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Amino oligosaccharides (AOs) possess various biological activities and are valuable in the pharmaceutical, food
industries, and agriculture. However, the industrial manufacturing of AOs has not been realized yet, despite
reports on physical, chemical, and biological approaches. In this study, the de novo production of chitin oligo-
saccharides (CHOS), a type of structurally defined AOs, was achieved in Escherichia coli through combinatorial
pathway engineering. The most suitable glycosyltransferase for CHOS production was found to be NodCL from
Mesorhizobium Loti. Then, by knocking out the nagB gene to block the flow of N-acetyl-p-glucosamine (NAG) to
the glycolytic pathway in E. coli and adjusting the copy number of NodCL-coding gene, the CHOS yield was
increased by 6.56 times. Subsequently, by introducing of UDP-N-acetylglucosamine (UDP-GlcNAc) salvage
pathway for and optimizing fermentation conditions, the yield of CHOS reached 207.1 and 468.6 mg/L in shake-
flask cultivation and a 5-L fed-batch bioreactor, respectively. Meanwhile, the concentration of UDP-GIcNAc was
91.0 mg/L, the highest level reported in E. coli so far. This study demonstrated, for the first time, the production
of CHOS with distinct structures in plasmid-free E. coli, laying the groundwork for the biosynthesis of CHOS and
providing a starting point for further engineering and commercial production.

1. Introduction among the most extensively utilized AOs. Their applications span

diverse fields, including food, medicine, cosmetics, and agriculture.

Amino oligosaccharides (AOs) are a specific type of oligosaccharides
characterized by their degree of polymerization (DP), which ranges from
2 to 10. These AOs are formed by linking N-acetyl-p-glucosamine (NAG)
or p-glucosamine (GlcN) molecules together [1]. Based on their struc-
tural variations, AOs can be categorized into two groups: homogeneous
AOs and heterogeneous AOs [2,3]. Homogeneous AOs consist of a single
type of NAG or GlcN unit, while heterogeneous AOs are composed of a
combination of NAG and GlcN units. The distinctive structures of AOs,
including their DP, degree of deacetylation, and molecular mass,
contribute to their unique biological activities and functional mecha-
nisms. AOs with different structural characteristics exhibit specific
biological properties and functional mechanisms [4].

Chitin oligosaccharides (CHOS) and chitooligosaccharides (COS) are

Peer review under responsibility of KeAi Communications Co., Ltd.

CHOS consist of p-1,4-linked NAG, while COS consist of f-1,4-linked
GlcN, with a small proportion of NAG, and both have a DP below 10
(Fig. 1A). Comparatively, CHOS and COS exhibit several advantages
over chitin and chitosan, including lower molecular mass and enhanced
solubility, leading to more comprehensive and superior biological ac-
tivities. These biological activities encompass a wide range of functions,
such as plant growth regulation, antioxidant properties, anti-
inflammatory effects, antibacterial capabilities, anti-tumor properties,
blood pressure and blood sugar regulation, modulation of gut micro-
biota, and immune system enhancement [5-8].

The production of AOs commonly involves chemical, physical, and
enzymatic degradation of chitin. However, each method presents certain
drawbacks. Chitin, typically sourced from discarded marine organisms,
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Fig. 1. Chemical structures of AOs and the metabolic pathway for CHOS biosynthesis in engineered E. coli. (A) Chemical structures of AOs. COS: R = H, n is the
number between 2 and 8; CHOS: R = -OCHj, n is the number between 0 and 8. (B) Metabolic pathway of CHOS biosynthesis in E. coli. The black arrows indicate:
single reactions, and red arrows represent a blocking reaction. Metabolite abbreviations: Glucose-6-P, Glucose-6-phosphate; Fructose-6-P, Fructose-6-phosphate;
GlcN-6-P, glucosamine-6-phosphate; GlcNAc-6-P, N-acetylglucosamine-6-phosphate; GlcN-1-P, glucosamine-1-phosphate; NAG, N-acetyl-p-glucosamine; GlcNAc-1-P,
N-acetylglucosamine-1-phosphate. UDP-GlcNAc, uridine 5-diphospho-N-acetylglucosamine; CHOS, chitin oligosaccharides. Genes abbreviations: pgi, encoding
phosphoglucose isomerase; gimS, glucosamine-6-phosphate synthetase; gimM, encoding phosphoglucosamine mutase; glmU, encoding N-acetylglucosamine-1-phos-
phate uridyltransferase; nagB, encoding glucosamine-6-phosphate deaminase; nagA, encoding N-acetylglucosamine-6-phosphate deacetylase; nagE, encoding the
GlcNAc-specific phosphotransferase system transporter; nagK, encoding N-acetyl-L-glutamate kinase; nahK, encoding N-acetylhexosamine 1-kinase; nodC, encoding
N-acetylglucosaminyltransferase glycosyltransferase; chiA, encoding chitinase; nagZ, encoding p-N-acetylglucosaminidase. Other abbreviations: PPP, pentose phos-

phate pathway; TCA cycle, tricarboxylic acid cycle.

renders AOs obtained from chitin degradation unsuitable for individuals
with seafood allergies. Furthermore, the random deacetylation of acetyl
groups in NAG and irregular cleavage of glycosidic bonds in chitin
during the degradation process result in AOs with varying structures.
Additionally, the chemicals employed in the degradation process may
contribute to environmental pollution and introduce impurities into the
final product [9,10]. Physical degradation techniques can also cause
alterations in the oligosaccharide structure [11,12]. Therefore, it is
crucial to develop and implement novel technologies and methods that
allow for the efficient and reliable production of structurally defined
AOs.

