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A B S T R A C T   

Aspergillus niger is an efficient cell factory for organic acids production, particularly L-malic acid, through genetic 
manipulation. However, the traditional method of collecting A. niger spores for inoculation is labor-intensive and 
resource-consuming. In our study, we used the CRISPR-Cas9 system to replace the promoter of brlA, a key gene in 
Aspergillus conidiation, with a xylose-inducible promoter xylP in L-malic acid-producing A. niger strain RG0095, 
generating strain brlAxylP. When induced with xylose in submerged liquid culture, brlAxylP exhibited significant 
upregulation of conidiation-related genes. This induction allowed us to easily collect an abundance of brlAxylP 

spores (>7.1 × 106/mL) in liquid xylose medium. Significantly, the submerged conidiation approach preserves 
the substantial potential of A. niger as a foundational cellular platform for the biosynthesis of organic acids, 
including but not limited to L-malic acid. In summary, our study offers a simplified submerged conidiation 
strategy to streamline the preparation stage and reduce labor and material costs for industrial organic acid 
production using Aspergillus species.   

1. Introduction 

Malic acid, a common four-carbon dicarboxylic acid, possesses an 
asymmetric carbon atom, resulting in three natural forms: D-malic acid, 
L-malic acid, and the D/L-malic acid mixture. It usually serves as an 
acidulant and flavor enhancer in the food and beverage industries [1]. 
Furthermore, malic acid has applications in cosmetics, pharmaceuticals, 
metal cleaning, textile finishing, and as an animal feed additive. The 
global malic acid production capacity currently stands at an estimated 
80,000 to 100,000 tons per year. However, the annual market demand 
exceeds 200,000 tons, and this demand continues to rise steadily, indi-
cating significant market potential [2,3]. Across all organisms, the 
predominant and physiologically relevant form of malic acid is L-malic 
acid, which plays a fundamental role as an intermediate in cellular 
metabolism. Currently, L-malic acid production primarily relies on the 
enzymatic hydration of fumarate, with the substrate fumarate sourced 

from maleic acid derived from nonrenewable petrochemicals. However, 
there is a growing interest in the biosynthesis of L-malic acid within 
microbial cells, using renewable sugars as a substrate. This approach 
shows promise as a sustainable and environmentally friendly alternative 
to the traditional enzymatic method [4]. 

The filamentous fungus A. niger ATCC 1015 excels as a cell factory for 
synthesizing various organic acids, including citric acid and gluconic 
acid. This is attributed to its heightened expression of elements related 
to electron transport, carbohydrate transport, and organic acid transport 
pathways [5]. Recently, genetic engineering has been used to enhance 
the reductive tricarboxylic acid (rTCA) pathway in ATCC 1015, leading 
to the accumulation of substantial amounts of L-malic acid. In addition, 
artificial strengthening of glucose uptake, glycolysis, and L-malic acid 
secretion pathways has been implemented, while pathways for oxalic 
acid synthesis and citric acid secretion have been deliberately blocked 
[6,7]. The final genetically modified strain, S1149, achieved an 
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impressive L-malic acid production of up to 201 g/L in an 8-day 
fed-batch fermentation. Notably, the L-malic acid/glucose ratio 
reached 1.64 mol/mol, setting a record for the highest yield to date [6]. 
Optimization of fermentation parameters, including medium composi-
tion, pH, inoculum amount, and stirring speed has been conducted. 
However, for large-scale industrial fermentation, substantial prepara-
tory work is necessary before filling the fermenter. This includes the 
cultivation of significant quantities of fresh A. niger asexual spores on 
solid media, which consumes considerable time, cost, and labor. 
Therefore, there’s a need to explore methods for controlling asexual 
development and facilitating the accumulation of spores more effi-
ciently. The life cycle of Aspergillus typically involves two main phases: 
hyphal growth and asexual reproduction. A precise and well-timed 
transition between these phases is essential for the fungus’s long-term 
survival, successful reproduction, efficient dissemination, and overall 
biomass increase [8–10]. 

