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Abstract 

Background: Saccharomyces boulardii is a probiotic yeast that exhibits antimicrobial and anti‑toxin activities. 
Although S. boulardii has been clinically used for decades to treat gastrointestinal disorders, several studies have 
reported weak or no beneficial effects of S. boulardii administration in some cases. These conflicting results of S. bou-
lardii efficacity may be due to nutrient deficiencies in the intestine that make it difficult for S. boulardii to maintain its 
metabolic activity.

Results: To enable S. boulardii to overcome any nutritional deficiencies in the intestine, we constructed a S. boulardii 
strain that could metabolize l‑fucose, a major component of mucin in the gut epithelium. The fucU, fucI, fucK, and 
fucA from Escherichia coli and HXT4 from S. cerevisiae were overexpressed in S. boulardii. The engineered S. boulardii 
metabolized l‑fucose and produced 1,2‑propanediol under aerobic and anaerobic conditions. It also produced large 
amounts of 1,2‑propanediol under strict anaerobic conditions. An in silico genome‑scale metabolic model analysis 
was performed to simulate the growth of S. boulardii on l‑fucose, and elementary flux modes were calculated to 
identify critical metabolic reactions for assimilating l‑fucose. As a result, we found that the engineered S. boulardii 
consumes l‑fucose via (S)‑lactaldehyde‑(S)‑lactate‑pyruvate pathway, which is highly oxygen dependent.

Conclusion: To the best of our knowledge, this is the first study in which S. cerevisiae and S. boulardii strains capable 
of metabolizing l‑fucose have been constructed. This strategy could be used to enhance the metabolic activity of S. 
boulardii and other probiotic microorganisms in the gut.

Keywords: l‑Fucose, Saccharomyces boulardii, Saccharomyces cerevisiae, Genome‑scale metabolic model analysis, 
Elementary flux mode analysis
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Background
Saccharomyces boulardii is a probiotic yeast known to 
interact with its host and exhibits antimicrobial activ-
ity [1, 2], antitoxin effects [3, 4], and immunoregula-
tory effects in the human intestine [5]. S. boulardii has 
a genome similar to that of S. cerevisiae but has a dis-
tinct phenotype [6]. For example, S. boulardii can read-
ily grow at 37  °C, the normal human body temperature, 
and attach to human [7] or mouse intestinal epithelial 
cells [7, 8]. In addition, S. boulardii is more resistant to 
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environmental stressors such as heat and acid than S. 
cerevisiae [9]. Because of these growth advantages, S. 
boulardii has higher metabolic activity in the intestine 
than S. cerevisiae and provides various health benefits in 
humans [6]. In particular, S. boulardii has prophylactic 
and therapeutic effects for many gastrointestinal diseases 
caused by pathogens such as pathogenic Escherichia coli 
[10, 11], Salmonella enterica serotype Typhimurium [12], 
Campylobacter jejuni [13, 14], and Clostridium difficile 
[3, 15]. These therapeutic effects have been reported in 
numerous clinical trials, and S. boulardii has been used 
for decades as an over-the-counter medicine to treat or 
prevent diarrhea in Europe, Africa, and America [16–18].

Although the therapeutic effects of S. boulardii admin-
istration have been validated in many studies, several 
studies have reported that S. boulardii administration 
had weak or no beneficial effects [19]. For example, 
Canani et  al. reported that the administration of Lacto-
bacillus rhamnosus GG or a mixture of probiotic bacte-
ria reduced disease duration in children suffering from 
acute diarrhea, but the administration of S. boulardii 
had no effect [20]. In addition, Lewis et al. reported that 
S. boulardii administration to the elderly suffering from 
diarrhea was not effective in reducing the levels of the C. 
difficile toxin or treating general diarrhea [21]. Further-
more, Surawicz et al. reported that the administration of 
low-dose vancomycin and S. boulardii was ineffective in 
the treatment of C. difficile infection, although admin-
istration of high-dose vancomycin and S. boulardii was 
more effective than vancomycin alone [22]. These con-
flicting reports on the therapeutic effects of S. boulardii 
administration may be due to its limited ability to grow 
or maintain its normal metabolic activity in the intestine. 
In general, S. boulardii can remain in human and mouse 
intestines only after oral administration at a high dose, 
and it is completely excreted 3–7 days post-administra-
tion [23–25]. Interestingly, S. boulardii has been reported 
to colonize intestinal epithelial cells in antibiotic-treated 
humans or gnotobiotic mice [7, 8, 22, 26]. This suggests 
that although S. boulardii can grow and exhibit various 
metabolic activities in the intestine, it can be easily inhib-
ited by competition with other gut microorganisms [6]. 
The reduced viability or metabolic activity of S. boular-
dii in the intestinal environment may cause the probi-
otic yeast to be degraded or excreted from the intestine 
before its therapeutic effects can be realized.

