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Abstract

Background L-Tyrosine (L-Tyr) is a significant aromatic amino acid that is experiencing an increasing demand in the
market due to its distinctive characteristics. Traditional production methods exhibit various limitations, prompting
researchers to place greater emphasis on microbial synthesis as an alternative approach.

Results Here, we developed a metabolic engineering-based method for efficient production of L-Tyr from
Corynebacterium crenatum, including the elimination of competing pathways, the overexpression of aroB, aroD, and
aroF, and the introduction of the mutated E. coli tyrA™ gene for elevating L-Tyr generation. Moreover, the mt/R gene
was knocked out, and the mt/D and pfkB genes were overexpressed, allowing C. crenatum to produce L-Tyr from
mannitol. The L-Tyr production achieved 6.42 g/L at a glucose-to-mannitol ratio of 3:1 in a shake flask, which was
16.9% higher than that of glucose alone. Notably, the L-Tyr production of the fed-batch fermentation was elevated to
34.6 g/L, exhibiting the highest titers among those of C. glutamicum previously reported.

Conclusion The importance of this research is underscored by its pioneering application of mannitol as a carbon
source for the biosynthesis of L-Tyr, as well as its examination of the influence of mannitol-associated genes in
microbial metabolism. A promising platform is provided for the production of target compounds that does not

compete with human food source.
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Background

Aromatic amino acids hold significant value across
diverse industries such as the food, cosmetic, and phar-
maceutical industries owing to their unique structural
properties [1-3]. However, the incomprehensive under-
standing of its functions in human health cause the
industrial production of L-tyrosine (L-Tyr) to receive
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limited research attention. In recent years, the market
demand for L-Tyr has grown because of the discovery
that it plays a pivotal role in enhancing nervous system
development, treating depression, and functioning as an
antioxidant [4—6]. Furthermore, L-Tyr acts as a crucial
precursor in the synthesis of high-quality aromatic com-
pounds like resveratrol and p-coumaric acid [7, 8].
Conventional methods of L-Tyr synthesis primar-
ily encompass two techniques: chemical synthesis and
enzymatic hydrolysis [9]. The entire process of chemical
synthesis necessitates stringent conditions and the use
of various chemical reagents that may potentially result
in environmental pollution [10]. Meanwhile, enzymatic
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approaches make use of specific enzymes to structur-
ally alter particular substrates to L-Tyr [11]. Neverthe-
less, this method is costly and lacks stability. Therefore,
attaining a green, cost effective, efficient, and stable way
to produce L-Tyr has become a major challenge. With the
progression of genetic engineering in the realm of syn-
thetic biology, the application of metabolic engineering
for synthesizing target products is garnering increased
popularity among researchers [12]. Compared with the
traditional methods of L-Tyr synthesis, metabolic engi-
neering presents the advantages of eco-friendliness, effi-
ciency, and a broad range of raw material sources [13]. By
engineering microorganisms for L-Tyr synthesis, meta-
bolic engineering offers a promising solution to the exist-
ing challenges in L-Tyr production.

Currently, the microorganisms predominantly utilized
for synthesizing L-Tyr encompass Escherichia coli [14],
Corynebacterium glutamicum [15], and Saccharomyces
cerevisiae [16]. Among them, researchers have previ-
ously achieved a shake-flask fermentation titer of 6.3 g/L
by modifying the production pathway for L-Tyr [17]. C.
crenatum, a Gram-positive bacterium isolated from soil
by Chinese scholars in 1965, is a subspecies of C. glu-
tamicum [18]. In contrast to E. coli, C. crenatum is exten-
sively used in the synthesis of various chemicals due to
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its superior genetic manipulability, safety, and low patho-
genicity as well as C. glutamicum [19]. Consequently, C.
crenatum is widely utilized to produce amino acids [20],
chemicals [21], and natural products [22]. C. crenatum
also possesses complete L-Tyr synthesis pathway in vivo,
making it a well-established host for L-Tyr production.

As the global population continues to expand, the
issue of food scarcity has become a common challenge
faced by humanity [23]. It has become a key direction for
researchers to avoid using carbon sources that compete
with human food sources during industrial production.
Mannitol, a six-carbon polyol extracted from brown algal
cells, has emerged as a promising third-generation car-
bon source for synthesizing various substances [24]. For
example, C. glutamicum was successfully modified by
knocking out the mt/R gene, enabling it to utilize man-
nitol and produce L-ornithine with a titer of 54.56 g/L
[25]. Similarly, through adaptive evolution in the labora-
tory, Saccharomyces cerevisiae’s ability to utilize mannitol
was enhanced, allowing it to produce valencene at a titer
of 5.61 g/L [26]. These studies show that mannitol can be
used to synthesize a variety of substances.

