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Abstract
Regulating morphology engineering and fermentation of Aspergillus oryzae makes it possible to increase the titer of L-malate.
However, the existing L-malate-producing strain has limited L-malate production capacity and the fermentation process is
insufficiently mature, which cannot meet the needs of industrial L-malate production. To further increase the L-malate production
capacity of A. oryzae, we screened out a mutant strain (FMME-S-38) that produced 79.8 g/L L-malate in 250-mL shake flasks,
using a newly developed screening system based on colony morphology on the plate. We further compared the extracellular
nitrogen (N1) and intracellular nitrogen (N2) contents of the control and mutant strain (FMME-S-38) to determine the relation-
ship between the curve of nitrogen content (N1 and N2) and the L-malate titer. This correlation was then used to optimize the
conditions for developing a novel nitrogen supply strategy (initial tryptone concentration of 6.5 g/L and feeding with 3 g/L
tryptone at 24 h). Fermentation in a 7.5-L fermentor under the optimized conditions further increased the titer and productivity of
L-malate to 143.3 g/L and 1.19 g/L/h, respectively, corresponding to 164.9 g/L and 1.14 g/L/h in a 30-L fermentor. This nitrogen
regulation-based strategy cannot only enhance industrial-scale L-malate production but also has generalizability and the potential
to increase the production of similar metabolites.

Key Points
• Construction of a new screening system based on colony morphology on the plate.
• A novel nitrogen regulation strategy used to regulate the production of L-malate.
• A nitrogen supply strategy used to maximize the production of L-malate.
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Introduction

L-malate is a four-carbon carboxylic acid that is widely used
in the food, beverage (Kövilein et al. 2019), and pharmaceu-
tical (Ding et al. 2010) industries. L-malate is conventionally
produced by chemical synthesis, enzymatic hydration of fu-
marate, and microbial fermentation from renewable sources.

In particular, fermentative L-malate production using bacterial
and fungal strains has gained increasing attention owing to its
eco-friendly nature and low energy consumption (Chen et al.
2013; Chi et al. 2016; Li et al. 2018b). Several strains can
naturally produce L-malate, including some typical model
strains, such as Saccharomyces cerevisiae, Escherichia coli,
and Torulopsis glabrata, and fungi such as Schizophyllum
commune, Aspergillus flavus, Zygosaccharomyces rouxii,
Aspergillus niger, Penicillium viticola, and Rhizopus delemar
(Table 1).

There has been considerable interest in fermentative L-
malate production by engineered T. glabrata, E. coli, and
S. cerevisiae. These engineering strategies relate to four path-
ways. The first pathway is the reductive tricarboxylic acid
(rTCA) pathway (with a theoretical yield of 2 mol/mol glu-
cose), in which pyruvate carboxylase and malate dehydroge-
nase overexpression in T. glabrata, E. coli, and S. cerevisiae
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leads to L-malate yields of 8.5 g/L, 34.0 g/L, and 59.0 g/L,
respectively (Chen et al. 2013; Zelle et al. 2008; Zhang et al.
2011). The second pathway is the classic TCA cycle (with a
theoretical yield of 1.0 mol/mol glucose), in which oxaloace-
tate and acetyl-CoA enter the TCA cycle through citric acid
synthesis and then synthesize L-malate (Iyyappan et al. 2019).
The third pathway is the glyoxylate cycle (with a theoretical
yield of 1.33 mol/mol glucose), which has received relatively
less attention; this pathway involves multiplex tuning of a
five-enzyme cascade reaction in the glyoxylate pathway from
pyruvate to malate, thereby increasing the L-malate titer to 36
g/L (Gao et al. 2018) (Table 1). The fourth pathway is the one-
step synthesis pathway (with a theoretical yield of 2 mol/mol
glucose), in which the malic enzyme is introduced into E. coli
W3110, and the strain is optimized to increase the L-malate
titer to 21.65 g/L (Dong et al. 2017). Among these, due to its
higher theoretical L-malate yield of 2 mol/mol, the rTCA
pathway is the most promising one for L-malate production.

