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Abstract

Improving the growth status of Aspergillus oryzae is an efficient way to enhance L-malate production. However, the
growth mechanism of filamentous fungi is relatively complex, which limits A. oryzae as a cell factory to produce
L-malate industrially. This study determined the relationship between growth status and [-malate production. The
optimal ranges of colony diameter, percentage of vegetative mycelia, and pellet number of A. oryzae were deter-
mined to be 26-30 mm, 35-40%, and 220-240/mlL, respectively. To achieve this optimum range, adaptive evolution
was used to obtain the evolved strain Z07 with 132.54 g/L L-malate and a productivity of 1.1 g/L/h. Finally, a combina-
tion of transcriptome analysis and morphological characterization was used to identify the relevant pathway genes
that affect the growth mechanism of A. oryzae. The strategies used in this study and the growth mechanism provide a
good basis for efficient L-malate production by filamentous fungi.

Highlights

+ A close correlation was found between the growth status of Aspergillus oryzae and L-malate production.

+ Adaptive evolution enhances growth status and capacity of L-malate production of Aspergillus oryzae.

+ Transcriptomic analysis and morphological characterization reveal the growth mechanism of Aspergillus ory-
zae.
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Introduction

As an important four-carbon dicarboxylic acid,
L-malate is widely used in beverage, food chemical
synthesis, and flavor industries (Goldberg et al. 2006)
(Ljubimova et al. 2008; Thakker et al. 2015). There are
many ways to efficiently produce L-malate, among
which microbial fermentation is more renewable and
environmentally friendly. In recent decades, various
native and metabolically-engineered strains have been
used to produce L-malate, including Aspergillus flavus
(Battat et al. 1991), Aspergillus niger (Iyyappan et al.
2018; West 2011; Xu et al. 2020), Rhizopus delemar (Ye
et al. 2013), Saccharomyces cerevisiae (Nakayama et al.
2012; Taing and Taing 2006), Escherichia coli (Dong
etal. 2017; Guo et al. 2018; Zhang et al. 2011), and Usti-
lago trichophora (Zambanini et al. 2017, 2016). Among
the various strains, A. flavus was the first natural strain
used for the synthesis of L-malate by optimizing the
fermentation parameters to achieve an L-malate titer
and productivity of 113 g/L and 0.59 g/L/h, respectively.
However, because of the presence of carcinogenic afla-
toxins, A. flavus has never been used for large-scale
production (Battat E. 1991). In addition, the plant path-
ogen U. trichophora can produce 196 g/L L-malate after
10-12 days of fermentation (Zambanini et al. 2016).
E. coli was chosen as the host strain to engineer the
production of 34 g/L L-malate with a productivity of
0.47 g/L/h in a two-stage fermentation process (Zhang
et al. 2011). Although E. coli is an ideal strain for

metabolic pathway modification, its L-malate produc-
tion capacity does not exceed that of filamentous fungi.

Aspergillus oryzae, widely used in the food industry, is
a promising strain for L-malate production (Brown et al.
2013; Ji et al. 2021). Approaches to improve the L-malate
production capacity of A. oryzae include metabolic engi-
neering modifications, fermentation process optimiza-
tion, and random mutations. (i) Metabolic engineering
strategies include the overexpression of key enzymes
(Liu et al. 2017), knockout of by-product genes (Liu et al.
2018), and enhancement of L-malate transport (Brown
et al. 2013; Knuf et al. 2013). For instance, when there is
an overexpression of the C4-dicarboxylic acid transporter
(C4T318), pyruvate carboxylase (pyc), and malate dehy-
drogenase (mdh) in A. oryzae, the titer and productivity
of L-malate increased to 154 g/L and 0.94 g/L/h, respec-
tively, in 164 h (Brown et al. 2013). (ii) Fermentation
process parameters, such as the carbon source (Dérsam
et al. 2017), nitrogen source (Ding et al. 2018; Knuf et al.
2013; Ochsenreither et al. 2014), and agitation speed
(Chen et al. 2019), can affect the production of L-malate.
For example, a novel nitrogen supply strategy (the ini-
tial tryptone concentration was 6.5 g/L and was supple-
mented with 3 g/L tryptone at 24 h) was developed to
increase the titer of L-malate from 130.5 g/L to 164.9 g/L
in a 30-L fermenter (Ji et al. 2021). (iii) To get a strain
with excellent phenotype, a series of random mutagenesis
strategies, including chemical mutagens (Ding et al. 2018;
Ji et al. 2021) and physical mutagens (Chen et al. 2019),
such as ®Co-y irradiation, atmospheric pressure room
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temperature plasma (ARTP), were used solely or in com-
bination. For example, Chen et al. successfully screened
A. oryzae FCD15 that could produce 52.9 g/L L-malate at
a productivity rate of 0.40 g/L/h using **Co-y irradiation
and ARTP mutagenesis (Chen et al. 2019).