The synthesis pathway of L-Tyr is illustrated in Fig. 1.
After glucose is absorbed into the body by C. crena-
tum, two important precursors, erythrose-4-phosphate
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Fig. 1 Metabolic pathway of tyrosine synthesis in Corynebacterium crenatum. Red font indicates that the gene is overexpressed. The green “x” indicates
that the gene has been knocked out. mt/T encodes mannitol transporter; aroG encodes 3-deoxy-7-phosphoheptulonate synthase from E. coli; aroB
encodes 3-dehydroquinate synthase; aroD encodes putative 3-dehydroquinate dehydratase; arof encodes shikimate dehydrogenase; gsuB encodes
3-dehydroshikimate dehydratase; gsuD encodes shikimate dehydrogenase; trpE encodes anthranilate synthase; pheA encodes prephenate dehydratase;
tyrA encodes arogenate dehydrogenase from E. coli; aroP encodes aromatic amino acid transport protein; tyrP encodes tyrosine permease; pyk encodes
pyruvate kinase; ppsA encodes phosphoenolpyruvate synthase; mt/D encodes mannitol dehydrogenase; mtiR encodes mannitol repressor; pfkB encodes
fructose-1-phosphate kinase; DAHP: 3-deoxy-7-phosphoheptulonate; DHQ: 3-dehydroquinic acid; DHS: 3-dehydroshikimic acid; SA: shikimic acid; CA:
chorismate acid
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(E4P) and phosphoenolpyruvate (PEP), are produced
through the pentose phosphate pathway and glycolysis,
respectively. 3-Deoxy-D-arabinopyranosyl-7-phosphate
(DAHP) is synthesized through the action of a synthetase
that utilizes E4P and PEP. Subsequently, DAHP is con-
verted into chorismic acid through the action of enzymes
encoded by the aroB, aroD, aroE, and aroK genes. Cho-
rismic acid serve as common precursors for three aro-
matic amino acids, and a portion of these chorismic acid
is transformed into p-aminophenylpyruvic acid, cata-
lyzed by the bifunctional enzyme TyrA. This compound
is subsequently converted into the final product, L-Tyr,
by the enzyme encoded by the tyrB gene.

When mannitol is utilized by C. crenatum, it is trans-
ported intracellularly through the transporter protein
encoded by the mt/T gene. Subsequently, mannitol is
converted into fructose by mannitol 2-dehydrogenase,
which is encoded by the mtID gene. Most of this fruc-
tose is then converted into fructose-1-phosphate(F-1-P).
The remainder is secreted extracellularly, reabsorbed,
and converted into F-1-P [27]. Finally, F-1-P is converted
by the enzyme encoded by the pfkB gene into fructose-
1,6-bisphosphate, which enters the pentose phosphate
pathway.

Herein, we constructed the initial strain for L-Tyr pro-
duction using mannitol by genetically modifying C. cre-
natum AS1.542. The specific genetic engineering strategy
is illustrated in Fig. 1. We successfully co-cultivated glu-
cose and mannitol to produce L-Tyr, achieving a remark-
able titer of 6.42 g/L for shake-flask fermentation and

Table 1 Strains constructed in this study

Strains Description Reference
Corynebacterium mutant strain of wild-type C. Lab stock
crenatum AS 1542 crenatum This work
CCGTO1 aroG, " mutant of Corynebacterium
crenatum AS1.542

CCGT02 trpE-TTG mutant of CCGTO1 This work
CCGTO3 ApheA mutant of CCGT02 This work
CCGT04 AqsuB, AqsuD mutant of CCGT03 This work
CCGTO05 =aroB, aroD, aroE mutant of CCGT04  This work
CCGT06 tyrAe " mutant of CCGTO5 This work
CCGTO6A tyrAg. mutant of CCGTO5 This work
CCGTo7 =ppsA mutant of CCGT06 This work
CCGT08 Apyk mutant of CCGT06 This work
CCGT09 :ppsA mutant of CCGT08 This work
CCGT10 AtyrP mutant of CCGT09 This work
CCGTN AaroP mutant of CCGT09 This work
CCGT12 AaroP mutant of CCGT10 This work
CCMTO1 AmtIR mutant of CCGT10 This work
CCMTO2 :mtlD mutant of CCMTO1 This work
CCMTO3 =mt/TD mutant of CCMTO1 This work
CCMTO4 PrcgiosaaipfkBmutant of CCMT02 This work
CCMTO5 P.ogipfkBmutant of CCMT02 This work
CCMT06 PerupfkBmutant of CCMTO02 This work
E. coli DH5a Plasmid amplification strain Lab stock
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34.6 g/L for fed-batch fermentation. Notably, these sur-
passed the highest recorded titer of C. glutamicum, pro-
viding a valuable reference for the microbial utilization of
mannitol and glucose in producing other chemicals.

