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A B S T R A C T   

2′-Fucosyllactose (2′-FL) has great application value as a nutritional component and the whole cell biosynthesis of 
2′-FL has become the focus of current research. Yarrowia lipolytica has great potential in oligosaccharide synthesis 
and large-scale fermentation. In this study, systematic engineering of Y. lipolytica for efficient 2′-FL production 
was performed. By fusing different protein tags, the synthesis of 2′-FL was optimized and the ubiquitin tag was 
demonstrated to be the best choice to increase the 2′-FL production. By iterative integration of the related genes, 
increasing the precursor supply, and promoting NADPH regeneration, the 2′-FL synthesis was further improved. 
The final 2′-FL titer, 41.10 g/L, was obtained in the strain F5-1. Our work reports the highest 2′-FL production in 
Y. lipolytica, and demonstrates that Y. lipolytica is an efficient microbial chassis for the synthesis of 
oligosaccharides.   

1. Introduction 

Human milk oligosaccharides (HMOs), a class of important nutri-
tional components in human milk, are essential for the healthy growth of 
infants because of the regulatory and protective influence on the infant’s 
immune system and gastrointestinal system [1–3]. 2′-Fucosyllactose 
(2′-FL), as the oligosaccharide with the highest content in HMOs, has 
been permitted for using in infant formula as nutritional additives by 
several authorities for its unique immune function [4,5]. Therefore, the 
production methods of 2′-FL have become the focus of current research. 

Various 2′-FL production routes have been reported [6,7]. With the 
development of synthetic biology techniques, microbial synthesis shows 
significant potential for practical applications [8,9]. The salvage 
pathway and the de novo pathway are the main pathways for 2′-FL 
synthesis using microorganisms and have been achieved in a variety of 
microorganisms [10–13]. Among these microorganisms, Escherichia coli 
is the most common chassis, and the remarkable production of 2′-FL, 
112.56 g/L, was obtained by optimizing the source of the α-1, 2-fucosyl-
transferase [14–16]. Bacillus subtilis also showed certain advantages and 
88.3 g/L 2′-FL was attained in the recombinant B. subtilis strain by 
pathway optimization [11]. In addition, yeasts with generally recog-
nized as safe (GRAS) status are also potential cell factories for 2′-FL 

synthesis, such as Saccharomyces cerevisiae and Yarrowia lipolytica have 
been engineered to synthesize 2′-FL, and 32.05 g/L was obtained in 
S. cerevisiae, while 24 g/L 2′-FL was reported in Y. lipolytica [13,17,18]. 

Y. lipolytica has become a commonly used chassis for the biosynthesis 
of many types of target products, including oils, organic acids, terpe-
noids, flavones, and proteins [19–25]. The capacity to tolerate stress 
from the external environment and the ability to utilize different sub-
strates to synthesize high-value compounds make it suitable for the in-
dustrial production of products of interest, particularly functional food 
ingredients [26–28]. Besides, Y. lipolytica has a high glycolytic flux, 
which facilitates the synthesis of the precursor GDP-D-mannose, making 
it suitable for 2′-FL production. There is no colanic acid synthesis 
pathway in Y. lipolytica cells, which reduces the consumption of 
GDP-L-fucose. However, the production in Y. lipolytica still has no 
advantage over that in other microorganisms; therefore, it is necessary 
to optimize the synthesis of 2′-FL to achieve large-scale industrial pro-
duction using Y. lipolytica. 

