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13 C-MFA helps to identify metabolic
bottlenecks for improving malic acid
production in Myceliophthora thermophila
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Abstract

Background Myceliophthora thermophila has been engineered as a significant cell factory for malic acid production,
yet strategies to further enhance production remain unclear and lack rational guidance. '*C-MFA ("3C metabolic flux
analysis) offers a means to analyze cellular metabolic mechanisms and pinpoint critical nodes for improving product
synthesis. Here, we employed '*C-MFA to investigate the metabolic flux distribution of a high-malic acid-producing
strain of M. thermophila and attempted to decipher the crucial bottlenecks in the metabolic pathways.

Results Compared with the wild-type strain, the high-Malic acid-producing strain M. thermophila G207 exhibited
greater glucose uptake and carbon dioxide evolution rates but lower oxygen uptake rates and biomass yields.
Consistent with these phenotypes, the '*C-MFA results showed that JG207 displayed elevated flux through the EMP
pathway and downstream TCA cycle, along with reduced oxidative phosphorylation flux, thereby providing more
precursors and NADH for malic acid synthesis. Furthermore, based on the 13C-MFA results, we conducted oxygen-
limited culture and nicotinamide nucleotide transhydrogenase (NNT) gene knockout experiments to increase the
cytoplasmic NADH level, both of which were shown to be beneficial for malic acid accumulation.

Conclusions This work elucidates and validates the key node for achieving high malic acid production in M.
thermophila. We propose effective fermentation strategies and genetic modifications for enhancing malic acid
production. These findings offer valuable guidance for the rational design of future cell factories aimed at improving
malic acid yields.
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Background

Malic acid, a critical C4 dicarboxylic acid, is highly abun-
dant in the food and beverage industry owing to its
favorable taste and acidic properties [1]. In addition, as
a significant C4 platform compound, it can be converted
to a variety of chemicals that are beneficial for the textile,
agricultural and medicine sectors.

Malic acid can be obtained through chemical synthe-
sis, enzymatic transformation or microbial fermenta-
tion. As microbial fermentation results in lower costs
and carbon emissions, microbial fermentation has been
extensively investigated. Both naturally and via genetic
engineering, bacteria, yeast and filamentous fungi have
been reported to produce malic acid. Zhang et al. [2] uti-
lized Escherichia coli as a platform to establish the strain
XZ658 and achieved a malic acid content of 34 g/L after 3
days of fermentation. Zelle et al. [3] managed to produce
59 g/L malic acid, with a yield of 0.42 mol/mol glucose, in
engineered Saccharomyces cerevisiae by overexpressing
its innate pyruvate carboxylase and malate dehydroge-
nase and heterogeneously expressing the malate trans-
porter from Schizosaccharomyces pombe. Additionally,
a wide range of filamentous fungi, including Aspergillus
oryzae, Aspergillus niger, and Myceliophthora thermoph-
ila, have been constructed to produce malic acid. Unlike
other microorganisms, these fungi can directly utilize
lignocellulose. Brown et al. [4] enhanced the rTCA flux
of A. oryzae NRRL 3488, enabling malic acid production
to reach 154 g/L after a fermentation period of 164 h.
By amplifying the rTCA flux and deleting the oxaloac-
etate acetylhydrolase-encoding gene (0ahA), Xu et al. [5]
acquired a malic acid high-production strain with a fed-
batch titer of 201.24 g/L. Li et al. [6] strengthened the
r'TCA, the malic acid transport system, and engineered
a CO, absorption system in M. thermophila, reaching a
final titer of 181 g/L, which was the highest level thus far
for malic acid production with cellulose as the sole car-
bon source.

Although M. thermophila has demonstrated its abil-
ity to be engineered as a cell factory for malic acid, the
mechanism underlying the production of malic acid
by this nonmodel microorganism has not been thor-
oughly addressed. Systems biology has contributed
significantly to the development of robust microbial
cell factories. Integration and systematic analysis of
the genome, transcriptome, proteome, metabolome,
and metabolic fluxome allow us to decipher the cellu-
lar metabolic regulatory mechanisms, and bottlenecks
can then be identified via numerical simulation [7, 8].
The metabolic flux distribution reflects the compre-
hensive cumulative effect of gene-protein-metabolite
interactions under a specific condition of a strain [9].
Metabolic flux analysis (MFA) can aid in identify-
ing the crucial nodes for product synthesis, enabling
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metabolic engineers to optimize enzyme expression
around these nodes, thus directing more metabolic
flux to the product synthesis pathway. Over the past
few decades, MFA has been applied to a variety of
biological systems, ranging from simple systems such
as E. coli [10] to complex eukaryotic microorganisms
such as S. cerevisiae [11] to plant cells [12] and mam-
malian cells [13].

