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Abstract 

Background: Lacto-N-triose II (LNT II), an important backbone for the synthesis of different human milk oligosaccha-
rides, such as lacto-N-neotetraose and lacto-N-tetraose, has recently received significant attention. The production of 
LNT II from renewable carbon sources has attracted worldwide attention from the perspective of sustainable develop-
ment and green environmental protection.

Results: In this study, we first constructed an engineered E. coli cell factory for producing LNT II from N-acetylglu-
cosamine (GlcNAc) feedstock, a monomer of chitin, by introducing heterologous β-1,3-acetylglucosaminyltransferase, 
resulting in a LNT II titer of 0.12 g  L−1. Then, lacZ (lactose hydrolysis) and nanE (GlcNAc-6-P epimerization to ManNAc-
6-P) were inactivated to further strengthen the synthesis of LNT II, and the titer of LNT II was increased to 0.41 g  L−1. To 
increase the supply of UDP-GlcNAc, a precursor of LNT II, related pathway enzymes including GlcNAc-6-P deacetylase, 
glucosamine synthase, and UDP-N-acetylglucosamine pyrophosphorylase, were overexpressed in combination, opti-
mized, and modulated. Finally, a maximum titer of 15.8 g  L−1 of LNT II was obtained in a 3-L bioreactor with optimal 
enzyme expression levels and β-lactose and GlcNAc feeding strategy.

Conclusions: Metabolic engineering of E. coli is an effective strategy for LNT II production from GlcNAc feedstock. 
The titer of LNT II could be significantly increased by modulating the gene expression strength and blocking the 
bypass pathway, providing a new utilization for GlcNAc to produce high value-added products.
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Background
Human milk oligosaccharides (HMOs) are recently 
attracting increasing attention, as they have numerous 
excellent physiological functions in human infants, such 
as promoting brain development in the newborn [1, 2], 
improving their intelligence [3], avoiding infection [4, 
5], and acting as prebiotics [6]. To date, more than 200 

different structures have been found and identified in 
HMOs, composed of five various monosaccharides 
including glucose (Glc), galactose (Gal), N-acetylglu-
cosamine (GlcNAc), L-fucose (Fuc), and sialic acid (SA) 
[7]. Lacto-N-triose II (LNT II, GlcNAcβ1-3Galβ1-4Glc) 
is an important precursor serving as a backbone to syn-
thesize different HMOs, such as lacto-N-neotetraose 
(LNnT, Galβ1-4GlcNAcβ1-3Galβ1-4Glc) and lacto-
N-tetraose (LNT, Galβ1-3GlcNAcβ1-3Galβ1-4Glc), 
which itself is generated by the catalytic reaction of 
β-1,3-acetylglucosaminyltransferase (LgtA) on GlcNAc 
and β-lactose substrate [8]. LNnT and LNT are also 
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important components of HMOs, and they can be fur-
ther fucosylated or sialylated, thereby generating other 
HMOs, such as lacto-N-fucopentaose II (LNFP-II), 
S-LNF II, lacto-N-neofucopentaoses (LNnFP I), among 
others [9]. These fucosylated or sialylated HMOs also 
exhibit superior physiological functions for infant health, 
such as immunomodulatory property [10], and antiadhe-
sive/antimicrobial activity [11]. Therefore, efficient and 
large-scale production of LNT II is receiving significant 
attention in the field of HMOs, as the preparation of LNT 
II with a high titer facilitates the production of other 
HMOs.

Traditionally, chemical synthesis of LNT II gener-
ally involves multiple steps of activation, protection, 
glycosylation and deprotection, with low yields [6, 12]. 
Recently, biotechnological production of LNT II through 
enzymatic and cell factory methods is receiving great 
attention. Several studies have been carried out for the 
synthesis of LNT II in vivo and in vitro [13]. For exam-
ple, 4.7 g  L−1 of LNT II was obtained using purified β-N-
acetylhexosaminidase from Tyzzerella nexilis towards 
pNP-NAG and β-lactose as substrates [14] (Table  1). 
However, the enzyme dosage and the expensive nucleo-
tide donors limit their industrial applications. On the 
other hand, using glycerol as carbon source and energy, 
Baumgartner et  al. constructed an LNT II-producing 
strain by metabolically engineering a β-galactosidase-
negative E. coli(ΔlacZ) via chromosomal integration of 
LgtA, resulting in 2.465 g   L−1 of LNT II [15]. Similarly, 
Zhu et  al. overexpressed GlmS (glucosamine-6-phos-
phate synthase), GlmM (glucosamine synthase), GlmU 
(UDP-N-acetylglucosamine pyrophosphorylase), and 
LgtA in E. coli (ΔnagBΔlacZΔwecB), and optimized the 
gene expression strength and translation rates, forming 
46.2 g  L−1 of LNT II using glycerol and β-lactose as a car-
bon source and substrate in a 5-L fed-batch fermentation 

[16]. In contrast to the above, LNT II production using 
metabolically engineered cells, McArthur et al. prepared 
LNT II by employing Nahk, GlmU, and LgtA enzymes 
using GlcNAc substrate through the one-pot multien-
zyme (OPME) strategy in vitro [9]. Although the conver-
sion efficiency of this OPME is high (97%, LNT II/lac), 
the higher enzyme production cost and low yields make 
it unsuitable for large-scale production of LNT II. The 
microbial hosts show attractive properties of efficient 
pathways for nucleotide phosphate sugar production, lac-
tose uptake and export of HMOs [17]. Therefore, produc-
tion of HMOs through cell factories has becoming the 
most industrially promising method.