Many metabolic engineering strategies have been applied to improve 
2′-FL production, including optimizing the expression of key enzyme 
genes, enhancing the supply of precursors, promoting cofactor regen-
eration, and so on. We present examples of the optimization of the 2′-FL 
synthesis pathway in various microorganisms using the above strategies, 
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which have been shown to increase 2′-FL production (Table S1) [10,11, 
13,15,16,29–34]. α-1, 2-fucosyltransferase (FutC) is a rate-limiting 
enzyme in the synthesis of 2′-FL. Screening for FutC from different 
sources or increasing the expression of FutC by adding protein tags has 
been proved to be an effective way to promote the production of 2′-FL 
[29,30]. GDP-L-fucose is a direct precursor for the synthesis of 2′-FL, 
while GDP-D-mannose is a key precursor for the synthesis of GDP-L-fu-
cose. The GDP-D-mannose synthesis pathway is present in most micro-
organisms, which is catalyzed by three main enzymes, including 
mannose-6-phosphate isomerase (Pmi40), phosphomannomutase 
(Sec53), and mannose-1-phosphate guanylyltransferase (Psa1). Studies 
have shown that the synthesis of GDP-D-mannose can be enhanced by 
overexpression of the genes encoding the above enzymes, thus providing 
more precursors for 2′-FL synthesis and promoting the accumulation of 
2′-FL [11,32–34]. NADPH also plays an important role in the synthesis of 
2′-FL as an essential cofactor. The synthesis of GDP-L-fucose requires the 
participation of NADPH. Overexpression of genes involved in NADPH 
regeneration pathways could also facilitate the synthesis of 2′-FL [30, 
32]. Here, optimizing the 2′-FL synthesis pathway and the cofactor 
regeneration pathway, the final recombinant Y. lipolytica strain pro-
duced 41.10 g/L 2′-FL. Our work provides another alternative efficient 
production platform for 2′-FL synthesis. 

2. Material and methods 

2.1. Strains and culture conditions 

The E. coli strains were used for plasmids construction and cultured 
in Luria-Bertani (LB) medium. Y. lipolytica strains used for 2′-FL syn-
thesis (Table 1) were grown using YPD medium, or in SD minimal me-
dium lacking leucine or tryptophan (TaKaRa, Beijing, China) for 
selection. 5 g/L lactose and 80 g/L glucose were used for shake-flask 
fermentation. 

For shake-flask fermentation, the 2′-FL-production strains were 
firstly activated on a solid YPD plate, then transferred into liquid YPD for 
a second activation, and finally transferred into 50 mL of YPD medium 
containing 80 g/L glucose at a concentration of 2 % and incubated for 
144 h before measuring the 2′-FL titer. For the fed-batch fermentation, 
the 2′-FL-production strains were activated on solid YPD medium for 24 
h; and a single colony was picked up to 50 mL of liquid YPD for the 
second activation, then transferred into 200 mL of liquid YPD medium 
for the third activation, and finally transferred into fermentation me-
dium (2 % yeast extract, 4 % tryptone, 7 % initial glucose). 10 M NaOH 
was used to adjust the pH to about 5.5, and the pO2 was controlled at 20 
% with the control of agitation speed, and the aeration was maintained 
at the rate of 2 v/v/min. 

2.2. Construction of plasmids 

To construct the 2′-FL-producing strains, the TEFin promoter, the EXP 
promoter and the GPD promoter were used to regulate the expression of 
klLAC12 (encoding lactose transporter, Lac12), maGMD (encoding GDP- 
D-mannose-4,6-dehydratase, Gmd), and hpGMER (encoding GDP-L- 
fucose synthase, Gmer), respectively. HpFutC (encoding ɑ-1,2-fucosyl-
transferase, FutC) was inserted into the plasmid pLEP-leu to construct 
the episomal plasmid pLEP-hpFutC [35]. Small ubiquitin-related mod-
ifier (SUMO), glutathione S-transferase (GST), thioredoxin A (TrxA), 
dithiol oxidase (DsbA), ubiquitin (Ub) and maltose binding protein 
(MBP) were codon optimized and synthesized (Table S2). The protein 
tags were fused to the N-terminus of hpFutC, and cloned into the plasmid 
pLEP-leu, respectively, using the methods described above. Finally, the 
klLAC12, maGMD and hpGMER gene expression cassettes were cloned 
into the NdeI restriction site of pLEP-hpFutC series plasmids to obtain the 
episomal plasmids pLEP-hpFutC-GGL, pLEP-Ub-hpFutC-GGL, pLEP-Ds-
bA-hpFutC-GGL and so on. 