Aerial hyphae of Aspergillus typically give rise to asexual co-
nidiophores and initiate the asexual reproductive process when they 
encounter conditions of nutrient scarcity and exposure to oxygen [11, 
12]. However, under submerged liquid culture conditions, Aspergillus 
tends to undergo continuous hyphal growth, with asexual conidiation 
occurring infrequently [13]. The mechanisms governing asexual con-
idiation have been extensively studied in several Aspergillus species, with 
particular emphasis on the model fungus Aspergillus nidulans [14–19]. In 
Aspergillus, a complex regulatory network controls conidiation. This 
network consists of central regulators, upstream developmental activa-
tors, and negative regulators. The central regulatory pathway involves 
the C2H2 zinc finger transcription factor BrlA and its downstream tar-
gets, AbaA and WetA (BrlA→AbaA→WetA). This pathway plays a 
pivotal role in controlling the spatial and temporal expression of 
conidiation-related genes during the process of conidiogenesis [20]. 
Importantly, in submerged liquid culture, inducing the expression of 
brlA in the hyphae of Aspergillus fumigatus can trigger asexual con-
idiation and halt further growth [21]. This finding suggests that by 
controlling asexual conidiation in industrial filamentous fungi, there is 
potential to streamline the preparatory work required before fermen-
tation, leading to potential efficiency gains in industrial processes. 

In this study, we introduced a microhomology-mediated CRISPR- 
Cas9 system that can effectively edit genes of A. fumigatusandA. nidulans 
dependent on short homology arm of about 35 bp [22], into the organic 
acid-producing A. niger. This system enabled precise editing of target 
genes with an impressive 100% efficiency rate. We conditionally 
expressed brlA in the L-malic acid-producing A. niger strain, RG0095, by 
utilizing the xylose-inducible xylP promoter [23] and assessed the sub-
merged conidiation and L-malic acid fermentation performance of the 
conditional brlA strain, denoted as brlAxylP. In a liquid medium with 
xylose as the sole carbon source, the brlAxylP strain produced significant 
amounts of asexual conidia. Crucially, the submerged conidiation 
strategy did not abolish the high-yield potential of A. niger to produce 
L-malic acid. In summary, our study offers a promising strategy that has 
the potential to significantly reduce both the time and costs during the 
preparatory stage before commencing acid-producing fermentation in 
A. niger. 

2. Materials and methods 

2.1. Strains and media 

A high L-malic acid-yielding A. niger strain, RG0095 (CCTCC 
M20221573), was preserved in the China Centre for Type Culture 
Collection (CCTCC) and served as the parental wild-type strain. The 
genetically engineered A. niger strains used in this study are listed in 
Table 1. Typically, A. niger was cultured on or in the following media, 
potato-dextrose agar (PDA) medium with or without 5 mM uridine and 
10 mM uracil; glucose/xylose medium (GM/XM) containing 1% 
glucose/D-xylose, 2% agar, 50 mL/L 20 × salt solution and 1 mL/L trace 

elements [24]; potato dextrose (PD) medium containing 0.6% potato 
extract and 2% glucose; seed medium containing 4% glucose, 0.6% 
Bacto peptone, 0.075% K2HPO4, 0.075% KH2PO4, 0.01% CaCl2⋅2H2O, 
0.01% MgSO4⋅7H2O, 0.0005% FeSO4⋅7H2O, and 0.0005% NaCl; 
fermentation medium containing 10% glucose, 0.6% Bacto peptone, 
0.015% K2HPO4, 0.015% KH2PO4, 0.01% CaCl2⋅2H2O, 0.01% 
MgSO4⋅7H2O, 0.0005% FeSO4⋅7H2O, and 0.0005% NaCl, and also con-
taining 80 g/L insoluble CaCO3. 

2.2. Plasmid preparation 

We obtained the two self-replicating Cas9-expressing plasmids, 
pFC330 (Addgene, #87842) with a pyrG (orotidine-5′-decarboxylase 
gene) selection marker, and pFC332 (Addgene, #87845) with a hph 
(hygromycin-resistance-encoding gene) selection marker, from Addg-
ene. The promoter (xylP) of the xylanase-encoding gene 
(PCH_Pc20g07020) amplified with primer pairs F/R from Penicillium 
chrysogenum genome was integrated into a hph-containing plasmid p- 
zero-hph [26], generating p-zero-hph-xylP. All primers are listed in 
Table 2. 