In this work, we employed *C-MFA to compare the
metabolic flux distribution between the high-produc-
tion malic acid strain M. thermophila ]JG207 [6] and
the wild-type (WT) M. thermophila. Furthermore,
a targeted metabolomics study was also conducted.
Energy and redox state analysis, together with meta-
bolic flux distribution, were subsequently compared
between the two strains to determine the potential
key nodes involved in enhancing malic acid produc-
tivity. Finally, we validated the potential key nodes by
checking the corresponding engineered strains. To the
best of our knowledge, this is the first instance where
13C-MFA has been implemented in M. thermophila to
decipher the bottleneck of metabolic production.

Results

Physiology of M. thermophila WT and JG207

As described in previous studies [6], malate trans-
porter-encoding gene (Aomae), pyruvate carboxylase-
encoding gene (Aopyc) from A. oryzae DSM1863 and
hygromycin phosphotransferase encoding gene (hph)
was inserted into pAN52-TB-Intron [14] to construct
vector(pANS52-PtrpC-hph-Ptef-Aomae-PAngpdA-
Aopyc). The plasmid was linearized by BglII and intro-
duced into M. thermophila ATCC 42,464 as described
previously [15], generating strain JG207.

The two strains showed different physiological char-
acteristics in batch culture (Fig. 1). And more detailed
time-profile data of the fermentation process were
placed in Additional file 1. Based on the measure-
ments, various kinetic parameters were calculated
(Table 1). The specific growth rate of JG207 did not
significantly change compared to that of the WT strain
while the glucose uptake rate of JG207 increased by
approximately 36%. Consequently, the biomass yield of
JG207 decreased by approximately 30%. The additional
glucose taken up by JG207 was primarily utilized for
the production of malic acid and a byproduct, suc-
cinic acid, with yields of 18.6% and 5.2% (Cmol/Cmol),
respectively. Consistent with our results, previous
studies reported that JG207 showed markedly higher
expression levels of multiple sugar transporter genes
with either glucose or cellulose as substrate compared
with the WT [6]. Furthermore, the oxygen specific
uptake rate (qg,) of JG207 was lower than that of the
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Fig. 1 Comparison of batch culture profiles between the M. thermophila wild-type (WT) strain and the high-production malic acid strain (JG207): (a)
residual glucose concentration, values are means £ SD (2 parallel reactors); (b) biomass concentration, values are means+SD (2 parallel reactors); (c) malic
acid concentration, values are means+SD (2 parallel reactors); (d) succinic acid concentration, values are means+SD (2 parallel reactors); (e) carbon

dioxide evolution rate (CER); (f) oxygen uptake rate (OUR)

WT strain while the carbon dioxide specific evolution
rate (qcq,) of JG207 was greater.

Biomass synthesis reaction reconstruction

The biomass synthesis reaction is a crucial factor in
determining the distribution of carbon flux and the
utilization of precursors for growth. It plays a signifi-
cant role in model validation and the calculation of
metabolic fluxes [16, 17]. To enhance the reliability of
the metabolic flux analysis results, we reconstructed
the formula for the biomass synthesis reaction, which
can be found in Additional file 5. To validate the accu-
racy of the biomass composition, we measured the
content of each amino acid in the dry biomass (as
shown in Table 2). The dry biomass of M. thermophila

WT strain was subjected to hydrolysis using 6 M HC],
and the resulting hydrolysate was analyzed using an
amino acid analyzer. Among the amino acids detected,
tryptophan was completely destroyed during the
hydrolysis process, asparagine was hydrolyzed into
aspartic acid, and glutamine was hydrolyzed to glu-
tamic acid. Following the method of Ye et al. [17], in
cases where amino acids were not distinguishable due
to the hydrolysis process, we assumed an equal divi-
sion of these undistinguished pairs of amino acids into
two halves.

By determining the contribution of each amino acid
to biomass synthesis, we aimed to improve the accu-
racy of the metabolic flux analysis results and ensure a
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Table 1 Calculated kinetic parameters and carbon recovery in
the exponential phase of M. thermophila WT and JG207, values
are means+SD (2 parallel reactors)

WT JG207
Specific rate
uth=h 0.26+0.02 0.26+0.03
g(mmol/gDCW-h™") 3.03+0.26 413+£041
Gmai(MmMol/gDCW-h ™) Not detectable 1.15+0.31
suc(mmol/gDCW-h™") Not detectable 0.35+0.13
Acop(mmol/gDCW-h™T) 521+0.17 6.16+0.03
doa(mmol/gDCW-h™") 6.6+02 5.69+0.03
Yield (Cmol/Cmol)
Yy/s 0.592+0.008 0426+0.012
Ymal/s Not detectable 0.185+0.031
Youess Not detectable 0.073+0.014
Yeos 0.289+0.034 0.250+0.023

Table 2 Proteinogenic amino acid content measured in the dry
biomass of M. thermophila WT strain (3 biological replicates