For the construction of integrated plasmids, the expression fragment 
of Ub-hpFutC was amplified by PCR using pLEP-Ub-hpFutC-GGL as the 
template, and the expression fragments for klLAC12, maGMD and 
hpGMER were also amplified by PCR. The vector backbone containing 
the URA3 selection marker was amplified using plasmid 113-GPD-TEF as 
the template [36]. The gene expression fragments were assembled to 
obtain the plasmid pULUF-GG, and the linearized plasmid was obtained 
by digestion with the restriction enzyme PmlI. By inserting the 
hygromycin resistance gene (hyg) into the SmaI restriction site of 
pULF-GG, the plasmid pHLUF-GG was obtained, and linearization of the 
plasmid was acquired by PmlI digestion. 

The genes PMI40 (encoding Pmi40, YALI0_B18348g), SEC53 
(encoding Sec53, YALI0_D13112g), and PSA1 (encoding Psa1, 
YALI0_C06490g), were amplified from the genome of Y. lipolytica PO1f. 
PMI40, SEC53 and PSA1 were regulated by the TEF promoter, hp4d 
promoter and TEFin promoter as well as the VMA terminator, XPR 
terminator and LIP terminator, respectively. The vector backbone con-
taining the Leu selection marker was amplified using plasmid 114-hp4d- 
EXP as the template. The plasmid 114-PMI40-SEC53-PSA1 was obtained 
by Gibson assembly method [37], and the linearized plasmid was ob-
tained by XbaI digestion. 

The plasmids of pTrp-ZWF1, pTrp-PGL, pTrp-GND1, and pZPG were 
constructed to enhance NADPH regeneration. ZWF1 (encoding glucose- 
6-phosphate dehydrogenase, Zwf1, YALI0_E22649g), PGL (encoding 6- 
phosphogluconolactonase, Pgl, YALI0_C19085g), and GND1 (encoding 
6-phosphogluconate dehydrogenase, Gnd1, YALI0_B15598g) were 
regulated by the GPD promoter in the episomal plasmids pTrp-ZWF1, 
pTrp-PGL, and pTrp-GND1, and regulated by the TEFin promoter, GPD 
promoter, and TEF promoter in the plasmid pZPG, respectively. The 
vector backbone containing the Trp selection marker was obtained from 
the plasmid pCAS1yl-Trp and these above plasmids were constructed by 
Gibson assembly method [38]. The restriction enzyme XbaI was used to 
linearize the plasmid pZPG. All plasmids were listed in Table S3. Primers 
(Table S4) and the heterologous genes were synthesized by TsingKe 

Table 1 
Y. lipolytica strains used in this study.  

Strains Description Source 

PO1f MatA, Leu2-270, URA3-302, xpr2-322, axp-2 INRA 
F0 PO1f with episomal plasmid pLEP-hpFutC-GGL This 

study 
F0-SUMO PO1f with episomal plasmid pLEP-SUMO-hpFutC-GGL This 

study 
F0-Ub PO1f with episomal plasmid pLEP-Ub-hpFutC-GGL This 

study 
F0-DsbA PO1f with episomal plasmid pLEP-DsbA-hpFutC-GGL This 

study 
F0-MBP PO1f with episomal plasmid pLEP-MBP-hpFutC-GGL This 

study 
F0-TrxA PO1f with episomal plasmid pLEP-TrxA-hpFutC-GGL This 

study 
F0-GST PO1f with episomal plasmid pLEP-GST-hpFutC-GGL This 

study 
F1 PO1f with integrated fragment of linearized plasmid 

pULUF-GG 
This 
study 

F1- 
4ΔUra3 

F1-4 recycling URA3 selection marker This 
study 

F2 F1-4ΔUra3 with integrated fragment of linearized 
plasmid pULUF-GG 

This 
study 

F3 F2-4 with integrated fragment of linearized plasmid 
pHLUF-GG 

This 
study 

F4 F3-5 with integrated fragment of linearized plasmid 
pMAN 

This 
study 

F4-ZWF1 F4with episomal plasmid pTrp-ZWF1 This 
study 

F4-PGL F4 with episomal plasmid pTrp-PGL This 
study 

F4-GND1 F4 with episomal plasmid pTrp-GND1 This 
study 

F5 F4-2 with integrated fragment of linearized plasmid pZPG This 
study  
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(Beijing, China). 
In some experiments, the URA3 selection marker was recycled 

through the Cre-loxP system which was achieved by transformation of 
the episomal plasmid pUB4-Cre; and the knockout of Trp gene was 
achieved by CRISPR/Cas9 system. The lithium acetate method was used 
for the transforming of Y. lipolytica [39]. 

