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ABSTRACT

Intestinal microbiota dysbiosis and metabolic disruption are considered essential characteristics in
inflammatory bowel disorders (IBD). Reasonable butyrate supplementation can help patients reg-
ulate intestinal flora structure and promote mucosal repair. Here, to restore microbiota homeostasis
and butyrate levels in the patient’s intestines, we modified the genome of Saccharomyces cerevisiae
to produce butyrate. We precisely regulated the relevant metabolic pathways to enable the yeast to
produce sufficient butyrate in the intestine with uneven oxygen distribution. A series of engineered
strains with different butyrate synthesis abilities was constructed to meet the needs of different
patients, and the strongest can reach 1.8 g/L title of butyrate. Next, this series of strains was used to
co-cultivate with gut microbiota collected from patients with mild-to-moderate ulcerative colitis.
After receiving treatment with engineered strains, the gut microbiota and the butyrate content have
been regulated to varying degrees depending on the synthetic ability of the strain. The abundance of
probiotics such as Bifidobacterium and Lactobacillus increased, while the abundance of harmful
bacteria like Candidatus Bacilloplasma decreased. Meanwhile, the series of butyrate-producing
yeast significantly improved trinitrobenzene sulfonic acid (TNBS)-induced colitis in mice by restoring
butyrate content. Among the series of engineered yeasts, the strain with the second-highest butyrate
synthesis ability showed the most significant regulatory and the best therapeutic effect on the gut
microbiota from IBD patients and the colitis mouse model. This study confirmed the existence of
a therapeutic window for IBD treatment by supplementing butyrate, and it is necessary to restore
butyrate levels according to the actual situation of patients to restore intestinal flora.
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Introduction . - .
achieving long-term remission and the effective man-

Inflammatory bowel disease (IBD) is characterized by
the inflammation of the gastrointestinal tract. The
primary forms of IBD include Crohn’s disease and
ulcerative colitis'. The current predicament in IBD
treatment relates to the intricate nature of the disease
and the absence of a universally effective treatment.>”
Treatment of IBD often entails a combination of
pharmaceutical interventions, lifestyle adjustments,
and in some cases, surgical procedures. Nevertheless,
determining the most appropriate treatment
approach for each individual is challenging owing to
the varying nature of the disease and the potential
adverse effects of medications. Furthermore,

agement of flare-ups continue to pose significant
obstacles in the treatment of IBD.

The conventional medications used for the treat-
ment of IBD include anti-inflammatory drugs,
immunosuppressants, and biological agents.
Nonetheless, these medications can elicit various
side effects, such as indigestion, nausea, osteoporo-
sis, muscle degeneration, susceptibility to infections,
abnormal liver function, immunosuppression, and
increased risk of cardiovascular issues.*”® Butyrate,
recognized for its anti-inflammatory properties,” is
a potential medication for IBD treatment. Butyrate
plays a vital role in reinstating the function of the
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intestinal barrier, regulating immune response, and
promoting balanced gut microbiota.*” It is a short-
chain fatty acid (SCFA) produced via fermentation
by butyrate-producing bacteria in the intestine.
However, patients with IBD have been reported to
have reduced levels of butyrate'® and a decrease in
the abundance of butyrate-producing bacteria."'

Currently, various methods exist for supplying
butyrate to a patient’s colon, including oral adminis-
tration, supplementation with natural butyrate-
producing bacteria, microencapsulation for butyrate
delivery, and targeted technology for specific site
delivery of butyrate.'>'* Regrettably, oral butyrate
has drawbacks such as unpleasant odor, taste, and
limited bioavailability.'* In addition, most butyrate-
producing bacteria cannot directly utilize dietary fiber
and require cross-feeding with other bacteria," ren-
dering strains derived solely from the intestinal micro-
environment ineffective.  Furthermore, fecal
microbiota transplantation lacks sufficient evidence
for both safety and efficacy.'®'” The use of microen-
capsulation and targeted technology for butyrate
release into the intestinal tract presents challenges,
including high production costs and complex manu-
facturing processes. Therefore, there is an urgent
demand for a novel delivery technology that can
effectively transport butyrate to the intestinal tract of
patients with IBD.

Probiotics are living microorganisms that, when
consumed in sufficient quantities, provide health
benefits to the host.'"® Substantiated evidence
demonstrates the essential role of probiotics in
reinstating and sustaining a balanced gut micro-
biota, fortifying gut barrier function, regulating
immune responses, and enhancing nutrient
absorption.'”?® Advances in synthetic biological
tools and genome-editing technologies have facili-
tated the engineering and modification of probio-
tics to improve stress tolerance, target specific
pathogens, and facilitate the targeted delivery of
drugs, such as antineoplastic drugs and insulin, to
specific organs.zl_23 Saccharomyces cerevisiae,
which is used as a probiotic, serves as a platform
for natural product synthesis and has extensive
applications in the fields of food and medicine.**~
% Scott”” described the development of an engi-
neered S. cerevisiae strain that secretes an enzyme
capable of degrading adenosine triphosphate
(ATP) in the gut, effectively inhibiting intestinal

inflammation and reducing intestinal fibrosis in
various mouse models of IBD. Sun®® reported that
lactic acid-producing S. cerevisiae mediated the
suppression of macrophage pyroptosis and modu-
lation of intestinal flora to mitigate colitis. Hence,
synthetic biology can be employed to synthesize
butyrate within probiotics such as S. cerevisiae for
the treatment of IBD. Nevertheless, the character-
istics of the intestine, particularly the distribution
of oxygen in the colon,” necessitate the considera-
tion of engineered probiotic tolerance to the vary-
ing oxygen concentrations in the environment. It is
crucial to acknowledge that high levels of butyrate
can lead to adverse effects such as the induction of
oxidative stress,’’ highlighting the importance of
controlling the quantity of butyrate released by
engineered yeast.

A large number of clinical trials have shown that
the levels of short-chain fatty acids, especially buty-
rate, in the intestinal cavity of IBD patients are sig-
nificantly reduced compared to  healthy
individuals.”'”* We detected and compared the con-
tent of butyrate in fecal samples of IBD patients and
healthy individuals, confirming that the occurrence of
intestinal inflammation does indeed affect the genera-
tion of butyrate (Figures 5(b) and 1(a)). In this study,
we used synthetic biological techniques to engineer
S. cerevisiae to produce butyrate (Figure 1(b)). Careful
consideration was given to selecting optimal enzymes
capable of converting acetoacetyl-CoA into butyrate,
considering that wild yeast cannot naturally synthe-
size butyrate. By evaluating the contribution of differ-
ent exogenous butyrate-synthesis genes to yeast
butyrate production, we constructed a recombinant
S. cerevisiae strain capable of biosynthesizing butyrate
through the heterologous expression of four key
genes. Additional metabolic modules were incorpo-
rated to increase butyrate production in the engi-
neered yeast strain. An  acetoacetyl-CoA
enhancement module was introduced to increase the
availability of acetoacetyl-CoA, which served as
a substrate for butyrate production. An acetyl-CoA
enhancement module was integrated to amplify the
supply of acetyl-CoA, a precursor for butyrate bio-
synthesis, particularly under anaerobic conditions.
A nicotinamide adenine dinucleotide (NADH)
enhancement module was implemented to increase
NADH availability, thereby enhancing butyrate pro-
duction in the engineered vyeast strain under
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Figure 1. Constructing butyrate producing yeasts for the treatmen

t of IBD. (a) Research shows that the content of butyrate in the

intestinal cavity of IBD patients is lower than that of normal individuals.3'3? BA, butyrate. (b) Based on S. cerevisiae, reconstruct

butyrate synthesis pathway and regulate metabolism modules to

construct a series of engineering yeasts with different butyrate

production capacity. ERG10, acetyl-CoA C-acetyltransferase; MCT1, malonyl-CoA: ACP transferase; MLS1, malate synthase; CIT2, citrate
synthase; ACS1, ACS2, acetyl-CoA synthetase; ALD6, cytosolic aldehyde dehydrogenase; ACH1, acetyl-CoA hydrolase; ADH1, ADH4,
alcohol dehydrogenase; GPD1, GPD2, glycerol-3-phosphate dehydrogenase; FAA1, FAA4, Long chain fatty acyl-CoA synthetase; FAT1,

very long chain fatty acyl-CoA synthetase and fatty acid transporter.
level in the intestinal cavity of patients with IBD to normal levels. The butyrate released, like previous research results,

regulate intestinal microbiota homeostasis, increase the abundanc

(c) The butyrate engineering yeast J16 can restore the butyrate

35-37 can

e of probiotics, and reduce the abundance of harmful bacteria.

B. adolescentis, Bifidobacterium_adolescentis; L. johnsonii, Lactobacillus_johnsonii; L. delbrueckii, Lactobacillus_delbrueckii; L. salivarius,
Lactobacillus_salivarius. (d) The butyrate engineering yeast J16 can restore the butyrate level in the intestinal cavity of colitis mice to
normal levels. The butyrate released, can inhibit the production of pro-inflammatory factors, promote the release of anti-inflammatory

factors, and protect the intestinal barrier function from damage as

previously reported.>*~*° IL-6, interleukin-6; IL-1B, interleukin-1p;

IL-10, interleukin-10; TNF-a, tumor necrosis factor-a; ZO1, Zona Occludens 1; MUC2, Mucin 2.

anaerobic conditions. Finally, an acyl-CoA regulation
module was introduced to regulate fatty acid synthesis
and minimize the metabolic consumption of butyrate.
These integrated metabolic modules collectively

contributed to the optimization of butyrate produc-
tion in the engineered yeast strain. Following an
assessment of butyrate production by various engi-
neered yeast strains under different levels of oxygen,
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we tested the therapeutic effects of these strains on the
gut microbiota derived from patients with IBD, as well
as in a trinitrobenzene sulfonic acid (TNBS)-induced
enteritis model (Figure 1(c,d)). By comparing the
therapeutic outcomes of different engineered yeasts,
we identified a strain called BYJ16 that exhibited the
most favorable butyrate synthesis capability and
demonstrated the best therapeutic effects on gut
microbiota homeostasis in patients with IBD and
mice with colitis. Previous studies have shown that
butyrate in the human gut is crucial for maintaining
the structure of gut microbiota and maintaining the
homeostasis of gut microbiota.”>** Butyrate is closely
related to intestinal probiotics, and stable levels of
butyrate can enrich intestinal probiotics such as
Lactobacillus and Bifidobacterium.” In in vitro
experiments, the engineered yeast BYJ16 improved
the structure of the gut microbiota and greatly
increased the abundance of probiotics such as
Lactobacillus and Bifidobacterium (Figure 1(c)).
Numerous studies have shown that butyrate can inhi-
bit the generation of inflammatory factors by mediat-
ing G protein-coupled receptors or inhibiting HDAC
activity.”®** In in vivo experiments, BYJ16 exhibited
the most significant improvement in the symptoms of
colitis in mice, along with reducing the generation of
pro-inflammatory factors and enhanced gut barrier
function by restoring butyrate levels in the intestinal
tract of mice (Figure 1(d)).

Results

Construction of the butyrate biosynthetic pathway
in S. cerevisiae

In order to assess the strain tolerance to butyrate,
the effect of varying concentrations of butyrate on
BY4741 was analyzed in YPD medium. As the
concentration of butyrate was increased to 1.25 g/
L (Figure 2(b)), the growth of strain BY4741 was
restricted. Subsequently, higher concentrations of
butyrate, such as 1.75g/L or 2 g/L, resulted in
a significant inhibition of yeast growth. Above
a threshold of 4 g/L, the yeast stopped growing.
The biosynthesis of butyrate involves several
enzymatic steps starting from acetoacetyl-CoA
(Figure 2(a)). Initially, acetoacetyl-CoA is con-
verted to 3-hydroxybutanoyl-CoA through the
action of 3-hydroxybutyl-CoA dehydrogenase.

Subsequently, the enoyl-CoA hydratase converts
3-hydroxybutanoyl-CoA into crotonyl-CoA. The
reduction of crotonyl-CoA by trans-2-enoyl-CoA
reductase leads to the formation of butyryl-CoA,
which is then converted to butyrate by butyryl-
CoA: acetyl-CoA transferase. In this study,
C. beijerinckii Hbd and Crt, which encode 3-hydro-
xybutyl-CoA dehydrogenase and enoyl-CoA
hydratase, respectively, were selected because they
have been reported to facilitate the conversion of
acetoacetyl-CoA to crotonyl-CoA for n-butanol
production in S. cerevisiae (Figure 2(a)).?

To achieve heterologous expression of 3-hydro-
xybutyl-CoA dehydrogenase and enoyl-CoA
hydratase, the Hbd and Crt genes were synthesized
and optimized for yeast codon preference.
Subsequently, these genes were subcloned to pro-
duce the recombinant plasmid pESC-His3-Hbd-
Crt (Table S1). Previous studies*®*” showed that
trans-enoyl-CoA reductase (encoded by Ter and
derived from T. denticola) and acetoacetyl-CoA
transferase (encoded by atoD and derived from
E. coli) can convert crotonyl-CoA to butyryl-CoA
in S. cerevisiae and butyryl-CoA to butyrate in
E. coli, respectively. After synthesis of Ter and
atoD with codon optimization, these genes were
cloned into pESC plasmids, resulting in the con-
struction of the recombinant plasmids pESC-Ura3-
Ter and pESC-Leu2d-atoD, respectively. BY4741
was then transformed with pESC-His3-Hbd-Crt,
pESC-Ura3-Ter, and pESC-Leu2d-atoD to gener-
ate the recombinant strain, JWY1 (Table S1).
However, butyrate was not detected in JWY1 strain
(Figure 2(c)). There are no reports indicating the
successful conversion of butyryl-CoA to butyrate
by the E. coli-derived acetoacetyl-CoA transferase
atoD in S. cerevisiae. AtoD may not have the ability
to catalyze the removal of the CoA group from
butyryl-CoA, thereby preventing butyrate forma-
tion in S. cerevisiae.