Synthetic biology has emerged as a powerful approach to the syn-
thesis of rare natural products and novel compounds. Among the chassis
cells commonly employed in synthetic biotechnology, Escherichia coli
has gained widespread usage for the production of natural products
[13]. Significant progress has been made in the synthesis of functional
sugars, such as human lactooligosaccharides and hyaluronic acid, in
E. coli, with some processes even reaching industrial-scale production
[14]. However, there have been relatively few reports on the synthetic
biotechnology-based production of AOs. Several studies, including those
by Kamst et al. [15], Zhang et al. [16], Leppyanen et al. [17] and

714

Geremia et al. [18] have expressed the N-acetylglucosamine transferase
gene nodC from various bacteria in E. coli. Moreover, the product
identification methods employed in these studies either lacked quanti-
tative analysis and provided only approximate quantification ranges, or
failed to quantify the products based on their specific degrees of poly-
merization. Cottaz et al. co-expressed the nodC gene from rhizobial
bacteria and the truncated chitinase gene chiA in E. coli, successfully
synthesizing CHOS with exceptional degrees of polymerization [19].
However, the quantitative detection technique employed, thin-layer
chromatography, was found to be inaccurate. Liu et al. reported the
use of combinatorial pathway engineering to achieve de novo production
of CHOS in Bacillus subtilis, with the production reaching 4.82 g/L in a
3-L fed-batch bioreactor, representing the highest reported level thus far
[20]. However, B. subtilis has the drawback of producing spores with
exceptional stress resistance under nutrient-deprived conditions, lead-
ing to potential environmental pollution and challenging control of the
industrial fermentation process [21]. Therefore, there is a significant
need to develop and improve the synthesis process of AOs through the
application of synthetic biotechnology.

In order to achieve the biosynthesis of AOs with well-defined struc-
tures in E. coli through metabolic engineering, this study conducted a
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Table 1
Strains and plasmids were used in this study.

Strains or Description Source

plasmids

strains

BL27 MG1655 F-lambda-ilvG-rfb-50 rph-1 AhsdR Prof. Quan
AampC lacZ::T7 [22]

CHO1 E. coli BL27 AchiA this study

CHO2 E. coli BL27 AnagZ AchiA this study

CH1 CHO2 harboring plasmids pET28a-nodCG this study

CH2 CHO2 harboring plasmids pET28a-nodCL this study

CH3 CHO2 harboring plasmids pET28a-nodCP this study

CH4 CHO2 harboring plasmids pET28a-nodCL, this study
AnagB

CH5 CHO2 harboring plasmids pTrc99a-nodCL, this study
AnagB

H121 CHO2, AnagB, fliR::nodCL this study

H1211 CHO2, AnagB, fliR::nodCL, figA::nodCL this study

H1212 CHO2, AnagB, fliR::nodCL, figA::nodCL, arsB:: this study
nodCL

H1213 CHO2, AnagB, fliR::nodCL, figA::nodCL, arsB:: this study
nodCL, figG:: nahK

plasmids

PREDCas9 Spe®, Cas9 and A Red recombinase expression Prof. Wu
vector [23]

pGRB Amp~, gRNA expression vector Prof. Wu

[23]

pET28a Kan®, T7 promoters lab stock

pTrc99a AmpY, Trc promoters lab stock

pET28a-nodCG pET28a with gene nodCG this study

pET28a-nodCL pET28a with gene nodCL this study

pET28a-nodCP PpET28a with gene nodCP this study

pET28a-nahK pET28a with gene nahK this study

pTrc99a-nodCL pTrc99a with gene nodCL this study

PGRB-chiA PGRB containing sgRNA targeting to chiA this study

PGRB-nagZ PGRB containing sgRNA targeting to nagZ this study

pGRB-nagB PGRB containing sgRNA targeting to nagB this study

PGRB-fliR PGRB containing sgRNA targeting to fliR this study

PGRB-fIgA PGRB containing sgRNA targeting to figA this study

pGRB-flgG PGRB containing sgRNA targeting to figG this study

pGRB-arsB PGRB containing sgRNA targeting to arsB this study

series of experiments. Firstly, we screened the glycosyltransferase NodC,
which led to the accumulation of CHOS with the DP below 6. Next, we
investigated the impact of blocking the NAG degradation pathway, the
influence of integrating and varying copy numbers of the glycosyl-
transferase gene in the genomic context, the function of the UDP-N-
acetylglucosamine (UDP-GIcNAc) heterologous salvage synthesis
pathway, and the fermentation conditions on CHOS synthesis. Following
the successful microbial production of CHOS, the process was scaled up
in a 5-L bioreactor, and the final titers and composition of CHOS were
analyzed and evaluated.