2.3. Gene editing for pyrG deletion and brlA promoter substitution 

Strains (ΔpyrG and brlAxylP) were constructed by the CRISPR-Cas9 
system as described previously [22,24]. For the deletion of the pyrG 
gene (ASPNIDRAFT_128428), a co-transformation was performed using 
pFC332 and an in vitro synthesized sgRNA targeting pyrG. This was 
achieved through PEG4000-mediated protoplast transformation [24], 
with the added selection pressures of 5-Fluoroorotic acid (5-FOA, San-
gon Biotech, SA601555, Nanjing, China) and hygromycin B (Sangon 
Biotech, A600230, Nanjing, China) resulting in the creation of the ΔpyrG 
strain. The final strain, brlAxylP, was obtained by removing pFC330 
under the stress of 5-FOA and introducing a pyrG fragment for 
complementation. To ensure the accuracy of the genetic modifications, 
all strains underwent verification through sequencing and/or diagnostic 
PCR targeting the relevant editing genes. 

2.4. Quantitative real-time PCR (qPCR) analysis 

The strains were cultured in liquid GM at 28 ◦C for 24 h and then 
transferred to new GM or XM for another 24 h. We extracted total RNA 
from the resulting mycelium pellets using the UNlQ-10 Column TRIzol 
Total RNA Isolation Kit (Sangon Biotech, B511361, Nanjing, China). 
Reverse transcription was performed using the HiScript Q RT SuperMix 
for qPCR Kit (Vazyme, R123-01, Nanjing, China). Subsequently, qPCR 
was conducted using AceQ qPCR SYBR Green Master Mix (Vazyme, 
Q111-02, Nanjing, China) and a QuantStudio 3 Real-PCR Instrument 
(Applied Biosystems, USA). Transcript levels of the target genes were 
determined through the comparative threshold cycle (ΔCT) method and 
normalized against the level of tubA mRNA. The fold change was 
calculated using the 2-ΔΔCT method. All the qPCR primer pairs are given 
in Table 2. 

Table 1 
Strains used in this study.  

Strains Genotype Source 

RG0095 ΔoahA, pyc, mdhC, Pgpd-C4T318 CCTCC 
M20221573 [25] 

ΔpyrG ΔoahA, pyc, mdhC, Pgpd-C4T318, ΔpyrG This study 
RG0095pFC330 ΔoahA, pyc, mdhC, Pgpd-C4T318, Ptef-Cas9:: 

pyrG (pFC330) 
This study 

brlAxylP pFC330 ΔoahA, pyc, mdhC, Pgpd-C4T318, Ptef-Cas9:: 
pyrG (pFC330), xylP-brlA::hph 

This study 

brlAxylP ΔoahA, pyc, mdhC, Pgpd-C4T318, xylP-brlA:: 
hph, pyrG 

This study  
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2.5. Microscopy observation 

To observe submerged conidiation under a microscope, fresh spores 
or hyphae were initially cultured in liquid GM at 28 ◦C with continuous 
shaking at 200 rpm for 20 h. Subsequently, they were subjected to 
treatment with either new GM or XM for 3 or 5 days. The resulting 
mycelial pellet was then placed between a microscope slide and cover-
slip and observed directly using a Zeiss Axio Imager A1 microscope 
(Zeiss, Jena, Germany). 

2.6. Shake flask cultivation 

For L-malic acid fermentation, 1 × 108 fresh spores were cultivated in 
a 50 mL seed medium inside a 250-mL Erlenmeyer flask at 28 ◦C with 
continuous shaking at 200 rpm for 20 h. Subsequently, the L-malic acid 
fermentation process was carried out in 250-mL Erlenmeyer flasks, each 
containing 50 mL of fermentation medium and 10% (v/v) seed culture. 
This fermentation was conducted at 28 ◦C with continuous shaking at 
200 rpm for a duration of 6 days. 

2.7. Measurement of L-malic acid 

For the fermentation process, we set up 18 parallel shake flasks for 
each strain. Every day, three shake flasks were sampled to measure the L- 
malic acid content. In this sampling process, 2 mL of the fermentation 
mixture was transferred into a 50-mL tube, and the same volume of 2 M 
hydrochloric acid (HCl) was used for sample pretreatment. The mixture 
was then subjected to centrifugation at 12,000 g for 15 min. After 
centrifugation, the supernatant was diluted with ultrapure water and 
filtered through a 0.22-μm filter membrane for subsequent analysis 
using high-performance liquid chromatography (HPLC). The analysis 
was performed with a Kromasil 100-5-C8 column and an ultraviolet 
(UV) detector set at 214 nm. The mobile phase used in the chromatog-
raphy consisted of 90% phase A (0.1% phosphoric acid) and 10% phase 
B (methanol) at a flow rate of 0.85 mL/min and a temperature of 40 ◦C. 