Butyrate-producing bacteria found in the digestive
tract, apart from E. coli, possess an enzyme capable of
converting butyryl-CoA to butyrate.** Among these
bacteria, F. prausnitzii is a prominent butyrate produ-
cer, constituting approximately 5% of all fecal micro-
organisms, and is the most abundant bacterium in the
gut.*” To enable the heterologous expression of
butyryl-CoA: acetate CoA transferase, the BCoAT
gene encoding butyryl-CoA: acetate CoA transferase
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Figure 2. Construction of butyrate biosynthetic pathway in S. cerevisiae. (a) Biosynthetic pathway of butyrate from acetoacetyl-CoA.
The enzymes integrated into the genome of S. cerevisiae are written in red. Hbd; 3-hydroxybutyryl-CoA dehydrogenase from
C. beijerinckii, HADH; 3-hydroxyacyl-CoA dehydrogenase from F. prausnitzii, Crt; enoyl-CoA hydratase from C. beijerinckii, ECHA; enoyl-
CoA hydratase from F. prausnitzii, Ter; trans-2-enoyl-CoA reductase from T. denticola, CCRA; crotonyl-CoA reductase from F. prausnitzii,
BCoAT; butyryl CoA: acetate CoA transferase from F. prausnitzii, atoDA; acetate CoA/acetoacetate CoA-transferase alpha subunit from
E. coli. (b) Tolerance of yeast to different concentrations of butyrate. (c) The butyrate production of yeasts with recombinant plasmids.
JWY1, yeast with pESC-His3-Hbd-Crt, pESC-Ura3-Ter and pESC-Leu2-atoD recombinant plasmids; JWY2, yeast with pESC-His3-Hbd-Crt,
pESC-Ura3-Ter and pESC-Leu2-BCoAT recombinant plasmids; JWY3, yeast with pESC-His3-HADH-ECHA, pESC-Ura3-CCRA and pESC-
Leu2-BCoAT recombinant plasmids; JWY4, yeast with pESC-His3-HADH-ECHA, pESC-Ura3-Ter and pESC-Leu2-BCoAT recombinant
plasmids; JWY5, yeast with pESC-His3-Hbd-Crt, pESC-Ura3-CCRA and pESC-Leu2-BCoAT recombinant plasmids. (d) The butyrate
production of engineered yeast BYJO1, expressing Hbd, Crt, Ter, and BCoAT.

in F. prausnitzii, which is responsible for catalyzing
the conversion of butyryl-CoA to butyrate, was artifi-
cially synthesized and optimized for yeast codon pre-
ference. The plasmid was subcloned to generate the
plasmid pESC-Leu2d-BCoAT. In the recombinant
strain JWY1, pESC-Leu2d-atoD was replaced with
pESC-Leu2d-BCoAT, resulting in the formation of
recombinant strain JWY2. Notably, the strain JWY2
exhibited a butyrate titer of 266 mg/L (Figure 2(c)).
This indicated that butyrate was produced in
S. cerevisiae through the action of the F. prausnitzii
butyryl-CoA: acetate CoA transferase, BCoAT. We
found that the expression of Hbd, Crt, Ter, and
BCoAT in S. cerevisiae enabled detectable production
of butyrate.

To evaluate the applicability of F. prausnitzii‘s buty-
rate synthesis system in S. cerevisiae for the conversion
of acetoacetyl-CoA to butyrate, we utilized HADH

(encoding 3-hydroxybutyl-CoA dehydrogenase for
acetoacetyl-CoA to 3-hydroxybutanoyl-CoA conver-
sion), ECHA (encoding enoyl-CoA hydratase for
3-hydroxybutanoyl-CoA to crotonyl-CoA conver-
sion), and CCRA (encoding trans-2-enoyl-CoA
reductase for crotonyl-CoA to butyrate conversion)
as replacements for Hbd, Crt, and Ter or Hbd, Crt, or
Ter individually in the JWY2 strain. Consequently, we
constructed the recombinant strains JWY3, JWY4,
and JWY5. However, no detectable amount of buty-
rate was observed during fermentation (Figure 2(c)).
These results suggest that the integration of the
F. prausnitzii's butyrate synthesis system into
S. cerevisiae failed to convert acetoacetyl-CoA to
butyrate.

PGK1 and TPII1 promoters and regulatory ele-
ments were chosen to regulate the expression of
target genes such as Hbd, Crt, Ter and BCoAT.
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These elements were assembled into expression
cassettes using molecular biological techniques.
These gene cassettes were integrated into the gen-
ome of the BY4741 strain, resulting in the con-
struction of the recombinant strain BY]JO1.
Butyrate production by the strain BYJO1 was 420
mg/L (Figure 2(d)).

Increasing butyrate production by combing
metabolic modules

Acetoacetyl-CoA serves as a precursor of 3-hydro-
xybutanoyl-CoA (Figure 3(a)). In S. cerevisiae, con-
densation of two acetyl-CoA molecules to form
acetoacetyl-CoA is catalyzed by acetoacetyl-CoA
thiolase, which is encoded by the endogenous

ERGI0 gene.”® The accumulation of acetoacetyl-
CoA is crucial for butyrate production. To enhance
the cytosolic accumulation of acetoacetyl-CoA, we
overexpressed ERG10 of BY]01 under control of the
TEFI promoter and obtained the engineered strain
BYJ02 (Table S1). Despite efforts to improve buty-
rate production, the strain BYJ02 did not show any
enhancement in butyrate production (Figure 3(b)).
The conversion of malonyl-CoA to acetoacetyl-CoA
is catalyzed by the malonyl-CoA: ACP Transferase
MCT1.>" We overexpressed MCTI in BYJOI to
improve butyrate production and constructed engi-
neered strain BYJ03 (Table S1). However, the
recombinant strain BYJ03, overexpressing MCT1I,
did not exhibit improved butyrate production
(Figure 3(b)). Subsequently, we carried out
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Figure 3. Metabolic engineering of butyrate-producing yeast. (a) Biosynthetic pathway for producing butyrate. (b) The butyrate titer of
the recombinant strains with acetoacetyl-CoA enhancement module. ERG10 and MCTT are responsible for the synthesis of acetoacetyl-
CoA. The purple column represents the strain with the highest yield. (c) The butyrate titer of the recombinant strains with acetyl-CoA
enhancement module. MLST and CIT2 are responsible for the glyoxylate cycle and knockout of these two genes contributing to the
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with the highest yield.



simultaneous overexpression of ERGI10 and MCT1
of BYJO1 and obtained strain BYJ04. The recombi-
nant strain, BYJ04, demonstrated a higher capacity
for butyrate production than BYJO1 (702 and 420
mg/L, respectively) (Figure 3(b)). This suggests that
the simultaneous overexpression of ERGI0O and
MCTI may accelerate the metabolism of acetoacetyl-
CoA, thereby enhancing butyrate synthesis
(Figure 3(a)).

Acetyl-CoA is a crucial precursor for the synth-
esis of acetoacetyl-CoA (Figure 3(a)). It plays
a significant role in various metabolic pathways,
including those involving carbohydrates, proteins,
and lipids.”” In the cytosol, acetyl-CoA is generated
from acetaldehyde by acetaldehyde dehydrogenase
(ALD) and acetyl-CoA synthase (ACS).>* ACSI
and ACS2, two genes encoding acetyl-CoA synthe-
tases, are responsible for the conversion of acetate
and CoA into acetyl-CoA.>* The transfer of CoA to
acetate is facilitated by the acetyl-CoA hydrolase
ACH1,” and certain pathways can lead to the
consumption of acetyl-CoA. For instance, malate
synthase (encoded by MLSI) and citrate synthase
(encoded by CIT?2) first attach acetyl-CoA to glyox-
ylate (forming malate, which is further oxidized to
oxaloacetate) and then to oxaloacetate (form
citrate) (Figure 3(a)).’® Furthermore, malate
synthase catalyzes the formation of p-ethylmalate
from glyoxylate and butyryl-CoA,>” potentially
leading to a decrease in butyrate production. We
subsequently attempted to knock out the MLSI
gene of BYJ04 and obtained a recombinant strain
BYJO05. By deleting MLS1, the butyrate production
by BYJO05 increased to 792 mg/L (Figure 3(c)). To
further enhance the supply of acetyl-CoA to the
BYJ05 strain, CIT2 of BYJ05 was knocked out.
Thus, the recombinant strain BYJ06 was obtained.
BYJ06 exhibited a higher butyrate titer of 943 mg/L
(Figure 3(c)). Deletion of both MLSI and CIT2
effectively improved the butyrate yield. To improve
acetyl-CoA biosynthesis in S. cerevisiae, we over-
expressed ACSI and ACS2 or only ACSI in BY]J06.
Therefore, engineered strains BYJ08 and BYJ07
were obtained (Table S1). BYJ0O8 (overexpressing
both ACSI and ACS2) showed a higher butyrate
titer (1.24 g/L) than BYJ07 (overexpressing ACSI
alone) (1.06g/L), and both BYJ08 and BYJ07
exhibited higher butyrate production compared to
BYJ06 (Figure 3(c)). By increasing the biosynthesis
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of acetyl-CoA in yeast, the overexpression of ACSI
and ACS2 improved butyrate yield. In S. cerevisiae,
acetaldehyde is converted to acetate by aldehyde
dehydrogenase (Figure 3(a)). To increase acetate
supply and enhance acetyl-CoA synthesis, we over-
expressed ALD6 of BYJ08 and obtained engineered
strain BYJ09. However, butyrate production was
lower in BYJ09 than that in BYJ08 (Fig. S1).
Interestingly, BYJ09 exhibited substantial accumu-
lation of acetate (Fig. S2). Overexpression of ALD6
potentially results in an excessive concentration of
carbon sources in acetate rather than acetyl-CoA.
Moreover, excessive acetate synthesis impaired
growth of this strain (Fig. S1). To investigate the
role of ACHI in butyrate synthesis, we deleted
ACH]I from BYJ08 to construct the recombinant
strain BYJ10 (Table S1). Remarkably, butyrate pro-
duction dramatically decreased to 166 mg/L com-
pared to that of BYJ08 (Fig. S1). In addition, BYJ10
secreted a substantial amount of acetate, with an
acetate titer of 11.1 g/L (Fig. S2). Growth of BYJ10
cells was also affected (Fig. S1). ACHI was found to
be crucial for the transfer of CoA to acetate to form
acetyl-CoA rather than for the hydrolysis of acetyl-
CoA (Figure 3(a)).”® After ACHI deletion, CoA
could not be obtained for acetyl-CoA formation.
Yeasts produce ethanol, leading to the direct
transformation of a significant amount of acetalde-
hyde into ethanol rather than acetate (Figure 3(a)).
Alcohol dehydrogenase (ADH) is responsible for
catalyzing these reduction reactions. Previous stu-
dies have demonstrated that the elimination of
ADHI1 and ADH4 can effectively enhance the pro-
duction of 2,3-butanediol in S. cerevisiae.”® We
investigated the effects of deleting ADH4 or both
ADHI and ADH4 of strain BYJ08 on butyrate pro-
duction (Table S1). And recombinant strains BYJ12
and BYJ13 were obtained. The titer of butyrate in
BYJ12 (with ADH4 deleted) decreased to 0.8 g/L,
lower than that of BYJ08 (Figure 3(d)). However,
the deletion of both ADH4 and ADHI increased
butyrate production in BYJ13 (Figure 3(d)), with
a titer of 1.3 g/L. Wakashima® reported that CoA
is required as a cofactor for the reductase enzyme
Ter, which facilitates the conversion of crotonyl-
CoA to butyryl-CoA (Figure 3(a)). However,
NADH is consumed during the reduction of acet-
aldehyde to ethanol, and disruption of this reduction
pathway leads to the release of NADH (Figure 3(a)).



8 (&) JWUETAL

Therefore, the increase in butyrate production can
be attributed to the release of NADH, which
enhances the expression of Ter. This finding further
supports the notion that trans-2-enoyl-CoA reduc-
tase, Ter, is a critical rate-limiting enzyme in the
acetoacetyl-CoA-derived butyryl-CoA pathway
(Figure 3(a)).°" Glycerol-3-phosphate dehydrogen-
ase (GPD) converts glycerol-3-phosphate into gly-
cerol and plays an essential role in lipid metabolism
(Figure 3(a)).%* The disruption of glycerol synthesis
has been shown to increase the intracellular accu-
mulation of NADH.” To increase the cytoplasmic
NADH levels, we deleted GPDI of BYJ08 to con-
struct engineered strain BYJ14. However, the knock-
out of GPDI alone did not significantly increase
butyrate production in BYJ14 (Figure 3(d)). In
order to release more NADH, we simultaneously
knocked out the GPDI and GPD2 genes of the
BYJ08 strain and obtained a double knockout strain
BYJ15. By disrupting glycerol synthesis through
deletion of GPDI and GPD2, butyrate production
in BY]J15 significantly improved (Figure 3(d)). We
turther disrupted ethanol and glycerol synthesis by
knocking out ADHI and ADH4, GPDI1 and GPD2
from BYJ08 to release NADH and obtained the
recombinant strain BYJ16. Butyrate production in
BYJ16 reached 1.45 g/L (Figure 3(d)).

S. cerevisiae naturally synthesizes fatty acids pri-
marily composed of C16 and C18 chains.”> Acyl-
CoA synthetases activate free fatty acids in the
cytoplasm by converting them into acyl-CoA
esters.®® In S. cerevisiae, six acyl-CoA synthetases
are encoded by FAAI, FAA2, FAA3, FAA4, FATI,
and FAT2. Among them, the enzyme encoded by
FAAI exhibited the highest synthetase activity.®
Previous studies have shown that the deletion of
FAAI and FAA4 leads to the release of free fatty
acids.®® The transportation of fatty acids and the
synthesis of very-long-chain fatty acyl-CoA are
partially facilitated by the fatty acid transporter
encoded by FATI. Butyrate, a fatty acid, may be
activated into an acyl-CoA ester to enter acyl-CoA
synthetases (Figure 3(a)). To disrupt the acyl-CoA
synthetase reaction, we individually deleted FAAI,
FAA4, and FATI in BY]J16, and separately obtained
knockout strains BYJ17, BYJ18, and BYJ19 (Table
S1). The FAAI knockout strain BYJ17, yielded 1.84

g/L butyrate (Figure 3(e)). However, there was no
increase in butyrate production in strains BYJ18
(FAA4 deleted) and BYJ19 (FATI deleted), as the
deletion of FAA4 and FATI did not affect butyrate
yield (Figure 3(e)). Presumably, the knockout of
FAAI reduced the influx of free fatty acids into
fatty acid synthesis through acyl-CoA synthetases,
resulting in increased butyrate secretion
(Figure 3(a)).