2.3. Analytical methods 

The concentration of 2′-FL, glucose, and lactose were detected by 
HPLC. The Shimadzu LC-20AT and a Rezex ROA Organic Acid H + (8 %) 
Column were used. The column temperature was set at 65 ◦C and the 
refractive index detector temperature was set at 40 ◦C. 5 mM H2SO4 was 
used as the mobile phase (0.6 mL/min). The extracellular 2′-FL and 
lactose were measured from the supernatant of the fermentation broth. 
To determine intracellular 2′-FL production, 1 mL of fermentation broth 
was centrifuged (12,000 g, 2 min), collected, washed, and the sediment 
was resuspended with distilled water, and crushed by high-speed 
grinding, then boiled for 10 min to lyse the cells, and then the super-
natant was collected (12,000 g, 5 min) and detected by HPLC. The cells 
were collected, dried and weighed to get the dry cell weight (DCW) and 
the optical density at 600 nm (OD600) was used to evaluate the cell 
growth. The total 2′-FL concentration is the sum of the extracellular 2′-FL 
concentration and the intracellular 2′-FL concentration. 

3. Results and discussion 

3.1. Construction of the 2′-FL biosynthesis pathway and promoting its 
synthesis by fusion protein tags 

Four exogenous enzymes, Lac12 (XP_452193), Gmd (ADC54120), 
Gmer (WP_001002442), and FutC (ABO61750), were introduced into 
Yarrowia lipolytica PO1f (Fig. 1A) to obtain a 2′-FL-producing strain. 

Lac12 from Kluyveryomyces lactis was introduced into Y. lipolytica to 
enable it to transport lactose from the extracellular to the intracellular; 
Gmd from Mortierella alpina and Gmer from Helicobacter pylori were 
employed to synthesize the precursor GDP-L-fucose; FutC from Heli-
cobacter pylori 26695 was selected to catalyze the last step reaction of 2′- 
FL synthesis because, in Y. lipolytica, it was proven to be more appro-
priate for the production of 2′-FL [10,11,13]. MaGMD, hpGMER, 
klLAC12, and hpFutC were overexpressed using strong promoter PEXP1, 
promoter PGPD, promoter PTEFin, and promoter Put8, respectively. The 
strain F0 was obtained after transformation with the episomal plasmid 
pLEP-hpFutC-GGL containing the above genes, in which 0.10 g/L 2′-FL 
was detected (Fig. 1B), whereas no 2′-FL was detected in PO1f. 

It has been proved that suitable protein tags can improve the 
expression of target protein [40,41] and maintain the stability of protein 
[42]. Hence, we fused FutC with various protein tags including SUMO, 
TrxA, DsbA, GST, Ub and MBP to optimize its expression and ultimately 
achieve the purpose of enhancing 2′-FL synthesis. The protein tags were 
attached to FutC via a GS linker and transformed into yeast. The results 
showed that the strains expressing FutC fused with SUMO tag 
(F0-SUMO), Ub-tag (F0-Ub), and DsbA-tag (F0-DsbA) can produce 2′-FL, 
with 0.20 g/L, 0.23 g/L, and 0.21 g/L 2′-FL, respectively, while the 
strains expressing FutC fused with other protein tags did not accumulate 
2′-FL (Fig. 1B). 