2. Material and methods
2.1. Strains, plasmids, media and culture conditions

The strain E. coli BL27 was chosen as the starting strain and subjected
to genetic modifications to enhance the production of CHOS. Detailed
information regarding the relevant plasmids and strains can be found in
Table 1. All microorganisms were cultured at a temperature of 37 °C and
an agitation rate of 220 rpm in Luria-Bertani (LB) broth, comprising 10
g/L tryptone, 5 g/L yeast extract, and 10 g/L NaCl. For seed culture and
strain activation, LB agar plates were also utilized. When necessary,
specific antibiotics such as ampicillin (100 pg/mL), kanamycin (50 pg/
mL), or spectinomycin (100 pg/mL) were incorporated into the media to
facilitate plasmid selection or gene editing processes.

For shake-flask cultivation, a single colony was selected from the
agar plate and transferred directly into a 10 mL test tube containing 2
mL of LB medium. The test tube was then incubated at 37 °C with
agitation at 200 rpm in a rotary shaker overnight to allow for growth.
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The seed culture was subsequently transferred into a 500 mL shake-flask
containing 100 mL of the cultivation medium. Glucose-defined medium
A is composed of 20 g/L glucose, 13.5 g/L KHyPO4, 4.0 g/L (NH4)oHPOy,
1.7 g/L citric acid, 1.4 g/L MgS04-7H20, 4.5 mg/L thiamine, and 10 mL/
L of a trace element solution (10 g/L FeSO4-7H30, 2.2 g/L ZnSO4-7H50,
1.0 g/L CuS0O4-5H20, 0.38 g/L MnSO4-H20, 0.02 g/L NayB407-10H20,
0.1 g/L (NH4)gMo07024, and 2.0 g/L CaCly). Glucose (20 g/L) in medium
A was replaced with 20 g/L glycerol in medium B. Medium C:11.8 g/L
tryptone, 23.6 g/L yeast extract, 9.4 g/L KoHPOy, 2.2 g/L KHyPOy4, 20 g/
L glycerol. The cultivation process was conducted at a temperature of
37 °C with agitation at 200 rpm for approximately 3-5 h. When the
optical density at 600 nm (ODgg) reached a range of 0.6-0.8, isopropyl-
pB-p-thiogalactopyranoside (IPTG) and NAG were added to the culture at
final concentrations of 0.5 mM and 10 g/L, respectively. Subsequently,
the cultivation was continued for 72 h at 37 °C with agitation at 200
rpm.

2.2. Chemicals and reagents

The standards of CHOS and UDP-GlcNAc were obtained from Zhen
Zhun (Shanghai, China) and Carbosynth (Berkshire, UK), respectively.
Molecular biology kits and reagents were obtained from Takara (Dalian,
China) or Vazyme (Nanjing, China). NAG was obtained from Sinopharm
(Shanghai, China). Silicone defoamer WH-II was purchased from
Changzhou Jiangdong Auxiliary Co., Ltd. (Changzhou, China). Other
chemical reagents were analytically pure.

2.3. Plasmid construction

The ClonExpress II One-step Cloning Kit (Vazyme Biotech, Nanjing,
China) was employed to construct the target plasmid. Specifically, the
target gene fragment was inserted into the pET28a (or pTrc99a) vector
at the BamHI/Sall (or EcoRI/BamH]I) sites using the aforementioned kit.
This resulted in the generation of various plasmids, namely pET28a-
nodCG, pET28a-nodCL, pET28a-nodCP, pET28a-nahK, and pTrc99a-
nodCL. The genes nodCG, nodCL, nodCP, and nahK were synthesized by
Genewiz (Suzhou, China). The specific primers employed in this study
can be found in Supplementary data.

2.4. Genome integration and gene deletion

Gene knockin and knockout strains were conducted using the
CRISPR/Cas9 system [24]. To construct the sgRNA integron expression
plasmid, the N20 sequence for the integrated and missing lociwas
designed using the CHOPCHOP website, based on the template plasmid
PGRB [25]. For knocking out the nodCL gene in the BL27 locus of E. coli,
the homologous upstream and downstream arms of the integrated locus
were obtained from the BL27 locus of E. coli. Subsequently, the reading
frames of the target gene P17-nodCL were amplified from pET28a-nodCL
using primers fliR-nodCL-F/R. To integrate the P17-nodCL gene into the
genome of E. coli BL27, knockout genes and homologous fragments of
knockout genes were assembled through fusion PCR. Similarly, the
Pi-nodCL and Pr7-nahK genes were integrated into the E. coli genome
using the same procedure.