However, although different methods have been
employed and much progress has been made in L-malate
production by A. oryzae, L-malate is not so enough to
large-scale production. This is because the growth mech-
anism of filamentous fungi is more complicated, and
the relatively poor growth status limits industrial appli-
cation (Iyyappan et al. 2018; Pringle and Taylor 2002;
Schoustra and Punzalan 2012). Therefore, clarifying the
growth mechanism and controlling the growth status of
A. oryzae is key to enhance the industrial production of
L-malate.

In this study, the relationship between the growth sta-
tus and the L-malate production by A. oryzae was built
and then the optimum range of growth parameters was
obtained. Based on this optimal range, adaptive evolu-
tion was used to improve the growth status of A. oryzae,
and the evolved strain Z07 which synthesis 132.5 g/L
L-malate in a 7.5-L fermenter, was obtained. Further-
more, a combination of transcriptomic analysis and mor-
phological characterization was used to investigate the
growth mechanisms of A. oryzae.

Materials and methods

Strain and media

The parental strain A. oryzae Z01 used in this paper was
conserved at the China Center for Type Culture Collec-
tion (CCTCC) under the preservation number of CCTCC
NO: M 2016401. The seed medium was composed
of 60 g/L glucose, 3 g/L tryptone, 750 mg/L KH,PO,,
980 mg/L K,HPO,-3H,O, 100 mg/L MgSO,-7H,0,
75 mg/L CaCl,, and 1 mL/L 1000 x micronutrient solu-
tion (5 g NaCl, 0.15 g FeSO,-7H,0, and 1 L water). The
acid-production medium was composed of 120 g/L glu-
cose, 80 g/L CaCOg, 6 g/L tryptone, 200 mg/L KH,PO,,
200 mg/L K,HPO,-3H,0, 100 mg/L MgSO,7H,0,
75 mg/L CaCl,, and 1 mL/L 1000 x micronutrient solu-
tion. When we used this medium in 250 mL shake flask,
we needed to feed glucose 30 g/L and CaCO; 30 g/L
every 48 h. Acid production medium in 7.5-L fermenter
was composed of 130 g/L glucose, 30 g/L CaCOs,, 6 g/L
tryptone, 600 mg/L KH,PO,, 600 mg/L K,HPO,-3H,0,
100 mg/L MgSO,-7H,0, 75 mg/L CaCl,, 8 mg/L MnSO,,
and 1 mL/L x 1000 micronutrient solution.

Culture conditions

Spore suspensions were obtained by incubating the
strains at 35 °C for 3 days and then using a 0.05%
Tween solution to collect the mature spores. The spore
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suspension was inoculated into a 500 mL flask con-
taining 150 mL of seed medium at a concentration of
1.5 x 10® spores/mL, and the temperature and incuba-
tion time for seed fermentation were 34 °C and 24 h. We
then inoculated the cultured seeds into a sterile 250 mL
flask containing 50 mL of fermentation medium at 10%
inoculum, and the incubation conditions were 36 °C.
Next, the seeds will be inoculated into 250 mL sterile
flasks containing 50 mL of fermentation medium at 10%
inoculum level and incubated at 36 °C, 200 rpm/min and
120 h, with the addition of 30 g/L CaCO, and 30 g/L glu-
cose during this period. The fermentation was scaled up
to a 7.5-L fermenter (INFORS infors, Switzerland) with
the same inoculum concentration as the shake flask, but
with a two-stage temperature controlling strategy to con-
trol the fermentation temperature (36 °C for the first 18 h
and 32 °C until 120 h) and a agitation status of 600 rpm/
min. 40 g/L CaCO; was added every 24 h for the first
72 h to maintain the pH of the fermentation broth at 6.0
or higher, while glucose was added to the fermenter at a
constant flow rate to maintain the glucose concentration
above 25 g/L. The same culture conditions were used for
all A. oryzae mutants.

