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ABSTRACT

Human milk oligosaccharides are the third largest solid component in breast milk and have functions
such as regulating the intestinal flora, inhibiting the growth of pathogens, influencing the immune
response of infants, and promoting brain development. Currently, the synthesis methods of human
milk oligosaccharides include chemical synthesis, enzymatic synthesis and microbial fermentation.
Chemical synthesis has low efficiency and doubts about product safety; enzymatic synthesis has a
high conversion rate, but the substrate cost is high and the enzyme activity is unstable. Microbial
fermentation can use Escherichia coli, yeast, Bacillus subtilis and Corynebacterium glutamicum as
chassis strains, but it is not possible to determine the pros and cons of the research on chassis
strains. At present, many kinds of human milk oligosaccharides have been approved by many
countries as food additives or new raw materials and have application potential in many fields.
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1. INTRODUCTION

Human milk oligosaccharides (HMOs) are the third largest solid component in breast milk, which is
formed by 3-6 sugar groups [1]. At present, more than 200 kinds of oligosaccharides have been
determined [2], and they can usually be divided into acidic human milk oligosaccharides and neutral
human milk oligosaccharides. Acidic human milk oligosaccharides contain sialic acid, such as 3'-
sialyllactose (3'-SL) and 6'-sialyllactose (6'-SL). Neutral human milk oligosaccharides can be divided
into fucosylated human milk oligosaccharides such as 2'-fucosyllactose (2’-FL), 3'-fucosyllactose (3'-
FL), and difucosyllactose (DFL), and non-fucosylated human milk oligosaccharides such as lacto-N-
tetraose (LNT) and lacto-N-neotetraose (LNNT) [3-5].

2. THE EFFICACY OF HUMAN MILK OLIGOSACCHARIDES

Human milk oligosaccharides can regulate the intestinal flora, enhance the intestinal barrier, promote
the proliferation of probiotics and inhibit the growth of harmful bacteria [6-9]. Sialic acid
oligosaccharides can inhibit the proliferation of intestinal epithelial cells and induce cell
differentiation by binding to receptor of the epidermal growth factor (EGF), which can promote the
maturation of intestinal [10-11]. Some human milk oligosaccharides, which contains the structure
that is similar to the glycan receptor on the cell surface, can reduce the infection of intestinal epithelial
cells by pathogens [12], such as LNT and LNnT can inhibit the adhesion of Streptococcus
pneumoniae to epithelial cells [13]. HMOs can also regulate the expression of intestinal epithelial
cells and indirectly affect the immune response of infants [14], such as 2'-FL inhibits the
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inflammatory response by down-regulating the expression of lipopolysaccharide receptors on the
surface of intestinal epithelial cells [15]. The sialic acid group existing in the structure of acidic human
milk oligosaccharide can promote brain development by providing N-acetylneuraminic acid and
gangliosides for infants during the growth stage [16-17]. In addition, the research demonstrates that
2'-FL can enhance cognitive ability, improve learning ability and enhance memory [18].

3. THE SYNTHESIS METHODS OF HUMAN MILK OLIGOSACCHARIDES
3.1. Chemical Synthesis Method

Chemical reactions, which are rapidly and efficiently, can obtain the products directly, due to the
intermediate products do not require purification. Murata et al [19] used LNB-B-pNP and lactose as
the donor and receptor respectively to synthesize LNT by the transglycosylation reaction of lactoyl-
N-diglycosidase, and when the reaction time was 3 hours, the yield was approximately 3.7%.
Miermont et al. [20] used monosaccharides and lactose as the donor and receptor respectively to
synthesize LNNT by assembling and modifying the monosaccharides by glycosylation reaction, with
a yield of 40-60%. The overall synthesis efficiency of human milk oligosaccharides by chemical
methods is low. In addition,

It needs multiple organic reagents during the synthesis process of human milk oligosaccharides that
they are a kind of food-grade raw material, which exists the concerns about the safety of the product.