For the natural producers of L-malate (Adrio & Demain
2006), including the filamentous fungi A. flavus, A. niger,
R. delemar, Aspergillus oryzae, Ustilago trichophora, and
Penicillium viticola can produce ≥100 g/L L-malate in fer-
mentation broth, and these producers have been investigated
for decades (Table 1). Among them, A. oryzae, a (GRAS)
strain that is “generally regarded as safe,” can utilize the
rTCA pathway for the industrial synthesis of L-malate
(Brown et al. 2013). In order to further increase the titer of
L-malate produced by A. oryzae, a series of strategies, such as

randommutagenesis, fermentation optimization, andmetabol-
ic engineering, has been developed. For example, in our pre-
vious study, a combined mutagenesis strategy using atmo-
spheric and room temperature plasma (ARTP), 60Co-γ, and
diethyl sulfate (DES) irradiation was established to isolate the
high-yielding A. oryzae strain FMME218-37 (46.72 g/L)
(Ding et al. 2018). The optimization of fermentation focuses
on two aspects: regulating the agitation speed and aeration rate
to manipulate the A. oryzae morphology, thus increasing the
L-malate titer to 142.5 g/L (Chen et al. 2019), and changing
the ratio of carbon-to-nitrogen (C/N) in fermentation broth
from 150:1 to 50:1, thereby further increasing the L-malate
titer by 63.0% (Ding et al. 2018). For metabolic engineering,
pyruvate carboxylase and malate dehydrogenase in the rTCA
pathway and the C4-dicarboxylate transporter were
overexpressed in two different studies, and the L-malate titer
was increased to 154 g/L and 165 g/L, respectively (Brown
et al. 2013; Liu et al. 2017). However, engineered filamentous
fungi typically exhibit transcription instability (Wakai et al.
2014), low homologous recombination efficiency (<5%)
(Kuck & Hoff 2010), relatively poor cell growth, and lower
stress tolerance (Karahalil et al. 2019), which limits their ap-
plication on an industrial scale.

Nitrogen is an essential element for filamentous fungi
growth and metabolite synthesis, and the demand for nitrogen
varies greatly at different stages of growth and product syn-
thesis (Kuypers et al. 2018). Therefore, most of the research
on fermentation engineering has focused on optimizing the

Table 1 L-malate production by different microorganisms

Strain type Microrganisms Titer (g/L) Productivity (g/L/h) Fermentation
period (h)

Volume of the
fermentor

References

Model strains Escherichia coli 51.9 0.72 72 1-L fermentor Hu et al. (2018)

Escherichia coli 21.65 0.30 72 5-L fermentor Dong et al. (2017)

Escherichia coli 25.8 0.36 72 5-L fermentor Guo et al. (2018)

Escherichia coli 34.0 0.47 72 3-L fermentor Zhang et al. (2011)

Escherichia coli 36.0 0.60 60 3.6-L fermentor Gao et al. (2018)

Escherichia coli 69.1 0.48 144 -- Jantama et al. (2008)

Saccharomyces cerevisiae 30.3 0.32 94 500-mL shake flask Chen et al. (2017)

Saccharomyces cerevisiae 59.0 0.30 192 500-mL shake flask Zelle et al. (2008)

Filamentous fungi Aspergillus flavus 113 0.59 190 16-L fermentor Battat et al. (1991)

Aspergillus niger 201.1 1.05 192 2-L fermentor Xu et al. (2020)

Rhizopus delemar 120.5 2.0 60 2-L fermentor Li et al. (2014)

Ustilago trichophora 195.0 0.74 263 2.5-L fermentor Zambanini et al. (2016)

Penicillium viticola 168.0 1.75 96 10-L fermentor Khan et al. (2014)

Aspergillus.oryzae 142.5 1.08 132 30-L fermentor Chen et al. (2019)

Aspergillus.oryzae 154.0 0.94 164 2-L fermentor Brown et al. (2013)

Aspergillus.oryzae 165.0 1.38 120 3-L fermentor Liu et al. (2017)

Aspergillus.oryzae 164.9 1.14 144 30-L fermentor This study
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nitrogen type, concentration, and C/N ratio to maximize the
titer of targeted products (Christensen et al. 1998; Knuf et al.
2013; Rokem et al. 2007; Zhang et al. 2007). However, these
studies have generally ignored the differences in nitrogen re-
quirements at the growth and product synthesis stages.
Furthermore, the relationship between the change in nitrogen
content and product synthesis during different fermentation
stages has not yet been clarified, which has largely hindered
any further increase in the yielded L-malate titer. In this study,
a novel screening system based on colony morphology was
developed, and the high L-malate-producing mutant FMME-
S-38 was isolated. Based on this, the relationship between
nitrogen utilization and L-malate synthesis by mutant
FMME-S-38 was elucidated in a 7.5-L fermentor. A novel
nitrogen supply strategy was developed, resulting in an in-
crease in the L-malate titer from 130.1 to 164.9 g/L in a 30-
L fermentor.