Name Value(mmol/gDCW) SD

Ala 0.347 0.005
Ser 0.226 0.020
Asp 0.179* 0.017
Asn 0.179* 0017
Thr 0.219 0.018
Gly 0.266 0.021
Glu 0.369* 0013
GIn 0.369* 0.013
Val 0.179 0.014
Leu 0332 0.033
lle 0.168 0.012
Lys 0.270 0.026
His 0.061 0.006
Arg 0.226 0.015
Tyr 0.020 0.003
Phe 0.144 0.014
Cys 0.004 0.001
Met 0.008 0.000
Pro 0.194 0.018

*indicates undistinguishable pairs of amino acids)

more reliable representation of the carbon flux distri-
bution in the system.

Differences in metabolic flux distribution revealed by

13 C-MFA and key enzyme activity measurements of
central carbon metabolism pathways

To gain a deeper understanding of the metabolic differ-
ences between the two strains, we conducted *C-MFA
to estimate the intracellular flux distribution. Samples for
13C-MFA were taken every 10 min from 18 h after inocu-
lation. The isotope information of amino acids (Addi-
tional file 2) confirmed that both strains’ samples were
in an isotopic steady state, satisfying the assumption for
13C-MFA [18]. The estimated central carbon metabolism
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flux distributions of the two strains are shown in Fig. 2.
Additional file 4 shows other unmapped reactions,
including amino acid synthesis reactions. Additional file
3 lists the measured and simulated MDVs of amino acids.
The flux confidence intervals are presented in Additional
file 4, and x2 tests confirmed the statistical acceptability
of the flux results.

The '3C-MFA best fit results (Fig. 2) showed distinct
relative flux distributions at several key nodes between
the two strains, such as G6P and PYR. Compared to
the WT, strain JG207 exhibited a significant increase in
the EMP (Embden—Meyerhof-Parnas) flux but exhib-
ited a decrease in the PPP (pentose phosphate pathway)
flux. Notably, the pyruvate carboxylation flux in JG207
was significantly enhanced, while the flux of pyruvate
transported into the mitochondria remained largely
unchanged. The surplus oxaloacetate was predominantly
converted to malic acid via the reductive tricarboxylic
acid cycle (rTCA) in the cytoplasm rather than being
transported into the mitochondria. Therefore, the addi-
tional EMP flux in JG207 was directed toward pyruvate
carboxylation for malic acid synthesis. Regarding the
TCA pathway of JG207, the flux of the first reaction step
did not differ significantly from that of the WT, but the
downstream TCA reaction steps exhibited larger fluxes
in JG207. The increased downstream TCA flux also led to
increased CO, production, as indicated by the increased
qcoy value.

Furthermore, we measured the enzyme activity of
pyruvate carboxylase, which is the key node of genetic
modification between JG207 and the WT. The enzyme
assay samples were taken at the same time as those used
for the 1*C-MFA experiment (18 h after inoculation). The
pyruvate carboxylase (PC) activity in JG207 was approxi-
mately 1.5 times greater than that in the WT (Fig. 3).
Additionally, the results of 3C-MFA (Additional file 4)
indicated that the optimal absolute fluxes of pyruvate car-
boxylation were 2.62 mmol/(g DCWe+h) and 1.40 mmol/
(g DCWeeh) for JG207 and WT, respectively, confirming
the increased pyruvate carboxylation flux in JG207.

Overall, the combination of 13 C-MFA and enzyme
activity measurements provided valuable insights into
the metabolic differences between the two strains, high-
lighting key nodes and flux alterations that contributed to
the observed changes in malic acid production.

Comparison of intracellular NADH flux and its effects on
malic acid synthesis

To investigate the effect of cofactors on malic acid syn-
thesis, we analyzed the intracellular NADH flux, encom-
passing both its production and consumption fluxes
(Fig. 4). Consistent with the higher substrate uptake rate,
the absolute flux related to NADH in JG207 was greater
than that in the WT strain. For both strains, the EMP