Interestingly, GlcNAc is a good and low-cost substrate 
material, having been employed for the production of 
various chemical products, such as N-acetylneuraminic 
acid (Neu5Ac) [18], lipids [19], LNT II, and LNnT [8]. 
GlcNAc has a monomeric structure of chitin, which is 
a relatively abundant biomass in nature [20]. Numer-
ous studies have been carried out with the aim to obtain 
GlcNAc or (GlcNAc)2 from chitin, and various technical 
challenges have been overcome, such as the pretreatment 
of chitin using mechanical grinding and bacterial fermen-
tation [21], high-pressure homogenization [22], steam-
explosion [23], KOH or KOH-urea [24], microwave [25], 
or ultra-sonication methods [26], followed by the enzy-
matic hydrolysis process combining the use of chitinase 
[27] and N-acetylhexosaminidase [28], obtaining the 
GlcNAc or (GlcNAc)2 product. Thus, producing high 
value-added products using the GlcNAc substrate is cru-
cial from the point of view of sustainable development. 
For example, Neu5Ac was produced from GlcNAc by 
whole-cell catalysis containing overexpressed N-acetyl-
glucosamine 2-epimerase and N-acetylneuraminic acid 
lyase [18]. A three-enzyme synthetic system was also 
developed for the production of LNT II and LNnT from 

Table 1 Biotechnological production of LNT II through enzymatic and cell factory approaches

OPME one-pot multienzyme

Strategies Substrates Purified/integrated/
overexpressed enzymes

Production condition Titer Reference

Single-enzyme pNP-NAG, β-lactose Purified β-N-acetylhexosaminidase 70 °C, pH 5.0 4.7 g  L−1 [14]

OPME GlcNAc, β-lactose Purified Nahk, GlmU, PpA, LgtA 30 °C, pH 8.0 1.54 g (70 mL 
reaction mix-
ture)

[9]

OPME Chitin, β-lactose PbChi70, HaHex74 40 °C, pH 7.5 8.6 g  L−1 [8]

E. coli (ΔlacZ) Glycerol, β-lactose Chromosomally integrated LacY 
and LgtA

30 °C, 90 rpm, shake flask (250 mL) 2.465 g  L−1 [15]

E. coli (ΔlacZΔnagBΔwecB) Glycerol, β-lactose Overexpressed LgtA, GlmM, GlmU, 
GlmS

25 °C, fed-batch (5-L) 46.2 g  L−1 [16]

E. coli (ΔlacZΔnanE) GlcNAc, β-lactose Overexpressed NagA, GlmM, GlmU, 
LgtA

25 °C, fed-batch (3-L) 15.8 g  L−1 This work



Page 3 of 11Hu et al. Biotechnol Biofuels          (2021) 14:198  

powdery chitin with a titer of 8.6 and 2.0 g   L−1, respec-
tively [8]. However, there are few available reports about 
the production of LNT II using GlcNAc substrate by a 
metabolically engineered cell factory, even though meta-
bolic engineering is recognized as a powerful strategy to 
synthesize various HMOs. Therefore, it is necessary to 
complement this aspect of research to promote the pro-
duction of value-added products from sustainable bio-
mass feedstock.

The E. coli strain cannot synthesize LNT II due to the 
lack of a naturally endogenous synthesis pathway of LNT 
II in the cells. However, the genome-scale metabolic net-
work analysis indicates that the E. coli strain can natu-
rally synthesize the precursor of LNT II, UDP-GlcNAc, 
under three consecutive biocatalysis processes via GlmS, 
GlmM, and GlmU from Fru-6-P, which is an important 
intermediate of the glycolytic pathway that provides the 
possibility for constructing the biosynthesis pathway 
for LNT II production in E. coli cells [16]. In this study, 
the biosynthesis pathway for LNT II production was 
first redesigned by introducing heterologous LgtA from 
Neisseria meningitides (NmlgtA) in E. coli, based on the 
GlcNAc as a sole carbon source and β-lactose as the sub-
strate. In order to avoid the feedback inhibition of GlmS, 
the nagA was heterologously overexpressed in E. coli cells 
for the first time for the production of LNT II. Then, the 
lacZ responsible for lactose hydrolysis and nanE respon-
sible for the bypass pathway of GlcNAc-6-P epimeriza-
tion to ManNAc-6-P were inactivated by attempting to 
supply the lactose receptor and UDP-GlcNAc donor to 
sufficiently strengthen the synthesis of LNT II. Besides, 
to accelerate the supply of UDP-GlcNAc (a precursor of 
LNT II) from GlcNAc-6-P (a phosphorylation product 
of GlcNAc), related pathway enzymes including NagA 
(GlcNAc-6-P deacetylase), GlmM, and GlmU, were com-
binatorially overexpressed, and their gene expression 
strengths were modulated by optimizing the plasmid 
copy numbers. Finally, large-scale production of LNT II 
using GlcNAc as a sole carbon source and lactose sub-
strate was also performed in a 3-L bioreactor and with a 
final titer of 15.8 g   L−1 after fermentation for 76 h, pre-
senting a novel platform to synthesize LNT II from Glc-
NAc, a monomer product of chitin.