Materials and methods

Genetic techniques

The strain used in this study was C. crenatum AS. 1.
542. All primers were purchased from Nanjing Jinsirui
Company. The plasmid vector used was pK18mobsacB
[28]. After the target plasmid was constructed, it was
introduced into E. coli DHSa strain through heat shock
transformation for plasmid amplification, and the ampli-
fied plasmid was extracted again. Cultivation of E. coli
in a shaker at 37 °C by using LB medium. The plasmid
was introduced into C. crenatum competent cell using
the electroporation method. Preparation of C. crenatum
competent cell by the glycerol method [29]. The recep-
tor medium consisted of LB medium with an additional
3% glycine and 0.1% Tween 80. Through two homologous
recombination steps, the pk18mobsacB plasmid was uti-
lized to transport the kanamycin resistance site and the
sucrose lethal gene for the final screening process, result-
ing in the acquisition of the target strain [30] Table 1.

Flask fermentation

Before flask fermentation, the strains were cultured and
activated in 10 mL of Brain Heart Infusion (BHI) medium
overnight. After activation, add 1-2 mL of the bacterial
solution were added to 25 mL of CGXII medium [31], fol-
lowed by the addition of appropriate amounts of various
carbon sources, respectively. The strains were cultured
on a shaking table at 30 °C with a speed of 180 rpm/min.
A certain amount of L-Phenylalanine was added to the
medium if necessary.

Fed-batch fermentation

Before fed-batch fermentation process, the strain needs
an activation period of 24 h using the seed medium
which contains 80 g/L of a mixed carbon source (60 g/L
glucose and 20 g/L mannitol), 20 g/L (NH,),SO,, 10 g/L
yeast extract, 5 g/L urea, 0.25 g/L MgSO,, 2 g/L KH,PO,,
2 g/L K,HPO,, 5 ml/L of a trace metal solution (com-
posed of 3.0 g/L MnSO,.5H,0, 2.5 g/L CaCl,.2H,0,
2 g/L FeSO,7H,0, 0.2 g/L ZnSO,7H,0, 0.05 g/L
CuSO,.5H,0), and 10 g/L beef extract. After a 24-hour
incubation period, inoculate the bacterial solution into a
5 L fermenter at a 10% inoculation rate. The fermentation
media used for scaling up fermentation in 5 L fermenters
mainly contain 40 g/L of a mixed carbon source (30 g/L
glucose and 10 g/L mannitol), 20 g/L (NH,),SO,, 10 g/L
yeast extract, 5 g/L urea, 2 g/L MgSO,, 2 g/L KH,PO,,
2 g/L K,HPO,, and 5 ml/L of trace metals. The fermenta-
tion temperature is controlled at 30 °C, and the rotational
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speed is maintained at 300 rpm/min. The pH of the fer-
mentation system was maintained at 7.0-7.5 throughout
the fermentation process by using 1 mol/L HCI or ammo-
nia. Samples were collected every six hours to measure
ODyy the remaining carbon source content, and L-Tyr
production. The batch replenishment ingredients pri-
marily consist of a 600 g/L mixed carbon source (450 g/L
glucose and 150 g/L mannitol), 40 g/L (NH4),SO,, and
10 g/L yeast extract.

Quantitative analysis of L-Tyr

The solubility of L-Tyr in water is only 0.45 g/L at room
temperature; thus, it must be completely dissolved before
quantifying L-Tyr. In this study, we initially mixed a
6 mol/L HCI solution with the fermentation broth in
a 1:1 ratio. Subsequently, we continuously heated and
stirred the mixture to ensure the complete dissolution of
the L-Tyr. After the L-Tyr was fully dissolved, the bacte-
rial broth was centrifuged at 12,000 rpm/min for 10 min
using a refrigerated high-speed centrifuge. The superna-
tant was collected for further testing. It was then diluted
to a specific ratio. L-Tyr can be analyzed qualitatively
using the Folin method and quantitatively using high-
performance liquid chromatography (HPLC). L-Tyr was
quantified using an Agilent C18 Zorbax column (250 mm
X 4.6 mm, 5 pm) with a UV detector at 280 nm. The
mobile phase consisted of 0.1 mol/L sodium acetate in
methanol (90:10). The flow rate was set at 1.0 mL/min.
The column temperature was 30 °C. The sample volume
was 10 pL [32].