After colonizing the host, gut microorganisms metabo-
lize molecules that are either secreted by the host or part 
of its diet [27]; however, dietary nutrients are competi-
tively consumed by the host and other gut microorgan-
isms [28, 29]. To overcome insufficient nutrient supply, 
some microorganisms metabolize mucins secreted by 
mammalian hosts [27]. Mucin is mainly composed of 

l-fucose, d-galactose, N-acetylgalactosamine, N-acetyl-
glucosamine, d-glucuronic acid, and sialic acid [30]. Of 
these, gut microorganisms most frequently use l-fucose 
as a carbon source [31, 32]. Microorganisms such as 
Bacteroides thetaiotaomicron, Bacteroides fragilis, and 
Bifidobacterium bifidum secrete fucosidase to cleave 
l-fucose from the glycoprotein terminus of mucin mol-
ecules [33, 34]. The free l-fucose is then metabolized 
by other microbes via the fucose kinase pathway [35]. 
In this pathway, fucose mutarotase (fucU) converts β-l-
fucose to α-l-fucose at the initial phase. Then, fucose 
isomerase (fucI) converts α-l-fucose to l-fuculose, which 
is then phosphorylated to l-fuculose-1-phosphate by 
fuculose kinase (fucK); this is followed by the conver-
sion of fuculose-1-phosphate to lactaldehyde (LAD) and 
dihydroxyacetophenone (DHAP) by the action of fucu-
lose phosphate aldolase (fucA) [35]. DHAP is used to 
synthesize building blocks for cell growth, while LAD is 
converted to 1,2-propanediol (1,2-PDO), which is con-
verted to propionate by other microorganisms such as 
Eubacterium hallii [29]. 1,2-PDO is safe to humans as it 
is registered as generally recognized as safe (GRAS), and 
propionate is a short-chain fatty acid that is beneficial to 
humans [29]. This survival strategy can be applied to S. 
boulardii to ensure that it has access to an energy source 
in the intestine.

Our goal was to construct an engineered S. bouladii 
strain that can metabolize l-fucose for improved survival 
and metabolic activities in the intestine. Although the 
same genetic engineering techniques may be used for S. 
boulardii and S. cerevisiae, their efficiency is at least 30- 
to 50-fold lower in S. boulardii [36]; hence, we first intro-
duced a fucose metabolic pathway using S. cerevisiae as 
a testbed. To investigate whether fucose metabolism in 
yeast strains can support cell growth, we performed in 
silico simulations using a genome-scale metabolic model 
(GEM) of S. cerevisiae (yeast-GEM; version 8.5.0) [37]. In 
addition, we used elementary flux mode analysis (EFMA) 
[38] to infer more details about the metabolic fluxes that 
involve l-fucose and generate energy under aerobic and 
anaerobic conditions.

Results and discussion
Growth simulation of S. cerevisiae that can metabolize 
l‑fucose based on GEM analysis
Microorganisms that metabolize l-fucose must syn-
thesize biological building blocks from lower glycolysis 
intermediates such as DHAP; thus, they are character-
ized by low energy levels and a slow growth rate [39]. To 
confirm that yeast can synthesize sufficient amounts of 
biological building blocks for cell growth while metabo-
lizing l-fucose, we simulated in silico growth using a S. 
cerevisiae GEM (Fig. 1 and Additional file 1). During the 
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growth simulation under aerobic conditions (objective 
function: biomass synthesis; oxygen supply unlimited), 
S. cerevisiae metabolized l-fucose at a rate of 1 mmol/g 
dried cell weight (DCW)/h and showed a specific growth 
rate of 0.08145/h (Fig. 1B). DHAP, which is an important 
intermediate in fucose metabolism and is also a part of 
the pentose phosphate pathway and glycolysis, is used 
for the synthesis of biological building blocks (Fig.  1A). 
LAD, another key intermediate in fucose metabolism, 
is known to be converted to 1,2-PDO [39]; however, in 
the growth simulation, all of the LAD was converted to 
pyruvate by lactaldehyde dehydrogenase and lactic acid 

dehydrogenase and used for the production of biologi-
cal building blocks (Fig. 1A). In addition, the simulated S. 
cerevisiae secreted ethanol while metabolizing d-glucose 
but did not secrete extracellular metabolites such as etha-
nol, glycerol, and acetate while metabolizing l-fucose.