Results and discussion
Construction of biosynthesis pathway for LNT II production 
using GlcNAc feedstock
The overexpression of heterologous LgtA from N. men-
ingitides (NmlgtA) in the E. coli strain achieves the gen-
eration of LNT II, as this enzyme catalyzes the transfer 
of the GlcNAc residue of UDP-GlcNAc to lactose, which 
has been reported by numerous studies [9, 29, 30]. Using 
this strategy, Zhu et  al. successfully constructed the 

biosynthesis pathway for LNT II production by intro-
ducing heterologous NmLgtA in the E. coli strain when 
using glycerol as the carbon source [16]. In their study, 
glycerol must be converted to Fru-6-P through a series 
of chemical reactions, after which the generated Fru-6-P 
is converted to GlcN-6-P by GlmS, an initiating enzyme 
responsible for catalyzing the key step for LNT II pro-
duction from Fru-6-P. However, the activity of GlmS is 
inhibited by its catalytic product GlcN-6-P, thus becom-
ing the rate-limiting step during the LNT II synthesis 
process [31, 32]. Although studies have been carried out 
on the directed evolution and mutation of GlmS, the 
obtained GlmS mutant only serves to alleviate the feed-
back inhibition and does not completely resolve these 
inhibition issues [33].

In this study, the metabolic network for LNT II syn-
thesis is redesigned based on the sustainable biomass 
feedstock GlcNAc. Compared with glycerol substrate, 
GlcNAc can in theory be rapidly metabolized into GlcN-
6-P using endogenous NagE (a GlcNAc-specific trans-
porter that phosphorylates GlcNAc to GlcNAc-6-P) 
and NagA (a deacetylase that converts GlcNAc-6-P to 
GlcN-6-P) (Fig.  1). Subsequently, the formed GlcN-6-P 
can be transformed to UDP-GlcNAc via the catalytic 
process of GlmM and GlmU. Therefore, we confirmed 
the possibility of LNT II synthesis by introducing Nml-
gtA in E. coli BL21(DE3) using GlcNAc as a sole carbon 
source on the defined medium I. It is expected that the 
engineered strain EHD02 harboring pET-lgtA can pro-
duce LNT II with an extracellular titer of 0.12  g   L−1 in 
the culture broth, when compared with the wild type E. 
coli BL21(DE3) strain EHD01 (no LNT II accumulation) 
(Fig.  2). We further tested the effect of individual over-
expression of GlmU, combinatorial expression of GlmU 
and GlmM, combinatorial expression of GlmU, GlmM, 
and NagA, along with NmlgtA in E. coli BL21(DE3) on 
the production of LNT II, generating engineered EHD03, 
EHD04, and EHD05 strains, respectively (Fig.  2). The 
LNT II titers of these three engineered strains were 0.24, 
0.60, and 2.44  g   L−1, respectively, with corresponding 
gains of 100, 400, and 1933% compared to that of EHD02. 
This suggests that the enhanced combinatorial expres-
sion of the three enzymes has a positive effect on the 
production of LNT II. In contrast, if heterologous NmL-
gtA is not introduced in the E. coli strain, LNT II cannot 
be produced in the culture broth though the engineered 
EHD06 strain overexpresses NagA, GlmM, and GlmU 
enzymes (Fig. 2).

High-performance liquid chromatography (HPLC) 
and UPLC–MS were also used to confirm the pro-
duction of LNT II by the engineered E. coli strain. As 
shown in Fig.  3A, the standard LNT II sample had a 
retention time of 8.341  min. The culture broth from 
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engineered E. coli was also eluted with an identical 
retention time of 8.344 min (Fig. 3B). The MS informa-
tion of standard LNT II and culture broth from engi-
neered E. coli is displayed in Fig.  3C, D, respectively. 
Both samples have the same ion fragment of m/z 546.19 
under the positive ion mode, indicating that the engi-
neered E. coli is capable of producing LNT II when 
using GlcNAc as the carbon source.