Performance of engineered yeasts in a complex
oxygen partial pressure environment

Given the irregular distribution of oxygen in the
intestinal tract, we conducted experiments to eval-
uate the performance of engineered yeasts under
varying oxygen partial pressures and increased the
level of the carbon source in the medium to further
test the productivity of the engineered yeasts.
Among the tested strains, BYJ17 exhibited the
highest butyrate titer of 2.47 g/L under anaerobic
conditions compared to 1.84 g/L under aerobic
conditions (Figure 4(a)). Other engineered yeasts
such as BYJ07, BYJ12 and BYJ16, have also demon-
strated increased butyrate production under anae-
robic conditions compared to that under aerobic
conditions (Figure 4(a)). Hence, it can be con-
cluded that engineered yeasts are better suited for
butyrate production in anaerobic environments.
Notably, in shake flasks, the addition of the
acetoacetyl-CoA enhancement module to BYJ04
did not result in strong anaerobic butyrate synth-
esis capabilities (Figure 4(a)). However, anaerobic
butyrate synthesis in strains BYJ05, BYJ08, BY]16,
and BYJ17 was enhanced by the introduction of the
acetyl-CoA enhancement module (Figure 4(a)).
This suggests that certain metabolic modules
enhance anaerobic butyrate synthesis in engineered
yeasts. To test this hypothesis, different metabolic
modules were individually applied to BYJO1 cells
(Table S1). Co-overexpression of ERGIO and
MCTI1 enhances the supply of acetoacetyl-CoA.
However, this did not increase butyrate production
in BYJ04 under anaerobic conditions compared to
that under aerobic conditions (Figure 4(a)).
Meanwhile, the new strains which added acetyl-
CoA enhancement module on the basis of BYJ01
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were named SCB1, SCB2, SCB3, and SCB4, respec-
tively. The new strains which equipped with
NADH enhancement module on the basis of
BYJ01 were named SCB5 and SCB6. The new strain
equipped with acyl-CoA regulation module was
named SCB7.

Conversely, knockout of MLSI in SCB1 resulted
in increased butyrate production under anaerobic
conditions compared to aerobic conditions
(Figure 4(b)). Subsequently, deletion of CIT2 in
SCBI1 led to increased butyrate production in SCB2
under anaerobic conditions (Figure 4(b)). By over-
expressing ACSI in SCB2, butyrate production in
SCBS3 significantly increased under oxygen-limited
conditions compared to that under oxygen-supplied
conditions (Figure 4(b)). Further overexpression of
ACS2 in SCB3 resulted in high butyrate production
under anaerobic conditions in SCB4 (Figure 4(b)).
This indicated that the acetyl-CoA enhancement
module significantly enhanced the anaerobic synth-
esis of butyrate in the engineered yeasts.

To investigate the effect of the NADH enhance-
ment module on butyrate production in engineered
yeasts under anaerobic conditions, the recombinant
strains SCB5 and SCB6 were constructed by deleting
GPDI and ADH4, respectively (Table S1). SCB5 and
SCB6 exhibited increased butyrate production
under anaerobic conditions compared to that
under aerobic conditions (Figure 4(c)). To explore
the role of the acyl-CoA regulation module in buty-
rate synthesis in the recombinant yeast, FAAI was
deleted from BYJ01 (Table S1). However, SCB7 did
not exhibit an increased butyrate titer under anae-
robic conditions compared to that under aerobic
conditions (Figure 4(c)).

To assess the yield of the engineered yeast strain
under varying oxygen concentrations, batch fer-
mentation was conducted using different strains
equipped with diverse metabolic modules.
Notably, in the absence of dissolved oxygen (DO),
each strain achieved maximum butyrate produc-
tion (Figure 4(d)). However, as the DO concentra-
tion increased, butyrate production gradually
declined. When the amount of dissolved oxygen
was increased to 10%, butyrate production was
reduced (Figure 4(e)). Significant inhibition of
butyrate synthesis was observed when the concen-
tration of dissolved oxygen was increased to 30%
(Figure 4(f)). These results demonstrate that the
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butyrate-engineered yeast can maintain optimal
butyrate production even in challenging environ-
ments, particularly under hypoxic conditions.

The acetyl-CoA and NADH enhancement mod-
ules not only increased the supply of acetyl-CoA
and NADH but also amplified butyrate production
under anaerobic conditions. In situations with lim-
ited oxygen, improved metabolism of NADH
through glycolysis and pyruvate decarboxylation,
along with enhanced acetyl-CoA metabolism, play
a significant role in enhancing the efficiency of
butyrate synthesis in BYJ17.

Engineered yeasts applied to the gut microbiota of
patients with IBD

Previous studies have reported that Clostridium
butyricum, a producer of butyrate in the gut, can
promote the growth of probiotics such as
Bifidobacteria and Lactobacilli while inhibiting the
growth of harmful bacteria.®” Butyrate has also been
shown to improve dextran sulfate sodium (DSS)
induced colitis by modulating the gut microbiota.*®
To assess the effect of butyrate-engineered yeasts on
colitis in vitro, we collected gut microbiota samples
from six patients with mild-to-moderate ulcerative
colitis (UC) (Figure 5(a)), and six healthy volunteers
which served as the control group. Butyrate provides
energy to colon cells, which consumes a large
amount of oxygen, leading to a decrease in oxygen
content in the intestinal environment.*’ Considering
this, we strived to minimize the exposure time of
samples to the air during the sample collection pro-
cess, and the entire process of patient gut microbiota
inoculation and engineered yeast inoculation was
completed in an anaerobic incubator. Stool samples
were collected from patients and volunteers using
poop cups. Phosphate Buffered Saline (PBS) was
added to the samples, which were then blended
using a conventional blender. After filtration, the
fecal flora suspension was added to a 96-deep-well
plate with Yeast Casitone Fatty Acids (YCFA) cul-
ture medium to inoculate the gut microbiota, and
the engineered yeasts were added to the correspond-
ing well positions.”” In order to simulate the oxygen
scarce intestinal environment and unleash the
potential of engineered strain to produce butyrate
under anaerobic conditions, after the inoculation
step was completed, we used a silicone cover to
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tightly seal the 96-deep-well plate to prevent oxygen
from entering. The cultures were incubated on
a thermostatic shaker for 24 h, followed by the
separation of the cultures into supernatants and
precipitation by centrifugation. The supernatant
was subjected to GC - MS analysis to measure
butyrate content, whereas bacterial rRNA from the
precipitate was analyzed using 16S ribosomal RNA
sequencing (16S rRNA-seq) (Figure 5(a)).

The butyrate content in the cultures increased
with the enhancement of butyrate synthesis
through the addition of different metabolic mod-
ules to butyrate-engineered yeasts (from J1 to J17)
(Figure 5(b)). Among these strains, J17 exhibited
the highest butyrate production. In terms of bac-
terial richness, as indicated by the observed species,
rarefaction curve, rank abundance, and gut micro-
biome a-diversity measured by Chao 1 and the
abundance Coverage-based Estimator (ACE), the
J16 group showed significant differences compared
to the IBD group

(Figure 5(c—e) and Figure S3). However, yeast
chassis cells BY and engineered strains J1, J4, J8
and J17 did not significantly improve the microbial
community structure in patients with IBD. This
was attributed to the fact that the amount of buty-
rate released by engineered strain needs to be con-
trolled within a certain range to maximize the
improvement effect of engineered strain on gut
microbiota (Figure 5(b)).

By comparing the gut microbiota diversity of each
treatment group using the [-diversity index
(Figure 5(f)), we observed a significant reduction in
diversity in the IBD group. However, intervention
with butyrate-producing engineered yeasts, such as
J4, J8, J16, and J17, could reverse this change
(Figure 5(f)), suggesting that the secretion of buty-
rate by these engineered yeasts could improve the
composition of the gut microbiota in patients with
IBD. Additionally, principal coordinate analysis of
the gut microbiome using Binary-Jaccard dissimilar-
ity as a metric (Figure 5(g)) revealed distinct differ-
ences between the gut microbiota profiles of the J4,
J8, J16, and J17 groups and those of the IBD group.
This indicates that the engineered yeasts signifi-
cantly altered the structure of the gut microbiota
by producing butyrate.

Upon closer investigation at the genus level
(Figure 6(a) and S4), it was revealed that

engineered strain that release specific amounts of
butyrate, such as J8 and J16, had a profound effect
on the abundance of beneficial bacteria, such as
Lactobacillus Compared to the IBD group
(Figure 6(c) and Fig. S4) within the gut microbiota
of individuals diagnosed with IBD. Compared with
other engineered strains treatment groups, the J8
and J16 groups slightly increased the abundance of
Lactobacillus. Similar positive effects were observed
for Enterococcus and Pediococcus (Fig. S$4).
Lactobacillus is a well-known probiotic that allevi-
ates intestinal inflammation.”’ Among the yeast
strains tested, J8 demonstrated the most pro-
nounced effect on augmenting the abundance of
Lactobacillus. However, the effectiveness started to
decline after intervention by J16 and J17
(Figure 6(c)). The abundance of Lactobacillus trea-
ted with J17 was comparable to that treated with J4,
likely because of the high concentration of butyrate
secreted by J17. Additionally, the investigation
revealed that butyrate-engineered yeasts J16 effec-
tively increased the relative abundance of
Bifidobacterium in the gut microbiota of patients
with IBD compared with IBD group (Figure 6(d)).
Moreover, the J16 group showed a slight increase
in the abundance of Bifidobacterium compared to
other engineered strains treatment groups.
Bifidobacterium, a crucial member of the gut
microbiota, plays a significant role in maintaining
intestinal health and reducing gastrointestinal
disorders.”>”> However, the impact of J17 was not
as significant as that of J16 (Figure 6(d)), possibly
because of the excessive production of butyrate by
J17 (Figure 5(b)). Furthermore, examination at the
species level (Figure 6(b)) revealed that treatment
with butyrate-engineered yeasts (J8, J16, and J17)
significantly increased the relative abundances of
Lactobacillus salivarius (Figure 6(e)), Lactobacillus
johnsonii (Figure 6(f)), Lactobacillus delbrueckii
(Figure 6(g)), Bifidobacterium adolescentis
(Figure 6(h)), Pediococcus acidilactici (Figure 6(i))
and Enterococcus faecium (Figure 6(j)). L. salivarius
alleviated inflammation and restored a balanced
environment in a DSS-induced colitis model.”*
L. johnsonii has shown efficacy in reducing infec-
tion by the diplomonad Giardia intestinalis in ger-
bils and in inhibiting C. perfringens colonization in
chickens.”>”® Studies have indicated that the oral
administration of L. delbrueckii regulates mucosal
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Figure 6. Effect of engineered yeasts on the species composition of the IBD gut microbiota. (a) Relative abundance at the genus level. (b)
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and systemic immune responses in mice with
colitis.”” B. adolescentis promoted Th17 cell accu-
mulation, thereby contributing to the maintenance
of intestinal homeostasis.”® P. acidilactici has
demonstrated efficacy in reducing clinical and
intestinal allergic reactions in allergic mice’” and
in alleviating inflammation in mice with colitis.*’
E. faecium is widely used as a probiotic for phar-
maceutical and animal nutritional applications.®’
The relative abundances of other probiotics
decreased to varying degrees after J17 treatment,
including L. salivarius, L. johnsonii, L. delbrueckii
and B. adolescentis (Figure 6(e-h)). The therapeutic
effect of J16 was the most prominent, as it max-
imized the relative abundance of probiotics, such as
L. salivarius and B. adolescentis (Figure 6(g,h)),
indicating that moderate supplementation of buty-
rate from engineered strains is necessary to achieve
optimal therapeutic outcomes. Moreover, treat-
ment with J4, J8, J16, and J17 markedly reduced
the relative abundance of Candidatus
Bacilloplasma, which is known to be enriched in
diseased shrimp (Fig. S5).** Linear discriminant
analysis effect size (LEfSe) identified the dominant
microbiota and biomarkers at a threshold of 4
(Figure 6(k,1)). At the genus level, the dominant
microbiota in J16 group were Pediococcus,
Lactobacillus, Streptococcus, and Ligilactobacillus.
The dominant microbiota in the BY group was
Candidatus Bacilloplasma. The dominant micro-
biota in the CON (Control) group (gut microbiota
from healthy volunteers) were Pseudomonas,
Clostridium sensu stricto 1, Escherichia-Shigella,
Weissella, Lactococcus, and Ralstonia. At the spe-
cies level, the dominant microbiota in the J16
group was Pediococcus acidilactici, Streptococcus
anginosus, Lactobacillus johnsonii, Lactobacillus
salivarius, and Lactobacillus delbrueckii. The domi-
nant microbiota in the CON group included
Clostridium  butyricum,  Weissella  cibaria,
Lactococcus lactis, and Ralstonia pickettii. In the
ternary diagram, when comparing the dominant

microorganisms at the genus level among the
three groups: J16, BY, and CON, it become evident
that Streptococcus, Pediococcus, Ligilactobacillus,
Lactobacillus, and Enterococcus were relatively
abundant in the J16 group (Fig. S6A). At the spe-
cies level, the densities of Streptococcus anginosus,
Pediococcus acidilactici, Lactobacillus salivarius,
Lactobacillus delbrueckii, Lactobacillus johnsonii,
and Enterococcus faecium were higher in the J16
group than that in the BY and CON groups
(Fig. S6B).

In conclusion, butyrate-engineered yeasts (J8,
J16, and J17) regulated homeostasis of the gut
microbiome in patients with IBD by producing
butyrate, increasing the relative abundance of pro-
biotics such as Lactobacillus and Bifidobacteria,
and reducing the presence of harmful bacteria.
However, owing to differences in butyrate produc-
tion, the therapeutic effects of these engineered
yeasts differed. Among these, J16 secreted an opti-
mal amount of butyrate, leading to the most sig-
nificant therapeutic effect on the gut microbiota of
individuals with mild-to-moderate UC. This is
reflected in its ability to maximize the relative
abundance of most probiotics and effectively mod-
ulate gut microbiome homeostasis.

Therapeutic efficacy of engineered yeasts in
TNBS-induced IBD mice model

Based on the successful in vitro regulation of
intestinal bacteria by the engineered yeasts, their
therapeutic effectiveness was further investigated
in vivo by treating TNBS-induced C57BL/6 mice
with colitis. The experimental design involved
administering a 2 weight % (wt %) TNBS enema
to C57BL/6 mice on day 0 (Figure 7(a)). Mice
were divided into six groups: control, model
(TNBS), BY treatment (TNBS+BY), J8 treatment
(TNBS+]8), J16 treatment (TNBS+J16), and J17
treatment (TNBS+J17). Except for the control
and model groups, mice in the remaining groups

(J) Relative abundance of Enterococcus_faecium at the species level. (k) Differentially enriched intestinal microbiota in all groups by
linear discriminant analysis (LDA). An LDA score >4 represents a higher abundance in the group than that in other groups. (1)
Cladogram based on linear discriminant analysis effect size (LEfSe) analysis. Data are presented as means + SEM (n = 6). Statistical
analysis was performed using one-way ANOVA with Tukey’s multiple comparison test. *p <.05, **p <.01, ***p <.001 and ****p

<.0001.
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comparison test.

were orally administered various engineered
yeasts (BY, J8, J16, and J17) daily until euthanasia
on day 7 (bacterial dose: 1x 10° colony-forming
units [CFU]). Butyrate levels in the colonic con-
tents of mice were measured to evaluate the abil-
ity of the engineered yeast to secrete butyrate into
the intestine. The therapeutic efficacy of the engi-
neered yeast was assessed by monitoring the
changes in body weight, disease activity index
(DAI), colon length, histological analysis of

colon sections, histological scores, and spleen
weight.