ARTP and LiCl mutagenesis

Spore was cultured in PDA medium for 4 days and was
washed with aseptic water, and gradient dilution to 10°
individual /mL was performed. For atmospheric and
room temperature plasma (ARTP) mutagenesis system,
10-pL diluted culture liquid was transferred to the mid-
dle of the sterile metal slide. Power and gas of ARTP
mutagenesis system are fixed at 100 W and 10 SLW;
10 pL of the spore suspension was exposed to ARTP jet
for different treatment times ranging from 90 to 180 s,
which resulted in 70-80% lethality rate and then spore
suspension was diluted to 10? and 10® individual /mL for
coating and screening.

The culture method of spore is the same as of the
ARTP. For LiCl mutagenesis, the suspended spores were
treated with 0.5 mg/mL to cause mutagenesis, and cul-
tured in an oscillator at 34 °C for 30 min. Next, spore
suspension was diluted to 10% and 10% individual/mL for
coating and screening.

Adaptive evolution experiment

During adaptive evolution, 1.6 uL/mL to 2.0 pL/mL
2-phenylethanol was added to potato glucose medium
and approximately 3.5 x 10* spores were inoculated into
the medium at 35 °C for approximately 4 days. When
the incubation was completed, the areas of more vigor-
ous mycelial spore cultivation were collected with Tween
solution and were again inoculated into fresh medium.
This step was repeated continuously until the growth of
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the strain was comparable to the growth of the control
(without 2-phenylethanol). Then purified the evolved
strains and the colony that grew with the strongest
growth on PDA plates containing 2-phenylethanol was
selected for further stability analysis as well as studies.

Morphology characterization

The morphology of colonies (such as colony diameter,
PVM values, densities, etc.) was determined by the cam-
era (Nikon D70, Nikon Corporation, Japan). The mor-
phological characteristics of mycelium, spores, and
pellets were determined by image analysis using scanning
electron microscopy (SEM, FEI). Making internal sec-
tions of mycelial pellets and then observing them with
transmission electron microscopy (TEM, FEI). The num-
ber and morphology of mycelial pellets in 7.5L ferment-
ers were determined using an iBrightTM imaging system
(Thermo Fisher Scientific Company, America). Spores
were incubated in PDA medium for 4 days and myce-
lial pellets were cultured in acid-producing medium for
7 days, which needed to be diluted with sterile water to
avoid overlap affecting observation when morphological
observations were made. All spores, mycelial branches
and mycelial pellets were pictured under the same
conditions.

Transcriptome sequencing analysis

Spores of evolved strains were cultured in fermenta-
tion medium, cells were collected, washed twice with
phosphate-buffered saline, and centrifuged at 3500 g for
10 min at 4 °C. Total RNA was isolated using the Min-
iBEST universal RNA extraction Kit (TaKaRa Bio, Shiga,
Japan). Total RNA concentration and mass were deter-
mined by microspectrophotometry using an Agilent
2100 bioanalyzer (Agilent Technologies, Santa Clara,
CA) for determination. The collected strains were frozen
at — 80 °C and sent to the Majorbio Institute for global
gene analysis.

Analytical methods

In order to dissolve excess CaCO; and precipitated
acids, whole broth samples for dry cell weight analysis
were diluted with 2 M HCI. Biomass was recovered from
acidified broth by centrifugation, washed with water and
recentrifuged, and dried at 60 °C for a minimum of 48 h
before weighing. Quantitation of C4 acids and glucose
were performed by reverse-phase high-performance lig-
uid chromatography (HPLC) using an Aminex® HPX-
87H ion (300 mm x 250 mm) exclusion column eluted
with a refractive index detector and UV detector at
210 nm. The mobile phase was a 5-mM H,SO, solution
at a flow rate of 0.6 mL/min and a column temperature of
35 °C. The injection volume was 10 uL (Ding et al. 2018).
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Results