Materials and methods

Strain and culture conditions. The parent strain A. oryzae
FMME218-37 and the mutant A. oryzae FMME-S-38 were
conserved in China Center for Type Culture Collection
(CCTCC), with preservation number of CCTCC NO: M
2016401 and NO:M 2020294. Sporulation mediumwas com-
posed of potato extract 500 g/L, glucose 20 g/L, agar 20 g/L.
The screening plate medium was composed of (NH4)2SO4 6
g/L, K2HPO4 0.525 g/L, KH2PO4 0.525 g/L. Seed medium
was composed of 60 g/L glucose, 3 g/L yeast powder, 750mg/
L KH2PO4, 980 mg/L K2HPO4·3H2O, 100 mg/L MgSO4·
7H2O, 75 mg/L CaCl2, and 1 mL/L ×1000 micronutrient so-
lution (5 g ZnSO4, 5 g NaCl, 5 g FeSO4·7H2O, 1 L water).
Acid production medium in 250-mL shake flask was com-
posed of 80 g/L glucose, 30 g/L CaCO3, 3 g/L tryptone, 600
mg/L KH2PO4, 600 mg/L K2HPO4·3H2O, 100 mg/LMgSO4·
7H2O, 75 mg/L CaCl2, 8 mg/L MnSO4, and 1 mL/L ×1000
micronutrient solution, feeding glucose 30 g/L and CaCO3 30
g/L every 48 h. Acid production medium in 7.5-L fermentor
was composed of 130 g/L glucose, 30 g/L CaCO3, 6 g/L
tryptone, 600 mg/L KH2PO4, 600 mg/L K2HPO4·3H2O, 100
mg/L MgSO4·7H2O, 75 mg/L CaCl2, 8 mg/L MnSO4, and 1
mL/L ×1000 micronutrient solution.

After 4 days of strain growth on the sporulation and screening
plates at 35 °C, the mature colonies were collected using
0.05% Tween solution and obtained spore suspension. The
spore suspension was sonicated using an Ultrasonic Cell
Disruptor (power 285W, 4 s pulse, 4 s pause, total 10 min).
The collected spore suspension was inoculated into seed me-
dium in 1.5×108 spores/mL, and the culture temperature and
culture time were 34 °C and 24 h, respectively, which were
cultured in 500-mL unbaffled flasks containing 150-mL

media. Shake flask fermentations were inoculated with 10%
seed medium in 250-mL shake flask with 50 mL working
volumes and were cultured at 36 °C with shaking at
200 rpm for 120 h, feeding 60 g/L CaCO3 and 60 g/L glucose.

In the research, 7.5-L fermentor (INFORS infors,
Switzerland) and 30-L fermentor (INFORS techfors,
Switzerland) with 50% working volume were used for fer-
mentation evaluation, and the inoculation concentration was
the same as shake flask. A two-stage temperature controlling
strategy was used to control the fermentation temperature (36
°C at first 18 h and 32 °C until 120 h). The agitation speed is
600 pm until 144 h. During the first 72 h, 40 g/L CaCO3 was
added every 24 h to maintain the pH over 6.0 and the glucose
was added in a constant flow to maintain the glucose concen-
tration over 25 g/L. All the A.oryzae mutants used the same
culture conditions.

ARTP, 60Co-γ, and NTG mutagenesis. Spores were collected
from the PDA plate after 3–4 days and then washed with
demineralized water. The procedures for 60Co-γ irradiation
and atmospheric and room temperature plasma (ARTP) were
performed as described previously (Ding et al. 2018). For
NTG mutagenesis, the suspended spores were treated with 1
mg/mL to cause mutagenesis, and cultured in an oscillator at
34 °C for 1 min (Harper & Lee 2012; Huang et al. 2019; Lim
et al. 2019).

Morphology characterization. Morphology characteristics of
colonies were determined by the camera (Nikon D70, Nikon
Corporation, Japan). The spores and mycelium were deter-
mined by scanning electron microscope (SEM, FEI
Company, Quanta-200), which were cultured for 84 h at 35
°C on potato dextrose agar (PDA). The pellets in the 7.5-L and
30-L fermentor were determined by iBrightTM imaging sys-
tem (Thermo Fisher Scientific Company, America). The pel-
lets and pellets mycelium were cultured for 120 h in a 7.5-L
fermentor or 30-L fermentor at 32 °C.

Enzyme analysis. The sample preparation was determined as
described previously (Knuf et al. 2013). Malate dehydroge-
nase and pyruvate carboxylase activity were determined as
proposed in a previous study (Knuf et al. 2013). Glutamate
synthase (GOGAT), glutamine synthase (GS), and glutamate
dehydrogenase (GDH) were determined in a previous study
(Downes et al. 2013).