Quantitative analysis of glucose, mannitol and pyruvate
Quantitative analysis of glucose can be performed using
the DNS method. Mannitol levels are determined using
a spectrophotometer method. When C. crenatum utilizes
mannitol, it produces a certain amount of fructose, which
can interfere with mannitol detection. Therefore, it is
necessary to pre-treat the samples with hydrochloric acid
and then detect them at 412 nm [33]. Detection of pyru-
vate levels using Pyruvate (PA) Content Assay Kit.

Table 2 Final ODgy,, L-Tyr production and yield of strain CCGTO1-

06

Strain ODgqp L-Tyr (g/L) mg L-Tyr/g glucose
CCGTO1 19.30£0.31 0.05£0.001 1.25

CCGT02 17.11£1.50 0.07£0.001 1.75

CCGTO3 14.11+£0.08 2.91+0.005 7275

CCGT04 13.59+0.08 2.93+0.022 73.25

CCGTO05 1343£0.19 3.11+0.044 77.75

CCGT06 13.97£1.10 3.86+0.061 96.5
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Data processing and analysis

All experimental data are averages and standard devia-
tions from three independent experiments. Creating
charts using Origin and Adobe Illustrator software.

Results

Construction of de novo synthetic L-Tyr strain

L-Tyr is an important aromatic amino acid produced
downstream of the shikimate pathway. Thus, enhancing
the shikimate pathway is essential for achieving high L-
Tyr production in a strain. To construct a strain of C. cre-
natum capable of producing L-Tyr, the aroG™”" gene from
E. coli was initially inserted to replace the native PTA
gene. The introduction of the aroG"" gene dramatically
increased the content of DAHP, an important precursor
of the shikimate pathway [34]. The resulting strain was
designated as CCGTO1, and the titer of L-Tyr reached
50.2 mg/L (Table 2).

The production pathway of the other two aromatic
amino acids, L-tryptophan (L-Trp) and L-Phenylalanine
(L-Phe), poses a significant obstacle to achieve a high
titer of a specific aromatic amino acid. To increase L-Tyr
production, these competing pathways must be inhib-
ited. To weaken these two competing pathways, the trpE
gene that encodes a key enzyme in the L-Trp produc-
tion pathway, was initially modified at the start codon
by changing ATG to TTG, resulting in the creation of
strain CCGT02. The modified CCGTO02 increased L-Tyr
titer to 71.3 mg/L. Next, to reduce L-Phe synthesis, the
pheA gene, responsible for encoding a key enzyme in
the conversion of prephenate into L-Phe, was knocked
out. However, the constructed strain CCGTO3 failed to
grow due to the absence of L-Phe. To restore the nor-
mal growth of CCGT03, 0.5 mM L-Phe was added to the
medium. As shown in Fig. 2A, the maximum ODy, of
CCGTO03 reached 7.2, indicating that the strain was not
growing sufficiently well. Therefore, the next step was to
restore the normal growth of the strain by adjusting the
various L-Phe additions. As shown in Fig. 2A, the growth
of CCGTO03 was greatly restricted when L-Phe was added
at an amount lower than 1 mM. Normal and robust
growth resumed only when the amount added exceeded
1 mM. When L-Phe was added at a level more than 1
mM, the strain also exhibited improved the utilization of
glucose (Fig. 2A). However, despite high concentrations
of L-Phe promoting growth to some extent, they did not
increase L-Tyr production. In fact, the highest L-Tyr titer
of 2.91 g/L was achieved when L-Phe was added at 1 mM
(Fig. 2B).

To block the flow of carbon sources into the competi-
tive pathway, the gsuB and gsuD genes were knocked
out in the CCGTO3 strain. This led to the construction
of strain CCGT04 with no significant impact on the
titer of L-Tyr. In C. crenatum, the enzymes encoded by
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Fig. 2 Shake-flask fermentation parameters using glucose as a carbon source. (A) Cell growth and glucose consumption curves of CCGTO3 in different
concentrations of L-Phe. (B) L-Tyr production of CCGTO03 in different concentrations of L-Phe. (C) Cell growth and L-Tyr following the modification of trans-
porter proteins and accumulation of PEP. (D) Pyruvate production by different strains

the aroB, aroD, and aroE genes facilitated the flow of
carbon sources into L-Tyr. Thus, the aroB, aroD, and
aroE genes were overexpressed using the P, ; to create
strain CCGTO05. As shown in Table 2, the L-Tyr titer of
CCGTO5 reached 3.11 g/L.