2.5. Fed-batch fermentation

The fed-batch culture was conducted using a 5-L bioreactor (Bailun,
Shanghai, China). The working volume of the bioreactor was 2.5 L, with
medium A containing 3 g/L yeast extract. The inoculum comprised 20 %
(v/v) of the working volume. Throughout the fermentation process, the
temperature was maintained at 37 °C, and the pH was controlled at 6.8
using ammonia solution. Once the ODggg value reached 13, IPTG and
NAG were added at concentrations of 0.5 mM and 2 g/L, respectively. A
glucose solution with a concentration of 800 g/L and MgSO4-7H,0 at 20
g/L was continuously fed into the fermentation broth to supplement the
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Fig. 2. Production of CHOS via expressing nodC from different sources in recombinant E. coli. (A) Construction of recombinant E. coli containing NodC from three
different sources. (B) Map of the plasmid pET28a-nodC which contains a constitutive promoter Pt; and a copy of codon-optimized nodC. (C) Effects of various sources
of nodC on the titer of CHOS. (D) Effects of various sources of nodC on cell growth. All data were the average of triplicates with standard deviations.

carbon source, regulated by a dissolved oxygen (DO) mode statistical
mode.

2.6. Analytic methods

Biomass was determinied by ODgg using a spectrophotometer. The
concentrations of glucose and NAG in the fermentation broth were
measured with a Shimadzu high-performance liquid chromatography
(HPLC) system (LC-20AT) equipped with an Asahipak NH2P-50 column
(Shodex, Tokyo, Japan) and an evaporative light scattering detector
(ELSD-LTII). The mobile phase was 70 % acetonitrile with a flow rate of
0.8 mL/min and the column temperature was maintained at 40 °C.
Qualitative and quantitative analysis of CHOS was conducted using a
UPLC system (LC-30A, Shimadzu, Japan) coupled with a Q-Exactive
mass spectrometer (Thermo Fisher, USA). The UPLC method employed
in this study was consistent with the approach described in a previous
study [20]. To determine the content of UDP-GIcNAc in the fermentation
broth, the following UPLC system configuration was utilized: Chro-
matographic separation was carried out using an Acquity BEH Amide
column (100 mm x 2.1 mm, 1.7 pm, Waters, USA) maintained at 45 °C.
Mobile phase A consisted of a 50 mmol/L ammonium formate solution
adjusted to a pH of 4.5 with formic acid, while mobile phase B consisted
of 100 % acetonitrile. The gradient program for the mobile phase was as
follows: 0-1.8 min, 20 % A; 1.8-14 min, 20 % A to 50 % A; 14-16 min,
50 % A to 55 % A; 16-17 min, 55 % A to 20 % A; 17-20 min, the
composition was maintained at 20 % A. The flow rate of the mobile
phase was set to 0.3 mL/min, and each sample was injected at a volume
of 10 pL.

The mass spectrometry parameters were set as follows: the scanning
range was 80.0-1200.0 m/z. The ion source operated in positive ion
mode with sheath gas voltage at 40 arb, auxiliary gas voltage at 10 arb,
capillary temperature at 350 °C, ion spray voltage at 3.5 kV, and reso-
lution set to 35000. A full scan of CHOS in positive ion mode was con-
ducted to examine their ion abundance in various ionization modes,
such as [M+H] *, [M+Na] ¥, and [M+K] *. The ions with the highest
abundance were selected as the quantitative ions. All experiments were
performed in triplicate to ensure reproducibility.
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3. Results and discussion
3.1. Construction of the recombinant E. coli for the synthesis of CHOS

Fig. 1B illustrates the pathway for CHOS synthesis in E. coli using
glucose as the carbon source. Glucose is first converted to glucose-6-
phosphate by the action of glucokinase. Subsequently, four enzymes
catalyze the conversion of glucose-6-phosphate to UDP-GlcNAc. UDP-
GlcNAc serves as the glycosyl donor for CHOS synthesis in the presence
of the exogenous glycosyltransferase NodC. It should be noted that E. coli
has the capability to degrade CHOS under certain conditions. The
endogenous protein ChiA in E. coli can break down CHOS5 into CHOS3
and CHOS2. Though the expression level of ChiA is relatively low when
the carbon source is abundant, the expression of ChiA can be induced in
carbon-deficient conditions to enable E. coli to utilize chitosan or CHOS
as the sole carbon source. On the other hand, NagZ is a specific protein
that hydrolyzes NAG linked with p-1,4-glycosidic bonds, allowing chi-
tosan or CHOS to be broken down into monosaccharides for cellular
utilization [26]. To prevent the degradation of synthesized CHOS, in this
study, the CHO2 strain was generated first by knocking out the chitinase
gene (chiA) and Nacetylglucosidase gene (nagZ) in the chassis cells.

To enable E. coli to utilize endogenous UDP-GlcNAc for CHOS syn-
thesis, the introduction of exogenous glycosyltransferase NodC is
necessary. However, the activity of NodC can vary depending on its
source. Therefore, three different NodC-encoding recombinant plas-
mids, namely pET28a-nodCG, pET28a-nodCL, and pET28a-nodCP, which
expresses NodCG from Agorhizobium caulinodans [18], NodCL from
Mesorhizobium Loti [16], and NodCP from Rhezobium leguminosarum bv.
viciae [15], respectively, were constructed. Each plasmid was individu-
ally introduced into the CHO2 strain to generate strains CH1, CH2, and
CH3.