3.2. Enzymatic Synthesis Method

Enzymatic synthesis is a process to synthesize the final product through multi-step reactions using
enzymes which are selected or modified from different microbial sources and different substrates
with suitable conditions. Johnson et al. introduced the genes encoding (-1,3-acetylglucosamine
aminotransferase (IgtA) and galactosyltransferase (IgtB) into Escherichia coli for expression to
synthesize LNNT through a two-step method: the first step was to synthesize the intermediate product
LNTII that was catalyzed by pB-1,3-acetylglucosamine aminotransferase (IgtA) by using UDP-
acetylglucosamine as the substrate and lactose as the receptor; the second step was to synthesize the
final product LNNT that was catalyzed by galactosyltransferase (IgtB) by using UDP-galactose as the
substrate and LNTII as the receptor; and the yield of the entire process was approximately 85% [21].
Wehmeier et al. prepared 2'-FL through two steps: the first step was to synthesize the intermediate
product GDP-L-fucose that was catalyzed by GDP-D-mannose-4,6-dehydratase (Gmd) and GDP-L-
fucose synthase (WcaG) by using GDP-D-mannose as the substrate; the second step was to synthesize
the end product 2'-FL that was catalyzed by the glycosylation of a-1,2-fucosyltransferase by using
GDP-L-fucose as the substrate and lactose as the receptor; and the yield of the entire process was
approximately 65% [22]. The advantages of Enzymatic Synthesis are that is relatively simple for the
reaction components and that is high for the conversion rate, however, it is the restricting factors for
large-scale production to cost more on substrates and to maintain enzyme activity consistently stable.

3.3. Microbial Fermentation Method

The microbial fermentation method can utilize synthetic biology approaches to modify the metabolic
pathways that exist within the microbial cells themselves or construct a set of metabolic pathways
from scratch within the microbial cells for the production of target products. Currently, some
engineered bacteria such as Escherichia coli, yeast, Bacillus subtilis, and Corynebacterium
glutamicum have been modified for the production of human milk oligosaccharides by using synthetic
biology and metabolic engineering techniques.
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3.3.1. Escherichia coli for HMOs Production

Escherichia coli is a well-studied model microorganism. Compared with other microorganisms, it is
studied more thoroughly on the genetic background and gene editing technology that leads to that is
easier to edit and express genes. Parschat et al. [23] integrated the genes of the key pathway enzymes
and the fucosyltransferase on the genome of the Escherichia coli to construct the de novo synthesis
pathway that was used to produce 2'-FL in the process of fed-batch fermentation that leaded to a yield
of 64 g/L by consuming sucrose that could synthesize the substrate GDP-L-fucose while providing
energy and lactose with the catalysis of fucosyltransferase. Zhang et al. [24] imported the genes of
the key enzymes that were used to synthetize the 5'-monophosphate adenosine nucleoside - disodium
sialic acid (CMP-Neu5Ac) and the a-2,3-sialyltransferase (a-2,3-SiaT) into the Escherichia coli that
was used to produce 3'-SL in the process of fed-batch fermentation that leaded to a yield of 23.1 g/L
by consuming glycerol that could synthesize the substrate CMP-Neu5Ac while providing energy and
lactose with the catalysis of a-2,3-SiaT. Hu et al. [25] screened 12 key genes that could affects the
synthesis of LNNT by double-plasmid system in the Escherichia coli, and optimized the copy number
of the key genes in a modular manner to affect the expression of key enzymes that could improve the
yield that could reach 13.25 g/L by fed-batch fermentation of the product.

3.3.2. Yeast for HMOs Production

Yeast is a eukaryote and most of them have high safety, such as Saccharomyces cerevisiae. And yeast
is often used as an engineered bacterium for industrial production, because it is convenient to achieve
high-density cultivation due to the rapid reproduction of yeast and is less likely to form inclusion
bodies during the cultivation process. Hollands et al. [26] integrated the gene of fucosyltransferase
FucT2 into the Saccharomyces cerevisiae and Yarrowia lipolytica to constructe the de novo synthesis
pathway of 2'-FL, meanwhile, the gene of Lac12 (derived from Kluyveromyces lactis) and the gene
of CDT2 (derived from Neurospora crassa), which were screened to enhance the transport capacity
of lactose and 2'-FL, were integrated respectively into the above two yeasts that were used to product
2'-FL that was obtained the yield that could reach 15 g/L and 24 g/L respectively by fed-batch
fermentation. Lee et al. [27] imported the genes of the enzymes of Gmd, WcaG, and WbgL to
construct the de novo synthesis pathway of 2’-FL and the gene of the lactose transporter (Lac12) that
could accelerate the transport of lactose into the Saccharomyces cerevisiae that could utilize xylose
efficiently, there was 25.5 g/L 2'-FL could be produced with with xylose as the carbon source and
lactose as the substrate in the fed-batch fermentation.