Because the concentrations of oxygen vary in each part 
of the intestine, the amount of oxygen required to aero-
bically metabolize a carbon source is an important fac-
tor [40]. To infer how efficiently the yeast metabolizes 
l-fucose in the intestine, the oxygen requirements for the 
growth of l-fucose metabolizing yeast were compared to 
those for d-glucose metabolizing yeast (Fig.  1C). When 

Fig. 1 In silico genome‑scale metabolic model analysis for the growth of Saccharomyces cerevisiae during l‑fucose metabolism. A Fucose 
metabolism for cellular growth and detailed stoichiometry of each reaction. B In silico calculation of fucose uptake and growth rates, C Relationship 
between oxygen supply and growth on d‑glucose or l‑fucose



Page 4 of 11Kim et al. Microbial Cell Factories          (2022) 21:204 

1 mmol of each carbon source was metabolized, yeast 
metabolizing d-glucose required less than 0.1 mmol 
oxygen for growth, whereas yeast metabolizing l-fucose 
required at least 0.507 mmol oxygen (Fig.  1C). These 
results show that the growth of yeast that can metabo-
lize l-fucose is more oxygen-dependent than that of yeast 
metabolizing d-glucose. Under anaerobic conditions, S. 
boulardii consumes glucose and efficiently synthesizes 
energy and building blocks via pentose phosphate (PP) 
pathway and amino acid synthesis without gluconeogen-
esis. On the other hand, the two intermediates produced 
by fucose metabolism are DHAP and pyruvate, the ini-
tial and final molecules of lower glycolysis, so S. boular-
dii that metabolizes l-fucose need to building blocks via 
gluconeogenesis [39]. Under aerobic conditions, pyru-
vate is used for energy production through TCA cycle 
and DHAP is used for the synthesis of building blocks, 
so carbon fluxes of fucose metabolism can be more effi-
cient than. Under anaerobic conditions where TCA cycle 
is unavailable and more DHAP is introduced into the 
glycolytic flux to synthesize energy resulting in reduced 
metabolic flux to synthesize building blocks. In addition, 
activation of the (S)-lactaldehyde-(S)-lactate-pyruvate 
pathway is difficult due to the lack of an oxidizing agent 
(Fig. 1A). In summary, fucose metabolism is highly oxy-
gen dependent due to inefficient carbon fluxes and cofac-
tor imbalance.

Construction of a S. cerevisiae strain that can metabolize 
l‑fucose
The GEM model showed that the expression of undes-
ignated fucose transporter, fucose mutarotase (fucU), 
fucose isomerase (fucI), fuculose kinase (fucK), and fuc-
ulose-1-phosphate aldolase (fucA) in S. cerevisiae was 
sufficient to allow the cells to metabolize l-fucose for 
growth (Fig.  1). In a previous study, Yu et  al. reported 
that S. cerevisiae can transport small amounts of l-fucose 
[41]. In addition, the fucose permease (fucP) from the 
prokaryotic E. coli is less likely to be expressed in the 
eukaryotic S. cerevisiae. Therefore, except the fucose 
transporter, fucU, fucI, fucK, and fucA from E. coli K12 
MG1655 were overexpressed in S. cerevisiae CEN. PK 
strain (S. cerevisiae FC; Table 1). However, neither wild-
type S. cerevisiae (S. cerevisiae WT) nor S. cerevisiae FC 
was able to metabolize l-fucose in the yeast nitrogen 
base (YNB) medium (Fig. 2A, B). This could be because 
the yeast cells could not import enough l-fucose. To 
identify an appropriate transporter, we compared the 
l-fucose transport efficiency of an HXT-null S. cerevi-
siae expressing each hexose transporter (Table  1) [42]. 
We found that HXT2, HXT4, HXT6, or HXT7 express-
ing strains were able to transport l-fucose, and that the 
HXT4 strain had the highest fucose transport ability 

(Fig.  2C); therefore, we constructed a S. cerevisiae FCT 
strain that overexpressed fucose catabolic genes and 
HXT4 (Table  1). Under aerobic conditions, S. cerevisiae 
FCT metabolized l-fucose (0.27 ± 0.018 mmol fucose/g 
DCW/h) in the YNB medium. This strain was also able to 
grow on l-fucose (specific growth rates: 0.034 ± 0.001/h) 
and produced 1,2-PDO (0.045 ± 0.004 mmol 1,2-PDO/g 
DCW/h) (Fig.  2D). According to the GEM results, S. 
cerevisiae showed optimal growth when LAD was con-
verted to lactate rather than 1,2-PDO (Fig.  1A); there-
fore, 1,2-PDO oxidoreductase was not overexpressed in 
S. cerevisiae FCT. The production of 1,2-PDO without 
the overexpression of 1,2-PDO oxidoreductase indicates 
that S. cerevisiae has an unidentified or promiscuous 
1,2-PDO oxidoreductase that is expressed during fucose 
metabolism.