3. Results 

3.1. Replacing the native promoter of brlA with xylose-induced promoter 
xylP 

In order to control the asexual development of A. niger, the MMEJ- 
CRISPR system established in A. fumigatus [22] was used to target the 
gene brlA, encoding a pivotal transcriptional regulator of the central 
conidiation pathway. To initiate the editing process of the brlA gene, we 
introduced the Cas9-expressing plasmid pFC330, which includes a pyrG 
selection marker and can autonomously replicate in Aspergillus species, 
into a high L-malic acid-yielding strain ΔpyrG (RG0095 with uridine 
auxotroph), generating the Cas9-expressing recipient strain, 
RG0095pFC330. Then, we designed a sgRNA targeting the native brlA 
promoter, termed brlA-sgRNA, which was synthesized via in vitro 
transcription (Fig. 1A). Concurrently, the repair template containing a 
fused fragment of hph (a selective marker) and xylP promoter with two 
short homology arms (34-bp and 37-bp) proximally to the PAM site and 
initiation codon region, respectively, was amplified by PCR. Then, the 
brlA-sgRNA and repair template were co-transformed into 
RG0095pFC330, generating the brlAxylP pFC330 strain. As illustrated in 
Fig. 1B and C, the resulting transformants displayed a pigment-less al-
bino phenotype and were incapable of forming asexual conidiogenous 
structures/conidiophores on solid PDA medium in the absence of the 
xylose. This observation aligns with findings reported for a conditional 
mutant of A. fumigatus brlA controlled by the Tet-on/off system (Stewart 
et al., 2020). Further confirmation through diagnostic PCR (Fig. 1D) 
demonstrated that all isolated albino transformants possessed the ex-
pected cleavage sites in the brlA locus, along with the insertion of the hph 
gene and xylP promoter. 

3.2. Xylose can activate the conidiation pathway in brlAxylP mutant 

To eliminate any potential interference from Cas9 in subsequent 
experiments, we removed the plasmid pFC330, which contains the cas9 
and pyrG genes, from the brlAxylP pFC330 strain under the stress of 5-FOA. 
Subsequently, we reintroduced a native ATCC 1015 pyrG gene into the 
pyrG-deficient strain, resulting in the creation of the final strain, brlAxylP. 
Under submerged culture conditions, Aspergillus typically does not un-
dergo conidiation, and the expression of conidiation-related genes is 
generally very low [13,27]. To investigate whether forced brlA 

Table 2 
Primers used in this study.  

Name Sequence Intention 

T7-pyrG-sgRNA-F TAATACGACTCACTATAGGGACCGAGACCTGCAGTCGTTTTAGAGCTAGAAATAGCA for the DNA template of pyrG-sgRNA (RNA); for mutating pyrG 
pyrG-seq-F CAGGGAGCTCTCTGGGGCTTG diagnostic primer for pyrG mutant; for amplifying pyrG 
pyrG-seq-R ACTTTCGGAAGTCCCGTATTTCTGCTG diagnostic primer for pyrG mutant; for amplifying pyrG 
zero-xylP-F AATTAACCCTCACTAAAGGGCTGCAGTTGGTTCTTCGAGTC for amplifying the xylP promoter 
zero-xylP-R TTAAACCTGCAGGACTAGTCTGCAGGCGGCCGCCGACGG for amplifying the xylP promoter 
zero-R CCCTTTAGTGAGGGTTAATTCTG for linearizing the p-zero-hph 
zero-F ACTAGTCCTGCAGGTTTAAACGAATTG for linearizing the p-zero-hph 
T7-brlA-sgRNA-F TGCTATTTCTAGCTCTAAAACTTGCGCCTTGCCACATTCCCTATAGTGAGTCGTATTA for the DNA template of brlA-sgRNA (RNA); for constructing brlAxylP 

brlA-xylP-F TCCACCGTCTCTCACTTGTATATCGCCGCCGTTGGAATTTAGCGGCCGCGAATTGG for the repair template of constructing brlAxylP 

brlA-xylP-R GGTCAGGCGATCGGACATGTTACCCTGGGATCTCATCTGCAGTTGGTTCTTCGAGTC for the repair template of constructing brlAxylP 