Jiang et al. Microbial Cell Factories

(2024) 23:295

Page 5 of 13

Glc.ex
100
WT . Too T
JG207 | ! — EMP ' 100 Sl 39.47
1 — PP ; 100 P 6.92
: y . — »6PG——— » RySP
N rea AT 39. L 16
[ p — 1TCA L8260 v . 459
Vo — Mitochondrial transport } 63.29 F6P < )/T; %AP 71 RSP 339
I E — Transhydrogenation E 79.29 * 5541) 2.33 233 2.33
I i\ ----» Biomass formation 1 63.29 FBP 0 = STP - XJSP
1 1
1 —  Other reactions L7929
| DHAP <> GAP
| 63.29 136.14
79.29 158.07
| 2 7L 13046 45381
| y 15371 86.14
NADH <«—» NADPH |
P 125.09
| 149.52 |
[ ~PYR
£ | 7030 |
| Y 7797
PYR.m |
[ 46.20 | 7528
64.84 16.46| y 79.79 |
| 10.80 AcCoA.m
| 68.3
58.25 \ gz %2 23.78 |
| AN 39.39 — 18.43 |
| OAA — —> OAA.m CIT.m » CIT
0 7 4456\ 23.78 v
0 30.64l 15.09 5594 4 1843 e
| 22.66 34.97 ICIT.m AcCoA
MAL .ex +——— MAL MAL.m GLX | "44.56 OAA I
7 55.94
0 31.55 y -
I 7.99 4577 0 AKG Y |
7.99 FUMm 0 / R |
SUC.ex =———— sUC . Ao
2014 SUC-CoA |
m -
[ 43.89 29.14 |
| 43.89

Fig. 2 Relative flux distribution (ratio to glucose uptake flux) of the WT (upper number in black) and JG207 (lower number in brown). A reaction with two
side arrows indicates a reversible reaction, with the side with a dark arrow indicating the net flux direction

and the TCA pathways served as the primary pathways
for NADH production. Under the experimental condi-
tions, approximately 60% of the total NADH production
originated from the TCA cycle. The major consumption
(more than 80%) of intracellular NADH occurs in the
mitochondria, where oxidative phosphorylation gen-
erates ATP to provide energy and transhydrogenation
occurs to balance the cofactor. The NADH produced by
the TCA cycle is insufficient for mitochondrial consump-
tion, and NADH in the cytoplasm needs to be shuttled
into the mitochondria for replenishment. Additionally,
NADH was also consumed in the cytoplasm for rTCA
reactions. Thus, there is competition for cytosolic NADH

in the JG207 strain. The reduced consumption of NADH
by oxidative phosphorylation in JG207 reduces the
requirement for cytosolic NADH shuttling, which facili-
tated the accumulation of NADH in the cytoplasm.

Furthermore, we observed increased transhydroge-
nation flux (from NADH to NADPH) in JG207. This
increased flux is unfavorable for the accumulation of
NADH in the cytoplasm. However, due to the greater
EMP flux and decreased PPP flux in JG207, along with
the relatively unchanged demand for NADPH at the
same specific growth rate, a greater transhydrogenation
flux is necessary to meet the NADPH requirements for
cell growth.



Jiang et al. Microbial Cell Factories (2024) 23:295

140

sk
120

—_—

-= 100 1

PC(U/mg protein)
B [2} oo
o o o

N
o
1

O' T
WT

JG207

Fig.3 Enzyme activities of PC (pyruvate carboxylase) for WT and JG207 in
the mid-exponential phase (18 h after inoculation), values are means+SD
(3 biological replicates). One unit was defined as the consumption of 1
nmol of NADH per min (** indicates that there was a very significant differ-
ence with a p value<0.01)

Intracellular metabolite pool analysis between the two
strains

We conducted an extensive analysis of intracellular
metabolite pools in the two strains using LC-MS and a
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Coenzyme Assay Kit (Solarbio). The resulting heatmap
(Fig. 5) showed a distinct profile for JG207, characterized
by upregulated metabolites such as MAL, FUM, SUC,
and cofactors. This observation primarily stems from
increased pyruvate carboxylation flux and enhanced
flux through the rTCA, leading to the accumulation of
these metabolites within the pathway. Notably, there
was a significant increase in the NADH/NAD +ratio in
JG207, whereas there was no significant difference in the
NADPH/NADP +ratio (Fig. 6). To a certain extent, this
can explain the higher hydrogen transfer flux of JG207.
And this shift toward a lower energy state (lower ATP
pool) was attributed to a reduction in oxidative phos-
phorylation flux, resulting in decreased NADH con-
sumption and ATP synthesis.

Furthermore, alterations in the amino acid pool
size were observed, correlating with the availability of
precursor molecules for synthesis. For instance, the
decreased pool of pyruvate-derived amino acids in
JG207 may be attributed to an increased pyruvate car-
boxylation flux, leading to diminished synthesis of cor-
responding amino acids. Similarly, the reduced pool
of oxaloacetate-derived amino acids can be attributed
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to the redirection of oxaloacetate toward malic acid
and succinic acid production. Additionally, the dimin-
ished pool of a-ketoglutarate-derived amino acids in
JG207 can be linked to enhanced decarboxylation flux of
a-ketoglutarate.

Overall, these findings shed light on the intricate meta-
bolic changes occurring in engineered strains, providing
valuable insights into pathway dynamics and potential
targets for further optimization.