Fermentation profiles of S. boulardii metabolizing l‑fucose 
under different oxygen concentrations
To construct an engineered S. boulardii strain that can 
metabolize l-fucose, the genes necessary for fucose 
catabolism and HXT4 were overexpressed in S. boular-
dii (S. boulardii FCT; Table 1). Under aerobic conditions, 
wild-type S. boulardii (S. boulardii WT) was not able to 
metabolize l-fucose in YNB medium, whereas S. boular-
dii FCT was able to metabolize l-fucose (0.209 ± 0.004 
mmol fucose/g DCW/h) and produce biomass (growth 
rate: 0.047 ± 0.001/h) and 1,2-PDO (0.018 ± 0.003 mmol 
1,2-PDO/g DCW/h). During the first 72  h, S. boulardii 
FCT metabolized 14.69 ± 0.98 mmol fucose and pro-
duced 1.19 ± 0.16 mmol 1,2-PDO. S. boulardii FCT con-
sumed the same amount of fucose as S. cerevisiae FCT 
and produced less 1,2-PDO and more biomass. Although 
the genomes of S. cerevisiae and S. boulardii are almost 
identical, it is known that the metabolism is slightly dif-
ferent due to mutations of various genes. For example, 
due to a point mutation in PGM2, S. boulardii metabo-
lizes galactose very slowly [36] unlike S. cerevisiae which 
can metabolizes galactose rapidly. The overall metabolic 
changes induced by unknown mutations in those yeast 
strains might have led to different biomass and 1,2-PDO 
synthesis between S. cerevisiae FCT and S. boulardii 
FCT.

To examine the fucose metabolism of S. boulardii FCT 
in the intestinal environment, where the supply of oxy-
gen is limited, we investigated its growth profiles under 
microaerobic and anaerobic conditions. Under micro-
aerobic conditions, S. boulardii metabolized l-fucose 
(0.081 ± 0.001 mmol fucose/g DCW/h) and produced 
biomass (growth rate: 0.002 ± 0.0002/h) and 1,2-PDO 
(0.050 ± 0.004 mmol/g DCW/h). During the first 216  h, 
S. boulardii FCT metabolized 7.70 ± 0.88 mmol fucose 
and produced 2.89 ± 0.20 mmol 1,2-PDO. Under strict 
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anaerobic conditions, S. boulardii metabolized l-fucose 
(0.045 ± 0.014 mmol fucose/g DCW/h) and produced 
1,2-PDO (0.033 ± 0.003 mmol/g DCW/h) without 
growth. During the first 72 h, S. boulardii FCT metabo-
lized 3.43 ± 0.27 mmol fucose and produced 1.83 ± 0.07 
mmol 1,2-PDO. Because the oxygen supply was limited, 
yeast synthesized 1,2-PDO instead of biomass.

The high oxygen dependence of the (S)-lactaldehyde-
(S)-lactate-pyruvate pathway inhibits the growth of 
S. boulardii FCT when it metabolizes l-fucose under 
anaerobic conditions. The GEM results revealed that 
the key steps for fucose-dependent yeast growth were 

the conversion of LAD to (S)-lactate and then to pyru-
vate using two oxidizing agents (Fig. 1A). In addition, we 
found that yeast growth based on fucose metabolism is 
highly oxygen-dependent because the (S)-lactaldehyde-
(S)-lactate-pyruvate pathway requires many oxidizing 
agents (Fig.  1C). In the growth profile of S. boulardii 
FCT, which can metabolize l-fucose, the growth slowed 
markedly under microaerobic conditions and completely 
stopped under strict anaerobic conditions (Fig.  3C, D). 
Interestingly, S. boulardii FCT was able to metabolize 
l-fucose, even in an oxygen-limited environment, and 
showed a tendency to synthesize 1,2-PDO rather than 

Table 1 Strains, plasmids, and primers used in this study

Strain/plasmid/primer Description References/source

Strains

 E. coli DH5α F − φ80d, lacZΔM15, endA1, recA1, hsdR17(rK − mK−), supE44, thi-1, gyrA96, relA1, Δ(lacZYA‑argF)U169 Invitrogen

 S. cerevisiae CEN.PK2‑1D MATα ura3-52 leu2-3,112 trp1-289 his3Δ MAL2-8c SUC2

S. cerevisiae WT S. cerevisiae CEN.PK2‑1D harboring pRS423GPD, pRS424GPD, pRS426GPD This study

S. cerevisiae FC S. cerevisiae CEN.PK2‑1D harboring pRS423GPD_fucA, pRS424GPD_fucIU, pRS426GPD_fucK This study

S. cerevisiae FCT S. cerevisiae CEN.PK2‑1D harboring pRS423GPD_fucA, pRS424GPD_fucIU, pRS426GPD_fucK_HXT4 This study

S. boulardii (ATCC MYA‑796) MATα ura3-52 leu2-3,112 trp1-289 his3Δ MAL2-8c SUC2 [36]

S. boulardii WT S. boulardii harboring pRS423GPD, pRS424GPD, pRS426GPD This study

S. boulardii FCT S. boulardii harboring pRS423GPD_fucA, pRS424GPD_fucIU, pRS426GPD_fucK_HXT4 This study

 HXT‑null S. cerevisiae S. cerevisiae D452‑2 with a xylose pathway and deletion of HXT1‑HXT7 [42]