brlA-seq-F GCTTGCTTCCCCTCTGCAGAG diagnostic primer for brlA mutant 
brlA-seq-R GTTCCGGTATGCCTTTCATAGC diagnostic primer for brlA mutant 
brlA-RT-F TCCATGGCTTCCAGCTTCTC qPCR primer 
brlA-RT-R GTTCCGGTATGCCTTTCATAGC qPCR primer 
abaA-RT-F CGTTTCAACAAGCTCTCGAGG qPCR primer 
abaA-RT-R GGAGGTGGCTGGAGACTTGC qPCR primer 
wetA-RT-F CAGTACGTCAATATGGACAGC qPCR primer 
wetA-RT-R TGGGGTTGCGCTGTTGACGTG qPCR primer 
fwnA-RT-F TGCAATTCGTCAAGAGATC qPCR primer 
fwnA-RT-R CCGTAAAAGTGAATGAAACAACC qPCR primer 
rodA-RT-F ACAACGCCCAGCTCTCTTGC qPCR primer 
rodA-RT-R AGGTCAAGGGCCTGGAGGTC qPCR primer 
TubA-RT-F CTCCGAGACTGGTCAGGGCAAG qPCR primer 
TubA-RT-R GTTCGAGGCATCCTCCTTGC qPCR primer  
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expression under the control of the xylP promoter can activate the 
central regulatory pathway of conidiation, vegetative/pregrown hyphae 
from both the brlAxylP and RG0095 strains were inoculated into liquid 
GM. After 24 h of cultivation, the resulting mycelium pellets were 
transferred into either new GM or XM for an additional 24 h (Fig. 2A). 
The qPCR analysis involved normalizing the mRNA abundance of the 
target genes to tubA, a housekeeping gene encoding α-tubulin that 
exhibited stable expression across the tested conditions (Fig. 2B). It was 
observed that under xylose-induced conditions in the brlAxylP strain, but 
not in RG0095, the expression levels of brlA and its downstream target 
genes abaA and wetA (which encode the other two components of the 
central conidiation regulatory pathway) exhibited increased levels 
(Fig. 2C and D). Typically, the asexual conidiation of Aspergillus species 
is characterized by the synthesis and accumulation of melanin and 
hydrophobin, which are involved in covering the conidial surface [28, 
29] (Fig. 2E). The qPCR analysis revealed that the genes encoding 
hydrophobin (rodA) and polyketide synthase (fwnA), involved in the 
synthesis of dihydroxynaphthalene (DHN) melanin, exhibited signifi-
cant upregulation in brlAxylP after xylose treatment (Fig. 2F). As a con-
trol, RG0095 exhibited consistently low expression levels of these genes, 
whether cultured in GM or XM, and these expression levels were com-
parable to those observed in brlAxylP when grown in GM. This upregu-
lation of these genes in brlAxylP strongly indicates the activation of the 
conidiation pathway. 

3.3. Xylose can induce the submerged conidiation in brlAxylP 

The formation of asexual conidia is a highly intricate process that 
requires a considerable amount of time for the preparation of compo-
nents and the assembly of conidiophores after receiving the conidiation 
signaling [30]. To investigate whether forced brlA expression induced by 
xylose could trigger submerged conidiation in brlAxylP, we extended the 
induction time in liquid XM in a shaker for 3 days. As depicted in Fig. 3A, 
only the xylose-treated brlAxylP strain exhibited macroscopically visible 
black cultures, indicating the occurrence of sporulation. 

Correspondingly, microscopic observation of these cultures confirmed 
the presence of numerous spores in the xylose-treated brlAxylP, while 
RG0095 and untreated brlAxylP cultures displayed hyphae only (Fig. 3B). 
In a typical scenario, Aspergillus develops a complex conidiophore atop 
hyphae during asexual sporulation on solid media, including foot cells, 
stalk, vesicle, phialides, immature conidia, and mature conidia. How-
ever, brlAxylP didn’t form typical conidiophores in liquid XM. Instead, it 
generated conidia by creating distinct spherical budding structures at 
the hyphal tips (Fig. 3B). To quantify the conidiation capacity of brlAxylP, 
1 × 108 brlAxylP conidia were initially grown in 50 mL of PD medium 
(rich medium) for 1 day, and then 5 mL of the resulting culture mixture 
was transferred into 50 mL of liquid XM with various concentration of 
xylose (0.5%, 1%, 1.5%, 2% and 3%) for 5 days. After shaking the final 
culture mixture with an oscillator and counting the separated conidia 
(Fig. 3C), it was determined that more than 7.1 × 106/mL brlAxylP 