Validation of key regulatory nodes found by 13C-MFA
Through *C-MFA study, it was found that the key to a
high yield of malic acid is a sufficient supply of NADH in

the cytoplasm, supporting high rTCA flux for high malic
acid accumulation. However, the high level of cytoplas-
mic NADH in JG207 also leads to the high expression of
transhydrogenase, which consumes NADH to NADPH
and leads to insufficient NADH to support a high malic
acid yield. Therefore, knocking out the gene encoding the
transhydrogenase may fundamentally solve this prob-
lem. On the other hand, inhibiting the electron transport
chain can promote the accumulation of NADH in the
cytoplasm. To verify this hypothesis, transhydrogenase
gene knockout and oxygen limitation experiments were
performed.
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We knocked out the nicotinamide nucleotide transhy-
drogenase (NNT) gene in the JG207 strain and evaluated
organic acid production under several oxygen supply
levels (Fig. 7). The results revealed that both oxygen-
limited culture and NNT gene knockout promoted malic
acid synthesis, and the yields (Cmol/Cmol) at 72 h of
fermentation increased from 36.9 to 57.6% and 45.8%
respectively (Additional file 7). However, succinic acid
production also increased under these conditions. Addi-
tionally, the NNT knockout strain did not improve malate
yield under oxygen-limiting conditions. Under this con-
dition, the yield of the byproduct succinate was the high-
est, and a new byproduct lactate was generated, which
may be attributed to excess NADH accumulation under
oxygen-limiting conditions. In the context of malic acid

fermentation, our experiment confirmed the key role of
NADH as a cofactor.

Discussion

Metabolic changes and mechanisms about malic acid
synthesis

Microorganism cells exhibit both metabolic flexibil-
ity [19] and robustness [20] when the external environ-
ment or its genotype changes. In this study, alterations
in metabolic flux distribution underscored the adapt-
ability of metabolic networks in M. thermophila. Notably,
significant differences were observed at the G6P node
between the JG207 and WT strains. Consistent with
previous findings of Heyland et al. [21], a correlation
between biomass yield and pentose phosphate pathway
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flux was evident, with the WT exhibiting a greater bio-
mass yield associated with high PP pathway flux. This
phenomenon can be attributed, in part, to the inhibitory
effect of ATP on glucose-6-phosphate isomerase [22], as
evidenced by the greater intracellular ATP concentration
in the WT strain than in the JG207 strain. Consequently,
the relatively higher PPP flux in the WT can be attrib-
uted to ATP-mediated inhibition of glucose-6-phosphate
isomerase. It should be noted that the PP pathway flux is
usually linked to the cell growth rate, corresponding to a
sufficient supply of NADPH [23]. As the specific growth
rates of the two strains were similar, the requirement for
NADPH should not significantly differ. Thus, the lower
flux of the PP pathway in JG207 resulted in greater tran-
shydrogenation flux (from NADH to NADPH) to supply
enough NADPH in this strain.

Furthermore, the flux distribution in the TCA cycle
pathway revealed subtle differences between JG207 and
the WT. While the initial step catalyzed by pyruvate
dehydrogenase showed no difference, subsequent steps
displayed gradually increasing fluxes in JG207. This can
be attributed to the alleviation of isocitrate dehydroge-
nase inhibition [24] due to the lower AKG pool in JG207.
Consequently, subsequent TCA reactions in JG207 exhib-
ited greater relative fluxes, resulting in increased NADH
production to compensate for the greater consumption.
In addition, the increased flux in mitochondrial oxaloace-
tate regeneration within JG207 cells resulted in decreased
transport of cytosolic oxaloacetate to the mitochondria,
flavoring the redirection toward the rTCA.

In summary, the metabolic fluxes of JG207 are recon-
figured to favor malic acid synthesis. Enhanced glycoly-
sis provides more pyruvate and NADH in the cytoplasm,
while increased downstream TCA flux and reduced oxi-
dative phosphorylation result in the accumulation of
NADH in the mitochondria. This results in decreased
NADH shuttle flux and provides more NADH for rTCA
in the cytoplasm, which favors the accumulation of malic
acid.