In E. coli, the tyrA gene encodes a bifunctional enzyme
known as branched-chain amino acid transaminase/
prephenate dehydratase. The L-Tyr titer was effectively
increased by introducing mutations at positions 53 and
354 of tyrA [35]. To investigate the impact of the wild-
type tyrA gene and the mutated mutated fyrA gene
from E. coli on the titer of L-Tyr, we constructed two
strains: CCGTO06 containing the mutated £yrA gene and
CCGTO6A containing the wild-type tyrA gene from E.
coli. Following shake-flask fermentation, we observed no
significant differences in cell growth and glucose con-
sumption compared with those of CCGTO05, as illustrated
in Fig. SIA. However, the L-Tyr titer of CCGT06 reached
3.86 g/L, which was 24.1% higher than that of CCGTO5.
The titer of CCGTO06A only increased by 8.4% to 3.37 g/L

compared with that of CCGTO05. There was still a big gap
between the two data (Fig. S1B). As shown in Table 2, the
L-Tyr production of CCGT06 was elevated to 3.86 g/L.
To enhance the content of PEP, modifications were
made to its interconversion with pyruvate. Pyruvate
kinase, encoded by the pyk gene, facilitates the conver-
sion of PEP into pyruvate. Meanwhile, PEP synthase,
encoded by the ppsA gene, catalyzes the conversion of
pyruvate back into PEP in C. glutamicum [36, 37]. In an
effort to elevate the PEP content, we attempted to knock
out the pyk gene and overexpress the ppsA gene (from C.
crenatum), resulting in the data presented in Fig. 2C. The
CCGTO07 strain, which solely overexpressed ppsA, exhib-
ited no substantial alterations in the 60th hour ODg, and
titer. Conversely, the CCGTO08 strain, which had only the
pyk gene knocked out, demonstrated a 10.8% enhance-
ment in L-Tyr titer. It reached 4.28 g/L when juxtaposed
with CCGTO06, despite experiencing a 10.74% reduction
in its the 60th hour ODy,. Based on the CCGTO8 strain,
we constructed the CCGTO09 strain by overexpressing
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ppsA. We observed that the results, in terms of ODg,
and titer at the 60th hour, were essentially similar to
those of the CCGTO08 strain.

Additionally, we evaluated the pyruvate titer of the
CCGTO6-CCGTO9 strains at hour 60. The control
strain CCGTO06 exhibited a pyruvate titer of 384 mg/L.
Conversely, the pyruvate titer of CCGT08, which had
a knockout of the pyk gene, was reduced by 16.9% to
319 mg/L. However, the pyruvate titer of CCGTO07 and
CCGTO09, which overexpressed the ppsA gene based on
CCGTO06 and CCGTO08, did not show significant changes
compared with their respective controls (Fig. 2D).

Modification of transporter proteins

When microbial cell factories are utilized for the effi-
cient production of chemicals, the translocation of the
target product also has a significant impact on the titer.
Previous studies have shown that the tyrP gene encodes
a tyrosine permease, which is specifically responsible for
transporting L-Tyr from outside the bacterium into its
interior. Conversely, the aroP gene encodes an aromatic
amino acid transporter protein that facilitates the uptake
of all three aromatic amino acids by the bacterium [38,
39]. In this study, we explored the effects of transporter
proteins on cell growth and L-Tyr production through
individual and cumulative knockout of aroP and tyrP.
As shown in Fig. 2C, when £yrP was knocked out alone,
namely, in strain CCGT10, L-Tyr production was aug-
mented by 13.8% to 4.86 g/L compared with CCGTO08.
Surprisingly, no detriment to cell growth occurred fol-
lowing the knockout of tyrP; rather, a 13.3% increase
compared with CCGT08 was found. We conjectured that
the elevated concentration of L-Tyr in the fermentation
broth prevented it from entering the bacteria due to the
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knockout of the transporter proteins, thereby mitigat-
ing the intracellular L-Tyr damage to the cells. Following
the singular knockout of aroP, strain CCGT11 was con-
structed. The cell growth was severely inhibited because
the cells were unable to transport extracellular L-Phe to
the intracellular compartment after knocking out aroP.
The resulting cells were rendered unable to grow due to
the lack of L-Phe. To further explore the effect of knock-
ing out the aroP gene on growth, we proceeded to knock
out aroP in CCGT10. When tyrP and aroP were knocked
out simultaneously (strain CCGT12), CCGT12 also failed
to grow normally due to the absence of L-Phe.