conidia could be obtained in all xylose media tested on the last day, with 
the highest yield of 7.4 × 106 obtained in 2% xylose media (Fig. 3D). 
Notably, the xylose dosage has no significant influence on the produc-
tion of brlAxylP conidia. In contrast, the RG0095 strain can generate 7.3 
× 106/mL spores on solid PDA medium for 5 days, demonstrating that 
the liquid-induced sporulation strategy does not sacrifice spore quantity. 
In summary, the system of xylose-mediated submerged conidiation was 
successfully established in A. niger. 

3.4. brlAxylP retains the potential for abundant synthesis of L-malic acid 

Although gene-modified brlAxylP can produce conidia in submerged 
culture, it was unclear how well these conidia would perform in the 
fermentation production of L-malic acid. Initially, 1 × 108 brlAxylP con-
idia were cultured in 50 mL of seed medium for 20 h. Subsequently, the 
seed culture was transferred into fermentation media for acid produc-
tion (Fig. 4A). For comparison, the conidia of RG0095 grown on solid 
PDA were cultured using the same two-step system. Residual glucose 
monitoring indicated that both brlAxylP and RG0095 consumed all the 
glucose by the sixth day (Fig. 4B), suggesting that submerged 

Fig. 1. Replacement of brlA promoter with xylP promoter. A. This schematic illustrates the replacement of the native brlA promoter with the induced xylP promoter 
using the MMEJ-CRISPR system. The Cas9-sgRNA complex targets the start codon region of the brlA gene. B. (Left) Transformants were generated on the trans-
formation plates after introducing brlA-sgRNA and the corresponding repair template into the Cas9-expressing recipient strain (RG0095pFC330) for 4 days. All 
resulting transformants displayed the same phenotype. Ten randomly selected transformants (T1-T10) were inoculated onto PDA using hyphae and cultured for 4 
days. (Right) RG0095pFC330 was used as a control (C). C. The asexual conidiation of the related strains on PDA was observed. Two arrows indicate the conidiogenous 
structure of RG0095pFC330 and the hyphae tip of brlAxylP pFC330 (without a conidiogenous structure), respectively. Scale bar represents 10 μm. D. Diagnostic PCR was 
conducted to verify the integration of the repair template into the brlA promoter. 

X. Wu et al.                                                                                                                                                                                                                                      



Synthetic and Systems Biotechnology 9 (2024) 277–284

281

conidiation did not affect the fermentation progress. In addition, the 
mycelial pellets of brlAxylP were observed to be larger in size than those 
of RG0095 in the fermentation broth (Fig. 4C–E), indicating that the 
submerged conidiation strategy influences the morphological develop-
ment of A. niger. In terms of organic acid production, RG0095 produced 
as much as 67.0 g/L of L-malic acid, along with significant amounts of 
by-products, including 21.0 g/L of citric acid, 1.7 g/L of fumaric acid, 
and 6.0 g/L of succinic acid (Fig. 4F–I). In contrast, brlAxylP accumulated 
57.9 g/L of L-malic acid, along with 27.5 g/L of citric acid, 1.2 g/L of 
fumaric acid, and 6.7 g/L of succinic acid. The desired product L-malic 
acid in brlAxylP reached 86% of that in RG0095, indicating that brlAxylP 

spores produced in liquid culture retained a high level of yield for L- 
malic acid. Overall, submerged conidiation of A. niger shows promise as 
a replacement for traditional conidiation on solid media in the prepa-
ratory work for L-malic acid biosynthesis. 