Strategies for further accumulation of malic acid

In addition to direct genetic modification, cofactor engi-
neering is an effective way to increase the yield of target
products [25]. The synthesis of cofactor-dependent prod-
ucts could be promoted by accumulating related cofac-
tors. The methods of accumulating cofactors include
promoting their production or reducing their consump-
tion. For instance, Qi et al. [26] achieved a significant
increase in the NADPH pool size by 4.4-fold through the
inactivation of glucose-6-phosphate isomerase and the
overexpression of glucose-6-phosphate dehydrogenase in
isobutanol-producing Bacillus subtilis, resulting in nota-
ble improvements in isobutanol production and yield.
Similarly, Wu et al. [27] increased the NADH pool size
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by knocking out the NADH dehydrogenase genes (nuoC/
nuoD) and reduced NADH consumption by knocking
out lactate dehydrogenase (/dh), resulting in substantial
enhancements in 2,3-butanediol production. Maximilian
R et al. [26] reported that deleting the external NADH
dehydrogenase (NDE1) coupled to the respiratory chain
had a positive impact on 1,2-propanediol, which needs
NADH. Ho et al. [27] reported that when NNT was
knocked out, the NADH content increased, the flux of
TCA decreased, and the flux of reductive carboxylation
increased under new steady-state metabolic conditions.
Nicotinamide nucleotide transhydrogenase (NNT) is
located in the inner membrane of mitochondria and the
transhydrogenation reaction catalyzed by NNT is revers-
ible [28]. We obtained the accurate direction of the tran-
shydrogenation reaction (NADH to NADPH) through
13C-MFA. Subsequently, the production of malic acid was
increased by knocking out NNT. Although high titers of
malate were achieved in the engineered strains, the accu-
mulation of succinate, the main byproduct, during the
fermentation process limited further increases in malate
production. In Escherichia coli, the deletion of fumarase
genes (frdB and frdC) reduced succinate production and
increased malate production [2]. However, this strategy
did not work for malate-producing filamentous fungi.
In a recent study, Gu et al. [29] eliminated the byprod-
uct succinate by deleting the mitochondrial carriers of
pyruvate and malate, overexpressing Mtsfc(encoding the
mitochondrial C4-dicarboxylate acid carrier) to import
the cytosolic succinate into mitochondria, and designing
a succinate uptake system. In addition, our study showed
that byproduct lactic acid was produced under oxygen-
limited conditions after knocking out the NNT gene.
Excess NADH causes pyruvate to directly generate lactate
instead of participating in the rTCA pathway. This seems
to require an appropriate NADH level to maximize the
flux of rTCA. It is difficult to achieve for metabolic engi-
neering, but it is very useful for optimizing fermentation
processes. Fermentation with different dissolved oxygen
levels will be used to explore the appropriate NADH level
and increase malic acid production.

Conclusions

In this study, we investigated the metabolic pathway of
malic acid synthesis in M. thermophila by employing a
combination of ¥C-MFA and isotope-based targeted
metabolomics. We found that the availability of cytosolic
NADH plays a crucial role in malic acid synthesis. Spe-
cifically, in strain JG207, a greater flux through the EMP
pathway provided both precursors and NADH for malic
acid production. At the same time, increased flux through
the downstream TCA cycle coupled with reduced oxida-
tive phosphorylation reduces the requirement for cyto-
solic NADH shuttling, which is beneficial for malic acid
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synthesis. In addition, higher transhydrogenation flux
was observed in JG207. Drawing from these insights, we
proposed effective fermentation strategies and genetic
modifications to enhance malic acid production. These
findings offer valuable guidance for the rational design of
future cell factories aimed at improving malic acid yields.

Methods
Strains and culture conditions
Two M. thermophila strains were obtained from the Key
Laboratory of Systems Microbial Biotechnology, Tianjin
Institute of Industrial Biotechnology, Chinese Academy
of Sciences. M. thermophila JG207 expressed the malic
acid transporter gene (Aomae) and pyruvate carboxylase
gene (Aopyc) from A. oryzae DSM1863, compared with
M. thermophila W'T. The two strains were subsequently
grown on Vogel’s minimal medium supplemented with
2% glucose at 35 °C for 14 days to obtain mature conidia.
Fermentation of the two strains was performed in 500
mL reactors (T&]J Bio-engineering Co. LTD, Shanghai,
China) with 300 mL of medium at 45 °C, and each reac-
tor was inoculated with 10° spores per 1 mL of medium.
Agitation and aeration were maintained at 300 rpm and
0.5 L/min, respectively, during early fermentation. After
the spores germinated and entered the exponential
phase, the agitation increased to 500 rpm. The fermenta-
tion medium (per liter) contained 15 g of glucose, 1.5 g
of (NH,),SO,, 0.15 g of KH,PO,, 0.15 g of K,HPO,, 0.1 g
of MgSO,+7H,0, 0.1 g of CaCl,+2H,0, 1 mL of biotin
(0.1 g/L), 1 mL of trace element solution (Vogel salts),
and 30 g of CaCO; The CaCO; maintained a pH of
approximately 6 during the whole batch fermentation.
Fermentation to verify production was performed in
2 L reactors (Dasgip) with 1.2 L. medium.The fermenta-
tion medium (per liter) contained 80 g of glucose, 8 g
of peptone, 0.15 g of KH,PO,, 0.15 g of K,HPO,, 0.1 g
of MgSO,+7H,0, 0.1 g of CaCl,+2H,0, 1 mL of biotin
(0.1 g/L), 1 mL of trace element solution (Vogel salts), and
80 g of CaCOs. For the 4 groups of experiments, the same
control strategy was used during the exponential growth
phase, which continued until 24 h after inoculation.
Aeration and pressure were set to 1 L/min and 0.2Mpa,
respectively. The initial agitation was set to 400 rpm, and
the agitation was increased during the period to ensure
that the DO is not less than 40%. After the exponential
growth phase, the oxygen-limited experimental group
maintained DO at 0 by reducing the agitation.