Optimization of added amount of glucose

The adequacy of carbon supply is a key factor in deter-
mining titer to produce target chemicals using micro-
organisms [40]. In the experiments described above,
a consistent glucose concentration of 40 g/L was used
across all shake-flask incubations. To assess the effect of
glucose concentration on L-Tyr production of CCGT10,
with glucose as a carbon source, we tested six different
concentrations: 20, 40, 60, 80, 100, and 120 g/L. Fig-
ure 3A reveals that cell growth was significantly inhib-
ited at a glucose concentration of 20 g/L. However, as the
glucose concentration exceeded 40 g/L, cell growth rates
became similar. This suggested that an ample supply of
carbon sources was advantageous for cellular prolifera-
tion. As shown in Fig. 3B, I-Tyr production was limited
to 2.9 g/L at a glucose concentration of 20 g/L. When
glucose concentration was low, strain CCGT10 pro-
duced lower levels of L-Tyr due to an insufficient supply
of carbon sources during fermentation. Conversely, when
the glucose concentration exceeded a certain thresh-
old, it induced a change in the osmotic pressure of the

B

&~

L-Tyr(g/L)

[

20 40 60 80 100 120

Fig. 3 Optimization of the amount of glucose addition. (A) Cell growth curves of CCGT10 in different concentrations of glucose. (B) L-Tyr production of

CCGT10 in different concentrations of glucose
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fermentation broth, which negatively impacted the titer.
The optimal L-Tyr production of 5.49 g/L was reached at
a glucose concentration of 80 g/L. The consumption of
glucose by strain CCGT10 at various glucose concentra-
tions in the medium is presented in the Supplementary
Material Fig. S2.

Production of L-Tyr from mannitol

As the global population continues to swell, food issues
are becoming increasingly prominent. Mannitol, recog-
nized as a third-generation carbon source, has attracted
researchers’ attention because it does not compete with
humans for carbon sources. Previous studies have dem-
onstrated that the metabolic conversion of mannitol by
microorganism results in an increased carbon flux to
the EMP pathway and enhances the synthesis of the PEP,
thereby promoting the biosynthesis of L-Tyr. The wild-
type C. crenatum cannot utilize mannitol due to the pres-
ence of a mannitol inhibitory factor, MtIR, encoded by
mtiR. Accordingly, we constructed CCMTO01 by knocking
out the mtIR gene from CCGT10. To investigate whether
CCMTO1 can effectively utilize mannitol as a carbon
source, we added 40 g/L mannitol to CGXII medium
as the sole carbon source and then tested the growth of
CCTG10 and CCMTO1. As shown in Fig. 4A, CCMTO01
was able to grow normally, producing 1.39 g/L of L-Tyr
within 60 h (Fig. 4B), whereas CCGT10 was unable to
grow due to its inability to utilize mannitol.

In C. crenatum, mtlTD genes play crucial roles in man-
nitol absorption and utilization. The mt/T gene encodes
the mannitol transporter, and the mt[D gene encodes the
mannitol dehydrogenase [41]. To investigate the impact
of mtID on the absorption and utilization of mannitol, as
well as the production of L-Tyr by CCMTO01, P,,;y554 Was
used to overexpress mt/D (CCMTO02) and co-overexpress
mtlTD (CCMTO03), respectively. The results depicted
in Fig. 4A indicated that CCMTO02, which solely over-
expressed mtlD, outperformed CCMTO03 in terms of
growth and mannitol utilization. As shown in Fig. 4B,
despite CCMTO03 achieving a titer of 1.45 g/L, CCMTO02
exhibited a higher L-Tyr titer of 1.56 g/L, marking an
increase of 13.04% compared with CCMTO1. Fructose-
L-phosphate kinase, encoded by the pfkB gene, facilitates
the conversion of fructose-L-phosphate into fructose-
1,6-diphosphate, a key step in the transformation of man-
nitol into downstream products [42]. To delve deeper
into the effects of different promoter strengths on cell
growth and mannitol utilization, three distinct promot-
ers were utilized to overexpress pfkB based on CCMTO02.
The strain using P55, Was designated CCMTO04, the
one using P,,; as CCMTO05, and the one using P, as
CCMTO06. The data, presented in Fig. 4C, indicated
that CCMTO04 surpassed CCMTO02 in growth and man-
nitol utilization. Surprisingly, as depicted in Fig. 4D,
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the L-Tyr titer of CCMTO04 reached 1.84 g/L, whereas
those of CCMTO05 and CCMTO06 were lower than that of
CCMTO02, amounting 1.35 and 1.48 g/L, respectively.