Effects of inactivating lacZ and nanE on LNT II production
The CRISPR–Cas9 technology is a powerful tool to 
knock-out genes [34]. In this study, CRISPR–Cas9 tech-
nology was employed to knock out the genes lacZ and 
nanE. Lactose is an important receptor for generat-
ing LNT II after transferring GlcNAc residue of UDP-
GlcNAc to lactose by LgtA. Thus, sufficient supply and 
efficient utilization of lactose are essential for LNT II 

Fig. 1 Construction the biosynthesis pathway for LNT II production using GlcNAc substrate in E. coli 

Fig. 2 Different overexpression strategies for biosynthesis pathway-related enzymes on the production of LNT II. Left:  AmpR, ampicillin-resistance 
gene;  SmR, streptomycin-resistance gene;  KanR, kanamycin-resistance gene; pBR322, replication origin of pETDuet-1; CloDF13, replication origin 
of pCDFDuet-1; RSF1030, replication origin of pRSFDuet-1; bent arrows indicate a promoter and T-shaped bars indicate a transcription terminator. 
Right: the DCW and LNT II of different engineered E. coli strains harboring various plasmids. Error bars indicate standard deviations (n = 3)
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production. However, lactose can be hydrolyzed to Glc 
and Gal by endogenous β-galactosidase (encoded by 
lacZ) in E. coli after entering into cells through permease 
[35]. Thus, blocking this hydrolysis process by deleting 
the lacZ gene in E. coli is an effective strategy to inac-
tivate β-galactosidase activity [36]. Figure  4A shows a 
gradual decrease in the concentration of lactose during 
the prolonged fermentation time when the engineered 
strain EHD07 harboring pET-nagA-glmM, pRSF-glmU, 
and pRSF-lgtA(CmR) grew in GlcNAc-defined medium I. 
Notably, at about 36 h of fermentation time, the lactose 
has been consumed by about 96.34%. The final concen-
tration of accumulated LNT II in engineered EHD07 was 
about 0.20 g  L−1. If lacZ is knocked out on the basis of the 
EHD07 strain, yielding EHD08 (EHD07ΔlacZ), lactose 
remains at a high residual level throughout the fermenta-
tion process, with a consumption rate of only 24.4% after 
fermentation for 72 h (Fig. 4B). The final titer of LNT II 
in engineered EHD08 was about 0.26 g  L−1, with a gain of 
30% compared to that of the engineered EHD07 strain. In 
contrast, the branched metabolic reaction of GlcNAc-6-P 
to ManNAc-6-P catalyzed by NanE may also decrease the 
metabolic flux of GlcNAc-6-P to GlcN-6-P (Fig. 1). Thus, 
we further measured the deletion effect of nanE on the 
production of LNT II using EHD08 as a starting strain, 

generating the engineered EHD24 strain (EHD08ΔnanE). 
As shown in Fig.  4C, the final concentration of LNT II 
reached 0.41 g   L−1 at 72 h, showing 1.05- and 0.58-fold 
increases in the titer when compared to engineered 
EHD07 and EHD08 strains, respectively. This indicates 
that the combinatorial gene deletion of lacZ and nanE 
was more in favor of the production of LNT II than only 
the deletion of lacZ or no deletion of lacZ and nanE. 
Interestingly, the final dry cell weight (DCW) of EHD08 
(ΔlacZ) and EHD24 (ΔlacZΔnanE) at 72 h were similar 
to EHD07 (control) (Fig.  4). Therefore, the constructed 
ELN (E. coli BL21(DE3)ΔlacZΔnanE) strain was used as 
the next starting strain for LNT II production.

Optimization of gene expression strength for LNT II 
production
As shown in Fig.  1, the biosynthesis of LNT II from 
GlcNAc-6-P required the simultaneous catalysis of four 
enzymes including NagA, GlmM, GlmU, and LgtA. The 
expression strength and quantity of these enzymes are 
very important for the metabolic balance between cell 
growth and product biosynthesis, because overexpres-
sion of protein may create unnatural burden to cells and 
change the global physiology, thus decreasing synthe-
sis efficiency [37]. Currently, regulating gene expression 

Fig. 3 HPLC and UPLC–MS spectrum of LNT II. A and B represent the HPLC profiles of standard LNT II and culture broth from engineered E. coli 
strain, respectively. C and D represent the UPLC–MS profiles of standard LNT II and culture broth from engineered E. coli strain, respectively
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strength by varying different plasmid copy numbers is 
an effective strategy to direct the metabolic flux to tar-
get products [38]. In this study, the vectors pCDFDuet-1 
(20–40 copies), pETDuet-1 (~  40 copies), and pRSF-
Duet-1 (~ 100 copies) were employed to construct a low-, 
medium-, and high-copy number, respectively, for the 
LNT II biosynthesis related enzymes, including NagA, 
GlmM, GlmU, and LgtA (Additional file  1: Table  S1). 
Three different but compatible vectors were trans-
formed in one strain to optimize the gene expression of 
these four enzymes. To enable the timely conversion and 
reinforcement of the metabolic flux of GlcNAc-6-P and 
GlcN-6-P to synthesize LNT II, and reduce the carbon 
flow into branched metabolism, nagA and glmM were 
inserted in one vector, considering that NagA and GlmM 
were responsible for catalyzing the first two-step reac-
tions from GlcNAc-6-P to GlcN-1-P. In contrast, glmU 
and lgtA were individually inserted into another single 
vector to optimize their gene expression strength. To 
enable coexistence in the same engineered E. coli strain 
with pRSF-nagA-glmM, pET-nagA-glmM, and pCDF-
nagA-glmM during the different vector combinations, 
the antibiotic resistance of the corresponding pRSF-lgtA, 
pET-lgtA, and pCDF-lgtA, pRSF-glmU, pET-glmU, and 