In some reports on 2′-FL biosynthesis, protein tags have been used to 
optimize the expression of the key enzyme FutC and thus promote 2′-FL 
synthesis. Lin et al. tried several protein tags to increase the intensity of 
FutC expression in E. coli, including TrxA, MBP, SUMO, and NusA, and 
finally found that the strain expressing TrxA-futC had the highest 2′-FL 
titer, showing a 1.7-fold increase over the untagged FutC strain [10]; 
Protein tags have not only been shown to have a promotional effect on 
FutC expression in prokaryotes, but are equally effective in eukaryotes. 
Hollands et al. found that expression of FutC fused with SUMO tags 
increased the 2′-FL titer of S. cerevisiae by 30 %, and increased the 2′-FL 

Fig. 1. Effect of expression of FutC fused with different protein tags on 2′-FL titer. (A) Schematic digram of the 2′-FL biosynthetic pathway. (B) Effect of different 
protein tags on 2′-FL production. The data was derived from the results of three repeated experiments. 
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titer of Y. lipolytica by about 10-fold [13]. In this study, the expression of 
FutC fused with Ub tag, SUMO tag and DsbA tag clearly promoted 2′-FL 
accumulation, especially for Ub tag. Our research demonstrated that 
fusing FutC with a protein tag could indeed facilitate the accumulation 
of more 2′-FL. This might be due to the fact that the introduction of 
protein tags has certain effects on the expression level or stability of 
FutC. However, no 2′-FL was detected in strains expressing FutC fused 
with TrxA, MBP, and GST tags, and we hypothesized that there could be 
several reasons for this. First, although TrxA, MBP, and GST can promote 
the expression of FutC in E. coli, and the effect of the TrxA tag is very 
significant, due to the differences between prokaryotes and eukaryotes 
in the process of translation and modification of proteins, these tags may 
not be suitable for promoting the accumulation of 2′-FL in Y. lipolytica. 
Second, the fusion of TrxA, GST, and MBP may result in decreased 
expression or stability of FutC, resulting in low production of 2′-FL that 
could not be detected by HPLC. 

The 2′-FL accumulation in the strain F0-Ub was 1.15 times than that 
in the F0-SUMO strain, indicating that Ub tag is another protein tag 
besides SUMO tag that can promote the synthesis of 2′- FL in Y. lipolytica. 
Ubiquitin is a stable folded protein with a small molecular weight and 
has a variety of functions in cells [43]. In E. coli, the α-helical antimi-
crobial peptide A20L fused with the Ub tag had a higher expression level 
than of that fused with the SUMO tag [44]. In our research, the strains 
expressing Ub-FutC were able to produce more 2′-FL, which we specu-
lated might be due to the fact that the fusion of the Ub tag could promote 
the functional expression of FutC or help maintain the stability of FutC. 
However, low copy episomal plasmids were used to keep the copy 
number of the genes encoding the different fusion proteins equal in the 
cells, resulting in low expression of the FutC, making it difficult to 
further verify the expression of FutC at the protein level. Our study 
found that the Ub tag fusion could promote 2′-FL accumulation, and 
even exhibited better effects than the SUMO tag. It provides a new 
optimization method for the expression of exogenous proteins in 
Y. lipolytica. Therefore, the Ub tag was chosen for optimizing FutC 
expression in Y. lipolytica. 

3.2. Iterative integration of the 2′-FL synthesis pathway 

To obtain strains stably producing 2′-FL, the integration plasmid 
pULUF-GG was constructed and transformed into Y. lipolytica PO1f, and 
the best transformant F1-4 producing 0.71 g/L 2′-FL was obtained 
(Fig. 2A and B). 

It has been shown that multicopy integration of related genes can 
promote 2′-FL accumulation [10,45]. Iterative integration is an effective 
method for multicopy integration. For example, in Y. lipolytica, the 
synthesis of β-carotene has been greatly enhanced by the iterative 
integration of related enzymes [46]. Therefore, to promote the 2′-FL 
accumulation, we performed a second round of integration of 2′-FL 
synthesis-related genes. First, the URA3 selection marker of the strain 
F1-4 was recycled through the Cre-LoxP system to obtain the strain 
F1-4Δura3. Then, the linearized plasmid pULUF-GG was transformed 
into the strain F1-4Δura3 for the second round of integration, and 8 
transformed strains were selected for shake-flask fermentation. Here, 
0.85 g/L 2′-FL was produced by the strain F2-4 (Fig. 2B), and it was 
about 19.7 % higher than that of the strain F1-4. Compared with the 
F1-series strains obtained after the first round of integration, the 
F2-series strains obtained after the second round of integration showed 
an increase in average 2′-FL production (Fig. 2B), indicating that itera-
tive integration did promote the 2′-FL accumulation. Then, a third round 
of integration was performed based on the strain F2-4. 