To boost L-Tyr production through the use of manni-
tol, we examined the effects of varying mannitol concen-
trations on CCMT04’s growth and L-Tyr production by
establishing six mannitol gradients, mirroring the glucose
concentration setup. Figure 4E illustrates that the normal
growth of CCMT04 was markedly inhibited at a mannitol
concentration of 20 g/L. When the concentration of man-
nitol exceeded 40 g/L, no significant difference was found
in the growth of CCMT04. However, once the mannitol
concentration surpassed 40 g/L, no significant changes
in CCMTO04’s growth were observed. When mannitol
concentration was low, strain CCMT04 produced lower
levels of L-Tyr due to an insufficient supply of carbon
sources during fermentation. Notably, at a mannitol con-
centration of 80 g/L in the fermentation medium, L-Tyr
production peaked at 2.12 g/L, as depicted in Fig. 4F. The
consumption of mannitol by strain CCMTO04 at various
concentrations of mannitol in the medium is presented in
the Supplementary Material Fig. S3. This study marks the
inaugural application of mannitol in L-Tyr synthesis and
provides a foundational reference for its potential use in
synthesizing other compounds.

Co-production of L-Tyr using glucose and mannitol

In previous studies, researchers have observed that the
production of compounds using mixed carbon sources
generally exceeds that of single sources. For example,
Eldin modified C. glutamicum to produce L-Tyr from glu-
cose and xylose. The L-Tyr titer was 3.2 g/L with glucose
as the sole carbon source and was 1.7 g/L with xylose as
the sole carbon source. However, when a combination of
glucose and xylose was utilized for L-Tyr production, the
titer increased to 3.6 g/L at a glucose-to-xylose ratio of
1:3 [43]. In prior studies, strain CCMT04 produced L-Tyr
using mannitol and glucose as carbon sources. Following
concentration optimization, the optimal concentration of
both carbon sources was determined to be 80 g/L when
either glucose or mannitol was used individually for L-
Tyr production. Consequently, we maintained a total
carbon source concentration by combining 80 g/L of glu-
cose with mannitol and explored the optimal conditions
for L-Tyr production by varying the ratios of glucose to
mannitol. The ratio of glucose to mannitol was set as 4:1,
3:1, 2:1, 1:1, 1:2, 1:3, and 1:4, respectively. As shown in
Fig. 5A, the growth of CCMT04 was optimal when glu-
cose constituted a larger proportion of the mixed carbon
source. When the ratio of glucose- to-mannitol fell below
3:1, L-Tyr production decreased with increased propor-
tion of mannitol. At a glucose-to-mannitol ratio of 3:1,
L-Tyr production peaked among the seven groups, reach-
ing 6.42 g/L. The curves comparing glucose and mannitol
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at various ratios can be found in the Supplementary
Material Fig. S4. At this juncture, the shake-flask fer-
mentation titer surpassed the maximum L-Tyr titer of C.
glutamicum.

To enhance the L-Tyr titer of C. crenatum CCMTO04
strain, we investigated the fermentation of the CCMT04
strain through fed-batch fermentation by using a 5 L bio-
reactor. Throughout the fermentation process, we used
1 mol/L HCL solution or ammonia to adjust the pH and
ensure that the fermentation pH was stabilized at 7-7.5.
When the concentration of the mixed carbon source
in the fermenter dropped to 10 g/L, nutrients of pre-
inactivated bacteria containing 600 g/L mixed carbon
source (450 g/L glucose and 150 g/L mannitol), 40 g/L
(NH,),SO,, and 10 g/L yeast extract were supplemented
therein. The fermentation broth was sampled every 6 h
to monitor the ODg,, mixed carbon content, and L-Tyr

production during fermentation. After 72 h of fermen-
tation, the highest ODy, of the strain reached 58.2, and
the highest L-Tyr production reached 34.6 g/L. The varia-
tions in glucose and mannitol during the fermentation
process are illustrated in Fig. 5D. The titer of the fed-
batch fermentation also exceeded the maximum titer of
C. glutamicum.