Consistent with the in vitro experimental results,
the butyrate content in the intestinal cavity of mice
varied among the different treatment groups
(Figure 7(b)). The mice in the BY treatment
group had the lowest butyrate content because of
the limited ability of the yeast strain BY4741 to
synthesize butyrate. In contrast, the J17 treatment
group exhibited the highest intestinal butyrate



16 (&) J.WUETAL

content because J17 harbored all the metabolic
modules. However, the butyrate concentration in
the intestinal cavity of mice from the J17 treatment
group exceeded that of the control group, which
could potentially have an adverse therapeutic effect
on colitis in mice. Notably, supplementation with
butyrate through J16 (slightly weaker butyrate pro-
duction compared to J17) restored the luminal
butyrate content to normal levels in mice with
colitis (Figure 7(b)). Thus, the amount of butyrate
provided by J16 was optimal for the treatment of
colitis in mice.

While BY did not improve the severity of TNBS-
induced acute colitis in mice, mice in the TNBS+]8,
TNBS+J16, and TNBS+J17 groups showed
increased body weight (Figure 7(c)), decreased dis-
ease activity index (DAI) (Figure 7(d)), longer
colon length (Figure 7(e,f)), and reduced spleen
weight (Figure 7(i)) compared to those in the
TNBS group. The therapeutic effect of the engi-
neered yeast on mice with colitis primarily stems
from its ability to secrete substantial amounts of
butyrate, which is known for its potent anti-
inflammatory properties.” Among the engineered
yeasts, J16 exhibited the most prominent therapeu-
tic effect in mice, whereas the therapeutic effect of
J17 was less pronounced than that of Jl6.
Histological analysis revealed significant crypt
defects and mucosal muscle layer infiltration in
the colons of mice with colitis in the TNBS group.
However, treatment with engineered yeasts (J8, J16,
and J17) led to improved colon histology in mice
with colitis, with reduced inflammatory cell infil-
tration and increased crypts. Notably, J16 exhibits
remarkable therapeutic effects (Figure 7(g,h)).

It is important to note that a higher secretion of
butyrate from engineered yeast did not necessarily
yield better results. Although J17 produced the
highest butyrate content in the intestinal cavity of
mice, its therapeutic effect on mice with colitis was
less pronounced than that of J16, as evidenced by
lower body weight, higher DAI scores, shorter
colon length, heavier spleen weight, and higher
histological scores (Figure 7(b-i)). These findings
indicate that the amount of butyrate secreted by
J16, rather than J17, fulfilled the therapeutic
requirements of mice with colitis.

Owing to its remarkable anti-inflammatory
properties, butyrate is considered a potential

therapeutic agent for IBD.” To further investigate
the therapeutic mechanisms of the butyrate-
engineered yeasts, we analyzed the levels of pro-
inflammatory mediators in the serum. The TNBS
group exhibited higher levels of tumor necrosis
factor-a (TNF-a), interleukin-6 (IL-6), and inter-
leukin-1f (IL-1B) compared to the control group.
However, engineered yeasts J8, J16, and J17 effec-
tively reduced the levels of pro-inflammatory cyto-
kines TNF-a, IL-6, and IL-1B when compared to
the TNBS group (Figure 8(a—c)). Among the engi-
neered yeasts, J16 demonstrated the most pro-
nounced anti-inflammatory effect, likely because
of the appropriate amount of butyrate secreted to
treat TNBS-induced colitis in mice (Figure 8(a-c)).
The therapeutic effect of J17 was less favorable than
that of J16, possibly because of excessive butyrate
secretion.

To further validate the therapeutic effect of engi-
neered yeasts, we measured the mRNA expression
of pro-inflammatory and anti-inflammatory cyto-
kines in the colonic mucosa, including TNF-a, IL-
6, IL-1pB, and IL-10, which play crucial roles in IBD
pathologies (Figure 8(d-g)). As expected, the engi-
neered yeast significantly reduced the levels of pro-
inflammatory cytokines and increased those of
anti-inflammatory cytokines. Notably, J16 exhib-
ited the most significant treatment effect, with
lower levels of inflammatory factors, such as IL-6,
and higher levels of anti-inflammatory factors,
such as IL-10. This indicated that J16 possesses
a prominent anti-inflammatory effect. Conversely,
the anti-inflammatory effects of J17 were less pro-
nounced than those of J16.

Butyrate supports the function and integrity
of the intestinal barrier by regulating tight junc-
tions and mucus production.® To confirm the
protective effect of the butyrate-engineered yeast
on the intestinal barrier, we measured the rela-
tive expression of colonic intestinal barrier indi-
cators. Consistent with the anti-inflammatory
effect, the engineered yeast effectively preserved
the integrity of the intestinal barrier, preventing
immune cell-mediated destruction of the tight
junction proteins ZO1l and mucin MUC2
through butyrate transport. Among the engi-
neered yeasts, J16 demonstrated optimal protec-
tion, with the highest expression levels of ZO1
and MUC2 (Figure 8(h,i)). The effectiveness of
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comparison test.

J17 in maintaining intestinal barrier integrity
was not as significant as that of J16. These
tindings highlight the importance of controlling
butyrate dosage in colitis treatment. By lever-
aging synthetic biology, engineered yeasts can
produce appropriate amounts of butyrate to
maximize their therapeutic effects on colitis.

Discussion

In recent years, significant advancements have
been made in the treatment of IBD. The introduc-
tion of biological therapies, including antitumor
necrosis factor agents and integrin inhibitors, has
revolutionized the management of IBD. These
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therapies have been proven to be highly effective
in inducing and maintaining remission.*” Despite
these notable achievements, challenges persist in
the treatment of IBD, such as the complex and
heterogeneous nature of the disease, limited treat-
ment options, and side effects of medication.

Short-chain fatty acids are produced through the
fermentation of dietary fiber by beneficial bacteria
in the cecum and colon. They play crucial physio-
logical roles in the intestine, providing energy to
intestinal cells, maintaining the integrity of the
intestinal mucosal barrier, and regulating immune
responses.®® Butyrate, a specific short-chain fatty
acid, has beneficial effects on intestinal health. It
promotes the well-being of intestinal cells,
enhances the integrity of the intestinal barrier,
and exhibits anti-inflammatory properties.®
Intestinal butyrate levels are often reduced in
patients with IBD.??

Given the limitations associated with the direct
administration of butyrate and other supplemen-
tation methods, we developed a novel approach
for intestinal treatment using butyrate-engineered
yeasts. Our strategy involved identifying the key
genes responsible for butyrate production in var-
ious hosts, optimizing them for yeast codon pre-
ference, and synthesizing these gene sequences.
These genes were expressed in yeast cells using
plasmids, and exogenous synthetic genes suitable
for butyrate production in yeast were selected. To
assemble the expression cassettes, we used mole-
cular biology techniques and incorporated suita-
ble promoters and regulatory elements. These
expression cassettes were inserted into the gen-
ome of S. cerevisiae, and subsequent screening
identified strains capable of producing butyrate.
However, recognizing that butyrate production by
these engineered strains was insufficient to meet
clinical therapeutic requirements, we employed
four metabolic engineering approaches to further
optimize their performance. First, given the direct
involvement of acetoacetyl-CoA in butyrate pro-
duction, we introduced an acetoacetyl-CoA
enhancement module to bolster the substrate sup-
ply for butyrate synthesis (Figure 3(a)). Next, an
acetyl-CoA enhancement module was incorpo-
rated to augment the availability of acetyl-CoA,
which plays direct and indirect roles in acetoace-
tyl-CoA and butyrate synthesis, respectively

(Figure 3(a)). Furthermore, because the butyrate
synthesis pathway relies on an adequate supply of
NADH and necessitates carbon cycle concentra-
tion, we introduced an NADH enhancement
module (Figure 3(a)). Finally, to prevent butyrate
from being consumed during the synthesis of
long-chain fatty acids in yeast, we implemented
an acyl-CoA regulation module to increase buty-
rate production (Figure 3(a)). Our final butyrate-
engineered yeast strains successfully produced 1.8
g/L of butyrate (Figure 3(e)). Additionally, by
reinforcing the supply of acetyl-CoA and NADH,
we enhanced the performance of the butyrate-
engineered yeast strains under anaerobic condi-
tions. This enabled the engineered yeast to sustain
a certain level of butyrate production in the intest-
inal environment, thereby ensuring a therapeutic
effect.

We then validated the efficacy of butyrate-
engineered yeast. In in vitro experiments, we
employed engineered yeasts to intervene with the
gut microbiota from patients with IBD and
observed that the butyrate production of each
engineered strain remained stable (Figure 5(b)).
Moreover, the high-yield engineered strains (J8,
J16, and J17) exhibited favorable regulatory effects
on the gut microbiota of patients with IBD, nota-
bly increasing microbial diversity. These engi-
neered strains demonstrated a significant
increase in the abundance of beneficial probiotics,
including Lactobacillus, Bifidobacteria at the
genus level (Figure 6(c,d)), and Pediococcus acid-
ilactici, Lactobacillus delbrueckii, Lactobacillus
salivarius,  Lactobacillus  johnsonii,  and
Enterococcus faecium at the species level
(Figure 6(e-j)). Simultaneously, through the
release of butyrate, the high-butyrate-producing
engineered strains effectively reduced the abun-
dance of harmful bacteria, such as Candidatus
Bacilloplasma (Fig. S5). However, we observed
that strain J16, which had the second highest
butyrate yield, exhibited superior therapeutic
effects on the gut microbiota of patients with
IBD compared with that of strain J17, which had
the highest butyrate yield. Under treatment with
the J16 strain, populations of probiotics such as
Lactobacillus reached their highest levels.
Therefore, we speculated that the amount of buty-
rate released by the engineered strain should be



controlled within a specific range to ensure opti-
mal therapeutic outcomes.

To test this hypothesis, we used a mouse model
of colitis to evaluate the therapeutic effects of the
engineered yeasts with different levels of butyrate
production. Butyrate was detected in the colonic
contents of mice to confirm the performance of
the engineered yeasts in the gut environment
(Figure 7(b)). Remarkably, all butyrate-
engineered strains effectively treated colitis.
However, the therapeutic effect did not increase
linearly with an increase in butyrate content.
Surprisingly, strain J16 showed the most signifi-
cant therapeutic effect in mice with colitis. This
effect was evident through weight restoration,
maintenance of colonic structure, anti-
inflammatory properties, and protection of the
intestinal barrier. Our experiments demonstrate
that butyrate-engineered yeasts possess therapeu-
tic potential in colitis treatment. These findings
highlight the importance of controlling butyrate
production in engineered strains to achieve opti-
mal therapeutic outcomes.

At the same time, it is important to note that the
butyrate-engineered strain Inhibited the occur-
rence of intestinal inflammation through multiple
factors. It depends on the butyrate produced by the
engineered strain. Butyrate has been extensively
confirmed to be widely involved in host immune
regulation and has excellent anti-inflammatory
properties.**®® On the one hand, butyrate, as
a competitive HDACI, inhibits HDAC activity in
intestinal epithelial cells and immune cells.*®*’
Butyrate, as HDACI, downregulates NF-xB activity
and inhibits intestinal inflammatory response.*>*'
On the other hand, butyrate inhibits intestinal
inflammation, regulates immune response, and
improves intestinal barrier by mediating the activa-
tion of G protein coupled receptors on the surface
of intestinal epithelial cells, such as GPR41, GPR43
and GPR109A.**"** There is an interactive symbio-
tic effect between butyrate producing bacteria and
beneficial bacteria like Lactobacillus and
Bifidobacterium in the intestine, which can pro-
mote the growth of beneficial gut microbiota.’®>”
Our research indicated that engineered strain can
increase the abundance of Lactobacillus and
Bifidobacterium. The proliferation and growth of
Lactobacillus and Bifidobacterium in the intestine
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can reduce the number of harmful bacteria, thereby
regulating the microecological balance of the
intestinal microbiota, which is crucial for protect-
ing the intestinal barrier, reducing intestinal
inflammatory reactions, and maintaining intestinal
homeostasis.*”*!

In addition to its established therapeutic effects
on IBD, butyrate has shown promise for the treat-
ment of colorectal cancer, metabolic disorders, and
neurological disorders. Butyrate exhibits anticancer
properties and inhibits the growth of colorectal can-
cer cells.”* In the context of metabolic disorders,
butyrate has beneficial effects in conditions such as
obesity, insulin resistance, and type 2 diabetes.” It
improves insulin sensitivity, regulates glucose meta-
bolism, and aids in weight management.”
Furthermore, the regulatory effects of butyrate on
neurological disorders through the brain-gut axis
manifest in its ability to modulate the gut micro-
biota, regulate neurotransmitter levels, reduce
inflammation, and support intestinal barrier
function.””> Notably, the optimal therapeutic dose
of butyrate varies depending on the specific disease
and the individual patient. Single-concentration
supplementation with butyrate failed to meet the
diverse needs of all patients. However, through syn-
thetic biology, we can achieve heterologous expres-
sion of butyrate using S. cerevisiae. By leveraging the
metabolic network of probiotics, the corresponding
metabolic modules can be regulated based on differ-
ent indications and application environments.
Engineered yeast can maximize therapeutic efficacy
by secreting an appropriate concentration of buty-
rate at the site of the lesion. For instance, some
patients have greater requirements for butyrate,
and the supply of precursor substances can be max-
imized by regulating the metabolic modules of the
precursor substances and enhancing butyrate pro-
duction in engineered strains.