Nitrogen content detection. The centrifuged samples (12,000
g, 10 min) of fermentation broth were filtered through 0.22-μm
filters. For analysis of extracellular nitrogen content, 10 mL sul-
furic acidwas used to convert organic nitrogen into ammonia and
combined to form ammonium sulfate. Besides, 40% NaOH was
added to made ammonia distill out which absorbed with boric
acid and then titrated with 0.01% standard hydrochloric acid

3103Appl Microbiol Biotechnol (2021) 105:3101–3113



solution. Using Kjeldahl nitrogen meter to determine the extra-
cellular nitrogen content (Battat et al. 1991).

The pellets in the broth were collected and washed 3–4
times using sterile water. Furthermore, the washed pellets
were treated with 2M HCl to dissolve the calcium carbonate
on the surface, and further use the freeze-drying technique to
remove the water in pellets. Finally, the samples were ground
to a smooth powder using a sterilized mortar. Using the same
method as the extracellular nitrogen content to determine the
intracellular nitrogen content.

Analytical methods. The determination of glucose concentra-
tion, dry cell weight, and L-malate concentration were report-
ed in our previous research (Ding et al. 2018).

Results

Isolation of high L-malate-producing mutants based
on morphological characterization

In a previous study, it was found that the L-malate titer shows
a close correlation with A. oryzae colony morphology (Chen
et al. 2019; Ding et al. 2018). A high-producing strain should
exhibit four features: (i) a larger colony diameter (Fig. 1a); (ii)
a lower percentage of vegetative mycelia (white, non-
conidiating mycelia), which was previously defined as PVM
(Kowalski et al. 2019) (Fig. 1b); (iii) a larger color-changing
circle (Fig. 1c); and (iv) denser spore concentration in the
colony (Fig. 1d). In order to isolate the high L-malate-
producing A. oryzae strain, three-round combined mutagene-
sis consisting of ARTP, 60Co-γ, and NTG was used. Firstly, a
mutant library, containing over 400 mutants, was constructed
by ARTP, and 50 target mutants were identified that met the
four features of high L-malate-producing strains on the
screening plate. Among them, amount of the mutant FMME
446 that could produce 59.5 g/L L-malate was found to be
43.0% higher than that of the parent strain (Fig. 2a). In the
second round of screening, 60Co-γ irradiation was applied to
the mutant FMME 446 and a new mutant library (>400 mu-
tants) was built, which was narrowed down to 50 candidates
according to colony morphology. Ultimately, the FMME 432
mutant was screened, and the L-malate titer increased to 74.3
g/L; this amount was 23.4% higher than that of FMME 446
(Fig. 2a).

However, with progressing mutagenesis, the morphological
convergence of the mutants gradually increased, which ulti-
mately decreased the efficiency of colony-based screening
method (Fig. 2b3, b4). Therefore, 0.02 g/L cycloheximide
was added to the plate to discriminate the morphological dif-
ferences among mutant strains (Adrio & Demain 2006; Swift
et al. 2000). As a result, the FMME-S-38 mutant was isolated
according to its advantageous morphological traits. FMME-S-

38 produced 79.8 g/L L-malate, which was 7.4%, 34.1%, and
91.8% higher than that produced by FMME 432, FMME 446,
and the parent strain, respectively. It was found that (1) the
colony diameter of A. oryzae FMME-S-38 reached 42 mm,
which was 1.4-fold higher than that of the parent strain (Fig.
2b1, b4); (2) compactness of the colony was high, and its PVM
was the lowest (only 28.9%) (Fig. 2b5, b8); and (3) diameter of
the color-changing circle reached 69 mm, which was 2.1-fold
higher than that of the parent strain (Fig. 2b9, b12). Finally,
scanning electron microscopy showed that the conidial head of
mutant FMME-S-38 was plumper and concentrated (Fig. 2b13,
b16) and its conidiophore was rougher and had more spikes
than that of the parent strain (Fig. 2b17, b20).

In a 7.5-L fermentor, the titer, yield, and productivity of L-
malate by the mutant FMME-S-38 were 110.2 g/L, 0.73 g/g,
and 0.92 g·L−1·h−1, respectively, and these were 54.7%,
37.7%, and 55.9% higher than the corresponding values of
the parent strain. The dry cell weight (DCW) and pellet num-
ber of mutant FMME-S-38 increased by 50% and 74.13%,
respectively, whereas the pellet size decreased by 26.23%
compared with those of the parent strain. Moreover, the nitro-
gen consumption ofmutant FMME-S-38 was 1.24-fold higher
than that of the parent strain, which may explain its increased
L-malate accumulation (Table 2; Fig. 2c).