As depicted in Fig. 2D, the introduction of three different glycosyl-
transferases, NodC, had no discernible impact on the growth rate of
E. coli. Fig. 2C demonstrated that E. coli strain CHO2 was unable to
synthesize CHOS, while strains CH1, CH2, and CH3 expressing different
NodC were all capable of producing CHOS. This indicated that E. coli
lacked endogenous glycosyltransferases for CHOS synthesis and it was
necessary to introduce exogenous glycosyltransferases in the engineered
E. coli cell factory for CHOS production.
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Among these strains, CH2 exhibited the highest CHOS production
(10.6 mg/L), while CH1 produced the least (3.4 mg/L). This observation
was consistent with previous research reports [16]. Meixi Ling et al.
examined six different exogenous COS synthase candidates from Sino-
rhizobium meliloti, Bradyrhizobium sp. WSM3983, Neorhizobium galegae
bv. officinalis HAMBI 1141, Rhizobium leguminosarum bv. trifolii
WSM2012, Paraburkholderia terricola LMG and Mesorhizobium loti, and
found the synthase from M. loti had the highest CHOS titer [20]. Dawei
Zhang et al. constructed recombinant E. coli DCL3 and DCM3 expressing
NodCL and NodCM from M. loti and S. meliloti, respectively. Culture
results showed that the cell density and oligosaccharide synthesis effi-
ciency of recombinant bacteria DCL3 were significantly higher than
those of recombinant bacteria DCM3, which reflected the excellent
oligosaccharide production capacity of NodCL from M. Loti [16]. As both
the above reports and our study highlighted the superior CHOS pro-
duction capacity of NodCL from M. loti, subsequent investigations
focused on further exploring the potential of NodCL.

In order to determine the DP and structural characteristics of the
synthesized CHOS product in CH2, qualitative and quantitative analysis
of CHOS was performed using liquid chromatography mass spectrom-
etry (LC-MS). As shown in Fig. 3, by analyzing the peak retention time in
the chromatogram and the corresponding mass spectrometry data with
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mass tolerance of less than 5 ppm, the product was identified as CHOS
with a DP ranging from 2 to 5.

3.2. The effect of blocking the GIcNAc degradation pathway on the
synthesis of CHOS

E. coli exhibits a preference for NAG as a carbon source, similar to
glucose. The enzyme glucosamine-6-phosphate deaminase (NagB) plays
a crucial role in enabling E. coli to utilize NAG as its sole carbon source
because NagB catalyzes the conversion of glucosamine-6-phosphate into
fructose-6-phosphate which can directly enter the glycolysis pathway.
To prevent NAG from entering the glycolysis pathway and improve its
utilization for the synthesis of UDP-GIcNAc, strain CH4 was constructed
by knocking out the nagB gene in strain CH2 (Fig. 4A).

Shake flask fermentation results of strains CH2 and CH4 showed that
the knockout of the nagB gene did not affect the growth of E. coli in 72 h
(Fig. 4B). Strain CH2, without the nagB gene knockout, consumed 57 %
of NAG with a conversion rate of 0.002 g/g. In contrast, strain CH4, with
the nagB gene knockout, consumed only 25 % of NAG, achieving a NAG
conversion rate of 0.008 g/g, four times higher than that of the control
strain CH2. Furthermore, strain CH4 exhibited a final CHOS accumu-
lation of 20.6 mg/L, double that of strain CH2 (10.3 mg/L) (Fig. 4C).
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Fig. 4. The effect of knocking out nagB gene on the synthesis of CHOS. (A) Pathway diagram of nagB gene knockout strain CH4. (B) CHOS production and cell growth
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different media. All data were the average of triplicates with standard deviations.

These results demonstrated that knocking out the nagB gene reduced
NAG consumption, enhanced the conversion rate of NAG, and increased
CHOS production.

3.3. The effect of carbon source on CHOS synthesis

To investigate the effect of different carbon source media on CHOS
synthesis, strain CH4 was fermented using various media in shake flasks.
Specifically, medium A with glucose as the sole carbon source, medium
B with glycerol as the sole carbon source and compound medium C with
glycerol as the carbon source were examined. The results showed that

the maximum CHOS titer of medium A was 20.4 mg/L. However, me-
dium B led to a significant decrease in cell growth (ODggp) and a very
low CHOS titer (Fig. 4D). The above results indicated that in medium A,
even after the addition of NAG at ODgoo between 0.6 and 0.8, glucose
was still used as the carbon source. In medium B, compared to glycerol,
NAG was more easily utilized and better absorbed as a carbon source,
resulting in the Crabtree effect, which suppressed cell growth and
inhibited CHOS titers. Therefore, medium B was deemed unsuitable for
CHOS production. On the other hand, the addition of a variety of nu-
trients to compound medium C promoted rapid strain growth, with
ODggp exceeding the levels of medium A and B, while also increasing the
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Fig. 5. The effect of different expression systems on the synthesis of CHOS. (A) Expression systems for the recombinant strains of different expression levels of nodCL.
(B) Construction of the strains with different copy numbers of nodCL. (C) CHOS production of recombinant strains CH4, CH5, and H121. (D) Cell growth of re-
combinant strains CH4, CH5, and H121. (E) CHOS production and cell growth of recombinant strains H121, H1211, and H1212. All data were the average of

triplicates with standard deviations.
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protein expression rate. However, excessively fast protein translation
hindered the correct folding of a large number of recombinases, result-
ing in reduced active recombinase levels and a decline in CHOS pro-
duction catalyzed by the recombinase, resulting in the highest ODgo but
no corresponding increase in CHOS titer. Hence, medium C was also
considered unsuitable for CHOS production. Considering its excellent
performance, medium A was selected for further investigation, and the
specific components of the medium are described in Material and
methods.