In addition to the direct regulation of probiotic
butyrate secretion through metabolic networks, syn-
thetic biology has the potential to enable probiotics to
deliver therapeutic substances based on disease-
related signals.”**° For instance, Benjamin®’ intro-
duced a self-tunable P2Y2-RROP1 gene circuit into
S. cerevisiae, enabling the engineered yeast to respond
specifically to extracellular adenosine triphosphate
(eATP) produced in the inflamed gut. This response
triggers the secretion of apyrase, which alleviates
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intestinal inflammation by consuming eATP.
Numerous studies have indicated a significant reduc-
tion in the butyrate content within the intestinal
lumen of patients with conditions related to butyrate
metabolism disorders, including gut inflammation,
colorectal cancer, lipid metabolism disorders, and
psychiatric disorders influenced by the brain-gut
axis.'>**”” Thus, butyrate-engineered yeast can
autonomously adjust the amount of butyrate released
by sensing a decrease in the butyrate content in the
environment. For instance, Bai”® developed a high-
throughput biosensor for E. coli that responded to
intracellular butyrate concentrations. Furthermore,
a recent study by Dang’” summarized synthetic bac-
terial therapies for gut diseases, highlighting the
potential for the targeted and controlled release of
therapeutic drug molecules by sensing physiological
signals associated with intestinal diseases. To imple-
ment a butyrate-sensing system, it can be introduced
into butyrate-engineered yeast strains, such as J17.
This can be accomplished by incorporating a specific
sensor protein or gene that responds to the butyrate
levels. Subsequently, a genetic circuit can be estab-
lished to integrate the sensing mechanism and control
the expression of the genes responsible for butyrate
production. This circuit activates or enhances the
expression of these genes when the concentration of
sensed butyrate is low. Promoters of butyrate-
producing genes can be modified to respond to the
regulatory circuit, ensuring that the expression of
these genes is controlled by the regulatory system
and synchronized with sensed butyrate levels.
Finally, the engineered strain could produce butyrate
in response to various environmental butyrate levels.

Conclusions

In summary, this study used a synthetic biological
method to realize butyrate synthesis in the
S. cerevisiae strain and regulate related metabolic
modules to continuously adjust the butyrate pro-
duction of engineered yeasts to achieve the best
therapeutic effect on colitis in vivo and in vitro.
This study is expected to provide new insights and
references for the targeted and better treatment of
related diseases.

Materials and methods
Strains and media

S. cerevisiae BY4741 (MATa, his3, leu2, metl5, and
ura3) was used to construct a recombinant strain
because its genome was used to construct all linear
DNA for genome editing. Yeast strains were cultured
at 30°C with shaking (220 rpm) in yeast extract pep-
tone dextrose (YPD) medium [10 g/L yeast extract,
20 g/L Bactopeptone (Difco Laboratories), 20 g/L glu-
cose. The level of glucose was increased to 30 g/L to
test the productivity of the strain at different oxygen
partial pressures] or synthetic dropout (SD) medium
(1.7 g/L yeast nitrogen base, 5 g/L ammonium sulfate,
and 20 g/L glucose) with supplemental amino acids
(Difco Laboratories). Additionally, 2% (w/v) agar was
added as required. Escherichia coli DH50 was used for
maintaining and propagating recombinant plasmids
and was cultured at 30°C with shaking (220 rpm) in
Luria-Bertani medium (10 g/L tryptone, 5g/L yeast
extract, and 10 g/L NaCl). Ampicillin was used at
a final concentration of 100 g/L, when necessary.

Yeast resistance to butyrate

The tolerance of yeast to butyrate was evaluated by
adding different concentrations of butyrate pur-
chased from Macklin to the YPD medium and mon-
itoring the growth of the strains. The growth of the
strains was analyzed every 12h by measuring the
optical density of the cultures at 600 nm (ODgg).

Fermentation conditions

To strengthen their viability, the yeast strains were
cultivated twice in the YPD medium for 16 h at 30°C.
For induced fermentation, 50 mL of SD-HIS-LEU-
URA medium (with histidine, leucine, and uracil
removed) in a 250 mL shake flask was used as the
fermentation medium. The yeast cell biomass reached
an ODygy of 2 in YPD medium. Yeast cells were
centrifuged at 2200 x g for 5min and washed with
10 mL distilled water. The cells were then inoculated
in SD-HIS-LEU-URA fermentation medium at 30°C
with shaking (220 rpm) for approximately 7 days.



For aerobic fermentation, 50 mL of YPD med-
ium with 40 g/L glucose in a 250 mL shake flask
was used as the fermentation medium. Sealed the
bottle mouth with breathable sealing film to ensure
air exchange. After cultivation in YPD medium,
yeast cells were inoculated in YPD medium at an
initial ODgqo of 0.2. The strains were grown at 30°C
with agitation at 220 rpm for 7 days. For anaerobic
fermentation, 50 mL of YPD medium with 40 g/L
glucose in a 250 mL shake flask was used as the
fermentation medium. After cultivation in YPD
medium, yeast cells were inoculated in YPD med-
ium at an initial ODgyo of 0.2. Nitrogen was
injected into the flask with the YPD medium to
remove residual oxygen. The flasks were sealed
with Parafilm to avoid the entry of oxygen from
outside. At the same time, we covered the outside
of the flask with two layers of tin foil to completely
isolate the contact between the incubator and the
external air. The strains were grown at 30°C with
agitation at 220 rpm for 7 days.

Batch fermentation was performed in a quadruple
glass fermenter (Bilbao, China). The strains were
activated twice and inoculated into 1 L of YPD med-
ium in a fermenter with an initial ODgq of 5. The
temperature was controlled at 30°C in a 1.5L fer-
mentation volume. The pH was maintained at 5.5 by
the dropwise addition of 5 N H,SO, or 5 N NaOH.
The dissolved oxygen in the reaction system was
maintained at 0%, 10%, and 30% by controlling the
airflow rate. The fermentation was performed at an
agitation speed of 300 rpm for 4 days.

Metabolite analysis by GC - MS

For pretreatment of the yeast culture medium,
refer to the previously described method. To
acidify the collected supernatant test samples,
2mL of supernatant culture medium was ali-
quoted into a 5mL polyethene centrifuge tube,
and 0.4mL of 50% sulfuric acid and 2.6 mL
diethyl ether was added into the supernatant.
The mixture was incubated in a shaker at 30°C
with shaking (200 rpm) for 45 min, and then
centrifuged at 3000 rpm for 5min. The super-
natant was removed and placed in another
sterile centrifuge tube, and anhydrous calcium
chloride was added for dehydration and filtered
through 0.22 pm nylon filters. Calcium chloride
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was used to remove water, and the supernatant
was used for GC - MS detection.

For the GC - MS process, a Column Agilent
123-7032 DB-WAX was used. The column tem-
perature started at 60°C, which was held for 2
min, ramped up to 220°C at 10°C/min and then
held at this temperature for 20 min. Helium was
used as the carrier gas. The flow rate was 1 mL/min,
the split ratio was 20:1, the injection volume was 2
uL, and the starting temperature of the injection
port was 250°C. MS conditions: an EI ion source,
70 eV; Ion source temperature, 230°C; quadrupole
temperature, 150°C; solvent delay time, 2 min; scan
mass range, m/z 20-150.

Patient stool sample collection

Stool samples were collected from six healthy volun-
teers and six patients with mild-to-moderate ulcera-
tive colitis (UC) referred to the Tianjin Medical
University General Hospital from November 2022 to
December 2022. Patients were diagnosed with mild-to
-moderate UC based on clinical, histological, radiolo-
gical, and colonoscopic criteria. The inclusion criteria
were as follows: (1) subjects voluntarily donated their
own stools and signed an informed consent form; (2)
subjects aged 31-59 years, both sexes were included;
(3) subjects met the diagnostic criteria for mild-to-
moderate UC and a Mayo score of 4-10. The exclu-
sion criteria were as follows: (1) subjects who were
pregnant or unable to provide informed consent; (2)
subjects who had suffered from severe immunodefi-
ciency in the previous 6 months; (3) subjects who had
taken antibiotics or probiotics within the previous 6
weeks; (4) subjects who had taken blood pressure
medicines within the previous 6 weeks; (5) subjects
who had suffered from underlying systemic diseases
in the previous 6 months; and (6) subjects who had
suffered severe UC (Mayo score > 10) in the previous
6 months. Donors were instructed to collect feces in
small containers. Sample collection was approved by
the Ethics Committee of Tianjin Medical University
General Hospital.

Co-cultivation of intestinal microorganisms and
engineered yeasts

Hemin (Tuopu Biotechnology, China), Wolin’s
vitamin solution (Tuopu Biotechnology, China),
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and volatile fatty acids (Tuopu Biotechnology,
China) were added to the YCFA basal medium to
prepare the YCFA medium.

To culture the samples, 1 mL of YCFA was
placed in 96-deep well plates (LabSelect, China).
The plates were then covered with a silicone gel
mat. Fresh stool samples were collected from each
patient and immediately transferred to an anaero-
bic workstation (37°C) containing 5% H,, 5% CO,,
and 90% N,. The samples were dissolved in
a Falcon tube containing 10 mL of PBS. Prior to
homogenization using a vortex mixer, the tube was
briefly uncapped to allow gas exchange and oxygen
removal. Homogenized samples were filtered
through sterile gauze and promptly inoculated
into the medium at a final concentration of 2%
(w/v). Engineered yeast was added to a 2% inocu-
lum for the intervention. The cultures were incu-
bated at 37°C with constant shaking at 500 rpm
using digital shakers for 24 hours.

Mice

60 male C57BL/6 mice (8-10 weeks old; specific
pathogen free, SPF) were purchased from Vital
River (Beijing, China). The mice used in this
study were housed at Tianjin University following
the guidelines set by the Institutional Animal Care
and Use Committee. Each cage accommodated two
to five mice and maintained a standard cycle of 12
h light and 12 h darkness. The housing conditions
were maintained at a temperature of 20-23°C and
approximate humidity of 50%. The mice had
unrestricted access to food and water. Upon arrival,
the mice were acclimatized, and their microbiomes
were homogenized over a period of one month.
Subsequently, the mice were randomly assigned
to different treatment groups to ensure that the
mice treated with different probiotic strains were
not co-housed to prevent transfer between them.

Gavage treatment

The yeast was cultivated using YPD medium until
ODggo = 10, then yeast culture medium was centri-
fuged at 6500 rpm for 10 minutes until the super-
natant and vyeast cells were separated, and
supernatant was discarded. An appropriate amount
of sterile PBS water was added to the yeast cell

precipitate, and the precipitate was resuspended
to allow the yeast and water to come into full
contact. The resuspended liquid was centrifuged
at 6500 rpm for 10 minutes, and the supernatant
was removed. This step was repeated to remove
residual culture medium and butyrate from yeast
precipitation. Subsequently, an appropriate
amount of PBS water was added to the cleaned
cell precipitate. The cell precipitate was resus-
pended again to achieve a cell concentration of
10° CFU/mL. The prepared yeast resuspension
was placed at 4°C for storage. Each group was set
up with 10 mice. After the adaptation period
ended, each group of mice was given 200 uL of
PBS, yeast cell solution by gavage, once a day.
After continuous gavage for two weeks, modeling
began. Each mouse in the Control group and TNBS
group was given 200 uL of PBS by gavage, while
each mouse in the administration group was given
200puL  of engineered yeast solution with
a concentration of 10° CFU/mL by gavage.

Trinitrobenzenesulfonic acid-induced mouse colitis
model

To induce colitis in C57BL/6] mice using TNBS,
male mice were sensitized one week prior to colitis
induction. The sensitization involved applying 150
uL of TNBS solution (composed of 64% acetone
from Sigma-Aldrich, 16% olive oil from Sigma-
Aldrich, and 20% TNBS solution at
a concentration of 50 mg/mL (picrylsulfonic acid
solution, 5%, Sigma-Aldrich)) to their preshaved
backs. After one week, the sensitized mice were
fasted for 4 hours and then received 100 pl of the
TNBS induction solution (composed of 50% etha-
nol and 50% TNBS solution at a concentration of
50 mg/mL) rectally. The control group was admi-
nistered 50% ethanol. The weights of the mice were
monitored daily until euthanasia was performed at
the peak of the disease after colitis induction.

Disease activity index

The Disease Activity Index (DAI) was assessed
based on the following parameters: stool consis-
tency (scored as 0 for hard, 2 for soft, and 4 for
diarrhea), fecal occult blood using Hemoccult
Sensa (Beckman Coulter) (scored as 0 for negative,



2 for positive, and 4 for macroscopic), and weight
loss (scored as 0 for less than 1%, 1 for 1-5%, 2 for
5-10%, 3 for 10-20%, and 4 for more than 20%).

Hematoxylin and eosin (H&E) staining

The colonic segments, approximately 2-3 cm in
length, were surgically removed, washed with
phosphate-buffered saline (PBS), fixed in 4% for-
maldehyde, embedded in paraffin, and then sec-
tioned into slices 5 pum thick. One set of paraffin
sections was stained with hematoxylin and eosin
(H&E) staining. The total damage score was deter-
mined based on several criteria including goblet
cell depletion (scored as 1 for presence and 0 for
absence), crypt abscesses (scored as 1 for presence
and 0 for absence), destruction of mucosal archi-
tecture (scored as 1 for normal, 2 for moderate, and
3 for extensive), muscle thickening (scored as 1 for
normal, 2 for moderate, and 3 for extensive), and
cellular infiltration (scored as 1 for normal, 2 for
moderate, and 3 for transmural).'®

TNF-a, IL-6 and IL-1f secretion assays

Enzyme-linked immunosorbent assay kits (ELISA,
SBJ-M0030, SenBeiJia Biological Technology)
(ELISA, SBJ-M0657, SenBeiJia  Biological
Technology) (ELISA, SBJ-R0546, SenBeiJia
Biological Technology) were used to detect the
secretion of TNF-a, IL-6 and IL-1p in cell cultures
according to the manufacturer’s instructions.
Briefly, supernatant of primary cardiomyocytes
with different treatment was collected and centri-
fuged (500 g) for 5 minutes. Then, the supernatant
was sub-jected to ELISA assay.

RNA extraction and quantitative PCR

A sample weighing 20 mg was taken from the distal
colon and immediately flash-frozen. The frozen
samples were disrupted using TRIzol reagent
(Invitrogen) for RNA extraction. The RNA extrac-
tion process followed the guidelines provided by
the manufacturer’s miRNeasy kit (Qiagen,
Germany). Reverse transcription was performed
to convert RNA into c¢DNA wusing the
PrimeScript™ RT reagent kit (TaKaRa). Then,
cDNA was amplified using the ChamQ Universal
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SYBR qPCR Master Mix (Vazyme, China) to con-
firm the expression levels of the genes. The calcula-

tion method of transcript level was through the
-AACt method.'”!

Statistical analysis

Statistical analyses were conducted using Prism 9
software. Student’s t-test and one-way analysis of
variance (ANOVA) analysis were employed, followed
by Tukey’s or Fisher’s least significant difference mul-
tiple comparisons. Statistical significance was deter-
mined at a threshold of p<0.05. The following
notation was used to denote significance levels: (n.s.)
for p > 0.05, * for p < 0.05, ** for p < 0.01, *** for p <

0.001, and *** for p < 0.0001. Results with p values
above 0.05 were considered not significant (n.s.).