13C labeling experiments

In the *C labeling experiments, the glucose used in the
fermentation medium was replaced with labeled glucose.
It has been reported that proper combinations of differ-
ent 13C-labeled tracers have a large impact on the accu-
racy of estimated fluxes for different pathways [30, 31].
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Therefore, the tracers used in this experiment contained
50% 2C-Glucose, 30% [U-'3C]-Glucose and 20% [1-!3 C]-
Glucose (isotopic enrichment 98-99%, Cambridge Iso-
tope Laboratories, Inc.) to obtain more estimates of
metabolic fluxes.

Samples for '*C-MFA were taken from cells at the
mid-exponential phase (from 18 h after inoculation). At
this time, the specific growth rate reaches the maximum
value and remains constant, at which point metabolism
is in a steady state [16]. The quenching solution and
extraction method refer to P. chrysogenum and A. niger
[32-34]. Since the beginning of sampling, 2 mL of broth
was rapidly added to 10 mL of precooled quenching solu-
tion (=30 °C, 40% v/v methanol solution) every 10 min
until 6 samples were taken. Vacuum filtration was used
to separate the filter cake, and precooled quenching solu-
tion was used to wash the filter cake. The washed filter
cake was added to prewarmed 25 mL of ethanol solution
(75% v/v) and extracted for 3 min at 95 °C. The superna-
tant was collected by vacuum filtration and concentrated
by a vacuum centrifugal concentrator. The MDVs (mass
distribution vectors) of amino acids were determined
via UPLC-MS/MS (SCIEX QTRAP 6500). And ion pair
information of amino acids containing '3C isotopes were
shown in Additional file 3.

Determination of extracellular metabolites

The specific growth rate was calculated from the dry cell
weight. Three milliliters of broth was added to 5 mL of
1 mol/L HCI to dissolve excess CaCOj,. Biomass was col-
lected by vacuum filtration. The filter paper was dried for
1 min with microwave oven, and the weight was recorded
before filtration. Then, the wet filter with biomass was
placed in a microwave oven and allowed to dry for 5 min,
after which the weight was recorded.

The extracellular glucose and organic acid contents
were determined by high-performance liquid chroma-
tography (HPLC; e2695; Waters, Manchester, United
Kingdom). Before detection, the broth taken from the
bioreactor needs to be preprocessed. Then, 1 mL of 2
M H,SO, was added to 1 mL of broth, and the mixture
was incubated at 80 °C for 30 min and vortexed at inter-
vals. Then, 2 mL of distilled water was added and mixed,
and obtained the supernatant by filtration. The glucose
and organic acid concentrations were determined with
a Waters 2414 refractive index detector and an Aminex
HPX-87 H column (Bio-Rad). H,SO, (5 mM) was used as
the mobile phase with a constant flow rate of 0.6 mL/min
at 50 °C.

Enzyme assay

Samples for the enzyme assay were taken in the mid-
exponential phase (18 h after inoculation). Then, 50 mL
of medium was poured into a Biichner funnel containing
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four layers of gauze. The mycelia were washed with dis-
tilled water until most of the CaCO; was removed and
then collected. Protein was extracted from disrupted
mycelial cells using a freezing grinder (Jing Xin, Shang-
hai, China) at -20 °C. The total protein content was quan-
tified by the Bradford method. PC activity was measured
with a pyruvate carboxylase (PC) Assay Kit (Solarbio).

Analysis of intracellular metabolite concentrations

Isotope dilution mass spectrometry [35] is mainly used
to eliminate the ion suppression effect caused by elec-
trospray ionization in mass spectrometry measurements.
The '3C isotope-labeled internal standard required for
the experiment was obtained by culturing P pastoris
with U-13C glucose as the sole carbon source. Samples
for metabolome analysis were taken from cells at the
mid-exponential phase (18 h after inoculation). The
sampling process was similar to that used for the *C
labeling experiments, except the 'C internal standard
solution was added to the prewarmed extractant during
the extraction. The metabolite pools were determined
with UPLC-MS/MS (SCIEX TRIPLETOF 6600).

A Coenzyme Assay Kit (Solarbio) was used for analy-
sis of the levels of NADH, NAD+, NADPH and NADP+.
Approximately 1 mL of broth was extracted to collect the
coenzymes. The remaining processes were described in
the introduction (Solarbio).