4. Discussion 

L-malic acid, a versatile acidulant and bio-based building block 
chemical, has traditionally been produced using petroleum-derived 
substrates through chemical or enzymatic methods [4]. Attention has 

been directed towards the production of L-malic acid through microbial 
fermentation, primarily because of its relatively eco-friendly charac-
teristics. In recent years, several microorganisms, including A. niger, 
Aspergillus oryzae, Saccharomyces cerevisiae, Myceliophthora thermophila, 
and Ustilago trichophora, have been genetically modified to yield sub-
stantial quantities of L-malic acid in laboratory settings [1]. A. niger is an 
industrial species commonly used as a chassis cell for the commercial 
production of citric acid. It possesses several key desirable traits, such as 
high conversion efficiency from sugar to organic acid, a well-defined 
genetic background, tolerance to low pH, and the ability to utilize 
inexpensive and renewable carbon sources [31,32]. Additionally, a 
strain achieving the highest L-malic acid yield to date was developed 
through multiple rounds of rational genetic engineering in A. niger [6]. 
This underscores the significant potential of A. niger for large-scale 
L-malic acid production. However, despite this potential, industrial mi-
crobial fermentation of L-malic acid has not been fully established due to 
its high input-output ratio. To address this challenge from an industrial 
standpoint, the focus should be on: 1) optimizing strains, 2) upgrading 
equipment, and 3) streamlining technological processes. 

A. niger produces small hydrophobic asexual conidia/spores as the 
primary means of reproduction, survival, and propagation. Generally, 

Fig. 2. Expression analysis of conidiation pathway-related genes in RG0095 and brlAxylP Strains. A. Schematic diagram illustrating the xylose induction experiment. 
The related strains were cultured on solid PDA for 72 h. The harvested spores or mycelia were inoculated into liquid GM for 24 h, and then the resulting mycelial 
pellets were transferred into new liquid GM or XM for an additional 24 h. C. The central genetic model for asexual conidiation in Aspergillus. B, D, and F. RG0095 
spores/brlAxylP hyphae were grown in a liquid GM for 24 h and then transferred into a new GM or XM for another 24 h qPCR was performed to determine the relative 
transcript levels of target genes. Data represent three biological replicates. All tested samples displayed no significant differences in the expression of the house-
keeping gene tubA, which was verified using the cycle threshold (CT) values (B). mRNA abundance of target genes was normalized to tubA and relative to RG0095 in 
GM (D and F). Values represent the mean ± SD of three replicates. Statistical significance was determined using Student’s t-test. ns, not significant. **, p < 0.01. E. 
Schematic diagram illustrating the outer structures of Aspergillus conidia. 
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the asexual conidiation of A. niger only occurs when its vegetative 
mycelia are exposed to air. Before fermentation, a large number of 
conidia were required. Hence, it would take a lot of time and money to 
prepare enough solid media and collect the conidia grown on solid 
medium, especially for large-scale industrial production. At least 5 days 
would be spent on medium preparation and plate smearing of parental 
spores to collect offspring spores for the high L-malic acid-yielding 
background strain RG0095. In order to simplify this process, with the 
help of CRISPR-mediated gene editing, we confer the A. niger an ability 
to reproduce asexually in liquid submerged condition by forcibly acti-
vating the key central transcriptional regulator of conidiation (brlA) 
under the control of xylose-induced promoter xylP. Although specific 
induction parameters have not been optimized, up to 7.4 × 108 conidia 
can be produced in 100 mL liquid xylose medium with 2% xylose, which 
meets the inoculation requirement for 3.7-L fermentation broth. How-
ever, the current induction strategy (transfer from non-xylose medium 
to xylose medium) remains relatively tedious in feasibility operation, 
and a more direct strategy is needed. A phenomenon of carbon catab-
olite repression (CCR) is common in most organisms to enable prefer-
ential utilization of easily metabolizable carbon sources [33]. Generally, 
the preferred carbon source glucose would prevent non-preferred car-
bon sources, such as xylose, from being utilized, which has already been 
proven in many microorganisms, including E. coli [34], S. cerevisiae [35], 
A. nidulans [36], etc. Based on CCR, we can use a mixed carbon source 
medium with different ratios of glucose and xylose to treat the brlAxylP 

strain. In this process, brlAxylp primarily utilizes glucose for vegetative 
growth. Upon glucose depletion, the resulting mycelium is prompted by 
xylose to undergo asexual conidiation, eliminating the necessity of 
transferring the mycelium to a xylose medium. 