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The present study was supported by grants from the National
Key Research and Development Project (Grant
No. 2019YFA0905600), the Independent Innovation
Foundation of Tianjin University (Grant No. 2023XQM-
0014), the Science and Technology Program of Tianjin,
China (Grant No. 22YFZCSN00090), and the China-CEEC
Joint Education Project (Grant No. 2022196).

ORCID

He Huang
Xiaocang Cao
Guangbo Kang

http://orcid.org/0000-0003-3008-4869
http://orcid.org/0000-0001-8376-3481
http://orcid.org/0000-0001-5353-9788

Authors’ contributions

Conceptualization: JW., G.K., LW., M.G, B.L, HH.
Experimental: JW., GK., LW, M.G., SM,, S.Z, ZF., Z.Z.,
X.C. Data analysis: J.W., GK. LW, S.M.,, S.Z,Y.F,BL, HH.
Supervision: JW., GK,,LW., Z.F,, Z.Z, B.L.,, H.H. Writing: J.
W., GK, LW, MG, B.L, HH.

Abbreviations

IBD Inflammatory bowel disease
SCFA  Short-chain fatty acid
GPD Glycerol-3-phosphate dehydrogenase



24 (&) JWUETAL

DSS Dextran sulfate sodium

ucC Ulcerative colitis

ACE Abundance Coverage-based Estimator
DAI Disease activity index

TNBS Trinitro-benzene-sulfonic acid

BA Butyric acid

TNF Tumor necrosis factor

IL Interleukin

ATP Adenosine triphosphate

NADH Nicotinamide adenine dinucleotide
HC Healthy Control

CON Control

eATP Extracellular Adenosine triphosphate

Ethics approval and consent to participate

This experimental protocol was approved by the Institutional
Animal Care and Use Committee at Tianjin University
(Approval No. #TJUE-2023-183), and all animal experiments
were conducted in accordance with the National Research
Council Guide for Care and Use of Laboratory Animals.

In this study, we strictly complied with the ethical require-
ments for experimental animals and established clear humane
endpoints. During the course of the experiments, some mice
in the untreated and treated groups developed serious health
problems, such as weight loss of more than 20%, blood in the
stool, and locomotor disorders. To protect the welfare of the
animals, we immediately terminated these experiments and
euthanized them to alleviate their suffering. This practice
demonstrated our respect for the lives of experimental ani-
mals while ensuring the scientific reliability of the experimen-
tal data.

All volunteers voluntarily donated their own stools and
signed an informed consent form. Sample collection was
approved by the Ethics Committee of Tianjin Medical
University General Hospital.

Data availability statement

The 16S rRNA gene sequencing raw data generated in this
study have been deposited in the NCBI under accession No.
PRJNA998236. Other data needed to evaluate the conclusions
in the paper are present in the paper and/or the
Supplementary Materials.

References

1. Kobayashi T, Siegmund B, Le Berre C, Wei SC,
Ferrante M, Shen B, Bernstein CN, Danese S, Peyrin-
Biroulet L, Hibi T. Ulcerative colitis. Nat Rev Dis
Primers. 2020;6(1):74. doi:https://doi.org/10.1038/
$41572-020-0205-x.

2. Ray G, Longworth MS. Epigenetics, DNA Organization,
and inflammatory bowel disease. Inflamm Bowel Dis.
2019;25:235-247. doi:10.1093/ibd/izy330.

10.

11.

12.

13.

14.

. de Souza

HSP, Fiocchi C, de Souza HSP.
Immunopathogenesis of IBD: current state of the art.
Nat Rev Gastroenterol Hepatol. 2016;13(1):13-27. doi:

https://doi.org/10.1038/nrgastro.2015.186.

. Ordas I, Eckmann L, Talamini M, Baumgart DC,

Sandborn WJ. Ulcerative colitis. Lancet. 2012;380
(9853):1606-1619. doi:https://doi.org/10.1016/s0140-
6736(12)60150-0.

. Bindu S, Mazumder S, Bandyopadhyay U. Non-steroidal

anti-inflammatory drugs (NSAIDs) and organ damage:
a current perspective. Biochem  Pharmacol.
2020;180:114147. doi:10.1016/j.bcp.2020.114147.

. Neurath MF, Travis SP. Mucosal healing in inflamma-

tory bowel diseases: a systematic review. Gut. 2012;61
(11):1619-1635. doi:https://doi.org/10.1136/gutjnl-2012-
302830.

. Arpaia N, Campbell C, Fan X, Dikiy S, van der

Veeken J, deRoos P, deRoos P, Liu H, Cross JR,
Pfeffer K. et al. Metabolites produced by commensal
bacteria promote peripheral regulatory T-cell
generation. Nature. 2013;504(7480):451-455. doi:
https://doi.org/10.1038/nature12726.

. Kelly CJ, Zheng L, Campbell EL, Saeedi B, Scholz CC,

Bayless AJ, Wilson K, Glover L, Kominsky D,
Magnuson A. et al. Crosstalk
microbiota-derived short-chain fatty acids and intest-
inal epithelial HIF augments tissue barrier function.
Cell Host Microbe. 2015;17(5):662-671. doi:https://
doi.org/10.1016/j.chom.2015.03.005.

between

. Chang PV, Hao L, Offermanns S, Medzhitov R. The

microbial metabolite butyrate regulates intestinal
function via histone deacetylase
inhibition. Proc Natl Acad Sci U S A.
2014;111:2247-2252. doi:10.1073/pnas.1322269111.

O’Keefe SJD. Diet, microorganisms and their metabo-

macrophage

lites, and colon cancer. Nat Rev Gastroenterol Hepatol.
2016;13(12):691-706. doi:https://doi.org/10.1038/nrgas
tro.2016.165.

Ferrer-Picon E, Dotti I, Corraliza AM, Mayorgas A,
Esteller M, Perales JC, Ricart E, Masamunt MC,
Carrasco A, Tristan E. et al. Intestinal inflammation
modulates the epithelial response to butyrate in patients
with inflammatory bowel disease. Inflamm Bowel Dis.
2020;26(1):43-55. doi:https://doi.org/10.1093/ibd/izz119.
Gill PA, van Zelm MC, Muir JG, Gibson PR. Review
article: short chain fatty acids as potential therapeutic
agents in human gastrointestinal and inflammatory
disorders. Aliment Pharmacol Ther. 2018;48(1):15-34.
doi:https://doi.org/10.1111/apt.14689.

Pituch A, Walkowiak J, Banaszkiewicz A. Butyric acid
in functional constipation. Prz Gastroenterol.
2013;8:295-298. do0i:10.5114/pg.2013.38731.

Wang L, Cheng X, Bai L, Gao M, Kang G, Cao X,
Huang H. Positive interventional effect of engineered
butyrate-producing bacteria on metabolic disorders
and intestinal flora disruption in obese mice.


https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1038/s41572-020-0205-x
https://doi.org/10.1093/ibd/izy330
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1038/nrgastro.2015.186
https://doi.org/10.1016/s0140-6736(12)60150-0
https://doi.org/10.1016/s0140-6736(12)60150-0
https://doi.org/10.1016/j.bcp.2020.114147
https://doi.org/10.1136/gutjnl-2012-302830
https://doi.org/10.1136/gutjnl-2012-302830
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12726
https://doi.org/10.1016/j.chom.2015.03.005
https://doi.org/10.1016/j.chom.2015.03.005
https://doi.org/10.1073/pnas.1322269111
https://doi.org/10.1038/nrgastro.2016.165
https://doi.org/10.1038/nrgastro.2016.165
https://doi.org/10.1093/ibd/izz119
https://doi.org/10.1111/apt.14689
https://doi.org/10.5114/pg.2013.38731

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

Microbiol Spectr. 2022;10(2):e01147-21. doi:https://
doi.org/10.1128/spectrum.01147-21.

Belenguer A, Duncan Sylvia H, Calder AG, Holtrop G,
Louis P, Lobley Gerald E, Flint HJ. Two routes of
metabolic cross-feeding between bifidobacterium ado-
lescentis and butyrate-producing anaerobes from the
human gut. Appl Environ Microbiol. 2006;72
(5):3593-3599. doi:https://doi.org/10.1128/AEM.72.5.
3593-3599.2006.

Wang H, Cui B, Li Q, Ding X, Li P, Zhang T, Yang X,
Ji G, Zhang F. The safety of fecal microbiota transplan-
tation for Crohn’s disease: findings from a long-term
study. Adv Ther. 2018;35(11):1935-1944. doi:https://
doi.org/10.1007/s12325-018-0800-3.

Chen X, Gao M, Wang L, Qiang G, Wu Y, Huang H,
Kang G. A synthetic microbial consortium protects
against obesity by regulating vitamin B6 metabolism.
Gut Microbes. 2024;16(1):1. doi:https://doi.org/10.
1080/19490976.2024.2304901.

Pineiro M, Stanton C. Probiotic bacteria: legislative
framework—requirements to evidence Basisl,2.
J Nutr. 2007;137(3):850S-853S. d0i:10.1093/jn/137.3.
850S.

Barbosa RSD, Vieira-Coelho MA. Probiotics and pre-
biotics: focus on psychiatric disorders - a systematic
review. Nutr Rev. 2020;78(6):437-450. doi:https://doi.
org/10.1093/nutrit/nuz080.

Chapman CMC, Gibson GR, Rowland 1. Health bene-
fits of probiotics: are mixtures more effective than sin-
gle strains? Eur ] Nutr. 2011;50(1):1-17. doi:https://doi.
0rg/10.1007/s00394-010-0166-z.

Duan FF, Liu JH, March JC. Engineered commensal
bacteria intestinal  cells  into
glucose-responsive insulin-secreting cells for the treat-
ment of diabetes. Diabetes. 2015;64(5):1794-1803. doi:
https://doi.org/10.2337/db14-0635.

Stritzker J, Weibel S, Hill PJ, Oelschlaeger TA,
Goebel W, Szalay AA. Tumor-specific colonization,
tissue distribution, and gene induction by probiotic
Escherichia coli Nissle 1917 in live mice. Int ] Med
Microbiol. 2007;297(3):151-162. doi:10.1016/j.ijmm.
2007.01.008.

Zhang Y, Zhang Y, Xia L, Zhang X, Ding X, Yan F,
Wu F. Escherichia coli nissle 1917 targets and restrains
mouse B16 melanoma and 4T1 breast tumors through
expression of Azurin protein. Appl Environ Microbiol.
2012;78(21):7603-7610. doi:https://doi.org/10.1128/
AEM.01390-12.

Jouhten P, Boruta T, Andrejev S, Pereira F, Rocha I,
Patil KR. Yeast metabolic chassis designs for diverse
biotechnological products. Sci Rep. 2016;6(1):9. doi:
https://doi.org/10.1038/srep29694.

Lian JZ, Mishra S, Zhao HM. Recent advances in meta-
bolic engineering of Saccharomyces cerevisiae: new
tools and their applications. Metab Eng.
2018;50:85-108. doi:10.1016/j.ymben.2018.04.011.

reprogram

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

GUT MICROBES (&) 25

Thak EJ, Yoo SJ, Moon HY, Kang HA. Yeast synthetic
biology for designed cell factories producing secretory
recombinant proteins. FEMS Yeast Res. 2020;20(2):17.
doi:https://doi.org/10.1093/femsyr/foaa009.

Scott BM, Gutiérrez-Vazquez C, Sanmarco LM, da Silva
Pereira JA, Li Z, Plasencia A, Hewson P, Cox LM,
O’Brien M, Chen SK. et al. Self-tunable engineered
yeast probiotics for the treatment of inflammatory
bowel disease. Nat Med. 2021;27(7):1212-1222. doi:
https://doi.org/10.1038/s41591-021-01390-x.

Sun S, Xu X, Liang L, Wang X, Bai X, Zhu L, He Q,
Liang H, Xin X, Wang L. et al. Lactic acid-producing
probiotic Saccharomyces cerevisiae attenuates ulcera-
tive colitis via suppressing macrophage pyroptosis and
modulating gut microbiota. Front Immunol.
2021;12:777665. doi:10.3389/fimmu.2021.777665.

Lee JY, Tsolis RM, Biaumler AJ. The microbiome and
gut homeostasis. Science. 2022;377(6601):eabp9960.
doi:https://doi.org/10.1126/science.abp9960.

Cueno ME, Kamio N, Seki K, Kurita-Ochiai T,
Ochiai K. High butyric acid amounts induce oxidative
stress, alter calcium homeostasis, and cause neurite
retraction in nerve growth factor-treated PCI12 cells.
Cell Stress Chaperones. 2015;20(4):709-713. doi:
https://doi.org/10.1007/s12192-015-0584-1.

Lavelle A, Sokol H. Gut microbiota-derived metabolites
as key actors in inflammatory bowel disease. Nat Rev
Gastro Hepat. 2020;17(4):223-237. doi:https://doi.org/
10.1038/s41575-019-0258-z.

Lloyd-Price ], Arze C, Ananthakrishnan AN,
Schirmer M, Avila-Pacheco ], Poon TW, Andrews E,
Ajami NJ, Bonham KS, Brislawn CJ. et al. Multi-omics
of the gut microbial ecosystem in inflammatory bowel
diseases. Nature. 2019;569(7758):655-662. doi:https://
doi.org/10.1038/s41586-019-1237-9.

Wang RQ, Yang XY, Liu JT, Zhong F, Zhang C,
Chen YH, Sun T, Ji C, Ma D. Gut microbiota regulates
acute myeloid leukaemia via alteration of intestinal
barrier function mediated by butyrate. Nat Commun.
2022;13(1):13. doi:https://doi.org/10.1038/s41467-022-
30240-8.

Donohoe DR, Holley D, Collins LB, Montgomery SA,
Whitmore AC, Hillhouse A, Curry KP, Renner SW,
Greenwalt A, Ryan EP. et al. A gnotobiotic mouse
model demonstrates that dietary fiber protects against
colorectal tumorigenesis
butyrate-dependent manner. Cancer Discov. 2014;4
(12):1387-1397. doi:https://doi.org/10.1158/2159-
8290.Cd-14-0501.

