabolism of fungi (Shi et al. 2021). It was reported 
that by knocking out the methyltransferase gene 
Rmtc in Penicillium expansum, the spore production 
decreased, the germination of conidia slowed down, 
and fungal pigment synthesis was inhibited (Xu 
et al. 2021). This suggested that 12C6+ ion irradiation 
mutagenesis most likely generated mutations in 
genes that encode key enzymes involved in mor
phological differentiation, leading to the growth of 
high-yield strains with small black morphology.

Interestingly, four mutations encoding protein 
kinases (A04529, A06461, A07756, A08146) were also 
found. In eukaryotes, protein kinases are involved in 
signal transduction, cellular metabolism, and so on 
(Leipheimer et al. 2019; Zhang et al. 2020). The two- 
component regulatory systems, comprising sensor 
kinase and response regulator proteins, play 
a crucial role as a vital regulatory factor responsible 
for modulating physiological metabolic processes like 
cell growth, differentiation, and metabolism. These 
systems are particularly integral to morphological dif
ferentiation and the synthesis of secondary metabo
lites in Streptomyces (Mendes et al. 2007). 
Additionally, mutations are related to zinc finger tran
scription regulatory factor (A01830, A09288, A09969), 
translation initiation factor (A06689, A06953), tran
scription initiation factor (A01931) and the ribosome 
(A00472) were found. It was reported that 
Zn(II)-Cys(6) is a class of zinc finger transcription fac
tors that only exist in fungi, and these transcription 
factors can affect the growth and developmental phe
notype of strains (Carrillo et al. 2017; Gong et al. 2024). 
Protein biosynthesis involves four steps: initiation, 
extension, termination, and ribosomal cycle, and 
these genes are closely related to protein synthesis 
(Beznosková et al. 2013; Tseng et al. 2022). The results 
above suggested that the mutations in the genes 
encoding morphological differentiation might 
improve the production of FR901379, which is consis
tent with the results of Figures 3 and 5.

DNA sequencing analysis revealed that compared 
to γ-irradiation, heavy-ion irradiation mutagenesis is 
more likely to cause CNV and SV deletions (Masumura 
et al. 2002; Yatagai et al. 2002). To explore the deeper 
insight into how the heavy-ion irradiation leads to 
higher FR901379 titre in mutants compared to WT, 
the CNV and SV mutations of mutants were analysed. 
In the present study, if a CNV occurred in more than 
half of the samples within a group, it was designated 
as group-shared CNV. A total of 102 and 133 group- 
shared CNVs were identified in the high-yield strains 
of MEFC09 mutation group and MEFC09-∆ku80 muta
tion group, respectively. Most of them occurred in 
intergenic regions, with only 8 and 12 genes being 
affected in the coding regions, among which 6 genes 
overlapped between the two groups (Figure 6a). 
Interestingly, four of the genes encode proteins con
taining the WD40 domain (Figure 6b). Proteins with 
WD40 repeat sequences play significant roles in 
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growth, cell cycle regulation, development, and viru
lence in lower eukaryotes. Conversely, in higher 
organisms, they are essential for diverse cellular func
tions including signal transduction, intracellular trans
port, development, transcriptional regulation, and 
immune response (Jain and Pandey 2018). The four 
genes are considered to be candidate objects for our 
further studies because they may be associated with 
the production of FR901379 and the morphological 
differentiation of mutants. Unfortunately, the SV 
mutations were relatively random, and no specific 
pattern has been identified, since no overlapped SVs 
were found in all samples of the high-yield strains 
(Figure 6c). These SVs did not affect the synthesis of 
FR901379, which indicates that SVs caused genomic 
shrinkage, and may enhance the synthesis efficiency 
of intracellular FR901379.

Furthermore, a comparative transcriptome analysis 
was conducted using the wild strain MEFC09 to inves
tigate the potential high-yield mechanism underlying 
FR901379 biosynthesis in Z40-23 and ZZ-138. The ana
lysis focused on the transcriptional response of various 
genes within the mcf cluster crucial for FR901379 bio
synthesis. Results showed an upregulation of the core 
gene mcfA in both Z40-23 and ZZ-138, compared to 
the wild-type strain MEFC09, while the expression of 
other genes remained relatively unchanged (Table S5). 
This suggests that the increase in FR901379 production 
should be attributed to the upregulation of mcfA.

4. Conclusions

Based on the above work, the pattern of the NHEJ and 
HR pathways in repairing damage from heavy-ion 

Figure 6. Comparison of CNV and SV mutation genes. (a) Enrichment analysis of CNV mutation genes in the coding region of 
Coleophoma empetri MEFC09 mutant group and MEFC09-Δku80 mutant group. : CNV mutation. : No CNV mutation. (b) Prediction 
of protein domains encoded by cnv-mutated genes. (c) Enrichment of SV in the MEFC09-∆ku80 mutant group.
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irradiation in C. empetri and high-yield mechanism of 
FR901379 was proposed preliminarily (Figure 7). 
FR901379 high producing strains were obtained 
through two rounds of 12C6+ ion irradiation, with 
a maximum titre of 1.1 g/L, which was enhanced 
253.7% than the parent strain. The high-yield mutants 
displayed obvious differences in morphology, fer
mentation, and FR901379 titre compared to the 
parent strain (Figure 7a). Heavy-ion irradiation pro
duces dense ionising radiation, and MEFC09 and 
MEFC09-∆ku80 all generated APs, SSBs, DSBs, and 
MDSs after 12C6+ ion irradiation. Then, MEFC09 and 
MEFC09-∆ku80 initiated different repair mechanisms 
for repair. The MEFC09-∆ku80 with a disrupted NHEJ 
pathway is more sensitive to heavy ion radiation, 
resulting in higher lethality rates at the same radiation 
dose, as well as more InDels, SNPs, SVs, and MDS 
mutations (Figure 7b). Additionally, the resequencing 
results indicated that the majority of InDels, SNPs, and 
CNVs in the codon region of high-yield mutants were 
mostly the same. The proteins encoded by these 
genes primarily consist of oxidoreductase, membrane 
proteins, kinase, methyltransferase, transcription, 

translation regulatory factors, except for putative 
and unknown proteins (Figure 7c). Comparative 
genomic analysis demonstrated that 12C6+ ion irradia
tion mutagenesis presumably altered the genes of 
multiple key enzymes in morphological differentia
tion while enhancing the FR901379 synthesis in the 
high-yield mutants. The transcriptome results sug
gested that the increase in FR901379 production 
should be attributed to the upregulation of mcfA. 
This study not only enhanced the titre of FR901379 
in C. empetri but also provided excellent chassis cells 
for metabolic engineering. More importantly, the ana
lysis of high-yield mechanisms offers essential theore
tical insights for metabolic engineering aimed at 
enhancing the production of FR901379. Meanwhile, 
exploring the rules of heavy-ion irradiation damage 
repair at the molecular level in filamentous fungi can 
provide more theoretical support for better utilisation 
of heavy-ion irradiation mutagenesis.
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Figure 7. A summary of heavy-ion irradiation damage repair and FR901379 high-yield mechanism in Coleophoma empetri. (a) High 
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morphology, fermentation, and FR901379 titer. (b) High LET heavy-ion radiation produces dense ionizing radiation. Dense ionizing 
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initiated different repair mechanisms for repair. (c) In addition, the resequencing results indicated that the majority of InDels, SNPs, 
and CNVs in the coding region of high-yield mutants were mostly the same. Mutations and large structural deletions of these genes 
ultimately lead to a significant increase in FR901379 production and morphological differentiation.
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