S. cerevisiae HXT1 Hxt‑null S. cerevisiae with overexpression of HXT1 [42]

S. cerevisiae HXT2 Hxt‑null S. cerevisiae with overexpression of HXT2 [42]

S. cerevisiae HXT3 Hxt‑null S. cerevisiae with overexpression of HXT3 [42]

S. cerevisiae HXT4 Hxt‑null S. cerevisiae with overexpression of HXT4 [42]

S. cerevisiae HXT6 Hxt‑null S. cerevisiae with overexpression of HXT6 [42]

S. cerevisiae HXT7 Hxt‑null S. cerevisiae with overexpression of HXT7 [42]

Plasmids

 prs423GPD HIS3, GPD promoter, CYC1 terminator, 2 µ origin, and Ampr [43]

 prs424GPD LEU2, GPD promoter, CYC1 terminator, 2 µ origin, and Ampr [43]

 prs426GPD URA3, GPD promoter, CYC1 terminator, 2 µ origin, and Ampr [43]

 prs423GPD_fucA pRS423GPD harboring fucA from E. coli K12 MG1655 This study

 prs424GPD_fucIfucU pRS424GPD harboring fucI and fucU from E. coli K12 MG1655 This study

 prs426GPD_fucKHXT4 pRS426GPD harboring fucK from E. coli K12 MG1655 and HXT4 from S. cerevisiae CEN.PK2‑1D This study

 prs426GPD_fucK pRS426GPD harboring fucK from E. coli K12 MG1655 This study

Primers

 F_Eco_fucA 5′‑ACT AGT ATG GAA CGA AAT AAA CTT GCTC‑3′ This study

 R_Eco_fucA 5′‑CTC GAG TTA CTC TTC AAT TCG TAA CC‑3′ This study

 F_Eco_fucI 5′‑ACT AGT ATG AAA AAA ATC AGC TTA CCGAA‑3′ This study

 R_Eco_fucI 5′‑CTC GAG TTA ACG CTT GTA CAA CGG AC‑3′ This study

 F_Eco_fucU 5′‑ACT AGT ATG CTG AAA ACA ATT TCG CC‑3′ This study

 R_Eco_fucU 5′‑CTC GAG TTA CGG TGT TAC CCC TTT TT‑3′ This study

 F_Eco_fucK 5′‑ACT AGT ATG AAA CAA GAA GTT ATC CTGG‑3′ This study

 R_Eco_fucK 5′‑CTC GAG TCA CAC TTC CTC TAT AAA TT‑3′ This study

 F_Sce_HXT4 5′‑ACT AGT ATG TCT GAA GAA GCT GCC TAT CAA ‑3′ This study

 R_Sce_HXT4 5′CTC GAG CTA CTT TTT TCC GAA CAT CT‑3′ This study
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biomass. These results suggest that under the conditions 
of limited oxygen supply, S. boulardii FCT metabolizes 
l-fucose through a specific metabolic pathway distinct 
from that predicted by the GEM.

Prediction of yeast fucose metabolism under aerobic 
and anaerobic conditions using EFMA
The GEM results predicted the growth profile of S. bou-
lardii FCT under aerobic conditions to be similar to that 
of the fermentation profile but did not predict the syn-
thesis of 1,2-PDO (Fig. 3B). In addition, when the supply 
of oxygen was limited, S. boulardii FCT still metabo-
lized l-fucose but produced 1,2-PDO instead of bio-
mass (Fig.  3C, D). These results suggest that the fucose 
metabolism pathways predicted by the GEM and the 
cellular fucose metabolism pathways are different, espe-
cially in an oxygen-limited environment. We used EFMA 
to investigate the fucose metabolic pathways that allow 
the yeast to grow and produce energy along with small 
amounts of 1,2-PDO under aerobic conditions and to 
produce energy and large amounts of 1,2-PDO under 

anaerobic conditions (Fig.  4). DHAP and LAD are key 
intermediates in fucose metabolism. DHAP is also an 
intermediate in glycolysis and can be directly used for 
the synthesis of energy and building blocks (Fig.  4A). 
On the other hand, LAD can be used for the synthesis 
of building blocks only after it is converted to pyruvate 
by the (S)-lactaldehyde-(S)-lactate-pyruvate pathway 
[LAD to (S)-lactate pathway] or the (S)-lactaldehyde-
pyruvaldehyde®lactate-pyruvate pathway (LAD to pyru-
valdehyde pathway; Fig. 1A). The pathways that convert 
LAD to pyruvate require oxidative power (Fig. 1A). Alter-
natively, reductive power can be used to directly convert 
LAD to 1,2-PDO (Fig. 1A).