Sun J, Xu JX, Yang B, Chen KY, Kong Y, Fang N,
Gong, T, Wang F, Ling, Z, Liu, J, et al. Effect of
Clostridium butyricum against Microglia-Mediated
Neuroinflammation in Alzheimer’s Disease via
Regulating Gut Microbiota and Metabolites Butyrate.
Mol Nutr Food Res. 2020:64. doi:10.1002/mnfr.
201900636

in a microbiota- and


https://doi.org/10.1128/spectrum.01147-21
https://doi.org/10.1128/spectrum.01147-21
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://doi.org/10.1128/AEM.72.5.3593-3599.2006
https://doi.org/10.1007/s12325-018-0800-3
https://doi.org/10.1007/s12325-018-0800-3
https://doi.org/10.1080/19490976.2024.2304901
https://doi.org/10.1080/19490976.2024.2304901
https://doi.org/10.1093/jn/137.3.850S
https://doi.org/10.1093/jn/137.3.850S
https://doi.org/10.1093/nutrit/nuz080
https://doi.org/10.1093/nutrit/nuz080
https://doi.org/10.1007/s00394-010-0166-z
https://doi.org/10.1007/s00394-010-0166-z
https://doi.org/10.2337/db14-0635
https://doi.org/10.2337/db14-0635
https://doi.org/10.1016/j.ijmm.2007.01.008
https://doi.org/10.1016/j.ijmm.2007.01.008
https://doi.org/10.1128/AEM.01390-12
https://doi.org/10.1128/AEM.01390-12
https://doi.org/10.1038/srep29694
https://doi.org/10.1038/srep29694
https://doi.org/10.1016/j.ymben.2018.04.011
https://doi.org/10.1093/femsyr/foaa009
https://doi.org/10.1038/s41591-021-01390-x
https://doi.org/10.1038/s41591-021-01390-x
https://doi.org/10.3389/fimmu.2021.777665
https://doi.org/10.1126/science.abp9960
https://doi.org/10.1007/s12192-015-0584-1
https://doi.org/10.1007/s12192-015-0584-1
https://doi.org/10.1038/s41575-019-0258-z
https://doi.org/10.1038/s41575-019-0258-z
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1038/s41467-022-30240-8
https://doi.org/10.1038/s41467-022-30240-8
https://doi.org/10.1158/2159-8290.Cd-14-0501
https://doi.org/10.1158/2159-8290.Cd-14-0501
https://doi.org/10.1002/mnfr.201900636
https://doi.org/10.1002/mnfr.201900636

26 (&) J.WUETAL

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Chen RZ, Xu Y, Wu P, Zhou H, Lasanajak Y, Fang YY,
Tang, Lan, Ye, Ling, Li, Xing, Cai, Z, et al
Transplantation of fecal microbiota rich in short chain
fatty acids and butyric acid treat cerebral ischemic
stroke by regulating gut microbiota. Pharmacological
Research. 2019; 148. 10.1016/j.phrs.2019.104403.

Bell KJ, Saad S, Tillett BJ, McGuire HM, Bordbar S,
Yap YA, Nguyen LT, Wilkins MR, Corley S, Brodie S.
et al. Metabolite-based dietary supplementation in
human type 1 diabetes is associated with microbiota
and immune modulation. Microbiome. 2022;10(1):10.
doi:https://doi.org/10.1186/s40168-021-01193-9.
Arpaia N, Campbell C, Fan XY, Dikiy S, van der
Veeken J, deRoos P, deRoos P, Liu H, Cross JR,
Pfeffer K. et al. Metabolites produced by commensal
bacteria promote peripheral regulatory T-cell
generation. Nature. 2013;504(7480):451-455. doi:10.
1038/naturel2726.

Donohoe DR, Collins LB, Wali A, Bigler R, Sun W,
Bultman SJ. The Warburg effect dictates the mechan-
ism of butyrate-mediated histone acetylation and cell
proliferation. Mol Cell. 2012;48(4):612-626. doi:https://
doi.org/10.1016/j.molcel.2012.08.033.

Inan MS, Rasoulpour RJ, Yin L, Hubbard AK,
Rosenberg DW, Giardina C. The luminal short-chain
fatty acid butyrate modulates NF-xB activity in
a human colonic epithelial cell line. Gastroenterology.
2000;118(4):724-734. doi:https://doi.org/10.1016/
$0016-5085(00)70142-9.

Segain JP, de la Blétiere DR, Bourreille A, Leray V,
Gervois N, Rosales C, Ferrier, L, Bonnet, C,
Blottiere, H, Galmiche, J. Butyrate inhibits inflamma-
tory responses through NFkB inhibition: implications
for Crohn’s disease. Gut. 2000;47(3):397-403. doi:10.
1136/gut.47.3.397.

Kim MH, Kang SG, Park JH, Yanagisawa M, Kim CH.
Short-chain fatty acids activate GPR41 and GPR43 on
intestinal epithelial cells to promote inflammatory
responses in mice. Gastroenterology. 2013;145(2):396—
406.e10. doi:10.1053/j.gastro.2013.04.056.

Yang WJ, Yu TM, Huang XS, Bilotta AJ, Xu LQ, Lu Y,
Sun J, Pan F, Zhou J, Zhang W. et al. Intestinal
microbiota-derived short-chain fatty acids regulation
of immune cell IL-22 production and gut immunity.
Nat Commun. 2020;11(1):11. doi:https://doi.org/10.
1038/541467-020-18262-6.

Li YJ, Chen XC, Kwan TK, Loh YW, Singer J, Liu YZ,
Ma J, Tan J, Macia L, Mackay CR. et al. Dietary fiber
protects against diabetic nephropathy through short-
chain fatty acid-mediated activation of G protein-
coupled receptors GPR43 and GPR109A. ] Am Soc
Nephrol. 2020;31(6):1267-1281.  doi:10.1681/asn.
2019101029.

Steen EJ, Chan R, Prasad N, Myers S, Petzold CJ,
Redding A, Ouellet M, Keasling JD. Metabolic engi-
neering of Saccharomyces cerevisiae for the production

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

of n-butanol. Microb Cell Fact. 2008;7(1):8. doi:https://
doi.org/10.1186/1475-2859-7-36.

Shen CR, Lan EI, Dekishima Y, Baez A, Cho KM,
Liao JC. Driving forces enable high-titer anaerobic
1-butanol synthesis in Escherichia coli. Appl Environ
Microbiol. 2011;77(9):2905-2915. doi:https://doi.org/
10.1128/aem.03034-10.

Saini M, Chen MH, Chung-Jen C, Chao YP. Potential
production platform of n-butanol in Escherichia coli.
Metab Eng. 2015;27:76-82. doi:10.1016/j.ymben.2014.
11.001.

Louis P, Duncan SH, McCrae SI, Millar J, Jackson MS,
Flint HJ. Restricted distribution of the butyrate kinase
pathway among butyrate-producing bacteria from the
human colon. ] Bacteriol. 2004;186(7):2099-2106. doi:
https://doi.org/10.1128/jb.186.7.2099-2106.2004.
Duncan SH, Hold GL, Harmsen HJM, Stewart CS,
Flint HJ. Growth requirements and fermentation pro-
ducts of Fusobacterium prausnitzii, and a proposal to
reclassify it as Faecalibacterium prausnitzii gen. nov.,
comb. nov. Int J Syst Evol Microbiol. 2002;52
(6):2141-2146. doi:10.1099/ijs.0.02241-0.

Chen Y, Daviet L, Schalk M, Siewers V, Nielsen J.
Establishing a platform cell factory through engineering
of vyeast acetyl-CoA metabolism. Metab Eng.
2013;15:48-54. doi:10.1016/j.ymben.2012.11.002.
Cheon Y, Kim JS, Park JB, Heo P, Lim JH, Jung GY,
Seo J-H, Park JH, Koo HM, Cho KM. et al
A biosynthetic pathway for hexanoic acid production
in Kluyveromyces marxianus. ] Biotechnol.
2014;182:30-36. doi:10.1016/j.jbiotec.2014.04.010.
Chen Y, Siewers V, Nielsen ], Cobine P. Profiling of
cytosolic and peroxisomal acetyl-CoA metabolism in
Saccharomyces cerevisiae. PloS One. 2012;7(8):e42475.
doi:https://doi.org/10.1371/journal.pone.0042475.

Li SY, Fu WX, Su RF, Zhao YY, Deng Y. Metabolic
engineering of the malonyl-CoA pathway to efficiently
produce malonate in Saccharomyces cerevisiae. Metab
Eng. 2022;73:1-10. doi:10.1016/j.ymben.2022.05.007.
Takahashi H, McCaffery JM, Irizarry RA, Boeke JD.
Nucleocytosolic acetyl-coenzyme A synthetase is
required for histone acetylation and global
transcription. Mol Cell. 2006;23(2):207-217. doi:
https://doi.org/10.1016/j.molcel.2006.05.040.

Orlandi I, Casatta N, Vai M. Lack of Achl
CoA-transferase triggers apoptosis and decreases
chronological lifespan in yeast. Front Oncol.
2012;2:67. doi:10.3389/fonc.2012.00067.

Hartig A, Simon MM, Schuster T, Daugherty JR,
Yoo HS, Cooper TG. Differentially regulated malate
synthase genes participate in carbon and nitrogen
metabolism of S. cerevisiae. Nucleic Acids Res.
1992;20(21):5677-5686. doi:https://doi.org/10.1093/
nar/20.21.5677.

Branduardi P, Longo V, Berterame NM, Rossi G, Porro D.
A novel pathway to produce butanol and isobutanol in


https://doi.org/10.1016/j.phrs.2019.104403
https://doi.org/10.1186/s40168-021-01193-9
https://doi.org/10.1038/nature12726
https://doi.org/10.1038/nature12726
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1016/j.molcel.2012.08.033
https://doi.org/10.1016/s0016-5085(00)70142-9
https://doi.org/10.1016/s0016-5085(00)70142-9
https://doi.org/10.1136/gut.47.3.397
https://doi.org/10.1136/gut.47.3.397
https://doi.org/10.1053/j.gastro.2013.04.056
https://doi.org/10.1038/s41467-020-18262-6
https://doi.org/10.1038/s41467-020-18262-6
https://doi.org/10.1681/asn.2019101029
https://doi.org/10.1681/asn.2019101029
https://doi.org/10.1186/1475-2859-7-36
https://doi.org/10.1186/1475-2859-7-36
https://doi.org/10.1128/aem.03034-10
https://doi.org/10.1128/aem.03034-10
https://doi.org/10.1016/j.ymben.2014.11.001
https://doi.org/10.1016/j.ymben.2014.11.001
https://doi.org/10.1128/jb.186.7.2099-2106.2004
https://doi.org/10.1128/jb.186.7.2099-2106.2004
https://doi.org/10.1099/ijs.0.02241-0
https://doi.org/10.1016/j.ymben.2012.11.002
https://doi.org/10.1016/j.jbiotec.2014.04.010
https://doi.org/10.1371/journal.pone.0042475
https://doi.org/10.1016/j.ymben.2022.05.007
https://doi.org/10.1016/j.molcel.2006.05.040
https://doi.org/10.1016/j.molcel.2006.05.040
https://doi.org/10.3389/fonc.2012.00067
https://doi.org/10.1093/nar/20.21.5677
https://doi.org/10.1093/nar/20.21.5677

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Saccharomyces cerevisiae. Biotechnol Biofuels. 2013;6
(1):12. doi:https://doi.org/10.1186/1754-6834-6-68.

Fleck CB, Brock M. Re-characterisation of
Saccharomyces cerevisiae Achlp: fungal
CoA-transferases are involved in acetic acid

detoxification. Fungal Genet Biol. 2009;46:473-485.
doi:10.1016/j.fgb.2009.03.004.

Kim S, Hahn JS. Efficient production of 2,3-butanediol
in Saccharomyces cerevisiae by eliminating ethanol and
glycerol production and redox rebalancing. Metab Eng.
2015;31:94-101. doi:10.1016/j.ymben.2015.07.006.
Woakashima T, Abe K, Kihara A. Dual functions of the
trans-2-enoyl-CoA reductase TER in the sphingosine
1-phosphate metabolic pathway and in fatty acid
elongation. J Biol Chem. 2014;289(36):24736-24748.
doi:https://doi.org/10.1074/jbc.M114.571869.
Schadeweg V, Boles E. Increasing n-butanol production
with  Saccharomyces by optimizing
acetyl-CoA synthesis, NADH levels and trans-2-enoyl-
CoA reductase expression. Biotechnol Biofuels. 2016;9
(1):11. doi:https://doi.org/10.1186/513068-016-0673-0.
Albertyn J, Hohmann S, Thevelein JM, Prior BA.
GPD1, which encodes glycerol-3-phosphate dehydro-
genase, is essential for growth under osmotic stress in
Saccharomyces cerevisiae, and its expression is regu-
lated by the high-osmolarity glycerol response pathway.
Mol Cell Biol. 1994;14(6):4135-4144. doi:10.1128/mcb.
14.6.4135.

Tehlivets O, Scheuringer K, Kohlwein SD. Fatty acid
synthesis and elongation in yeast. Biochim Biophys
Acta Mol Cell Biol Lipids. 2007;1771(3):255-270.
doi:10.1016/j.bbalip.2006.07.004.

Leber C, Poison B, Fernandez-Moya R, Da Silva NA.
Overproduction and secretion of free fatty acids
through disrupted neutral lipid
Saccharomyces cerevisiae. Metab Eng. 2015;28:54-62.
doi:10.1016/j.ymben.2014.11.006.

Black PN, DiRusso CC. Yeast acyl-CoA synthetases at
the crossroads of fatty acid metabolism and regulation.
Biochim Biophys Acta. 2007;1771(3):286-298. doi:
https://doi.org/10.1016/j.bbalip.2006.05.003.
Scharnewski M, Pongdontri P, Mora G, Hoppert M,
Fulda M. Mutants of Saccharomyces cerevisiae deficient
in acyl-CoA synthetases secrete fatty acids due to inter-
rupted fatty acid recycling. FEBS J. 2008;275:2765-2778.
doi:10.1111/j.1742-4658.2008.06417 x.

Park S-Y, Rao C, Coyte KZ, Kuziel GA, Zhang Y,
Huang W, Franzosa EA, Weng J-K, Huttenhower C,
Rakoff-Nahoum S. et al. Strain-level fitness in the gut
microbiome is an emergent property of glycans and
a single metabolite. Cell. 2022;185(3):513-29.e21.
doi:10.1016/j.cell.2022.01.002.

Dou X, Gao N, Yan D, Shan A. Sodium butyrate alle-
viates mouse colitis by regulating gut microbiota
dysbiosis. Anim (Basel). 2020;10(7):10. doi:https://doi.
0rg/10.3390/ani10071154.

cerevisiae

recycle in

69.

70.

71.

72.

73.

74.

75.

76.

77.

GUT MICROBES (&) 27

Hamer HM, Jonkers D, Venema K, Vanhoutvin S,
Troost FJ, Brummer R]. Review article: the role of
butyrate on colonic function. Aliment Pharmacol
Ther. 2008;27(2):104-119. doi:https://doi.org/10.1111/
j.1365-2036.2007.03562.x.

Li L, Abou-Samra E, Ning Z, Zhang X, Mayne J,
Wang J, Cheng K, Walker K, Stintzi A, Figeys D. et al.
An in vitro model maintaining taxon-specific func-
tional activities of the gut microbiome. Nat Commun.
2019;10(1):4146. doi:https://doi.org/10.1038/s41467-
019-12087-8.

