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ARTICLE INFO ABSTRACT

Keywords: Saccharomyces boulardii is a probiotic yeast that has been extensively studied in clinical trials, and it is used to

CRISPR-Cas9 ) treat several gut disorders. Its high survivability and the ability of secreting recombinant proteins, make

l‘zaci)’_‘“r_"my ces boulardii S. boulardii an attractive delivery vessel for molecules of interest in the gut. Despite its natural mechanisms of
robiotics

action still not being fully understood, genetic engineering offers the advantage of rationally design the delivery
of molecules of interest to the gut. As a yeast, S. boulardii can produce complex proteins with post translational
modifications, an advantage when compared with bacterial probiotics. In addition, antibiotics can be co-
administered with this yeast, increasing gut residence times and improving the positive effects on human health.

This review aims to cover the genetic engineering advances and applications of genetically engineered
S. boulardii. The similarity of this yeast with S. cerevisiae has made it possible to develop tools like CRISPR-Cas9,
plasmid expression systems and gene integration techniques that have allowed the modification of S. boulardii.
These genetic tools and modifications are discussed in detail according to the state of the art highlighting the
most effective ones. Genetic engineering has increased the possible applications of S. boulardii, including immune
response modulation, enhanced pathogen neutralization, anti-obesity strategies, vitamin production. Others have
used these tools to tackle its limitations as probiotic compared to others commonly used such as lactic acid
bacteria, increasing its residence times and allowing the development of biocontainment strategies. Current
limitations and future directions of the field such as scalability, standardization and the lack of clinical data are
also highlighted and discussed.

Probiotic engineering

1. Introduction

Probiotics are defined by the Food and Agriculture Organization of
the United Nations and the World Health Organization as “live micro-
organisms that, when administered in adequate amounts, confer a
health benefit on the host” (Gopalan et al., 2023). Although most
currently used probiotics are lactic acid bacteria (LAB) (Lactobacillus
spp., Bifidobacterium spp., Bacillus spp., etc.) (Didari et al., 2014),
Saccharomyces boulardii, stands out as the only probiotic yeast approved
by FDA (Abid et al., 2022). Recently, LAB and non-conventional pro-
biotics were reviewed in detail elsewhere (Murali and Mansell, 2024).
This review aims to focus exclusively on S. boulardii, providing an in-
depth discussion on the most effective genetic tools currently available
and compiling the modifications made to date to enhance its therapeutic
and probiotic properties.

S. boulardii was firstly isolated from peels of tropical fruits (Hossain
et al., 2020) and its probiotic activities have been studied in several
clinical and non-clinical trials in the last few decades (McFarland, 2017;
Moré and Vandenplas, 2018). This yeast shows high tolerance to acidic
conditions and grows well at 37 °C (the human host’s internal temper-
ature) (Pais et al., 2020), both key factors for surviving the harsh con-
ditions of the gastrointestinal (GI) tract. It is considered Generally
Regarded as Safe (GRAS) by the FDA (US Food and Drug Administration)
(Douradinha et al., 2014) and is recommended for treating acute
gastroenteritis, for prevention of antibiotic-associated diarrhoea and has
proven to have positive effects in traveler’s diarrhoea, acute infectious
diarrhoea, Crohn’s disease, ulcerative colitis (McFarland, 2010; Din-
leyici et al., 2014; Salazar-Parra et al., 2023; Szajewska and Kotodziej,
2015) due to the inhibition of pathogens and the increase of beneficial
probiotic species in the gut (Gao et al., 2023; Roy Sarkar et al., 2021;
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Spatz et al., 2023). A recent meta-analysis highlights the efficacy of
S. boulardii for the treatment of paediatric acute diarrhoea, showing that
the administration of this yeast reduced its duration and more partici-
pants were cured when compared with the control group (McFarland
and Li, 2025). Moreover, the use of S. boulardii as an adjuvant therapy
for combating Helicobacter pylori is supported by another recent meta-
analysis comprising 19 studies and over 5000 cases, showing both a
higher eradication rate and the reduction of adverse effects when
S. boulardii was used to complement the standard of care (Li and Xie,
2025).