Elucidation of the correlation between nitrogen
utilization and L-malate production

The effect of nitrogen utilization on the accumulation of L-
malate is summarized in Fig. 3a, b. The extracellular nitrogen
(N1) and intracellular nitrogen (N2) contents of mutant
FMME-S-38 were detected in 7.5-L fermentors at 6-h inter-
vals (Fig. 3a, b). The N1 level first decreased rapidly at 0–24 h
of fermentation, steadily decreased to reach the lowest point
90 h later, and then substantially increased to 0.0321% there-
after (Fig. 3a). By contrast, the N2 level first increased sharply
to 0.231% at 0–24 h and then steadily increased to its peak
value (0.375%) at 90 h, followed by a decrease to 0.312%.
Considering the change in L-malate productivity at different
fermentation stages, the process of L-malate fermentation was
divided into three stages: (i) the fungal growth period, in
which N1 rapidly declines while N2 increases for biomass
formation (Fig. 3a, b), thus leading to slight L-malate accu-
mulation; (ii) the rapid acid-producing period, in which the L-
malate titer sharply increases, with N1 and N2 changing only
slightly (Fig. 3a); and (iii) the self-dissolving stage, during
which N1 steadily increases due to protease secretion and
autolysis, while N2 and L-malate production decreases (Fig.
3a). Similar trends were also detected in the case of the parent
strain (Fig. 3b). Although the growth stage of both strains
lasted about 24 h, the time at which the lowest level of N1
(TN1) and the highest level of N2 (TN2) were detected, varied
greatly between the strains (Fig. 3c, d). These two factors are
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important indicators of the rapid acid-producing period. In
mutant FMME-S-38, the TN1 and TN2 values were reached
at 90 h, which is longer than the time required in the parent
strain, i.e., 36 h and 48 h, respectively (Fig. 3e, f). This ex-
tended period results in a longer acid production period and a
shorter self-dissolving period, which ultimately increases the
L-malate titer. Therefore, it was hypothesized that the increase
in TN1 and TN2 values could increase the L-malate titer of the
mutant FMME-S-38.

To further verify this hypothesis, the specific activities of
key enzymes in nitrogen and carbon metabolism were deter-
mined, as illustrated in Fig. 3e, h. In the carbon metabolism
pathway, the activities of malate dehydrogenase (MDH) and
pyruvate carboxylase (PYC) in mutant FMME-S-38 were
both higher than those in the parent strain, which accounted
for the higher L-malate production by the mutant FMME-S-38

(Fig. 3g, h). Moreover, MDH activity peaked at 48 h, which
was a key turning point for the sharp increase in L-malate
productivity (Fig. 3g). In the nitrogen metabolism pathway,
mutant FMME-S-38 consistently exhibited higher glutamine
synthase (GS) and glutamate synthase (GOGAT) activities
than the parent strain, indicating a higher N1 consumption rate
and DCW (Fig. 3i, j). The nitrogen content in the fungal
growth period was mainly allocated to biomass formation,
which is a process that depends on the rapid use of N1 to
accumulate N2, explaining the sharp decrease in N1 value
(Fig. 3a). Consequently, the GS and GOGAT activities in
the first 48 h increased rapidly and peaked at 48 h (Fig.
3i, j). When the strain entered the rapid acid production peri-
od, the dependence on N1 consumption was reduced, leading
to notable decrease in the activities of GS and GOGAT after
48 h (Fig. 3i, j); meanwhile, the N1 and N2 levels remained

Fig. 1 Correlation between
colony morphology and L-malate
titer in Aspergillus oryzae. a
Colony diameter of five selected
mutants. b Percentage of
vegetative mycelia (PVM) of the
five selected mutants. c Color-
changing circle diameter of the
five selected mutants. d
Compactness of the five selected
mutants. e Relationship between
the colony diameter and L-malate
titer. fRelationship between PVM
and L-malate titer. g Relationship
between color-changing circle di-
ameter and L-malate titer
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steady. Furthermore, there was a slight increase in GOGAT
activity at 96 h (Fig. 3j), which may be explained by appear-
ance of the self-dissolving stage, with N1 rising and N2 de-
creasing slightly (Fig. 3a, b). Therefore, the correlation be-
tween TN1, TN2, and L-malate production could be easilymon-
itored during the process of fermentation.