pCDF-glmU plasmids were changed to Cm. Through the 
orthogonal combinations using the three vectors express-
ing four enzymes (NagA, GlmM, GlmU, and LgtA), 24 
engineered E. coli strains designated as EHD09 to EHD32 
were generated in this study (Fig. 5 and Additional file 1: 
Table S1).

As shown in Fig. 5, the titers of LNT II and DCW of all 
the 24 engineered strains were measured and compared. 
The engineered strain EHD29 harboring pRSF-nagA-
glmM, pET-glmU, and pET-lgtA(CmR) with a high–
medium–medium copy number combination yielded the 
highest LNT II titer of 3.70  g   L−1, followed by EHD23 
harboring pET-nagA-glmM, pRSF-glmU, and pET-
lgtA(CmR) with a medium–high–medium copy number 
combination producing 2.64 g  L−1 of LNT II. By compar-
ing the combination of plasmids harbored in EHD29 and 
EHD23, the overexpression of NagA and GlmM employ-
ing the higher copy number vector was more favora-
ble for LNT II production than GlmU. Similar results 
were also found in other comparison groups between 
EHD26 (pRSF-nagA-glmM, pCDF-glmU and pET-lgtA, 
1.39 g   L−1) and EHD15 (pCDF-nagA-glmM, pRSF-glmU 
and pET-lgtA, 0.30  g   L−1), EHD18 (pET-nagA-glmM, 
pCDF-glmU and pET-lgtA  (CmR), 1.32 g  L−1) and EHD12 

Fig. 4 Effects of inactivating lacZ and nanE on DCW, LNT II titer, residue concentration of GlcNAc and lactose. A Engineered E. coli BL21(DE3) 
(EHD07); B engineered E. coli BL21(DE3) ΔlacZ (EHD08); C engineered E. coli BL21(DE3) ΔlacZΔnanE (EHD24)
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(pCDF-nagA-glmM, pET-glmU and pET-lgtA  (CmR), 
1.25  g   L−1), EHD19 (pET-nagA-glmM, pCDF-glmU and 
pRSF-lgtA, 1.48  g   L−1) and EHD13 (pCDF-nagA-glmM, 
pET-glmU and pRSF-lgtA, 0.83 g   L−1). A possible expla-
nation is that overexpression of NagA and GlmM acceler-
ates the conversion of GlcNAc-6-P to GlcN-1-P, thereby 
reducing the waste of branched carbon flow to Fru-6-P 
caused by NagB (Fig. 1). Interestingly, the overexpression 
of LgtA using a medium copy number pETDuet-1 vector 
is more beneficial for the production of LNT II than the 
expression by a high-copy number pRSFDuet-1 or low-
copy number pCDFDuet-1vector, such as the compari-
son of combinatorial engineered strain EHD11/12/13, 
EHD14/15/16, EHD22/23/24, EHD25/26/27, and 
EHD28/29/30 (Fig.  5). The efficient and soluble expres-
sion of LgtA is another important factor for the biosyn-
thesis of LNT II, as the heterologously expressed LgtA in 
E. coli tends to form inclusion bodies. Zhu et al. indicated 
that LgtA harbored by the pETDuet-1 vector presented 
relatively higher soluble expression level in engineered 

E. coli than the pRSFDuet-1 and pCDFDuet-1 vectors, 
according to the western blot results [13]. Our experi-
mental results are consistent with their conclusions. 
Furthermore, the lowest titer of LNT II (0.025  g   L−1) 
occurred in the engineered EHD16 strain harboring 
pCDF-nagA-glmM, pRSF-glmU, and pRSF-lgtA  (CmR). 
This could be attributed to the lower overexpression of 
NagA and GlmM, which affects the conversion speed 
of GlcNAc-6-P to GlcN-1-P, and higher forming inclu-
sion bodies of LgtA that are unfavorable to LNT II 
production.