While the positive effects of this yeast have been proven, the exact
health effects of the consumption of S. boulardii are under constant
investigation and have been attributed to several mechanisms of action.
This probiotic yeast exerts a broad range of health-promoting activities,
attributed to its antimicrobial, immunomodulatory, and gut-support
properties. One key mechanism involves the secretion of antimicrobial
peptides capable of neutralizing pathogenic toxins (i.e., toxins A and B
from Clostridium difficile, cholera toxin and pathogenic Escherichia coli
surface endotoxins) (Terciolo et al., 2019; Pais et al., 2020). Addition-
ally, S. boulardii can directly bind to pathogens microbes (a process
facilitated by mannose residues on its cell wall), bind to toxins and
reduce the availability of pathogens binding sites in intestinal surfaces,
preventing their adhesion (Pais et al., 2020).

The mechanisms of action of S. boulardii extend beyond pathogen
neutralization. S. boulardii produces short chain fatty acids (SCFA’s)
(acetate, propionate, and butyrate) that not only inhibit pathogen pro-
liferation but also contribute positively for the microbiome modulation.
This yeast also has shown immune modulation properties (Baek et al.,
2024) and reduced levels of pro-inflammatory cytokines such as TNF-a
and IL-8 in paediatric acute diarrhoea patients (McFarland and Li,
2025). It has been shown to stimulate the production of anti-
inflammatory cytokines I1-10 and to supress pathways associated with
inflammatory response (e.g., NF-kB-mediated signal transduction path-
ways) (Terciolo et al., 2019). S. boulardii also aids in maintaining the
integrity of the intestinal mucosa through stimulation of mucin pro-
duction, secretion of polyamines such as spermidine and spermine and
production of SCFA’s (Pais et al., 2020; Cui et al., 2022; Tang et al.,
2024a). Moreover, antioxidant effects of S. boulardii were shown to
protect against oxidative stress in rats, something hypothesized to be
related to the enhancement of the blood-brain barrier integrity (Babaei
et al., 2024). Animal trials (Chu et al., 2024) and a case-report (Kobliner
et al., 2018) suggest its positive influence in mental disorders, via
modulation of the gut microbiome. The probiotic yeast also exerts other
trophic effects like stimulating the production of brush border mem-
brane digestive enzymes and favouring nutrient absorption (Moré and
Vandenplas, 2018; Terciolo et al., 2019). For a more detailed view of the
proven health effects and the ongoing investigations on molecular
mechanisms driving those, we recommend the reader to turn to
(Kelesidis and Pothoulakis, 2012; McFarland, 2010; Terciolo et al.,
2019; Pais et al., 2020). S. boulardii is not naturally part of human gut
microbiota, and competes with the endogenous microorganisms, which
leads to low residence times in the gut (3-5 days after stopping dosing)
(Blehaut et al., 1989; Elmer et al., 1999). This limitation can be
addressed through repeated dosing, co-administration with antibiotics
or with genetic engineering, as will be further discussed. In fact, in the
clinic, S. boulardii is often used to mitigate the side effects of antibiotic
therapy related to gut dysbiosis or C. difficile infection (Lau and Cham-
berlain, 2016). S. boulardii unlike bacterial probiotics, is not susceptible
to antibiotics and can be administered concurrently (Hossain et al.,
2020; Kazmierczak-Siedlecka et al., 2020; Spatz et al., 2023). Recently, a
randomized controlled trial showed that S. boulardii as adjunct therapy
with vancomycin resulted in reduced C. difficile infection recurrence
without any adverse effects (Chitapanarux et al., 2025). This fact can
also enable a more accurate dosage since it allows it to be effectively
cleared from the gut (Czerucka et al., 2007; Klein et al., 1993), which is
another potential advantage for the use of S. boulardii as a transient drug
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delivery vessel. There is a growing scientific and clinical interest in
S. boulardii, Fig. 1 illustrates the increase in the number of publications
referring to this probiotic. Moreover, according to Clinicaltrials.gov
there are 45 completed clinical trials including the use of S. boulardii,
and there are several S. boulardii probiotic products already in the
market.