For the third round of integration, the plasmid pHLUF-GG containing 
the selection marker of hyg was linearized and transformed into the 
strain F2-4 for random integration into the genome. The average 2′-FL 
production of the F3 series strains was significantly improved again. We 
obtained the strain F3-5 with 1.13 g/L 2′-FL (Fig. 2B). The titer of the 
strain F3-5 showed about 32.9 % higher than that of the strain F2-4. 

The results showed that iterative integration significantly improved 
the titer of the product. Iterative integration can increase gene copy 
numbers and thus improve the expression of the related enzymes. 
Increased expression of Gmd and Gmer might drive more GDP-L-fucose 
synthesis, which, combined with high levels of FutC expression, leads to 
more 2′-FL accumulation. 

Fig. 2. Enhanced 2′-FL production by iterative integration. (A) Plasmid construction for co-overexpression of Ub-hpFutC, klLAC12, maGMD and hpGMER. (B) 2′-FL 
production in strains obtained after the first, second, and third rounds of plasmid integration, respectively. The dashed line indicates the average level of 2′-FL 
production for each group of strains. The data was derived from the results of three repeated experiments. 
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3.3. Increasing the precursor GDP-D-mannose supply 

As the direct precursor of 2′-FL, GDP-L-fucose was synthesized by 
Gmd and Gmer using GDP-D-mannose as a precursor. Studies have 
shown that increasing the supply of GDP-D-mannose could enhance 2′-FL 
production [33]. Thus, we overexpressed the GDP-D-mannose synthesis 
pathway in hopes of achieving the target of promoting 2′-FL synthesis. 

GDP-D-mannose can be produced from fructose-6-phosphate through 
the catalysis of three enzymes: Pmi40, Sec53, and Psa1, encoded by 
PMI40, SEC53, and PSA1, respectively. Therefore, the GDP-D-mannose 
synthesis pathway was enhanced by simultaneously overexpressing 
PMI40, SEC53, and PSA1 to facilitate 2′-FL synthesis. PMI40, SEC53, and 
PSA1 were controlled by PTEF, Php4d, and PTEFin, respectively (Fig. 3A) 
and the linearized plasmid pMAN was transformed into the strain F3-5, 
to generate strains F4-1 to F4-8, respectively. As shown in Fig. 3B, the 
strain F4-2 produced 1.84 g/L 2′-FL, which showed a significant increase 
compared with the strain F3-5. Compared with the strain F3-5 (0.064 g/ 
g DCW), the 2′-FL yield of the strain F4-2 (0.077 g/g DCW) was increased 
by 20.3 %, and the 2′-FL yield on glucose of the strain F4-2 was also 
increased by 33.3 % (Fig. 3C), indicating that overexpression of PMI40, 
SEC53, and PSA1 under the control of strong promoters resulted in a 
greater carbon flux for the GDP-D-mannose synthesis, and that 
enhancing the precursor synthesis pathway is an effective approach to 
promoting 2′-FL synthesis. The GDP-D-mannose synthesis pathway is 
equivalent to the competition pathway of glycolysis pathway. The 
enhancement of the GDP-D-mannose synthesis pathway not only pro-
moted the synthesis of downstream products, but also did not exert 
pressure on the growth of the strain, indicating that Y. lipolytica were 

able to maintain a balance between growth and production. 

3.4. Enhancement of NADPH regeneration pathway 

It has been reported that 2′-FL production can be promoted by 
regulating the regeneration of NADPH [30]. Previous research has 
shown that overexpression of ZWF1 could facilitate NADPH regenera-
tion and has a positive effect on 2′-FL accumulation [10]. Thus, to 
further enhance the synthesis of 2′-FL, we optimized the NADPH 
regeneration pathway based on the strain F4-2. For NADPH regenera-
tion, ZWF1, PGL, and GND1 in the pentose phosphate pathway (PPP) 
were respectively overexpressed (Fig. 4A). 