A set of elementary flux modes to produce biomass 
and 1,2-PDO using each pathway under aerobic condi-
tions was investigated (Fig.  4A). The LAD to (S)-lactate 
pathway had 39 models, and the LAD to pyruvaldehyde 
pathway had 51 models (Fig.  4C). In the LAD to (S)-
lactate pathway, 1  M l-fucose was metabolized to syn-
thesize up to 110.35 g/L biomass or up to 1 M 1,2-PDO 
and 47.46  g/L biomass (Fig.  4C, D). In the LAD to 

Fig. 2 Growth profiles of Saccharomyces cerevisiae while metabolizing l‑fucose and comparisons of fucose transport efficiency. A Growth profile of 
wild‑type S. cerevisiae, B Growth profile of S. cerevisiae FC, C Intracellular l‑fucose concentrations in the HXT‑Null strain and HXT1‑7 overexpressed 
strains. D Growth profile of S. cerevisiae FCT. Three biological replicates were used
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pyruvaldehyde pathway, 1 M l-fucose was metabolized to 
produce up to 0.73 M 1,2-PDO and 65.57 g/L biomass or 
up to 1 M 1,2-PDO and 47.46 g/L biomass (Fig. 4C, D). 
In the LAD to (S)-lactate pathway model, all fucose was 
converted into biomass, which was consistent with the 
production of 1,2-PDO and biomass in the fermentation 
experiment (Fig. 4C). The EFMA results also showed that 
neither the LAD to (S)-lactate pathway nor the LAD to 
the pyruvaldehyde pathway could be maintained under 
anaerobic conditions because NAD+ could not be regen-
erated quickly enough (Fig.  4B). Instead, the yeast syn-
thesized 1 M of ATP by converting 1 M of l-fucose into 
1 M of 1,2-PDO and 1 M of pyruvate (Fig. 4B, D). This is 
consistent with the result that the yeast synthesized more 
1,2-PDO than biomass when oxygen was limited (Fig. 3C, 
D).

Saccharomyces boulardii FCT, which can metabolize 
l-fucose, synthesizes small amounts of 1,2-PDO and 
large amounts of biomass through the (S)-lactaldehyde-
(S)-lactate-pyruvate pathway under aerobic conditions; 
however, under anaerobic conditions, it synthesizes 
large amounts of 1,2-PDO to generate energy but does 

not produce much biomass. During fermentation under 
aerobic conditions, S. boulardii FCT used most of the 
l-fucose to synthesize biomass. This result was consist-
ent with the predictions of multiple EFMA models for 
the LAD to (S)-lactate pathway when only l-fucose was 
available for biomass synthesis (Fig.  4C). In addition, 
other EFMA models for the (S)-lactate pathway used 
l-fucose for the simultaneous synthesis of relatively 
small amounts of biomass and large amounts of 1,2-PDO 
(Fig. 4C). On the other hand, the EFMA models for the 
pyruvaldehyde pathway predicted synthesis of at least 
0.72 M of 1,2-PDO while metabolizing 1 M of l-fucose, 
which was markedly different from the fermentation 
data (Fig.  4C). These results indicate that S. boulardii, 
which metabolizes l-fucose under aerobic conditions, 
mostly synthesizes biomass along with a small amount 
of 1,2-PDO using the LAD to (S)-lactate pathway. Under 
microaerobic and strict anaerobic conditions, S. bou-
lardii FCT metabolized l-fucose, and synthesized more 
1,2-PDO, along with little or no biomass (Fig.  3C, D). 
The EFMA model showed that S. boulardii FCT metabo-
lizes l-fucose under anaerobic conditions and produces 

Fig. 3 Growth profiles of Saccharomyces boulardii while metabolizing l‑fucose under different aerobic conditions. A Growth profiles of wild‑type 
S. boulardii, B Growth profiles of S. boulardii FCT under aerobic conditions, C Growth profiles of S. boulardii FCT under microaerobic conditions, D 
Growth profiles of S. boulardii FCT under strict anaerobic conditions. Three biological replicates were used
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1,2-PDO, pyruvate, and ATP. When oxygen is limited, 
S. boulardii FCT may decrease biomass synthesis but 
increase 1,2-PDO synthesis by shifting the metabolic flux 
away from the LAD to (S)-lactate pathway and towards 
the production of 1,2-PDO and energy. Although pyru-
vate has not been quantified in anaerobic fermentation 
profiles, this could be because pyruvate is used in many 
different metabolic fluxes, as the molecule is a major 
metabolite in various metabolic processes, including gly-
colysis, gluconeogenesis, and pyruvic acid metabolism.