3.4. The effect of NodC expression level and stability on the synthesis of
CHOS

Considering the critical role of glycosyltransferase NodC in CHOS
synthesis, the expression level, activity and stability of NodC may have a
great effect on CHOS synthesis in recombinant E. coli. First, the nagB
gene in strain CHO2 was deleted by CRISPR-Cas9 system and strain
CHO3 was constructed. Next, CH5 was generated through plasmid
pTrc99a-nodCL transformation into strain CHO3 and strain H121 was
obtained by integrating the expression cassette of plasmid pET28a-
nodCL into the genome of strain CHO3. Then, strains CH4, CH5, and
H121 were cultured and their CHOS productions were evaluated. As
shown in Fig. 5C, compared with strain CH5 (5.1 mg/L), strain CH4
produced much more CHOS (20.6 mg/L), about 4.04-fold. The result
indicated that T7 promoter was stronger than trc promoter and T7
promoter was more suitable for NodC expression. In contrast to strain
CH4 harboring plasmid pET28a-nodCL, strain H121 with the expression
cassette of plasmid pET28a-nodCL integrated into genome produced
1.13 times more CHOS, reaching 43.8 mg/L, which verified that the
NodC gene integration expression was more stable.

To investigate the impact of copy numbers of genes on CHOS syn-
thesis, strain H1211, containing two-copy nodCL expression cassettes
inserted at the fliR and fIgA sites, and strain H1212, with three-copy
nodCL expression cassettes inserted at the fliR, flgA and arsB site, were
constructed (Fig. 5B). As displayed in Fig. 5E, strain H1211 showed a
21.2 % increase in CHOS production compared to H121, reaching 53.1
mg/L. Strain H1212 exhibited another 27.3 % increase in CHOS pro-
duction compared to H1211, reaching 67.6 mg/L. Whereas, the cell
amounts in H121, H1211 and H1212 decreased gradually. The results
indicated that increasing the expression of NodC gene through adding
gene copy-number can indeed enhance the yield of the target product
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CHOS, while adding gene copy-number may also cause cell growth
burden.

Increasing the copy numbers of the expression cassette and then
integrating the multi-copy gene into the microbial genome was currently
one of the conventional tools and more widely used solutions for
obtaining improved gene expression and thus increased production of
the desired substance. Not only was this method utilized in this study,
but it was also good in the synthesis of other bioactive substances.
Single-copy integration of heterologous pathway genes limited the
production of flavonoids. The multi-copy integration of flavonoid
pathway genes effectively improved (2S)-naringenin production in
Saccharomyces cerevisiae. Higher copy numbers of the (2S)-naringenin
metabolic pathway genes were associated with greater essential genes’
transcription, and the efficiency of naringenin production was higher
[27]. Through constructing a series of vectors harboring different copy
numbers of Rhizopus oryzae lipase (ROL) gene cassettes transforming
the plasmids into Pichia pastoris to generate a series of strains with
specific copy numbers of ROL and screening, an optimized gene-dosage
recombinant strain harboring five copies of ROL with the highest pro-
duction was obtained, which was 8-fold higher than that of the strain
harboring one copy [28]. Also in Pichia Pastoris, to optimize the
expression level of the recombinant ergopeptine hydrolase ErgA, Julia
Panholzl et al. constructed plasmids with one, two, and three cassettes of
ergopeptine hydrolase under control of the same promoter and found
that two copies of the ergA gave higher ErgA yield than one copy, but a
third copy of ergA showed little or no further increase [29]. Similar
experiments were also used in penicillin-producing industrial strains.
For Penicillium chrysogenum, the fungal producer of the beta-lactam
antibiotic penicillin, many production strains carried multiple copies
of the penicillin biosynthesis gene cluster. This discovery led to the
generally accepted view that high penicillin titers are the result of
multiple copies of penicillin genes. But Sandra Ziemons et al. showed
that the enhanced penicillin titer did not strictly depend on the copy
number of the cluster, complex regulatory mechanisms also played a
crucial role in the synthesis of bioactivities in production strains [30].