Overexpression of individual genes resulted in different levels of 2′- 
FL production. Overexpression of Pgl increased the titer of 2′-FL by 44.5 
% compared to the control strain F4-2 (Fig. 4B). Pgl catalyzes the con-
version of 6-Phospho-D-glucono-1,5-lactone to 6-phospho-D-gluconate, 
which is the second reaction in the PPP. There are two configurations of 
6-Phospho-D-glucono-1,5-lactone, namely delta and gamma. The 
oxidation product of glucose 6-phosphate is delta, and delta can be 
converted to gamma through intramolecular rearrangement, which is 
the “dead end” of the branch, and Pgl accelerates the hydrolysis of the 
delta to produce 6-phospho-D-gluconate, thereby preventing it from 
converting to the gamma to ensure the normal operation of the PPP 
[47]. The overexpression of PGL in Y. lipolytica might facilitate the 
formation of 6-phospho-D-gluconate and prevent further formation of 
the gamma form, thereby promoting the regeneration of NADPH. This 
result also indicated the importance of Pgl for the PPP. 

In most reports, NADPH regeneration was mainly achieved by 

Fig. 3. Enhanced 2′-FL production by enhancing GDP-D-mannose synthesis pathway. (A) Schematic view of the strategies to strengthen GDP-D-mannose synthesis by 
co-overexpressing of PMI40, SEC53, and PSA1. (B) 2′-FL production of the strains F3-5 and the strain F4-2. (C) 2′-FL yield on glucose and 2′-FL titer (g/g DCW) of the 
strain F3-5 and the strain F4-2. The data was derived from the results of three repeated experiments. T-test was performed to determine p values. ***p < 0.001; ****p 
< 0.0001. 
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overexpressing of ZWF1 and GND1 rather than PGL, because Zwf1 and 
Gnd1 can directly catalyze NADPH generation [48]. However, here, 
increasing ZWF1 and GND1 expression did not appear to further increase 
2′-FL production (Fig. 4B). This may be because the activity of Zwf1 and 
Gnd1 was already relatively high, and the overexpression of these two 
genes put some pressure on cell metabolism, affecting cell growth 
(Fig. S1). However, we found that the 2′-FL yield on glucose was 0.021 
and 0.023 g/g glucose for strains F4-ZWF1 and F4-GND1, respectively, 
while it was 0.019 g/g glucose for the strain F4-2 (Fig. 4B), indicating 
that the enhancement of ZWF1 and GND1 still had a positive effect on 
2′-FL synthesis. Therefore, we concluded that the overexpression of 
ZWF1, PGL and GND1 indeed promoted the regeneration of NADPH. 

To stably facilitate NADPH regeneration, the co-overexpression of 
ZWF1, PGL, and GND1 was performed in the strain F4-2 to obtain strains 

F5-1 to F5-8. 2.87 g/L 2′-FL was produced by the strain F5-1 (Fig. 4C). 
The maximum OD600 of the strain F5-1 was essentially identical as that 
to the strain F4-2, while the 2′-FL yield on glucose of the strain F5-1 
(0.036 g/g glucose) was superior to that of the strain F4-2 (0.022 g/g 
glucose) (Fig. 4D), indicating that the co-overexpression of ZWF1, PGL, 
and GND1 might further enhance the NADPH supply and then promote 
more carbon flow to the synthesis of 2′-FL. 

3.5. Efficient production of 2′-FL by fed-batch fermentation 

The capacity of the strain F5-1 for the production of 2′-FL was 
evaluated in a 5 L bioreactor. After 16 h, all of the initial glucose had 
been used up. To prevent the accumulation of by-products such as 
mannitol due to a hyperosmotic environment, glucose was added with 

Fig. 4. The enhancement of NADPH regeneration pathway promotes 2′-FL accumulation. (A) Schematic view of the enhanced NADPH regeneration pathway. (B) 2′- 
FL production and 2′-FL yield on glucose of the strains overexpressing ZWF1, PGL, and GND1, respectively. (C) 2′-FL titer of the strain F4-2 and the strain F5-1. (D) 2′- 
FL yield on glucose and OD600 of the strain F4-2 and the strain F5-1. The data was derived from the results of three repeated experiments. T-test was performed to 
determine p values. **p < 0.01; ***p < 0.001; ****p < 0.0001. 