3.3.3. Bacillus subtilis for HMOs Production

Bacillus subtilis is a Gram-positive bacterium and generally regarded as safe (GRAS). It proliferates
faster and has a high ability to secrete and produce recombinant proteins, which has important
industrial application value in metabolic engineering and synthetic biology. Ji et al. [28] constructed
the de novo synthesis pathway of 2’-FL in Bacillus subtilis and improved the utilization rate of lactose
by knocking out the B-galactosidase that could degrade lactose and importing the gene of lacY that
could enhance the transport capacity of lactose, there was 31.2 g/L of 2'-FL could be produced with
xylose and glycerol as carbon sources and lactose as the substrate in the fed-batch fermentation. Dong
et al. [29] imported the genes of B-1,3-acetylglucosamine aminotransferase (IgtA) and [B-1,4-
galactosyltransferase (LgtB) into Bacillus subtilis which carried the gene of B-galactoside
permease(LacY) that could improve the utilization rate of lactose to construct the LNNT synthesis
pathway, there was 4.52 g/L of LNnT could be produced with glucose as carbon sources and lactose
as the substrate in the fed-batch fermentation when the supply of the two precursors UDP-GIcNAc
and UDP-Gal was balanced by optimizing the expression levels of IgtA and LgtB. Zhang et al. [30]
constructed the de novo synthesis pathway of 2'-FL in Bacillus subtilis to obtain the final strain BS21
by knocking out the gene of B-galactosidase that could reduce the consumption of lactose, over
expressing the gene of the ndk that could promote the conversion of GMP to GTP to enhance energy
supply, and optimizing the type of promoter of the pathway enzymes. It was 88.3 g/L. of 2'-FL to be
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produced by using a 3L fermenter for the verification of the strain, which was the highest yield of 2'-
FL prepared with Bacillus subtilis as the chassis strain at present.

3.3.4. Corynebacterium glutamicum for HMOs Production

Corynebacterium glutamicum is a kind of Gram-positive bacteria and generally regarded as safe
(GRAS) [31] in microbiology, which has endogenous phosphomannomutase gene (manB) and GTP-
mannose-1-phosphate guanyltransferase gene (manC) [32]. Chin et al [33]. constructed the de novo
synthesis pathway that introduced the gmd and wcaG genes which were derived from Escherichia
coli into Corynebacterium glutamicum to obtain 86.2 mg/L GDP-L-fucose by optimizing the
expression levels of manB, manC, gmd and wcaG genes. It is successful to construct the metabolic
pathway of GDP-L-fucose that is an important precursor substance for the synthesis of 2’-FL and 3'-
FL, which provides the possibility to synthesize 2’-FL and 3'-FL. Seo et al. [34] constructed the de
novo synthesis pathway of 2'-FL that could be produced 8.1 g/L in the fed-batch with glucose as the
carbon source by introducing the genes of GDP-mannose dehydratase (Gmd), GDP-L-fucose
synthase (WcaG), lactose permease (Lac Y) and a-1,2-fucosyltransferase into Corynebacterium
glutamicum

Currently, Escherichia coli which has simple structure and is researched more mature on genetic
background and gene editing technology is the most of the chassis strains that is usually can get a
high yield for the production of HMOs. Due to Escherichia coli has the disadvantages that can be
infected phage easily and can produce endotoxins, some of the other GRAS microbial chassis strains
which is used to produce HMOs, such as Saccharomyces cerevisiae, Yarrowia lipolytica, Bacillus
subtilis and Corynebacterium glutamicum, etc, have fewer available genetic elements and dynamic
regulation tools [35], which will generate significant challenges to construct strain and improve yield.

4. CONCLUSION

At present, various types of human milk oligosaccharides have been approved by different countries
or regions that include FDA, EFSA or FSANZ, etc, as food additives or new food raw materials to
be added to foods. In 2023, the National Health Commission of China approved two types of human
milk oligosaccharides as new varieties of food nutrition fortifiers, allowing them to be used in
formulated milk powder, infant formula foods, and infant formula foods for special medical purposes.
It is reported that the global biosynthetic HMO market has achieved sales of 459 million dollars in
2022 that has more than 87% in the North American and European and is expected to reach 2.153
billion dollars in 2029 that is expected to have the fastest growth which is up to 46.37% of CAGR in
the Asia-Pacific region, which has a compound annual growth rate of 24.55%. It is a large market
and developing foreground for HMO on the areas such as infant formula milk powder, health
supplements, health care, animal health, and personal care, etc, and with the development of
technology, the market space will be continued to expand.
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