As S. boulardii FCT can consume l-fucose and syn-
thesize energy and biological building blocks, it may 
have better metabolic activity than wild-type S. boular-
dii in the intestine. Although S. boulardii FCT showed 
a decrease in biomass synthesis under low-oxygen con-
ditions, it still grew under microaerobic conditions 
(Fig.  3C). S. boulardii FCT also generated energy while 
synthesizing 1,2-PDO under strict anaerobic conditions 
(Figs. 3D and 4D). Because the oxygen concentration in 
the human intestine is very different depending on the 
location (apical mucosa closest to the lumen: 0.1–1%; 
intestinal wall: ~  6%; colonic muscle wall: 7–10%) [40], 
S. boulardii FCT might be able to synthesize energy and 
biological building blocks from l-fucose under aero-
bic, microaerobic, and anaerobic conditions. Wild type 
S. boulardii can stay for 3 days in the intestine of a nor-
mal mouse, and can colonize the intestine of a gnotobi-
otic mouse [8]. The amount of l-fucose in the intestine 

is about 0.1 mmol, which can be continuously supplied 
by the host [31]. Assuming microaerobic conditions 
(Fig. 3C), 1 g DCW of S. boulardii FCT consumes 5.832 
mmol of l-fucose, producing 0.144 g of biomass and 3.6 
mmol of 1,2 PDO over 3 days. The growth rate of S. bou-
lardii FCT on l-fucose may be insufficient to colonize 
the intestine before excretion. However, l-fucose still can 
be used for cell growth or survival by supplying energy 
and building blocks in the absence of other nutrient and 
as a supplementary energy source when S. boulardii FCT 
consumes other nutrients in the intestine. Animal stud-
ies would demonstrate the enhanced metabolic activity 
of S. bouarldii FCT in vivo. To do so, the integration of 
l-fucose metabolizing genes into the genome will be nec-
essary to stably produce the heterologous enzymes in the 
intestine.

Conclusion
Saccharomyces boulardii is a probiotic yeast that is widely 
used as a therapeutic agent for the treatment of intestinal 
diseases. In this study, we constructed S. cerevisiae and 
S. boulardii strains that metabolize l-fucose by select-
ing genes required for fucose metabolism based on GEM 
data and overexpressing fucose catabolic genes from E. 
coli and the transporter gene HXT4 from S. cerevisiae. 
We also proposed mechanisms by which yeast strains 
metabolize l-fucose and generate biomass, 1,2-PDO, 
and energy under aerobic and anaerobic conditions. S. 

Fig. 4 Elementary flux mode analysis for elucidating fucose metabolism under aerobic and anaerobic conditions. A Schematic diagram for putative 
fucose metabolism under aerobic conditions (B) and under anaerobic conditions. C Amount of 1,2‑PDO and biomass produced by metabolizing 
fucose under aerobic conditions, D Stoichiometry for the maximum production of 1,2‑PDO, biomass or energy in each condition
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boulardii that can metabolize l-fucose in the intestine 
can continuously receive a carbon source from the host 
and could exert improved probiotic effects as a result. 
To our knowledge, this is the first study in which S. cer-
evisiae and S. boulardii strains capable of metabolizing 
l-fucose have been constructed. This strategy could also 
be used to enhance the metabolic activity of other probi-
otic microorganisms in the gut.

Materials and methods
Strains, plasmid construction, and culture conditions
The fucU, fucA, fucK, and fucI genes from E. coli K12 
MG1655 and HXT4 gene from S. cerevisiae CEN. 
PK2-1D were inserted into the plasmids pRS423GPD, 
pRS424GPD, and pRS426GPD [43]. E. coli DH5α was 
used for the construction and amplification of the plas-
mids. S. cerevisiae CEN. PK2-1D [44] and S. boular-
dii ATCC MYA-796 [36] were used. The plasmids were 
transformed into S. cerevisiae or S. boulardii using the 
lithium acetate/single-stranded carrier DNA/polyethyl-
ene glycol method [45]. E. coli strains were cultured in 
Luria–Bertani (LB) medium containing 100 µg/mL ampi-
cillin at 37 °C and 200 rpm for amplification of plasmids. 
The S. cerevisiae or S. boulardii strains harboring the 
plasmids were cultured in yeast synthetic complete (YSC) 
medium containing 6.7  g/L yeast nitrogen base with-
out amino acids, 20 g/L l-fucose (Biosynth Carbosynth, 
U.K.), and 0.70  g/L CSM-HIS-TRP-URA (MP Biomedi-
cals). For tests under aerobic conditions, S. cerevisiae or 
S. boulardii were cultured in 100 mL fucose media in 250 
mL flasks with shaking at 200 rpm. For tests under micro-
aerobic conditions, S. boulardii was cultured in 100 mL 
fucose media in 160 mL serum bottles in a jar contain-
ing Anaero Pack-MicroAero (Mitsubishi Gas Chemical, 
Japan;  O2 concentration of 6–12%,  CO2 concentration of 
5–8%) without shaking. After each sampling, the Anaero 
Pack was replaced. For tests under strict anaerobic condi-
tions, S. boulardii was cultured in 100 mL fucose media 
in 160 mL serum bottles in an anaerobic chamber (Vinyl 
anaerobic chamber Type B; Coy Laboratory Products) 
without shaking. The atmosphere in the anaerobic cham-
ber consisted of 90% nitrogen (v/v), 5% carbon dioxide 
(v/v), and 5% hydrogen (v/v).