Fig. 5. Biosynthesis of 2’ -FL by fed-batch fermentation. (A) Cell density (OD600), glucose concentration and lactose concentration in the culture medium during 
fermentation. (B) 2’ -FL production during fermentation. 
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the rate of ~4 g/L/h to ensure that the glucose does not accumulate in 
the medium (Fig. 5A). The addition of lactose was started when the 
OD600 reached approximately 85, and the content of lactose in the 
medium was detected by HPLC (Fig. 5A). After the addition of lactose, 
2′-FL production increased at a relatively steady rate. The maximum titer 
of 2′-FL reached 41.10 g/L (intracellular 16.52 g/L, extracellular 24.58 
g/L) after 144 h (Fig. 5B). Although it did not reach the level of 2’-FL 
produced by E. coli and B. subtilis, it was the highest level of 2′-FL pro-
duced by Y. lipolytica to date. The 2′-FL yield on lactose of the strain F5-1 
after 5 L fed-batch fermentation was about 0.98 mol/mol, which means 
that almost all of the absorbed lactose was used for 2′-FL synthesis. This 
also shows the advantage of 2′-FL production by Y. lipolytica, which is 
able to convert almost all of the lactose absorbed into 2′-FL instead of 
consuming it through other pathways. In addition, the 2′-FL content (g/g 
DCW) reached 0.47, which is higher than previously reported [13]. This 
indicates that the optimization strategy adopted in this study improves 
the efficiency of 2′-FL synthesis in Y. lipolytica. The OD600 was main-
tained between 230 and 270 after 36 h, indicating that the strain has 
good capability for continuous production, and is suitable for long-term 
and large-scale fermentation. These findings demonstrate that 
Y. lipolytica is a promising platform for 2′-FL synthesis and has good 
potential for industrial application. 

According to the fermentation results, the ratio of extracellular 2′-FL 
to intracellular 2’-FL was 1.49:1, and about 40 % of 2′-FL remained in 
the cells. This is different from previous reports that most of the 2′-FL 
accumulates intracellular in Y. lipolytica [13]. We hypothesized that 
there may be endogenous transporters that can help 2′-FL efflux in 
Y. lipolytica. The expression of appropriate transporters can effectively 
improve the efflux efficiency of 2′-FL [49]. By screening endogenous 
transporters and optimizing their expression, the production of 2′-FL 
may be further improved. In addition, the ratio of extracellular and 
intracellular 2′-FL was also greatly affected by different media. Lee et al. 
suggested that the activity of endogenous transporters may be different 
in different media [31]. Therefore, it is possible that the culture medium 
affected the activity of the endogenous 2′-FL transporter, which caused 
40 % of the 2′-FL residues in intracellular. The findings suggest that Y. 
lipolytica has the potential to enhance 2′-FL production. By screening the 
endogenous 2′-FL transporter and regulating its expression, it will 
further promote the efflux of 2′-FL and possibly promote the synthesis of 
2′-FL to obtain higher titer. 

4. Conclusions 

To further develop the application of Y. lipolytica in producing oli-
gosaccharides, the strain F5-1 with highly efficient production of 2′-FL 
was constructed. By fusing Ub tag to α-1, 2-fucosyltransferase, the 2′-FL 
accumulation was promoted. Subsequently, the 2′-FL synthesis pathway 
was strengthened by the strategy of iterative integration. To increase the 
supply of precursors, the GDP-D-mannose synthesis pathway was over-
expressed. Finally, the NADPH regeneration was facilitated by co- 
overexpressing of ZWF1, PGL, and GND1, further promoting the syn-
thesis of 2′-FL. The 2′-FL titer reached 41.10 g/L by fed-batch fermen-
tation, demonstrating that Y. lipolytica is a potential platform for 
oligosaccharide production, and thus laying the foundation for large- 
scale industrial production of 2′-FL. 
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