Despite the interest and efficacy of S. boulardii, the global probiotic
market is dominated by LAB, particularly Lactobacillus and Bifidobacte-
rium species, being among the most clinically evaluated probiotics,
widely incorporated into yogurt, dairy, and capsule-based formulations.
These strains are more commonly used in food and supplement formu-
lations due to their historical association with fermented foods. In fact,
over 1000 completed clinical trials have involved LAB strains, compared
to only 13 for S. boulardii as of 2025 (according to ClinicalTrials.gov)
and the number of strains in the market is much superior. In contrast,
S. boulardii offers certain advantages, such as resistance to antibiotics,
lower optimal pH, and auto-aggregation capacity (Czerucka et al.,
2007), and its transient behavior which can also be seen as an advan-
tage, for short-term therapeutic actions, such as prevention of antibiotic-
associated diarrhoea or traveler’s diarrhoea. However, this limited gut
colonization can also be seen as a disadvantage, since it requires mul-
tiple dosing. This, together with its less diverse strain library (only a few
strains have been studied) and lower use than LAB in food fermentations
have impacted its use as a probiotic in humans.

However, in recent decades, advances in genetic and genome engi-
neering have unlocked new opportunities for the modification and
enhancement of S. boulardii. Over the past few years, substantial
knowledge has been accumulated on the most effective genetic elements
and tools, paving the way for developing S. boulardii strains with
improved probiotic properties. These enhancements include the ability
to deliver molecules of interest, extend residence times in the GI tract,
expand substrate utilization, and implement biocontainment strategies.
Genetic engineering has made it possible to exploit one of the key ad-
vantages of S. boulardii over LAB as a probiotic: its ability to express
more complex proteins and even entire pathways. This is due to the
yeast’s capacity for post-translational modifications and its tolerance for
the insertion of longer DNA fragments, which significantly expands the
range of compounds it can produce, something not achievable with LAB.

This review aims to provide first a comprehensive overview of the
genetic engineering tools available for S. boulardii and present the latest
advancements in its applications to enhance its therapeutic potential.
These applications, current limitations and future directions of this
technology are also discussed in detail in the second part of the review.

2. Heterologous gene expression systems and metabolic
engineering

S. boulardii shares more than 99 % of nucleotide identity along its
genome with S. cerevisiae (Khatri et al., 2017) and, even though they
have different metabolic and physiological characteristics, they both can
produce and secrete heterologous proteins. The capacity of S. boulardii
to survive and colonize the gut, together with the ability to secrete
heterologous proteins, offers a strong potential for S. boulardii to deliver
molecules of interest to the gut by genetic engineering. There are a few
sequenced strains of S. boulardii (Table 1) among which, the most used
strain is S. boulardii ATCC-MYA-796.

Yeast can carry out post-translational modifications that, apart from
glycosylation, closely resemble those performed by mammalian cells
(Garvey, 2022). This is a major advantage of using S. boulardii as a po-
tential delivery vessel over commonly used probiotic bacteria, which are
unable to express such complex proteins. In fact, many recombinant
proteins such as insulin and the Hepatitis B antigens are produced
industrially by S. cerevisiae (Nielsen, 2013). Moreover, S. cerevisiae and
Pichia pastoris are widely used expression systems for the development of
recombinant vaccines, protozoal proteins and tumour antigens (Tippelt
and Nett, 2021), highlighting the potential of engineering probiotic
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Fig. 1. Number of scientific papers published per year on Saccharomyces boulardii, according to PubMed® Total number of publications contemplating S. boulardii in
the last 42 years (1982-2024). Data were obtained from PubMed® using the queries: “Saccharomyces boulardii” and filtered by year (1982 to 2024). https://pubm

ed.ncbi.nlm.nih.gov Accessed in April 2025.