Analyses of extracellular metabolites
For the identification and quantification of extracellu-
lar metabolites, including d-glucose (Sigma-Aldrich), 
l-fucose (Sigma-Aldrich), and 1,2-PDO (Sigma-Aldrich), 
a high-performance liquid chromatography (HPLC) sys-
tem equipped with a refractive index detector, Agilent 
1100 (Agilent Technologies), and an Aminex HPX-87 H 
organic acid column (Bio-Rad) was used. We used a con-
stant flow rate of 0.5 mL/min at 65 °C and 0.01  NH2SO4 

as the mobile phase. The retention times of each metab-
olite were 17.373  min for d-glucose, 12.828  min for 
l-fucose, and 20.132 min for 1,2-PDO, respectively.

Comparison of fucose transport efficiency among innate 
hexose transporters in S. cerevisiae
To investigate the fucose transport efficiency of each 
hexose transporter, the HXT-Null strain and the strains 
overexpressing HXT 1–7 were cultured in 5 mL of yeast 
extract and peptone (YP) media. The HXT-Null strain 
was cultured in YP containing ethanol (20  g/L) and the 
rest of the strains were cultured in YP containing glu-
cose (20  g/L), and cells entering the intermediate expo-
nential phase were harvested (OD 13/mL). The harvested 
cells were washed three times with distilled water (DW) 
and then cultured in 1 mL of YP with l-fucose (2  g/L) 
medium at 30 °C and 250 rpm for 4 h, and then 1 mL of 
cells was collected. The harvested cells were reconstituted 
in 500 µL of DW containing glass beads and vortexed 
for 1 h. The samples were centrifuged at 13,000 rpm for 
30 min and 400 µL of the supernatant was collected and 
dried. The dried samples were reconstituted in 120 µL of 
DW, and the fucose concentration of each sample was 
analyzed by HPLC.

GEM analysis to simulate the growth of S. cerevisiae 
that can metabolize l‑fucose
The GEM for S. cerevisiae (yeast-GEM; version 8.5.0) [37] 
was used to simulate the growth of S. cerevisiae with the 
ability to metabolize l-fucose. To enable the simulation 
of fucose metabolism, β-l-fucose exchange, β-l-fucose 
transport, α-l-fucose exchange, α-l-fucose transport, 
fucose isomerase, fuculose kinase, fuculose-1-phosphate 
aldolase, 1,2-PDO oxidoreductase, and 1,2-PDO trans-
port reactions were included in the model (Additional 
file  1). Extracellular β-l-fucose, cytoplasmic β-l-fucose, 
extracellular α-l-fucose, cytoplasmic α-l-fucose, cyto-
plasmic fuculose, cytoplasmic fuculose-1-phosphate, 
cytoplasmic 1,2-PDO, and extracellular 1,2-PDO were 
added to the model as the metabolites. MATLAB 
(version R2016b), Gurobi (version 8.0.1), and Cobra 
Toolbox (version 2.26) [46, 47] were used for GEM analy-
sis.  The MATLAB data file was uploaded to  BioModels 
(MODEL2209060001).

EFMA to elucidate the metabolic pathway of l‑fucose 
under aerobic and anaerobic conditions
To elucidate the pathways of fucose metabolism in 
more detail, we modified the previously reported 
EFMA of S. cerevisiae [38]. Because this model contains 
many central carbon metabolic pathways, such as gly-
colysis, gluconeogenesis, the pentose phosphate path-
way, and the TCA cycle, we introduced enzymes such 
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as fucose isomerase, fuculose kinase, fuculose-1-phos-
phate aldolase, 1,2-PDO oxidoreductase, (S)-lactalde-
hyde dehydrogenase, (S)-lactic acid dehydrogenase, 
methylglyoxal reductase, and (D)-lactate dehydroge-
nase into the model. In addition, to obtain the abso-
lute amount of the synthesized dried cell weight, we 
summed up the number moles of the building blocks 
(acetyl-CoA 0.269  M, α-ketoglutarate 0.11  M, eryth-
rose-4-phosphate 0.003  M, 3-phosphoglyceric acid 
0.006  M, glyceraldehyde-3-phosphate 0.001  M, phos-
phoenolpyruvate 0.006 M, pyruvate 0.018 M, ribulose-
5-phosphate 0.003  M, glucose-6-phosphate 0.025  M, 
and oxaloacetate 0.01 M) required for cell growth and 
regarded it as the cell dry weight (15.74  g/L). The OD 
was converted to yeast dry cell weight based on a previ-
ously reported value [48].
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