In this study, each additional copy of the nodCL expression cassette
resulted in an approximate 20 % improvement in CHOS production
capacity. Strain H1212 achieved a 54.3 % increase in CHOS production
compared to H121 (Fig. 5E). Consequently, subsequent experiments
were conducted using strain H1212.
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Fig. 6. The effect of introducing heterologous salvage pathway on the synthesis of CHOS. (A) Pathway diagram of nahK gene knockin strain H1213. (B) CHOS
production and cell growth of recombinant strains H1212 and H1213. (C) The surpluses of carbon source NAG and glucose. All data were the average of triplicates
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3.5. The effect of introducing UDP-GIcNAc salvage pathway on the
synthesis of CHOS

UDP-GlcNAc is an important nucleotide sugar precursor involved in
the synthesis of biological macromolecules, such as chitin and man-
noglycoprotein in fungi, peptidoglycan and lipopolysaccharide in bac-
teria, and lipopolysaccharide in animal cells. In the process of CHOS
synthesis, UDP-GlcNAc is added to monosaccharide NAG to synthesize
CHOS2 or the growing CHOS chain to increase the DPs of CHOS. The
higher the DPs, the more UDP-GlcNAc is needed. Theoretically, the
synthesis of one molecule CHOS2 requires one molecule of UDP-GlcNAc,
while the synthesis of one molecule CHOS5 requires four molecules of
UDP-GlcNAc. Therefore, the supply concentration of glycosyl donor
UDP-GlcNAc affects the DP of the sugar chain and the amount of CHOS
products to some extent. It has been reported that low UDP-GlcNAc
concentrations led to an increased proportion of oligosaccharide prod-
ucts with low polymerization in yeast [16,31]. Likewise, the shorter
oligomers in E. coli could result from lower intracellular UDP-GlcNAc
concentrations.

The supply concentration of UDP-GlcNAc may also affect the syn-
thesis amount of CHOS. Sanmain et al. discussed the relationship be-
tween the synthesis of intracellular CHOS and the limited supply of UDP-
GlcNAc. They found the low growth rate of recombinant E. coli under
anabolic culture ensured a higher concentration of UDP-GlcNAc and the
synthesis of CHOS proceeded smoothly by NodC. However, if the growth
rate was too fast, the lysogenic phenomenon would be caused, because
of the insufficient supply of UDP-GlcNAc [32]. Though the metabolic
pathway leading to UDP-GIcNAc is a native pathway in E. coli, the
productivity is extremely low. Increasing the availability of UDP-GlcNAc
can enhance the synthesis of oligomers composed of GlcNAc. It has been
reported that overexpressing one or several genes for GlcNAc synthe-
sis—gImsS, gimM, and glmU [33], the UDP-GlcNAc pool in Lactobacillus
casei increased by a factor of four [34], the production of hyaluronan, a
copolymer of glucuronic acid and GlcNAc, increased nearly 3-fold in
E. coli [35].

Except for de novo synthesis, UDP-GIcNAc can also be synthesized
through the salvage pathway, in which exogenous NAG is first converted
to N-acetylglucosamine-1-phosphate (NAG-1-P) by N-acetylhexosamine
1-kinase (NahK), followed by transformed into UDP-GlcNAc through
NAG-1-P by uridyltransferase (GlmU). To verify the feasibility of
applying heterologous UDP-GlcNAc salvage pathway on CHOS synthesis,
the enzyme NahK from Bifidobacterium longum subsp. Longum [36] was
cloned into the plasmid pET28a, resulting in the recombinant plasmid
pET28a-nahK. Strain H1213 was generated by integrating the gene
expression cassette of nahK on pET28a-nahK into the genome of E. coli
strain H1212 (Fig. 6A).

The growth and the production of CHOS of strain H1213 and its
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control strain H1212 were compared. As shown in Fig. 6B, compared to
strain H1212, the introduction of the nahK gene did not decrease the
growth of E. coli, instead, the ODggg of strain H1213 after 72 h culture
increased by 12.3 %, and the CHOS yield of H1213 increased by 41.3 %,
reaching 95.5 mg/L. Carbon source consumption analysis suggested the
utilization of glucose was similar in strain H1212 and strain H1213,
while strain H1213 exhibited a reduced overall consumption of NAG and
increased NAG conversion rate compared to H1212 (Fig. 6C). The con-
version rate of NAG in strain H1213 was 0.080 g/g, 2.96-fold that of the
control strain H1212 (0.027 g/g). To our knowledge, this was the first
report to introduce a heterologous UDP-GlcNAc salvage pathway for
CHOS synthesis. The culture conditions and expression balance among
NahK and other CHOS synthesis related proteins would be studied
further.

3.6. Optimization of fermentation conditions and batch fermentation with
5-L fed-batch fermentation

To obtain high titers of CHOS, fed-batch cultivation conditions of the
optimal CHOS accumulating strain H1213 were employed. The culture
temperature affects the cell’s growth rate, the soluble expression of re-
combinant proteins, and the amount of the final product. To obtain the
optimal fermentation temperature, strain H1213 was cultured at various
temperatures (37 °C, 30 °C, 25 °C, and 20 °C) for 72 h, and then the
CHOS yield was evaluated. As depicted in Fig. 7A, lowering the
fermentation temperature did not impact the final growth of E. coli cells,
but decreased CHOS yield, with values of 95.8 mg/L, 79.5 mg/L, 56.7
mg/L, and 55.3 mg/L at 37 °C, 30 °C, 25 °C, and 20 °C, respectively. The
highest CHOS yield was obtained at a fermentation temperature of
37 °C. Taking into account the growth level of bacteria and their CHOS
production capacity, 37 °C was chosen as the fermentation temperature
for further experiments.