Effect of A. oryzae growth status on L-malate production
To study the effect of A. oryzae growth status on
L-malate production, a mutant library (150 mutants)
was first constructed via the compound mutagenesis of
ARTP and LiCl (Fig. 1la). The L-malate titer, yield, and
productivity of the mutant Z05 were 74.6 g/L, 0.74 g/g,
and 0.62 g/L/h, respectively, which were 50.1%, 13.85%,
and 51.22% higher than the corresponding values of the
parent Z01. Among them, five better mutants Z01-Z05
with the L-malate titer ranging from 49.7 g/L to 74.6 g/L
(Table 1) were selected to relate to the growth status of A.
oryzae, including colony diameter, percentage of vegeta-
tive mycelia (PVM), and pellet number. When the colony
diameter, PVM value, and pellet number of the mutants
Z01-Z05 changed to 8.3-25.4 mm, 32.4-79.4%, and
104-248/mlL, the L-malate titer, L-malate yield, L-malate
productivity, and glucose consumption also changed
to 49.7-74.6 g/L, 0.65-0.74 g/g, 0.41-0.62 g/L/h, and
75.9-101.2 g/L, respectively (Fig. 1b). These experimen-
tal data showed that (1) the colony diameter (R*>=0.95),
PVM value (R?=0.94), and pellet number (R*=0.97)
were closely correlated with the L-malate titer. (2) The
L-malate titer increased with increasing colony diameter
(below 26-30 mm) and pellet number (below 220-240/
mL) but decreased with increasing PVM value when
the PVM value was above 35-40% (Fig. 1c—e). (3) To
increase the L-malate titer, we determined the optimal
range for colony diameter, PVM and pellet number were
26—30 mm, 35-40%, and 220—-240/ml, respectively.

Improvement of A. oryzae growth status through adaptive

evolution

An adaptive evolution strategy using 2-phenyletha-
nol (2-PE), a fungal inhibitor, as a stressor was devel-
oped to achieve the optimal range of colony diameter
(26—30 mm), PVM value (35-40%), and pellet number
(220-240/mL) in the strain Z05. 2-PE has an inhibitory
effect on the growth of most fungi(Stark et al. 2003),
and long-term incubation of A. oryzae in an environ-
ment containing 2-PE can result in an improved growth
status of the strain. When the strain Z05 was cultured
in a medium containing 1.6 pL/mL 2-PE, it was almost
impossible to produce mature green spores (Fig. 2a). The
mycelial dry weight and spore germination rate were
only 0.03 g/L and 10.11%, which were 88.46% and 89.38%
lower than those of the control (Fig. 2b). Thus, 1.6 puL/
mL was chosen as the stressful concentration of 2-PE for
achieving adaptive evolution. Through an adaptive evo-
lution strategy involving increasing the concentration
of 2-PE from 1.6 pL/mL to 2.0 uL/mL, the 12th genera-
tion evolved strain (Z06) and the 25th generation evolved
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Table 1 Comparisons of fermentation performance of A. oryzae wild type and mutants
Parameter Mutants

Z01 Z02 Z03 Z04 Z05
Culture time (h) 120 120 120 120 120
Glucose consumption (g/L) 759+£23 821£13 883+£20 956420 101.2+£15
Dry cell weight (g/L) 11474+043 1232+£023 13.544+0.29 15.284+0.29 164+£034
L-malate titer (g/L) 497+£13 544414 595408 682408 746407
Yield of malate on glucose (g/g) 0.65+0.01 0.66 £0.02 0.67£0.01 0.71£0.01 0.74£0.02
L-malate productivity (g/L/h) 041+£0.01 045+0.01 0.50+£0.01 0.57+0.01 0.6210.01
Yield of L.-malate on DCW (g/g) 4.36+0.08 440+£0.10 4404£0.10 448+£0.10 454+£0.13

The numbers stated are means of three individual experiments + standard errors

strain (Z07) with enhanced growth status were obtained
(Fig. 2¢). (i) The colony diameter, PVM values, and pellet
number of the strain Z06 were 19.7 mm, 62.3%, and 207/
mL, respectively, which were 60.16%, 25.57%, and 15.64%
higher than those of the strain Z05; however, the values
did not reach the optimal range. (ii) The colony diam-
eter, PVM values, and pellet number of the strain Z07
were 28.1 mm, 39.1%, and 233/mL, respectively, which
were 128.46%, 53.29%, and 30.17% higher than those of
the strain Z05; these values reached the optimal range
(Fig. 2d-f).

The time-curve of the strains Z05, Z06, and Z07 in a
7.5-L fermenter are depicted in Fig. 2g-i and Table 2.
(i) The dry cell weight (DCW), L-malate titer, L-malate
yield, L-malate productivity, and glucose consumption
of the strain Z06 were 21.54%, 34.28%, 8.82%, 34.33%,
and 22.83% higher than the corresponding values of the
strain Z05. (ii) The DCW, L-malate titer, L-malate yield,
L-malate productivity, and glucose consumption of the
strain Z07 were 37.45%, 63.99%, 16.18%, 64.18%, and
39.55% higher than the corresponding values of strain
Z05. These results indicated that the growth status of A.
oryzae could enhance the production of L-malate.