Table 1
Publicly available genome sequences of S. boulardii strains.

Strain GenBank Accession Assembly Has been genetically
number level engineered?

KCTC .

13826BP @ GCA_026225675.1 Contig No
BIOCODEX ®  GCA_001298375.2 Chromosome  Yes
AT;; Mya- GCA_000769245.1 Chromosome Yes
AT7C9C7MYA' GCA_001625055.1 Scaffold Yes
lyo (DiarSafe) n/a© - Yes
strain 17 GCA_000734875.3 Chromosome No
EDRL GCA_000442675.2 Contig No
kirkman GCA_001545905.1 Contig No
unique28 GCA_001413975.1 Chromosome No
Unisankyo GCA_001545975.1 Scaffold No
CLPYO01 GCA_021216695.1 Scaffold No

(a)- Reference genome; (b)- This strain is also referred as “CNCM I-745; (c)-
Genome not available.

yeast.

2.1. Plasmid expression systems in S. Boulardii

The first work related to yeast transformation was reported in 1978
where a S. cerevisiae strain with leu2- double mutation was transformed
with a plasmid and, the resulting strain, was able to express beta-
isopropylmalate dehydrogenase; the enzyme coded by the LEU2 gene
(Hinnen et al., 1978). Since then, the expression of heterologous pro-
teins has evolved, and non-conventional yeast can also be transformed
and express heterologous proteins. Plasmid transformation is the easiest
and simplest way to express foreign DNA in microorganisms.

With the exception of some studies that employed electroporation,
the transformation method used in S. boulardii is the PEG/LiAc method

(or some variation) (Gietz and Schiestl, 2007). This method is widely
used to transform S. cerevisiae. Although this method is proven to work
in S. boulardii, the transformation efficiency can be up to 100 times
lower when compared with S. cerevisiae (Chen et al., 2020b). Plasmids,
have three major elements that can impact gene expression: the
expression cassette, the selective marker and the origin of replication.

The expression cassette is what defines which protein will be over-
expressed and the basic structure consists of a promotor, the gene of
interest and a terminator (Oliveira et al., 2017).

The selection marker ensures that plasmids are maintained in the
cell, otherwise they can be lost after cell replication (Allen et al., 2022).
Yeast plasmids normally contain a selective marker for bacteria (for
plasmid construction and propagation) and a selective marker for yeast
(for transformant selection and plasmid maintenance). This kind of
vectors are referred as “shuttle vectors”, as they can replicate in two
different host species (Gniigge and Rudolf, 2017) Dominant selective
markers like antibiotic resistance genes are widely used but they are not
the only type. Auxotrophic markers are also frequently used for selection
of positive transformants. These markers eliminate the need of adding
extra chemicals to the selective media that can affect cellular function
(Pronk, 2002; Ulfstedt et al., 2017). The downside of using this kind of
markers is the need of generating auxotrophic strains. This is done by
disrupting the function of a gene that is essential for the survival of the
microorganism, i.e., enzymes that participate in the synthesis of amino
acids or pyrimidines (Pronk, 2002). However, the auxothrophy may
impact metabolism, as reported for the uracil mutation (Aura3) (Pronk,
2002; Silva et al., 2015). Furthermore, the selection of positive trans-
formants requires the absence of specific nutrients that enable the
growth of the mutant strains, thus selecting for the strains that have
genetically complemented the mutation.