Discussion

This was the first time that mannitol was utilized in the
synthesis of L-Tyr. In past studies, researchers have pri-
marily focused on modifying strains to produce L-Tyr
from glucose. For example, Cheol et al. optimized the
expression of the ppsA gene by incorporating a short
5-UTR before the ppsA gene to enhance the supply
of PEP during the process, resulting in an L-Tyr titer of
3.0 g/L [44].
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In recent years, researchers have increasingly focused
on alternative sources of carbon. Acetate is a very abun-
dant and inexpensive carbon source that is often gen-
erated as a by-product during the pretreatment of
lignocellulosic biomass [45]. Jo et al. demonstrated the
modulation of carbon-flux distribution between glyox-
ylate and TCA cycles in E. coli. The production of tyro-
sine by E. coli using acetate was achieved, and the titer
reached 0.7 g/L [46]. Xylose is second only to glucose in
carbon source [47]. Significant potential holds for the
production of chemicals from xylose. By using parallel
metabolic engineering to separate the glucose and xylose
utilization pathways in E. coli, Fujiwara et al. signifi-
cantly enhanced the efficiency of xylose utilization. This
enhancement led to a final L-Tyr titer of 1.34 g/L, which
was 173% higher than that of the control group [48].

Mannitol, a simple six-membered alcohol, can be typi-
cally synthesized from marine macroalgae, which are
characterized by rapid growth and widespread distri-
bution [49]. Therefore, mannitol neither compete with
human food sources nor required as complex production
processes as glucose.

When mannitol is used as a fermentation carbon
source, the carbon flux is predominantly directed toward
the EMP, resulting in increased production of PEP, an
important precursor in the L-Tyr. However, the wild-type
C. glutamicum strain, due to the presence of the manni-
tol inhibitory factor MtIR encoded by mtIR gene, cannot
utilize mannitol. To enable C. glutamicum to utilize man-
nitol, Hoffmann et al. engineered the organism to grow
in a medium with mannitol as the sole carbon source by
deleting the mtIR gene [50].

In the present study, we engineered a strain of C. cre-
natum, enabling it to produce L-Tyr from glucose by the
inhibition of competing metabolic pathways, enhance-
ment of precursor synthesis, and modification of trans-
porter proteins. Subsequently, the overexpression of
mtlD and pfkB, achieved through knockout of mtiR,
allowed the strain to utilize mannitol as the sole carbon
source for L-Tyr production. Subsequently, by adjust-
ing the ratio of glucose to mannitol as carbon source, we
achieved a titer of 6.42 g/L and a fed-batch fermentation
titer of 34.6 g/L, both surpassing the maximum L-Tyr
titer previously reported for C. glutamicum.

However, this approach is not optimal for culture with
mixed carbon sources. When glucose is utilized with
other carbon sources, cells tend to prefer glucose due
to its simplicity. This preference significantly hinders
their utilization of other carbon sources in the presence
of glucose [51]. Numerous efforts have been exerted by
researchers to alleviate carbon catabolite repression.
For example, Zhou alleviated carbon catabolite repres-
sion to some extent by knocking out the cyclic adenosine
monophosphate synthesis pathway, resulting in a 43.1%
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increase in the titer of patchesoulol [52]. Gao replaced
the original promoters with strong promoters to elimi-
nate sensitivity to glucose effects in the key enzymes
of the xylose metabolism pathway, leading to a 193%
increase in xylose utilization [53].

In the next phase of our research, we will focus on how
to make the co-utilization of glucose and mannitol more
coordinated. Additionally, we will continue our efforts to
broaden the range of applications for chemicals produced
from mannitol.

Conclusions

L-Tyr, a crucial aromatic amino acid, is extensively uti-
lized in various industries including food, pharmaceu-
ticals, cosmetics, and beyond. In this study, we utilized
genetic engineering methods to modify C. crenatum,
allowing it to harness glucose and mannitol for L-Tyr
production. Our results revealed that when solely uti-
lizing glucose as the carbon source, an L-Tyr titer of
5.49 g/L was achieved. Mannitol, on its own, generated
an L-Tyr titer of 2.12 g/L. Notably, the combination
of glucose and mannitol in a 3:1 ratio as a mixed car-
bon source elevated the L-Tyr titer to 6.42 g/L. More-
over, through fed-batch fermentation, the titer soared to
34.6 g/L. These titers surpass the maximum productivity
observed in C. glutamicum.
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