Analysis and validation of the genes related to hyphal
branching formation

The transcriptome data of the strains Z05, Z06, and Z07
were compared to identify the genes that contributed to
the change in growth status. The expression levels of 935
genes in strain Z06 were significantly different compared
with those in strain Z05 (>2.0-fold change; P<0.05):
485 genes were upregulated, and 450 genes were down-
regulated (Fig. 3al). The expression levels of 2482 genes
were significantly altered in strain Z07 compared with
those in strain Z05: 1651 and 831 genes were upregulated
and downregulated, respectively (Fig. 3a2). By compar-
ing the gene expression levels of strains Z06 and Z07,
the data revealed 539 genes whose expression changed

significantly, including 289 upregulated and 250 down-
regulated genes (Fig. 3a3). The expression levels of 60
genes were altered in all strains (Fig. 3b). Further, Kyoto
Encyclopedia of Genes and Genomes (KEGG) analysis
indicated that carbohydrate metabolism, transcription,
cell membrane biogenesis, and biosynthesis of other sec-
ondary metabolites were the four most notable differen-
tially-regulated pathways, accounting for 21.67%, 16.67%,
15%, and 11.67%, respectively. Oxidative phosphoryla-
tion, drug resistance: antimicrobial, posttranslational
modification, signal transduction, and secretion and
vesicular transport were also affected (Fig. 3c).

The transcriptome profiles were compared to elucidate
the genes that respond to hyphal branching formation
in A. oryzae (Fig. 4a). We found that: (i) the expression
of genes associated with the MAPK signaling pathway
(Fig. 4b), such as Aorste50 (Z06: 1.61-fold, Z07: 2.44-
fold), Aorste20 (Z06: 1.54-fold, Z07: 1.96-fold), Aorste7
(Z06: 1.56-fold, Z07: 1.72-fold), Aorcdc24 (Z06: 1.84-fold,
Z07: 2.45-fold), Aormsg5 (Z06: 1.38-fold, Z07: 1.67-fold),
and Aorptp2 (206: — 1.07-fold, Z07: — 1.15-fold), were
significantly changed. Among them, the expression level
of Aorcdc24, a key gene in the MAPK signaling path-
way, in strains Z06 and Z07 were 1.84-fold and 2.45-
fold higher than that of strain Z05, respectively. (ii) The
expression levels of genes with repressive effect on DNA
synthesis, such as Aorapc (Z06: — 2.02-fold, Z07: — 3.08-
fold), Aorcdc20 (Z206: — 1.28-fold, Z07: — 1.44-fold),
Aorscf (206: — 1.30-fold, Z07: — 1.34-fold), Aorcdc4 (Z06:
— 1.18-fold, Z07: — 1.21-fold), and Aorcdc7 (Z06: — 1.31-
fold, Z07: — 1.4-fold), were also significantly altered.
Among them, the expression levels of Aorapc in strains
Z06 and Z07 were 2.02-fold and 3.08-fold lower than in
strain Z05, respectively. Conversely, the expression levels
of key genes involved in DNA synthesis, such as Aorfus3
(Z06: 2.08-fold, Z07: 2.66-fold), Aororc (Z06: 1.14-fold,
707: 1.28-fold), Aorcdc45 (Z06: 1.29-fold, Z07: 1.88-fold),
Aorcdc28 (Z206: 1.19-fold, Z07: 1.24-fold), Aodbf4 (Z06:
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Fig. 2 Assessment of the adaptive evolution of Aspergillus oryzae strains. a Inhibition of Aspergillus oryzae by different concentrations of 2-PE. b
Influence of different concentrations of 2-PE on changes in mycelial dry weight and spores germination rate. ¢ Images of colony morphology,
compactness and PVM values during the evolution of strain Z05, Z06 and Z07. d-f Growth parameters: colony diameter, PVM value and pellet
number of strain Z05, Z06 and Z07. g-i Fermentation performance parameters: L-malate titer, DCW and glucose consumption of strain Z05, Z06 and
707 in the 7.5-L fermenter. All data are presented as mean values from three independent experiments. Error bars indicate the standard deviations
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Table 2 Comparisons of fermentation performance of different strains

Parameter Strains Change rate (%)
Z05(A) Z06(B) Z07(C) (B-A)/A x 100% (C-A)/A x 100%