Enhancing L-malate production by elevating the TN1
value

Based on these results, an external nitrogen supply strategy,
involving the initial tryptone content, the feeding tryptone
concentrations, and the feeding time of tryptone, was

Fig. 2 The screening system was constructed based on a morphological
engineering strategy. a The mutant library was constructed by ARTP
irradiation, 60Co-γ irradiation, and NTG-mediated mutagenesis. The bar
chart in red shows the high-producing strains screened by each round of
mutagenesis. b Images of the colonies (b1–b4), percentage of vegetative

mycelia (PVM) of colonies (b5–b8), conidia head (b9–b12), conidio-
phore (b13–b16), pellet (b17–b20), and pellet mycelium (b21–b24) of
the four mutants. c Flow chart of three-round compound mutagenesis. d
The fermentation parameters of the control (FMME218-37), FMME446,
FMME432, and FMME-S-38 strains in a 7.5-L fermentor
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suggested to increase the TN1 value. When the initial tryptone
content was increased from 5.5 to 7.5 g/L, the TN1 value firstly
increased from 48 h (5.5 g/L tryptone) to 90 h (6.5 g/L
tryptone) (Fig. 4a, b). As a result, the L-malate titer, pellet num-
ber, DCW, and consumed glucose increased by 36.4%, 30.9%,
59.2%, and 44.9%, respectively (Fig. 4g-i). Effect of the feeding
tryptone concentrations (1 to 5 g/L) on the TN1 value and the L-
malate titer is demonstrated in Fig. 4c, d. It was found that the
TN1 value first increased from 66 h to 96 h, and then decreased to
42 h, with an increase in the tryptone feeding concentration from
1 to 5 g/L. The highest L-malate titer (140.6 g/L) was achieved at
the maximal TN1 value of 96 h, when 3 g/L tryptone was fed into
the fermentation broth. When the feeding time of 3 g/L tryptone
was delayed from 12 to 36 h, the TN1 value first increased from
42 h to 102 h and then decreased to 66 h. As a result, the L-
malate titer first increased from 99.6 to 143.3 g/L and then de-
creased to 116.9 g/L (Fig. 4e, f). The highest titer of L-malate
was 143.3 g/L in the 7.5-L fermentor when feeding 3 g/L
tryptone at 24 h, and the TN1 value reached 102 h (Fig. 4m, o).
Therefore, it can be concluded that the L-malate titer could be
further increased by changing the TN1 value. Moreover, the op-
timum conditions for the nitrogen supply strategy were the initial
tryptone concentration of 6.5 g/L and feeding 3 g/L tryptone at
24 h.

Scaling up in a 30-L fermentor

Using the optimum nitrogen supply strategy in a 30-L fermen-
tor, the TN1 value of the mutant FMME-S-38 increased from

78 to 114 h, which was higher than that obtained in the 7.5-L
fermentor. Furthermore, there was a corresponding increase in
the TN2 value from 84 to 108 h (Fig. 5a, b). The L-malate titer,
yield, and productivity reached 164.9 g/L, 0.77 g/g, and 1.14
g·L−1·h−1, which were 26.7%, 24.2%, and 27.8% higher, re-
spectively, than the corresponding values when the optimal
nitrogen supply strategy was not used (Fig. 5c, d).
Furthermore, the DCW increased from 26.19 to 30.10 g/L,
while glucose consumption increased from 182 to 207 g/L
(Fig. 5c, d). The number of pellets increased from 335 to
380/mL, with the diameter decreasing from 0.86 to 0.74 mm
(Fig. 5e). These results indicate that the optimum nitrogen
supply strategy is promising for enhancing L-malate produc-
tion by A. oryzae.

Discussion

To further increase the titer, yield, and productivity of L-
malate by A. oryzae for industrial-scale production, a high
L-malate -producingmutant strain (FMME-S-38) was isolated
by determining the correlation between colony morphology
and the L-malate titer. The fermentation process of the mutant
FMME-S-38 was separated into three stages to establish the
correlations between the N1 and N2 content and the L-malate
titer. Based on this correlation, a novel nitrogen supply strat-
egy was developed to further increase the L-malate titer in
both 7.5-L and 30-L fermentors. Our results provide a new

Table 2 Comparison of fermentation profile of the parent strain and A.oryzae FMME-S-38 in the shake flask

Parameter Strains Change rate (%)

Parent strain (A) FMME 446 (B) FMME
432 (C)

FMME-
S-38 (D)

(B-A)/A
×100%

(C-A)/A
×100%

(D-A)/A
×100%

Culture time (h) 120 120 120 120 -

Glucose consumption (g/L) 133.2±1.2 141.3±0.8 145±1.3 151.3±0.6 6.08 8.86 13.59

DCW (g/L) 11.98±0.6 14.26±0.8 16.59±0.4 17.58±0.8 19.03 38.48 46.74

Pellet size diameter (mm) 1.22±0.25 1.14±0.14 1.01±0.10 0.9±0.02 −6.56 −17.21 −26.23
Pellet number (/mL) 201±6 246±8 316±4 350±6 22.39 57.21 74.13