In addition to the target product L-malic acid, the RG0095 back-
ground strain synthesizes relatively abundant citric acid, small amounts 
of succinic acid as well as trace amounts of fumaric acid. Under the 
condition that only the above four acids are considered, brlAxylP and 
RG0095 have similar total sugar-acid productivity (0.933 vs. 0.957, g 
acid/g glucose), indicating the submerged conidiation has no effect on 
the organic acid conversion rate of A. niger. Although statistical analysis 
showed no difference between brlAxylP and RG0095 in yields of all the 
four tested organic acids, the desired product L-malic acid and the main 
by-product citric acid in brlAxylP decreased by 14% and increased by 
31%, respectively, compared with that in RG0095, demonstrating that a 
higher proportion of carbon sources enter mitochondria to synthesize 
citric acid. Plausible explanations for this alteration could be the nature 
of submerged conidiation and/or the unnatural expression of brlA. 
However, further genetic engineering is necessary to facilitate the suc-
cessful bio-manufacture of L-malic acid. 

Liu et al., have reported that deleting the citrate transporter- 
encoding gene cexA could reduce citric acid accumulation [6]. There-
fore, subsequent knockout of cexA in brlAxylP could be considered to 
further improve L-malic acid proportion. It has been reported that cexA 
deletion impedes the glycolysis pathway, causing an inadequate supply 
of raw material—pyruvate. Hence, overexpressing the key enzymes of 
glycolysis becomes an essential step. Genetic modifications to the 
cytoplasmic rTCA pathway enable certain yeasts or filamentous fungi to 
produce over 200 g/L of L-malic acid, usually in fed-batch fermentation 
setups [6,37,38]. However, these methods overlook the role of mito-
chondria in L-malic acid synthesis. Enhancing fumarase expression in the 
mitochondria, responsible for catalyzing fumaric acid conversion into 
L-malic acid, may further enhance the efficiency of L-malic acid 

Fig. 3. Asexual conidiation of brlAxylP strain in liquid xylose medium. A and B. The harvested spores (RG0095) or mycelia (brlAxylP) of the related strains grown on 
solid PDA were inoculated into liquid GM and cultured in a 250-mL Erlenmeyer flask for 1 day. Subsequently, the resulting mycelial pellets were transferred into new 
liquid GM or XM for 3 days. The final mycelial pellets were transferred to a Petri dish for macroscopic observation (A). The microscopic phenotypes of mycelial 
pellets were observed using a microscope (B). Scale bar represents 10 μm. Red arrows indicate spores. C. Schematic diagram illustrating the xylose induction 
experiment for determining the sporulation ability of brlAxylP. D. The number of brlAxylP spores produced in 1 mL submerged liquid XM with various xylose dosage 
and the number of RG0095 conidia produced using on solid PDA with a 5 mm thickness. Statistical significance was determined using Student’s t-test. ns, 
not significant. 
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production. The use of the submerged conidiation strategy results in the 
volumetric expansion of mycelium pellets in A. niger. Nonetheless, the 
internal regions of larger pellets exhibit limited growth and metabolism, 
attributed to inadequate oxygen diffusion, potentially constraining 
product formation [39]. Consequently, editing morphology-related 
genes is likely to enhance L-malic acid production. On the other hand, 
the submerged conidiation strategy may achieve better performance 
when used to specifically synthesize citric acid. 

It’s important to highlight that the submerged conidiation strategy 
presents several significant advantages. These include cost savings in 
culture media, simplified inoculation, convenient spore collection, and 
reduced contamination risks when compared to the traditional con-
idiation method using solid media, which necessitates substantial agar 
usage and substantial human resources. However, this strategy could 
potentially impact the inherent characteristics of the spores, including 
their robustness, stress resistance, and hydrophobicity. Consequently, 
the resulting spores may become ineffective in efficiently synthesizing 
various target products. In summary, this study offers a novel approach 
for utilizing A. niger in large-scale industrial fermentation processes. 
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Fig. 4. The titers of various organic acids produced by the indicated strains in shake flasks for 6 days. A. Illustration of A. niger fermentation process for L-malic acid 
synthesis. B. Residual glucose concentrations in brlAxylP and RG0095 cultures. C-E. After the completion of fermentation, the resulting mycelial pellets were subjected 
to three washes with 0.5 M HCl. Subsequently, they were observed and compared visually using the naked eye (C) and a stereomicroscope (D). The bar is 1 mm. The 
diameters of mycelia pellets were compared between RG0095 and brlAxylP (E). F–I. Titers of L-malic acid, citric acid, fumaric acid, and succinic acid on the sixth day. 
Statistical significance was determined using Student’s t-test. "ns" indicates no significance (p > 0.05). **, p < 0.01. 
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