Culture time (h) 120 120 120 - -

Glucose consumption (g/L) 119615 146.9+15 166.9+2.2 22.83 39.55

Dry cell weight (g/L) 19.17+£0.50 23304051 26.354+1.01 21.54 3745

L-malate titer (g/L) 80.8+1.0 1085£1.7 1325426 34.28 63.99

Yield of malate on glucose (g/g) 0.68+0.01 0.7440.01 0.7940.01 8.82 16.18

L-malate productivity (g/L/h) 0.67+£0.01 0.90+£0.01 1.10£0.02 3433 64.18

Vield of L-malate on DCW (g/g) 4224+0.16 4664004 503+0.12 1043 19.19
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2.11-fold, Z07: 3.39-fold), and Aormcm (Z06: 1.12-fold, = DNA synthesis pathways were more active in the evolved
Z07: 1.29-fold), were significantly increased. Among strains.

them, the expression level of Aordbf4 in strains Z06 and The formation of mycelial branching was observed
Z07 were 2.11- and 3.39-folds higher than that of strain  using light microscopy, and the mycelial branching dry
705, respectively. These data suggest that the MAPK and  weights of these strains were measured. The mycelial
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branches of strains Z06 and Z07 were denser than those
of strain Z05, and the mycelial branches of strain Z07
were the densest (Fig. 4c, d). Similarly, the maximum
dry weight of mycelial branches was in strain Z07 with
0.24 g/L, which was 37.0% and 89.6% higher than that
of strains Z05 and Z06, respectively. Hyphal branching
of A. oryzae resulted in a better status during adaptive
evolution.

Analysis and validation of the genes related

to conidiophore formation

To elucidate the genes that respond to conidiophore for-
mation, transcriptome profiles were compared (Fig. 5a).
All the key central conidiation regulators, such as Aor-
briA (Z06: 1.82-fold, Z07: 2.26-fold), AorabaA (Z06:
1.02-fold, Z07: 1.33-fold), and AorwetA (Z06: 2.91-
fold, Z07: 6.22-fold), and their upstream genes, such as
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AorfluG (Z06: 1.36-fold, Z07: 1.47-fold), AorfluA (Z06:
1.39-fold, Z07: 1.96-fold), AorfluB (Z06: 2.18-fold, Z07:
2.48-fold), AorfluC (Z06: 1.78-fold, Z07: 1.89-fold), and
AorfluD (Z06: 1.26-fold, Z07: 1.35-fold) were remark-
ably upregulated. Among them, the expression level
of AorwetA and AorflbB in strains Z06 and Z07 was
2.91-fold and 6.22-fold, 2.18-fold, and 2.48-fold higher
than that of the strain Z05, respectively. Conversely, the
expression levels of genes, such as AorsfgA (Z06: — 1.04-
fold, Z07: — 1.23-fold), AorvelB (Z06: — 1.04-fold, Z07:
— 1.16-fold), AornsdC (Z06: — 2.1-fold, Z07: — 2.48-fold),
AornsdD (Z06: — 1.04-fold, Z07: — 1.89-fold), AorhapB
(206: — 1.5-fold, Z07: — 1.92-fold), and AorhapC (Z06:

— 1.33-fold, Z07: — 1.65-fold), with inhibitory effects on
conidiophore formation were significantly downregu-
lated. Among them, the expression level of the negative
regulator AornsdC in strains Z06 and Z07 was down-
regulated by 2.1-fold and 2.48-fold, respectively, com-
pared with that in strain Z05 (Fig. 5b). The morphological
characteristics of the conidiophores were observed using
scanning electron microscopy (SEM). The conidial heads
of strains Z06 and Z07 were more mature than those of
strain Z05, and the spores of strain Z07 were the densest
(Fig. 5¢). The spore concentration of strain Z06 and Z07
was 1.55 and 1.94 times higher than that of strain Z05,
respectively (Fig. 5d).
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Analysis and validation of the genes related to mycelial
pellet formation