Production of LNT II in 3‑L bioreactor
The large-scale production of LNT II was conducted 
in a 3-L bioreactor containing 1 L of GlcNAc-defined 
medium II using EHD29, namely E. coli BL21(DE3)
ΔlacZΔnanE harboring pRSF-nagA-glmM, pET-glmU, 
and pET-lgtA(CmR). During the fermentation process for 
LNT II production, GlcNAc not only served as a sole car-
bon source for cell growth, but also provided a precursor 

Fig. 5 Fine-tuning of LNT II production via the optimization of gene (nagA, glmM, glmU and lgtA) expression strength using different plasmids 
including pCDFDuet-1, pETDuet-1 and pRSFDuet-1
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skeleton for the synthesis of LNT II, playing a dual role in 
regulating the cell growth and product synthesis. There-
fore, an intermittent feeding strategy was adopted using 
GlcNAc as the carbon source and donor, and lactose as 
the acceptor to achieve efficient production of LNT II. 
Figure 6 shows that GlcNAc was consumed rapidly after 
about 12.8 h of fermentation, resulting in a residue con-
centration below 4.5  g   L−1. Simultaneously, the DCW 
reached 8.4  g   L−1. Subsequently, GlcNAc was first sup-
plemented to the system to meet the requirement for cell 
growth. In contrast, IPTG was added in the bioreactor for 
the induction of T7 promoter-mediated gene expression 
after growing at about 6.8 h of the strain. The concentra-
tion of LNT II could be first detected by HPLC with a 
titer of 0.61 g  L−1 after approximately 12 h of induction. 
Moreover, it could be seen that the consumption rate 
of GlcNAc was higher than that of lactose throughout 
the fermentation process. This is because lactose is not 
hydrolyzed to Glc and Gal due to knock-out of the lacZ, 
and the consumption of lactose only acts as an acceptor 
for LNT II synthesis, whereas the decreased GlcNAc is 
not only responsible for cell growth as carbon source, but 
also for LNT II synthesis as a backbone donor. Finally, 
the maximum titer of LNT II reached 15.8  g   L−1 after 
fermentation for 76 h, which was 4.27-fold to that of the 
shake flask fermentation. The highest DCW of EHD29 
reached 23.8  g   L−1, which was 8.6-fold to that of the 
shake flask fermentation. These results demonstrate that 
the engineered E. coli cell factory can be used to syn-
thesize LNT II from GlcNAc feedstock, a monomer of 
chitin.

Numerous studies have been conducted on the produc-
tion of LNT II from chitin biomass or its hydrolysates 
(Table  1). Using a novel β-N-acetylhexosaminidase 
expressed by Pichia pastoris, 8.6 g  L−1 of LNT II was pro-
duced from the reaction system composed of (GlcNAc)2 

(glycosyl donor), one of chitin hydrolysates and β-lactose 
(glycosyl acceptor) [8]. However, a large amount of Glc-
NAc monomer remains in the reaction system due to the 
transglycosylation of β-N-acetylhexosaminidase towards 
(GlcNAc)2 and the hydrolysis of chitin by PbChi70, which 
is a potential issue to be considered. Further, LNT II 
could be in vitro produced from GlcNAc feedstock using 
the OPME method [9]. However, this production strategy 
is only achieved at the level of laboratory research, and 
certain challenges remain for large scale-up production 
in industry. Overall, to the best of our knowledge, this is 
the first report on producing LNT II through the fermen-
tation strategy from GlcNAc feedstock using an engi-
neered E. coli cell factory, providing a novel platform for 
the use of GlcNAc, a monomer of chitin, to produce high 
value-added products.

Conclusions
In this study, the E. coli cell factory was first constructed 
for LNT II biosynthesis based on GlcNAc feedstock after 
introducing heterologous NmlgtA. The combinatorial 
deletion of the bypass pathway-related genes lacZ and 
nanE was beneficial for strengthening the production of 
LNT II, showing a 1.05-fold increase in titer when com-
paring with original strain. The overexpression of NagA 
and GlmM employing higher copy number vector was 
more favorable for LNT II production than GlmU and 
LgtA. The titer of LNT II was increased from 0.12 to 
3.70 g  L−1 step by step in shake flask cultivation. Finally, 
a titer of 15.8  g   L−1 of LNT II was achieved by E. coli 
BL21(DE3)ΔlacZΔnanE harboring pRSF-nagA-glmM, 
pET-glmU and pET-lgtA(CmR) in 3-L bioreactor. All in 
all, our study demonstrated that the engineered E. coli 
cell factory could be used for producing LNT II from 
GlcNAc feedstock, providing a new utilization for Glc-
NAc to produce high value-added products.

Materials and methods
Bacterial strains and plasmids
The Additional file  1: Table  S1 lists all strains and plas-
mids used in this study. E. coli DH5α was used as a host 
strain for cloning and constructing plasmids. E. coli 
BL21(DE3) provided genomic templates for obtaining 
target genes nagA, glmM, and glmU. Plasmids pCDF-
Duet-1, pETDuet-1, pRSFDuet-1 (Novagen) were used 
for gene cloning and expression. pCas (Addgene, #62225) 
and pTargetF (Addgene, #62226) were purchased from 
Addgene and used for CRISPR–Cas9-mediated genome 
editing. Molecular kits for gel recovery and plasmid 
extraction were purchased from Sangon Biotech (Shang-
hai, China).