L-malate titer (g/L) 71.2±1.0 89.6±0.9 104.3±0.5 110.2±0.5 25.84 46.49 54.78

L-malate productivity )g/(L·h)) 0.59 0.75 0.87 0.92 27.12 47.46 55.93

YP/S
a(g/g) 0.53 0.63 0.74 0.73 18.87 39.62 37.74

YP/X
b(g/g) 5.94 6.28 6.29 6.27 5.72 5.89 5.56

YX/S
c(g/g) 0.09 0.101 0.114 0.116 12.22 26.67 28.89

Nitrogen consumption (%) 0.0472 0.0483 0.0530 0.0583 2.33 12.29 23.52

The numbers stated are means of three individual experiments± standard errors
a YP/S yield of L-malate per substrate
b YP/X yield of L-malate per DCW
c YX/S yield of DCW per DCW
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insight into the nutrient content required to enhance the pro-
duction of targeted metabolites.

In this study, the PVM and compactness of the colony were
first used to characterize the L-malate production capacity of
mutants on the plate. As a result, a mutant FMME-S-38
exhibiting denser conidia, thicker conidia stalks, and smoother
pellets than those of the parent strain was isolated and could
produce 79.8 g/L L-malate. These morphological characteris-
tics are very similar to those reported for a high-producing
A. niger strain in citric acid fermentation (Sun et al. 2018).
As the pellet and colony morphologies are important physio-
logical parameters of filamentous fungi, manipulating these
represents an efficient approach to enhance the production of
targeted metabolites using fungal strains. Optimizing the pel-
let morphology of filamentous fungi in submerged culture

could ensure higher oxygen mass transfer and nutrient absorp-
tion from the fermentation broth, thus enhancing production
of the targeted metabolite by Rhizopus oryzae (Longacre et al.
1997), A. niger (Papagianni 2007), Aspergillus terreus (Porcel
et al. 2005), and A. oryzae (Chen et al. 2019; Ding et al. 2018).
Moreover, the parameters of colony morphology include the
spore color, colony color, colony diameter, colony furrows,
and colonial growth rate, which play a vital role in the synthe-
sis capability of filamentous fungi. For example, in a previous
study, the spore color, colonial growth rate, and formation of
pigments on the plate were used to characterize the β-1,4-
endoxylanase activity in A. niger, and this colony selection
method was combined with γ-ray-induced mutagenesis to
isolate the mutants with high enzyme activities (Ottenheim
et al. 2015). In addition, the diameter and color of the colony

Fig. 3 Correlation between nitrogen utilization and L-malate production.
a–b Different stages of the fermentation process of the mutant strain
FMME-S-38 and the parent strain: stage 1, growth stage (highlighted in
blue); stage 2, rapid acid-producing period (highlighted in pink); stage 3,
self-dissolving stage (highlighted in grey). c–dThe curves of extracellular
nitrogen content (N1) and intracellular nitrogen content (N2) of the four
strains for 120 h. The lowest point of N1 is represented as a solid five-

pointed star, and the highest point reached for N2 is represented as a solid
flag symbol. e-f The relationship between TN1, TN2 values and L-malate
production is presented as a line and bar chart for N1 and N2, respective-
ly. g-j Specific activity (malate dehydrogenase (MDH), pyruvate carbox-
ylase (PYC), glutamine synthase (GS), and glutamate synthase (GOGAT)
of FMME218-37 and the mutant strain FMME-S-38
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were used as morphological characteristics to isolate an
Actinoplanes teicomyceticus strain with a higher teicoplanin
production ability (Lee et al. 2003). The number of colony
furrows was also used to characterize the histidine synthesis
ability of Salmonella typhimurium (Adrio & Demain 2006)
and the oxygen tolerance ability of Aspergillus fumigatus
(Kowalski et al. 2019). These examples present a guide on
how to isolate the high-producing fungal strains; however, a
clear and complete set of morphological characteristics for
high-producing strains has not yet been elucidated.