Regarding types of plasmids and their correspondent replication
origins, if the desired objective is to achieve high expression levels, the
go-to is a yeast episomal plasmid (YEp) with a 2 p origin (Lundblad,
1993). This kind of plasmids is also referred to as high-copy number
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plasmids since each cell can harbour between 28 and 58 copies (in
S. cerevisiae) (Karim et al., 2013). However, the metabolic burden can
impact cell fitness (Gomes et al., 2018; Rouches et al., 2022; He et al.,
2024). Alternatively, there are yeast centromeric plasmids (YCp) whose
origin is a combination of an autonomously replicating sequence (ARS)
and yeast centromeric sequence (CEN) (Lundblad, 1993). With a CEN/
ARS origin, the balance between gene expression and cell growth is
maintained, since only 4-8 copies are harboured per cell in S. cerevisiae
(Karim et al., 2013). There are also yeast-replicating plasmids (YRp) that
do not have CEN elements, lacking plasmid stability conferred by CEN,
which explains the emergence of YCp (Lundblad, 1993). Finally, yeast-
integrating plasmids (YIp) can also be used for heterologous protein
expression. In this case, the plasmids must be integrated into a chro-
mosome via homologous recombination since they have no origin of
replication (Gniigge and Rudolf, 2017).

There are several examples of heterologous protein expression via
plasmid in S. boulardii (Table 2). A detailed discussion on the applica-
tions of engineered yeast is provided in the second part of the review.
The yeast selection markers that are most frequently used are G418/
KanMX (dominant) and URA3 (auxotrophic). Plasmid selection markers
used for genetic engineering of S. boulardii are described in Table 2.
Durmusoglu et al. (2021) demonstrated that the choice of the selective
marker had an impact in protein expression. They studied the expression
of mRuby in a 2 p plasmid and found that the use of auxotrophic markers
(URAS3, HIS3, TRP1) results in higher expression when comparing with
dominant markers (KanMX, ZeoR, NatR, HygR) with the 2 p/URA3

Table 2
Plasmid expression systems reported in S. boulardii.
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pairing achieving the highest overall expression. This study highlights
the differences in gene expression resulting from the interaction be-
tween origins of replication with auxotrophic and dominant markers
(Durmusoglu et al., 2021). The same study also compared the expression
using the CEN/ARS origin in the same conditions, demonstrating that
the expression was higher when 2 p plasmids were used. In another
study, the expression of Erythromycin destructase (EreA) was found to
be 17-fold higher when plasmid-mediated, compared to a chromosomal
integration. This difference in expression levels was attributed to the
high-copy nature (2 p) of the plasmid used, Table 2 (He et al., 2024).
Apart from the replication origin and the selection marker in a
plasmid, the promoter and terminator driving the expression of the gene
of interest play a key role in the expression. Durmusoglu et al. (2021), to
optimize the expression of mRuby, evaluated 18 different S. cerevisiae
constitutive promotors (combined with the TDHI terminator) and 7
terminators (combined with 3 promotors of different strength). Their
results show that most of the promotors from S. cerevisiae maintain their
relative expression levels in S. boulardii, and the terminator choice im-
pacts the expression in a promotor-dependent way (Durmusoglu et al.,
2021). Previously, several S. cerevisiae promotors were confirmed to be
present in S. boulardii genome with high homology percentages (97-100
% nucleotide identity) indicating that there were probably more ex-
amples of promotors shared by the two yeasts (Douradinha et al., 2014).
Another example of the use of fluorescent proteins in S. boulardii is the
expression of mCherry, which was used to compare expression levels
between a 2 p plasmids and a single locus integration, indicating that

Study Strain(s) Origin(s) of Promotor(s) Terminator(s) Marker(s) Protein(s) expressed
replication
(P6hlmann et al.,, 2012)  Perenterol @ 2p Gpp ® ADH I KanMX (G418) HCMV IL-10; EBV IL-10
(Michael et al., 2013) Perenterol @ 2 Gpp ® ADH I KanMX (G418)  1IL-10
Native Native
Hamedi et al., 2013 lyo (DiarSafe 2 . URA3 Ura3
(Hamedi et a ) lyo (DiarSafe) K Promotor Terminator rasp
EGFP; Ei ia tenella Mi -2

(Wang et al., 2014) CNCM I-745 2 TEF1; PGK1 n/d @ KanMX (G418) pmtems’me”a enefia Microneme
(Hudson et al., 2014) ATCC MYA-797 2p TEF1 n/d © URA3 GFP
(Douradinha et al., © © . .