All primers used in this study are listed in Additional 
file  1: Table  S2 and synthesized by GENEWIZ (Suzhou, 

Fig. 6 Time course curves of DCW of engineered E. coli and 
concentration of LNT II, GlcNAc and lactose during the fermentation 
of engineered E. coli in 3-L bioreactor
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China). The lgtA from Neisseria meningitidis was codon-
optimized by Sangon Biotech (the sequence is shown 
in Additional file  1: Table  S3) and constructed in three 
plasmid vectors: pRSFDuet-1, pETDuet-1, and pCD-
FDuet-1 to obtain plasmids: pRSF-lgtA, pET-lgtA, and 
pCDF-lgtA, respectively [16]. Due to the incompat-
ibility of the same plasmids, antibiotic resistance of cor-
responding vectors was replaced by chloramphenicol 
(Cm), generating pCDFDuet-1(CmR), pETDuet-1(CmR), 
and pRSFDuet-1(CmR). To modulate the gene expres-
sion strength for LNT II synthesis, plasmids with differ-
ent copy numbers (pCDF-nagA-glmM, pET-nagA-glmM, 
pRSF-nagA-glmM, pCDF-glmU, pET-glmU, pRSF-glmU, 
pCDF-glmU(CmR), pET-glmU(CmR), pRSF-glmU(CmR), 
pCDF-lgtA, pET-lgtA, pRSF-lgtA, pCDF-lgtA(CmR), pET-
lgtA(CmR), pRSF-lgtA(CmR)) were used to optimize the 
expression of these genes. All plasmids in this study were 
constructed by the Gibson assembly method [39] (Sam-
uel Miller Lab, UW, Seattle).

Medium, culture conditions, and shake flask fermentation
The shake flask fermentation medium called GlcNAc-
defined medium I was prepared and slightly modi-
fied from previous studies [40]. The GlcNAc-defined 
medium I was composed of 20 g   L−1 GlcNAc, 10 g   L−1 
yeast extract, 13.5 g  L−1  KH2PO4, 4.0 g  L−1  (NH4)2HPO4, 
1.7 g  L−1 citric acid, 1.4 g  L−1  MgSO4·7H2O, 4.5 mg  L−1 
thiamine, and 10 mL  L−1 trace element solution. The trace 
element solution was composed of 10 g  L−1  FeSO4·7H2O, 
2.2 g  L−1  ZnSO4·7H2O, 1.0 g  L−1  CuSO4·5H2O, 0.38 g  L−1 
 MnSO4·H2O, 0.02  g   L−1  Na2B4O7·10H2O, 0.1  g   L−1 
 (NH4)6  Mo7O24, and 2.0  g   L−1  CaCl2. For the fed-batch 
fermentation medium referred to as GlcNAc-defined 
medium II, the components were the same as GlcNAc-
defined medium I, except that the initial concentration 
of GlcNAc was adjusted to 30 g  L−1. The initial pH of all 
media was adjusted to 6.8 before autoclaving at 115  °C 
for 30  min. If necessary, the corresponding antibiotics, 
including 100  μg   mL−1 ampicillin (Amp), 25  μg   mL−1 
Cm, 30 μg  mL−1 kanamycin (Kan), and 50 μg  mL−1 strep-
tomycin (Sm) were added in the fermentation medium 
based on the characteristics of vectors.

The shake flask fermentation was performed as follows. 
A single colony was inoculated into test tubes contain-
ing 4  mL of fresh Luria–Bertani (LB) medium contain-
ing 10 g  L−1 tryptone, 5 g  L−1 yeast extract, and 10 g  L−1 
NaCl, and cultivated at 37  °C, 200  rpm overnight. Sub-
sequently, 200 μL of the cultures were inoculated into 
250-mL shake flasks containing 20 mL of fresh GlcNAc-
defined medium I, and continued to be cultivated at 
37 °C and 200 rpm. When the optical density  (OD600nm) 
reached 0.6–0.8, a final concentration of 1 mM isopropyl-
β-d-thiogalactopyranoside (IPTG) and 5 g   L−1 β-lactose 

were added in the fermentation medium, and further 
incubated at 25 °C, 200 rpm for LNT II production until 
the total fermentation time reached 72 h.

CRISPR/Cas9‑mediated gene knock‑out of lacZ and nanE
The plasmid harboring the Cas9 gene (pCas) was elec-
troporated into the host, and then cultivated in LB 
medium containing 30  μg   mL−1 Kan. Simultaneously, 
30 mM l-arabinose was added to induce the expression 
of λ-red recombinase genes (gam, bet and exo) that could 
help increase the efficiency of homologous recombi-
nation. After cultivation at 30  °C for 3  h, the cells were 
harvested to prepare competent cells. The  N20 upstream 
of single-guide RNA (sgRNA) of lacZ and nanE were 
designed via the online website http:// chopc hop. cbu. 
uib. no/, and subsequently these sequences were inserted 
into the pTargetF plasmid by reverse PCR using pTar-
getF plasmid as template, yielding pTargetF-sg-lacZ and 
pTargetF-sg-nanE, respectively. The upstream (500  bp) 
and downstream (500 bp) of the target gene locus (lacZ 
and nanE) were amplified from the E. coli BL21(DE3) 
genome, respectively, and then further fused together 
by overlapping PCR and inserted to the pTargetF-sg-
lacZ and pTargetF-sg-nanE using the Gibson assem-
bly method, respectively, yielding pTargetT-ΔlacZ and 
pTargetT-ΔnanE plasmids. The constructed pTargetT-
ΔlacZ and pTargetT-ΔnanE were further transformed 
into competent cells harboring pCas by electroporation. 
After cultivation at 30 °C for 1 h to recover the competent 
cells using LB medium, the cells were spread on the LB 
agar plate containing Kan and Sm overnight at 30 °C. The 
pTargetT plasmid of the identified colonies was cured 
by IPTG induction, and the pCas plasmid was killed by 
incubation at 42 °C overnight.