To elucidate the genes’ response to mycelial pellets, the
transcriptome data of strains Z05, Z06, and Z07 were
compared. The expression level of most genes related to
the calcium signaling pathway was significantly increased
(Fig. 6b), including genes related to the Ca®" transporter,
such as Aoryvcl (Z06: 1.28-fold, Z07: 1.75-fold), AorcixA
(z06: 1.55-fold, Z07: 1.62-fold), Aorpcm1I (Z06: 1.63-fold,
Z07: 2.36-fold), Aorvexl (Z06: 1.12-fold, Z07: 1.37-fold),
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and Aorpmrl (Z206: 1.09-fold, Z07: 1.14-fold), and genes
related to regulating CrzA, such as AorcnaA (Z06: 1.16-
fold, Z07: 1.25-fold) and AorcaM (Z06: 1.37-fold, Z07:
1.42-fold). The expression level of Aorpcmi was upreg-
ulated 1.63-fold and 2.36-fold in strains Z06 and Z07,
respectively. Furthermore, the expression level of the
genes for lipids synthesis, such as Aoraccl (Z06: 2.63-fold,
Z07: 3.31-fold), AorfabD (Z06: 2.17-fold, Z07: 3.52-fold),
Aoroarl (Z06: 2.27-fold, Z07: 3.53-fold), Aorphsl (Z06:
1.18-fold, Z07: 1.51-fold), and AormecR (Z06: 2.77-fold,
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Fig. 6 Transcriptome analysis and morphological characterization to clarify the mechanism of mycelial pellets formation in Aspergillus oryzae. a
Diagram of the mechanism of mycelial pellets. b Heat map of the mycelial pellets formation mechanism following comparison between strain Z06
and Z07. ¢ The morphological characteristics of mycelial pellets of the strain Z05, Z06 and Z07 under scanning electron microscope. d Mycelial
coverage rate of strain Z05, Z06 and Z07. All data are presented as mean values from three independent experiments. Error bars indicate the

standard deviations



Zuo et al. Bioresources and Bioprocessing (2023) 10:25

Z07: 3.38-fold), and genes for chitin synthesis, such as
Aorhex (Z06: 1.67-fold, Z07: 2.12-fold), Aorpgil (Z06:
2.26-fold, Z07: 2.59-fold), Aoryntl (Z06: 1.23-fold, Z07:
3.34-fold), Aoruapl (Z06: 1.46-fold, Z07: 1.87-fold), and
Aorchsl (Z06: 1.91-fold, Z07: 2.46-fold), were increased
in strains Z06 and Z07 (Fig. 6a).

The pellets were observed by SEM and their surface
did not change significantly. When the pellets were cut to
observe the internal mycelial coverage, the area covered
by mycelia inside the pellets was gradually increased,
and the pellets were more compact (Fig. 6¢). The specific
data also showed that mycelial coverage of the pellets in
strains Z06 and Z07 reached 58.7-90.1%, respectively,
which were 1.66 and 2.57 times higher than that of strain
Z05 (Fig. 6d). The mycelia inside the pellets were essential
for nutrient and oxygen uptake (Schmideder et al. 2021),
indicating that the evolved strains Z06 and Z07 exhibited
better mycelial pellet formation.

Discussion

In this study, the optimal range of A. oryzae growth
parameters for L-malate efficient production was deter-
mined first. Then, the mutant strain Z07 with the opti-
mal growth parameters was obtained through adaptive
evolution, with an L-malate titer, yield, and productivity
of 132.5 g/L, 0.79 g/g, and 1.1 g/L/h, respectively. Fur-
ther, transcriptome data and morphological characteri-
zation were used to elucidate the mechanisms of how
the growth status affected the L-malate production. The
results present a new insight into L-malate synthesis
using A. oryzae and may provide a new strategy for pre-
cisely controlling filamentous fungus growth in industrial
fermentation.

The relationship between colony diameter, PVM
value, and pellet number of A. oryzae and L-malate pro-
duction was determined in this study. Previous stud-
ies have shown that the growth status of filamentous
fungi strongly affects the capacity to produce target
compounds (Driouch et al. 2010; Teng et al. 2009). The
growth phenotype of filamentous fungi is mainly divided
into three levels (colony, pellets, and spore) and can be
assessed based on six indicators, including mycelium
development (Fiedler et al. 2018), pellet diameter (Zhou
et al. 2011), pellet number (Papagianni 2004), pellet-spe-
cific surface area (Ding et al. 2018), spore color (Otten-
heim et al. 2015), and surface smoothness (Chen et al.
2019). For example, the pellet diameter of Rhizopus dele-
mar was the key factor for fumaric acid production, when
the concentration of glucose and soybean peptone was
optimized to 20 g/L and 6 g/L to optimize the diameter
and biomass of the pellets, the fumaric acid titer and pro-
ductivity increased to 35.42 g/L and 0.49 g/L/h, respec-
tively (Zhou et al. 2011). Similarly, the pellet number of
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Penicillium flavum exhibited a significant effect on peni-
cillin production, and an appropriate number of pellets
(10%*/mL) was achieved by changing the concentration of
inoculated spores, then the penicillin titer was increased
from 500 U/mL to 5000 U/mL (Papagianni 2004). In A.
niger, mycelial development affects protein secretion. The
protein secretion of A. niger was increased with chang-
ing the expression levels of the key gene arfA (Fiedler
et al. 2018). These examples further demonstrate that
the growth phenotype of filamentous fungi is key to effi-
ciently synthesizing targeted chemicals.