Lamas B, Richard ML, Leducq V, Pham H-P, Michel M-L,
Da Costa G, Bridonneau C, Jegou S, Hoffmann TW,
Natividad JM. et al. CARD9 impacts colitis by altering
gut microbiota metabolism of tryptophan into aryl hydro-
carbon receptor ligands. Nat Med. 2016;22(6):598-605.
doi:https://doi.org/10.1038/nm.4102.

Milani C, Duranti S, Bottacini F, Casey E, Turroni F,
Mahony J, Belzer C, Delgado Palacio S, Arboleya
Montes S, Mancabelli L. et al. The first microbial colo-
nizers of the human gut: composition, activities, and
health implications of the infant gut microbiota.
Microbiol Mol Biol Rev. 2017;81(4):81. doi:https://doi.
0rg/10.1128/mmbr.00036-17.

Jakubczyk D, Leszczynska K, Gorska S. The effective-
ness of probiotics in the treatment of inflammatory
bowel disease (IBD)—A critical review. Nutrients.
2020;12(7):1973. d0i:10.3390/nu12071973.

Iyer N, Williams MA, O’Callaghan AA, Dempsey E,
Cabrera-Rubio R, Raverdeau M, Crispie F,
Cotter PD, Corr SC. Lactobacillus
UCC118™ dampens inflammation and promotes
microbiota recovery to provide therapeutic benefit
in a DSS-Induced colitis model. Microorganisms.
2022;10(7):10. doi:https://doi.org/10.3390/microor
ganisms10071383.

Humen MA, De Antoni GL, Benyacoub J, Costas ME,
Cardozo MI, Kozubsky L, Saudan K-Y, Boenzli-
Bruand A, Blum S, Schiffrin EJ. et al. Lactobacillus
johnsonii Lal antagonizes Giardia intestinalis in vivo.
Infect Immun. 2005;73(2):1265-1269. doi:https://doi.
org/10.1128/iai.73.2.1265-1269.2005.

La Ragione RM, Narbad A, Gasson MJ, Woodward M].
In vivo characterization of lactobacillus johnsonii
FI9785 for use as a defined competitive exclusion
agent against bacterial pathogens in poultry. Lett Appl
Microbiol. 2004;38(3):197-205. doi:https://doi.org/10.
1111/j.1472-765x.2004.01474.x.

Santos Rocha C, Gomes-Santos AC, Garcias Moreira T,
de Azevedo M, Diniz Luerce T, Mariadassou M, de
Azevedo M, Longaray Delamare AP, Langella P,
Maguin E. et al. Local and systemic immune mechan-
isms underlying the anti-colitis effects of the dairy
bacterium Lactobacillus delbrueckii. PloS One. 2014;9
(1):85923. doi:https://doi.org/10.1371/journal.pone.
0085923.

salivarius


https://doi.org/10.1186/1754-6834-6-68
https://doi.org/10.1016/j.fgb.2009.03.004
https://doi.org/10.1016/j.ymben.2015.07.006
https://doi.org/10.1074/jbc.M114.571869
https://doi.org/10.1186/s13068-016-0673-0
https://doi.org/10.1128/mcb.14.6.4135
https://doi.org/10.1128/mcb.14.6.4135
https://doi.org/10.1016/j.bbalip.2006.07.004
https://doi.org/10.1016/j.ymben.2014.11.006
https://doi.org/10.1016/j.bbalip.2006.05.003
https://doi.org/10.1016/j.bbalip.2006.05.003
https://doi.org/10.1111/j.1742-4658.2008.06417.x
https://doi.org/10.1016/j.cell.2022.01.002
https://doi.org/10.3390/ani10071154
https://doi.org/10.3390/ani10071154
https://doi.org/10.1111/j.1365-2036.2007.03562.x
https://doi.org/10.1111/j.1365-2036.2007.03562.x
https://doi.org/10.1038/s41467-019-12087-8
https://doi.org/10.1038/s41467-019-12087-8
https://doi.org/10.1038/nm.4102
https://doi.org/10.1128/mmbr.00036-17
https://doi.org/10.1128/mmbr.00036-17
https://doi.org/10.3390/nu12071973
https://doi.org/10.3390/microorganisms10071383
https://doi.org/10.3390/microorganisms10071383
https://doi.org/10.1128/iai.73.2.1265-1269.2005
https://doi.org/10.1128/iai.73.2.1265-1269.2005
https://doi.org/10.1111/j.1472-765x.2004.01474.x
https://doi.org/10.1111/j.1472-765x.2004.01474.x
https://doi.org/10.1371/journal.pone.0085923
https://doi.org/10.1371/journal.pone.0085923

28 (&) JWUETAL

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Belkaid Y, Harrison OJ. Homeostatic immunity and the
microbiota. Immunity. 2017;46(4):562-576. doi:https://
doi.org/10.1016/j.immuni.2017.04.008.

Fu W, Chen C, Xie Q, Gu S, Tao S, Xue W. Pediococcus
acidilactici strain alleviates gluten-induced food allergy
and regulates gut microbiota in mice. Front Cell Infect
Microbiol. 2022;12:845142. doi:10.3389/fcimb.2022.
845142.

Lorén V, Manyé J, Fuentes MC, Cabré E, Ojanguren I,
Espadaler J. Comparative effect of the I3.1 probiotic
formula in two animal models of colitis. Probiotics
Antimicrob Proteins. 2017;9(1):71-80. doi:https://doi.
0rg/10.1007/512602-016-9239-5.

Holzapfel W, Arini A, Aeschbacher M, Coppolecchia R,
Pot B. Enterococcus faecium SF68 as a model for effi-
cacy and safety evaluation of pharmaceutical probiotics.
Benef Microbes. 2018;9(3):375-388. doi:https://doi.org/
10.3920/bm2017.0148.

Han M, Gao T, Liu G, Zhu C, Zhang T, Sun M, LiJ], Ji F,
Si Q, Jiang Q. et al. The effect of a polystyrene nano-
plastic on the intestinal microbes and oxidative stress
defense of the freshwater crayfish, procambarus clarkii.
Sci Total Environ. 2022;833:155722. doi:10.1016/j.scito
tenv.2022.155722.

Mahadevan U, Long MD, Kane SV, Roy A, Dubinsky MC,
Sands BE, Cohen RD, Chambers CD, Sandborn WJ.
Pregnancy and neonatal outcomes after fetal exposure to
biologics and thiopurines among women with inflamma-
tory bowel disease. Gastroenterology. 2021;160
(4):1131-1139. doi:https://doi.org/10.1053/j.gastro.2020.
11.038.

Louis P, Hold G, Flint H. The gut microbiota, bacterial
metabolites and colorectal cancer. Nat Rev Microbiol.
2014;12(10):661-672. doi:10.1038/nrmicro3344.

Liu H, Wang ], He T, Becker S, Zhang G, Li D, Ma X.
Butyrate: a double-edged sword for health? Adv Nutr.
2018;9(1):21-29. doi:https://doi.org/10.1093/advances/
nmx009.

Deleu S, Machiels K, Raes J, Verbeke K, Vermeire S.
Short chain fatty acids and its producing organisms: an
overlooked therapy for IBD? EBioMedicine. 2021;66:66.
doi:https://doi.org/10.1016/j.ebiom.2021.103293.

Koh A, De Vadder F, Kovatcheva-Datchary P,
Bickhed F. From dietary fiber to host physiology:
short-chain fatty acids as key bacterial metabolites.
Cell. 20165165(6):1332-1345. doi:https://doi.org/10.
1016/j.cell.2016.05.041.

Louis P, Hold GL, Flint H]J. The gut microbiota, bacterial
metabolites and colorectal cancer. Nat Rev Microbiol.
2014;12(10):661-672. doi:https://doi.org/10.1038/nrmi
cro3344.

Lee YS, Kim TY, Kim Y, Lee SH, Kim S, Kang SW,
Yang, J-Y, Baek, I-J, Sung, YH, Park, Y-Y, et al
Microbiota-derived lactate accelerates intestinal
stem-cell-mediated epithelial development. Cell Host
Microbe. 2018;24:833+. doi:10.1016/j.chom.2018.11.002.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Yang XQ, Yu DK, Xue L, Li H, Du JR. Probiotics
modulate the microbiota—-gut-brain axis and improve
memory deficits in aged SAMP8 mice. Acta Pharm Sin
B. 2020;10(3):475-487. doi:10.1016/j.apsb.2019.07.001.
Lee J, d’Aigle ], Atadja L, Quaicoe V, Honarpisheh P,
Ganesh BP, Hassan A, Graf ], Petrosino J, Putluri N. et al.
Gut microbiota-derived short-chain fatty acids promote
poststroke recovery in aged mice. Circ Res. 2020;127
(4):453-465. doi:10.1161/circresaha.119.316448.

Hu J, Lin S, Zheng B, Cheung PCK. Short-chain fatty
acids in control of energy metabolism. Crit Rev Food
Sci Nutr. 2018;58:1243-1249. doi:10.1080/10408398.
2016.1245650.

Li Z, Yi CX, Katiraei S, Kooijman S, Zhou E, Chung CK,
Gao Y, van den Heuvel JK, Meijer OC, Berbée JFP. et al.
Butyrate reduces appetite and activates brown adipose
tissue via the gut-brain neural circuit. Gut. 2018;67
(7):1269-1279. doi:https://doi.org/10.1136/gutjnl-
2017-314050.

Aggarwal N, Breedon AME, Davis CM, Hwang 1Y,
Chang MW. Engineering probiotics for therapeutic
applications: recent examples and translational
outlook. Curr Opin Biotechnol. 2020;65:171-9. doi:10.
1016/j.copbio.2020.02.016.

Hwang 1Y, Koh E, Wong A, March JC, Bentley WE,
Lee YS, Chang MW. Engineered probiotic Escherichia
coli can eliminate and prevent Pseudomonas aeruginosa
gut infection in animal models. Nat Commun. 2017;8
(1):15028. doi:https://doi.org/10.1038/ncomms15028.
McKay R, Ghodasra M, Schardt J, Quan D, Pottash AE,
Shang W, Jay, SM, Payne, GF, Chang, MW, March, JC
et al. A platform of genetically engineered bacteria as
vehicles for localized delivery of therapeutics: toward
applications for Crohn’s disease. Bioeng Transl Med.
2018;3:209-221. d0i:10.1002/btm2.10113.

Wu L, Han Y, Zheng Z, Peng G, Liu P, Yue S, Zhu S,
Chen J, Lv H, Shao L. et al. Altered gut microbial meta-
bolites in amnestic mild cognitive impairment and
Alzheimer’s disease: signals in host-microbe interplay.
Nutrients. 2021;13(1):13. doi:10.3390/nu13010228.

Bai Y, Mansell T]. Production and sensing of butyrate
in a probiotic E. coli strain. Int ] Mol Sci. 2020;21
(10):3615. doi:10.3390/ijms21103615.

Dang Z, Gao M, Wang L, Wu J, Guo Y, Zhu Z,
Huang H, Kang G. Synthetic bacterial therapies for
intestinal diseases based on quorum-sensing circuits.
Biotechnol Adv. 2023;65:108142. doi:10.1016/j.biote
chadv.2023.108142.

Sann H, Erichsen J, Hessmann M, Pahl A, Hoffmeyer A.
Efficacy of drugs used in the treatment of IBD and com-
binations thereof in acute DSS-induced colitis in mice.
Life Sci. 2013;92:708-718. doi:10.1016/j.1fs.2013.01.028.
Livak KJ, Schmittgen TD. Analysis of relative gene
expression data using real-time quantitative PCR and
the 2-AACT method. Methods. 2001;25(4):402-408.
doi:10.1006/meth.2001.1262.


https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.1016/j.immuni.2017.04.008
https://doi.org/10.3389/fcimb.2022.845142
https://doi.org/10.3389/fcimb.2022.845142
https://doi.org/10.1007/s12602-016-9239-5
https://doi.org/10.1007/s12602-016-9239-5
https://doi.org/10.3920/bm2017.0148
https://doi.org/10.3920/bm2017.0148
https://doi.org/10.1016/j.scitotenv.2022.155722
https://doi.org/10.1016/j.scitotenv.2022.155722
https://doi.org/10.1053/j.gastro.2020.11.038
https://doi.org/10.1053/j.gastro.2020.11.038
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1093/advances/nmx009
https://doi.org/10.1093/advances/nmx009
https://doi.org/10.1016/j.ebiom.2021.103293
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1016/j.cell.2016.05.041
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1038/nrmicro3344
https://doi.org/10.1016/j.chom.2018.11.002
https://doi.org/10.1016/j.apsb.2019.07.001
https://doi.org/10.1161/circresaha.119.316448
https://doi.org/10.1080/10408398.2016.1245650
https://doi.org/10.1080/10408398.2016.1245650
https://doi.org/10.1136/gutjnl-2017-314050
https://doi.org/10.1136/gutjnl-2017-314050
https://doi.org/10.1016/j.copbio.2020.02.016
https://doi.org/10.1016/j.copbio.2020.02.016
https://doi.org/10.1038/ncomms15028
https://doi.org/10.1002/btm2.10113
https://doi.org/10.3390/nu13010228
https://doi.org/10.3390/ijms21103615
https://doi.org/10.1016/j.biotechadv.2023.108142
https://doi.org/10.1016/j.biotechadv.2023.108142
https://doi.org/10.1016/j.lfs.2013.01.028
https://doi.org/10.1006/meth.2001.1262

	Abstract
	Introduction
	Results
	<italic>Construction of the butyrate biosynthetic pathway in</italic> S. cerevisiae
	Increasing butyrate production by combing metabolic modules
	Performance of engineered yeasts in a complex oxygen partial pressure environment
	Engineered yeasts applied to the gut microbiota of patients with IBD
	Therapeutic efficacy of engineered yeasts in TNBS-induced IBD mice model

	Discussion
	Conclusions
	Materials and methods
	Strains and media
	Yeast resistance to butyrate
	Fermentation conditions
	Metabolite analysis by GC – MS
	Patient stool sample collection
	Co-cultivation of intestinal microorganisms and engineered yeasts
	Mice
	Gavage treatment
	Trinitrobenzenesulfonic acid-induced mouse colitis model
	Disease activity index
	Hematoxylin and eosin (H&E) staining
	TNF-α, IL-6 and IL-1β secretion assays
	RNA extraction and quantitative PCR
	Statistical analysis

	Disclosure statement
	Funding
	ORCID
	Authors’ contributions
	Abbreviations
	Ethics approval and consent to participate
	Data availability statement
	References