Yeast extract is known to promote cell proliferation and maintain
metabolic flux equilibrium in cells. A previous study found an increase
in intracellular UDP-GIcNAc levels as well as an increased COS pro-
duction in E. coli after the addition of yeast extract to the medium [16].
To find a suitable yeast extract additive amount, in this study, different
concentrations of yeast extract (3.0 g/L, 4.5 g/L, and 6.0 g/L) were
added to the fermentation medium. As illustrated in Fig. 7B, the addition
of yeast extract influenced both cell density (ODggp) and CHOS pro-
duction. Specifically, at yeast extract concentrations of 3.0 g/L, 4.5 g/L,
and 6.0 g/L, the corresponding cell densities were 8.1, 8.7, and 10.7,
respectively, while CHOS production reached 207.1 mg/L, 195.8 mg/L,
and 192.0 mg/L, respectively. The highest CHOS production was ach-
ieved with 3.0 g/L yeast extract addition, resulting in a 116.9 % increase
compared to the original medium without yeast extract. So, 3.0 g/L
yeast extract addition was selected in further studies.
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3.7. Production of CHOS in the 5-L bioreactor

To evaluate the performance of strain H1213 under more industrial
production conditions, we performed fed-batch fermentation in a 5-L
bioreactor with medium A and intermittent feeding of glucose and
NAG. The pH in the fermentation system was maintained at 6.8 by
intermittently supplementing 14 % ammonia solution. At 14 h of
fermentation, the cell density was 13.0. At this time, IPTG with a final
concentration of 0.5 mmol/L was added to induce the expression of the
target protein in the fermentation system, while NAG with a final con-
centration of 2 g/L was added as the substrate. The consumption of NAG
was accompanied by the formation of CHOS. During the fermentation,
the glucose was intermittently supplemented to the bioreactor to
maintain the concentration of no more than 5 g/L to reduce the gener-
ation of by-product lactic acid. At 36 h of fermentation, the concentra-
tion of CHOS reached 468.6 mg/L. With this process, the highest
concentration of UDP-GlcNAc was 91.0 mg/L, the highest level reported
in E. coli so far, and the highest cell density reached 37.6. As shown in
Fig. 8B, the DP range of the synthesized CHOS was between 2 and 5. The
specific distribution was as follows: CHOS2: 3.0 %, CHOS3: 1.1 %,
CHOS4: 13.7 %, CHOS5: 82.2 %. At present, most of the products ob-
tained by enzymatic degradation are only CHOS2 and CHOS3 [37,38].
This study increased the range of DP of CHOS and expanded the possi-
bility of application of CHOS. The conversion rate of glucose was
measured at 0.021 g/g, while the conversion rate of NAG was 0.049 g/g.
Comparatively, fed-batch fermentation demonstrated notable improve-
ments in cell density and CHOS production compared to shake flask
fermentation methods.

4. Conclusions

In summary, this study constructed a combinatorial de novo pathway
and salvage pathway for producing structurally defined and homoge-
neous CHOS by remodeling the metabolic network in E. coli BL27. We
first knocked out the genes of chiA and nagZ that can degrade CHOS, and
constructed recombinant E. coli CHO2 for the synthesis of CHOS, and
then identified NodCL from M. loti as the most suitable exogenous
glycosyl transferase for CHOS production. By blocking the GlcNAc
degradation pathway, adjusting the copy numbers of nodCL expression
cassette, introducing the heterologous salvage pathway and optimizing
fermentation conditions, CHOS production was increased gradually,
reaching 207.1 mg/L in shake-flask cultivation and 468.6 mg/L in a 5-L
fed-batch bioreactor. The synthesized CHOS was composed of only NAG,
and the main DPs were CHOS5 (82.2 %) and CHOS4 (13.7 %). The
successful biosynthesis of well-defined AOs in plasmid-free E. coli via
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metabolic engineering techniques provides a starting point for further
engineering and commercial production of CHOS. To our knowledge,
this was the first report to introduce a heterologous UDP-GlcNAc salvage
pathway for CHOS synthesis, and it was currently the highest reported
yield in E. coli. As a donor of CHOS and various other oligosaccharides,
the increase in UDP-GIcNAc production also provided more possibilities
for the divergence of synthesis pathways and potential increase in yield
of CHOS and other more oligosaccharides. However, the yield of CHOS
in E. coli was lower than that in B. subtilis [20]. The main reason is that
the cell wall of B. subtilis is thicker, and the concentration of the pre-
cursor UDP-GlcNAc of CHOS is higher, which is more conducive to the
synthesis of CHOS. Moreover, in this study, the growth state of E. coli in
the bioreactor did not reach a higher density of fermentation, so there
was still considerable room for improvement. For example, optimization
of culture conditions (the culture medium, temperature, pH and other
factors) adjusting multiple crucial nodes in central carbon and nitrogen
metabolism, as well as pyrimidine metabolism synthesis pathways,
employing global regulatory transcription engineering strategies can
potentially maximize the cellular potential and boost CHOS production.
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