The growth mechanism of hyphal branching, conidi-
ophores, and mycelial pellet formation were elucidated in
this study. First, the key MAPK signaling module Anfus3-
AnSte7-AnStell with the adaptor protein AnSte50 was
actively expressed in A. oryzae, which causes active
expression of the intracellular DNA synthesis pathway
and ultimately affects hyphal branching formation in
A. oryzae. The main factors affecting hyphal branch-
ing in filamentous fungi are the MAPK signaling path-
way (Bayram et al. 2012), light signals (Purschwitz et al.
2006), reactive oxygen species (Semighini and Harris
2008), and oxylipins (Tsitsigiannis and Keller 2007). The
MAPK signaling pathway module in A. niger consists of
the MAP kinase AnFus3, the upstream kinases AnSte7
and AnStell, and the AnSte50 adapter and controls fun-
gal development and coordinates to produce second-
ary metabolites in A. niger (Bayram et al. 2012). Second,
conidiophore formation in A. oryzae was affected by the
central regulatory pathway briA — abaA — wetA, the
upstream regulators fluG, fIbA, flbB, flbC, and fIbD, and
the negative regulators sfgA, veA, velB, nsdC, and nsdD.
Literature mining showed that light regulation (Schmoll
et al. 2010), the HogA signaling pathway (Vargas-Perez
et al. 2007), the nitrogen metabolism pathway (Crescenzi
et al. 1983), the conidiophore center regulation pathway
(Han and Adams 2001; Ming-Yueh et al. 2018), and other
regulators (Lee et al. 2014; Seo et al. 2003) in filamentous
fungi control conidiophore formation. For example, the
activation of brlA, which encodes a C,H, zinc finger-type
transcription factor in Aspergillus species, has been dem-
onstrated to be a key signal for the induction of spore
development formation (Han and Adams 2001). Third,
the calcium signaling pathway was actively expressed in
A. oryzae, which causes active expression of the cell wall
and membrane formation and ultimately makes a certain
impact on mycelial pellet formation in A. oryzae. Hydro-
phobic interactions (Dynesen and Nielsen 2003; Zhang
and Zhang 2016), calcium signaling pathways (de Castro
et al. 2014; Wang et al. 2012), and histone methylation
(Palmer et al. 2008) control mycelial pellet formation in
filamentous fungi. For example, when the hydrophobic
proteins rodA and dewA in A. nidulans were knocked
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out, the diameter and biomass of mycelial pellets were
reduced by 25% and 51%, respectively (Dynesen and
Nielsen 2003). Similarly, CchA and MidA in A. niger con-
tribute to the growth and significantly impact the regu-
lation of pellet formation and cell wall synthesis (Wang
et al. 2012). In addition, we speculated that changes in
genes involved in growth mechanism may have an effect
on genes related to the L-malate synthesis pathway, thus
affecting the production of L-malate (Additional file 1:
Fig. S1, S2).

Conclusions

The growth status of A. oryzae was investigated to
enhance the ability to produce L-malate. The correla-
tion between the growth state of A. oryzae and L-malate
production was analyzed, and then the optimal growth
parameters for L-malate production were obtained about
the range of 26-30 mm colony diameter, 35-40% PVM
value and 220-240/ml pellets number. Adaptive evolu-
tion was used to improve the growth status of A. oryzae
and the evolved strain Z07 was obtained, whose L-malate
titer, L-malate yield, and L-malate productivity reached
132.5 g/L, 0.79 g/g and 1.1 g/L/h during 7.5 L fermenta-
tion. In addition, the growth mechanism of A. oryzae was
further investigated by combining transcriptome analy-
sis and morphological characterization. These results
provide new insights into the potential for development
of filamentous fungi for microbial production of other
chemicals.
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