According to the curves of N1 and N2, the fermentation
process of L-malate was divided into the growth stage, rapid
acid-producing stage, and self-dissolving stage. The TN1 and
TN2 values could be used as an indicator to increase the dura-
tion of the rapid acid-producing stage; as a result, the L-malate
titer was further enhanced. In Spirulina platensis, the change
in nitrogen utilization capacity also acts as an indicator to
switch the different fermentation stages (Li et al. 2018a).
The method of dividing the fermentation process differed
from previous studies, in which the fermentation process
was divided into different stages according to the kinetic

parameters (e.g., specific growth rate, specific substrate con-
sumption rate, and specific product formation rate) and target
metabolite synthesis capacity. This was done to control the
environmental conditions (pH-, temperature-, DO-, etc.) at a
suitable level for cell growth or product synthesis (Li et al.
2002; Pan et al. 2017; Yu et al. 2016; Zhao et al. 2015). For
example, based on the changes in the specific growth rate and
the poly L-lysine synthesis capacity in Streptomyces albulus, a
pH stage-controlled strategy (initial pH 5.0, decreased to 3.85
over 12 h after a slight increase) was developed to increase the
poly L-lysine titer by 32.3% (Pan et al. 2017). Similarly, DO
and temperature control strategies were developed to efficient-
ly increase the production of pyruvate (from 0.91 to 1.24 g/L/
h), L-tryptophan titer (by 19.3%), and pullulan yield (by
18.18%) (Adrio & Demain 2006; Cao et al. 2012; Li et al.
2002). The strategy presented here may provide a potential
method to further increase the production of metabolites with
different strains.

In this study, an optimal nitrogen supply strategy was de-
veloped to increase the TN1 value from 78 to 114 h in a 30-L
fermentor, based on the relationship between TN1, TN2, and L-

Fig. 4 Nitrogen supply optimization strategy based on tuning the initial
tryptone concentration (as the nitrogen source), feeding tryptone
concentration, and of tryptone feeding time. a–f Curve of extracellular
nitrogen content (N1) to optimize the nitrogen supply strategy for 120
h, and the relationship between the TN1 value and L-malate production. g-
i Influence of initial tryptone concentration on changes in glucose

consumption, pellet size, and dry cell weight (DCW). j-l Influence of
feeding concentration of tryptone on the change of glucose consumption,
pellet size, and DCW. m-o Influence of the feeding time of tryptone on
the change of glucose consumption, pellet size, and DCW affected by the
feeding time of tryptone
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malate production. The use of this strategy led to an increase
in the L-malate titer from 130.5 to 164.9 g/L. Nitrogen is an
important nutrient for industrial strains, and early studies
mainly focused on selecting the nitrogen source and optimiz-
ing the nitrogen content. For example, (NH4)2HPO4 was re-
ported to be the most suitable nitrogen source for enhancing

curdlan production by Rhizobium radiobacter, and the opti-
mum concentration (5.5 g/L) and addition time (9 h) were
further established to ultimately increase the curdlan titer by
210% (Wang et al. 2016). Subsequently, several researchers
focused on developing appropriate nitrogen starvation strate-
gies (Chu et al. 2020; Gao et al. 2013; Knuf et al. 2013; Li

Fig. 5 Scale-up in the 30-L fermentor. a The change of N1 and N2 in the
process of 30-L fermentation after using the optimal nitrogen supply
strategy. b The change of N1 and N2 in the process of 30-L fermentation
before using the optimal nitrogen supply strategy. c Fermentation param-
eters of A.oryzae FMME-S-38 in the 30-L fermentor after using the op-
timal nitrogen supply strategy. d Fermentation parameters of A.oryzae

FMME-S-38 in the 30-L fermentor before using the optimal nitrogen
supply strategy. Data points reflect the average of three independent fer-
mentation processes, with error bars representing the standard deviation. e
The morphology of pellets after using the optimal nitrogen supply strat-
egy in the 7.5-L fermentor and 30-L fermentor
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et al. 2018a) or to control the optimum C/N ratio (Ling et al.
2015; Wang et al. 2016) for enhancing the microbial metabo-
lite production. One good example is that fatty acids could be
accumulated without citric acid excretion within a C/N ratio
change rate of 47.6–58.8 Cmol Nmol−1 (Sagnak et al. 2018).
This study demonstrated that tuning the C/N ratio not only
enhances the targeted metabolite production (Carsanba et al.
2019; Ding et al. 2018; Liu et al. 2020) but also eliminates by-
product formation. However, to our best knowledge, the im-
pact of N1 and N2 levels on the physiological function and
production efficiency of industrial strains remains unclear. In
this study, a clear correlation was observed between the N1
and N2 contents and L-malate production by A. oryzae, and
nitrogen supply strategies were developed to increase the L-
malate titer in both 7.5- and 30-L fermentors. Our findings
demonstrate the potential of this strategy for industrial scale-
up to improve the production of L-malate and similar
metabolites.
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