Microbial production of LNT II in 3‑L bioreactor
The fed-batch fermentation was carried out in a 3-L bio-
reactor (Eppendorf, Juelich, Germany) containing 1 L of 
GlcNAc-defined medium II. The detailed operation steps 
were performed as follows. A single colony was inocu-
lated into test tubes containing 4 mL of fresh LB medium, 
and cultivated at 37  °C and 200  rpm overnight. Then, 
1 mL of cultures was inoculated into 500-mL shake flasks 
containing 100  mL of GlcNAc-defined medium I, and 
cultivated at 37  °C and 200 rpm to obtain primary seed 
cultures until the  OD600nm reached 0.6–0.8. The prepa-
ration process of secondary seed cultures was the same 
as that of primary seed cultures. Subsequently, 100  mL 
of secondary seed cultures were all transferred into the 
3-L bioreactor. The airflow rate was set at 1.5–2.0 vvm. 
The dissolved oxygen was dynamically controlled by 
about 30% by automatically adjusting the agitation speed 
of 300–1000 rpm. The pH of the fermentation broth was 

http://chopchop.cbu.uib.no/
http://chopchop.cbu.uib.no/


Page 10 of 11Hu et al. Biotechnol Biofuels          (2021) 14:198 

maintained at 6.9 ± 0.2 by addition of NaOH (6 M) and 
 H2SO4 (3  M) solution under the pH–stat mode. When 
the  OD600nm reached 17, the temperature was shifted to 
20  °C for 20  min, and IPTG and lactose were injected 
to the bioreactor at a final concentration of 0.2  mM 
and 5  g   L−1, respectively. During the entire cultivation, 
when the residue concentration of GlcNAc was below 
5 g   L−1, a storage solution containing 300 g   L−1 of Glc-
NAc, 20 g  L−1 of  MgSO4.7H2O, and 0.2 g  L−1 of thiamine 
were injected to make the final concentration of GlcNAc 
reach about 15 g  L−1. When the residue concentration of 
β-lactose was below 3 g  L−1, a storage solution containing 
200 g  L−1 of β-lactose was also injected to make the final 
concentration of β-lactose reach about 5 g  L−1.

Analytical methods
The  OD600nm was measured by a spectrophotometer, and 
the dry cell weight (DCW) was calculated from  OD600nm 
data based on the formula (1  OD600nm ≈ 0.35 g  L−1) [39]. 
The cells were collected from the culture broth by cen-
trifugation at 12,000  rpm for 5  min. High-performance 
liquid chromatography (HPLC) (Waters e2695, Mil-
ford, MA, USA) equipped with the Rezex ROA-Organic 
Acid  H+ (8%) column (Phenomenex Inc., Torrance, 
CA, USA) was used to detect the content of LNT II, 
β-lactose, and GlcNAc in the culture broth. A total of 
5  mM  H2SO4 was used as the mobile phase and eluted 
at a flow rate of 0.6  mL   min−1 under a column tem-
perature of 60  °C. An ultra-performance liquid chro-
matography–mass spectrometry (UPLC–MS) system 
was used to identify the LNT II product in the culture 
broth. The WATERS MALDI SYNAPT Q-TOF MS (Mil-
ford, MA, USA) equipped with a WATERS ACQUITY 
UPLC chromatograph and a BEH AMIDE analysis col-
umn (2.1  mm × 100  mm, 1.7  μm) was used to analyze 
the standards and samples under the positive ion mode 
using the following conditions: capillary, 3.5  kV; cone, 
20 V; source block temperature, 100 °C; desolvation tem-
perature, 400 °C; desolvation gas flow, 700 L  h−1; cone gas 
flow, 50 L   h−1; collision energy, 6 eV; mass range (m/z), 
50–1500; detector voltage, 2100 Volts. The column was 
eluted with the mobile phase solvent A (80% (v/v) ace-
tonitrile and 0.1% (v/v)  NH3·H2O) and solvent B (30% 
(v/v) acetonitrile and 0.1% (v/v)  NH3·H2O) at a flow rate 
of 0.3 mL  min−1 at 45 ℃. The time elution procedure was 
as follows: 0 min, (100% A); 0.1–6 min, (60% A and 40% 
B); 6–6.1 min, (100% A).
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