Determination of biomass amino acid composition

The methods for determining the biomass amino acid
composition were modified from Carnicer et al. [36].
Approximately 3 mg of lyophilized biomass was hydro-
lyzed with 5 mL of 6 M HCl at 110 C for 24 h. Before
hydrolysis, N, was used to remove O, from the tube.
The hydrolysate was concentrated in vacuo to a constant
weight, and 1 mL of 0.02 M HCI was added to dilute
the samples. The supernatant was collected by filtration
through a 0.22 um membrane. Twenty microlitres of
supernatant was used for amino acid analysis.

LC-MS analysis

The metabolic samples were separated on a zic-HILIC
column (100 mm X 2.1 mm, 3.5 pm) (Merck, German).
Solvents were composed of water/acetonitrile/ammo-
nium acetate (A: 100%/0%/10 mM, B: 0%/100%/0 mM).
The LC methods were 0-3 min (90% B), 3-25 min
(90—-60% B), 25—30 min (60% B), and 30—38 min (90% B).
A flow rate of 0.3 mL/min was employed.

Calculation of metabolic fluxes

The metabolic fluxes were calculated by INCA [37],
which is based on the EMU framework [38]. The model
used in the calculation was constructed according to
a genome-scale metabolic model for Mpyceliophthora
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thermophila [39]. The difference between the simulated
and measured values of MDV and the extracellular rate
was minimized via least-squares regression to calculate
metabolic flux. A x2-statistical test was performed to
determine the goodness-of-fit [40].

Construction of M. thermophila JG207ANNT
For the deletion of NNT (Mycth_2125469) via the
CRISPR/Cas9 system, a guide RNA (gRNA) expression
cassette was constructed as described previously [41].
Briefly, a specific sgRNA target site in NNT was identi-
fied using the sgRNACas9 tool [42]. The oligo with low
off-target probability was selected (Additional file 8).
The M. thermophila U6 promoter and a target-directed
sgRNA fragment were amplified from the U6p-sgRNA
plasmid [41], assembled by overlapping PCR and cloned
into a pJET1.2/blunt cloning vector, forming the plasmid
U6-NNT-sgRNA. The vectors carrying the donor DNA
sequence of NNT were constructed. The 5" and 3’ flank-
ing fragments of NNT amplified from the M. thermoph-
ila genome and the selection marker cassette PtrpC-neo
were assembled using the NEB Gibson assembly kit and
cloned into pPK2BarGFPD digested by Spel/EcoRV,
forming the donor DNA sequence donor-NNT-neo.
PEG-mediated transformation of M. thermophila pro-
toplasts was performed as described previously [43]. For
target gene deletion, a mixture of 10 pg of PCR amplicons
of the Cas9 expression cassette, donor DNA cassette, and
sgRNA cassette at a molar ratio of 1:1:1 was co-trans-
formed into M. thermophila JG207 protoplasts. Putative
transformants were selected with genomycin (G418), fol-
lowed by sequential identification via PCR. The primer
sequences used in this study are listed in Additional file 8.

Statistical significance tests and data plotting

Significant differences were analyzed by a two-tailed
Student’s t test with Microsoft Excel 2019. R packages
including pheatmap (v1.0.8) and ggplot2 (v2.2.1) were
used for data plotting.

Nomenclature

IDMS Isotope dilution mass spectrometry

EMP Embden-Meyerhof pathway

PPP Pentose phosphate pathway

TCA Tricarboxylic acid cycle

NADH Reduced form of nicotinamide-adenine dinucleotide
NAD+ Nicotinamide-adenine dinucleotide

NADPH  Reduced form of nicotinamide-adenine dinucleotide phosphate
NADP+  Nicotinamide-adenine dinucleotide phosphate

ATP Adenosine triphosphate

ADP Adenosine diphosphate

G6P Alpha-d-glucose 6-phosphate

FeP Beta-d-fructose 6-phosphate

FBP Beta-d-fructose 1,6-bisphosphate

DHAP Dihydroxy acetone phosphate

GAP Glyceraldehyde 3-phosphate

2PG 2-Phospho-d-glycerate

3PG 3-Phospho-d-glycerate

PEP Phosphoenolpyruvate
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PYR Pyruvic acid

X5P d-xylulose 5-phosphate
RL5P d-ribulose 5-phosphate
R5P d-ribose 5-phosphate
E4P d-erythrose 4-phosphate
S7P Sedoheptulose 7-phosphate
car Citrate

ICIT Isocitrate

AKG a-Ketoglutaric acid

SucC Succinic acid

FUM Fumaric acid

MAL Malic acid

Ala Alanine

Ser Serine

Gly Glycine

Asp Aspartic acid

Asn Asparagine

Glu Glutamic acid

GIn Glutamine

Thr Threonine

Val Valine

Leu Leucine

lle Isoleucine

Met Methionine

His Histidine

Tyr Tyrosine

Phe Phenylalanine

Trp Tryptophan

Pro Proline
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