2014) ATCC MYA-796 ARS1 n/d n/d Hygromicin B Hygromycin B Phosphotransferase
(Liu et al., 2016) ATCC MYA-796 2p TDH3 ® CYC1 KanMX (G418) p-galactosidase (lacZ)
(Liu et al., 2016) ATCC MYA-796Aura3 2p ADH1 ADH1 URA3 mRuby
(Li et al., 2021a) CNCM I-745 2p TEF1 TPI1 BlastS Leucocin C
(Liu et al., 2020) ATCC MYA-796 2p TEF1 n/d © Hygromicin B mCherry
(Chen et al., 2020b) ATCC MYA-796 2p TEF1 CYC1 URA3 Heavy chain antibodies fusion

(Durmusoglu et al.,
2021)
(Durmusoglu et al.,

ATCC MYA-796
Aura3Atrp1Ahis3

2 ji; CEN6/ARS4

18 promotors
@

5 terminators @ 7 markers mRuby

B-carotene pathway; Violacein

ATCC MYA-796Aura3 CEN/ARS 9 promotors @ 4 terminators ®  URA3

2021) pathway

) ATCC MYA-796 ® URA3; TRP1;
(Jin et al., 2021) Aura3Atplahis3 2p GPD CYC1 HIS3 Endo-type p-agarase

. ATCC MYA-796 ® URAZ;LEUZ; )
(Kim et al., 2022) Aura3aleu2Ahis3 2p GPD CYC1 HIS3 1-fucose metabolic pathway
(Ling et al., 2023) cLpyo1 © 2p GALI; GAL10 gf{lz URA3 Medium chain fatty acids pathway ®
(N;'(})’;Z])”‘Shcn“ etal, ZuNr iﬁd 745 2 TEF1 cvca URA3 EGFP; Lipase inhibitor peptide 1 and 2
(Durmusoglu et al., . ) C. difficile Toxin A Neutralizing

2023) ATCC MYA-796Aura3 2 p; CEN6/ARS4 TDH3 TDH1 URA3 Peptide (NPA)
(He et al., 2024) ATCC MYA-796Aura3 24 TEFI n/d© URA3 fgir)‘""y cin destructase
(Rebeck et al., 2025) ATCC MYA-797 2p TEF1 TPI1 BlastS haPD-1; rPD-L1nb; Gaussia luciferase
(Xu et al., 2025) ATCC MYA-797Aura3 24 TDH3 ® cycl URA3 YeGFP; Aspergillus aculeatus

p-glucosidase

(a)- Commercially available product containing the CNCM I-745 strain; (b)- GDP and TDH3 are different nomenclatures for the same promotor; (c)- Not disclosed (n/
d): Information was not available; (d) Promotors- TDH3, CCW12, HHF1, HHF2, TEF1, TEF2, HTB2, RPL18B, ALD6, PAB1, RET2, pRNR1, pREV1, SAC6, RNR2, POP6,
RAD27, PSP2; Terminators- ENO1, ENO2, SSA1, PGK1, ADHI1, and TDHI; Selective markers- URA3, HIS3, TRP1 (Auxotrophic) and KanMX, ZeoR, NatR, HygR
(Dominant); (e) Promotors- TDH3, CCW12, HHF2, TEF1, TEF2, HHF1, HTB2, PAB1, RNR2; Terminators- SSA1; ADHI1; TDH1; ENO; (f) The strain used was isolated
from a commercially available product from Jarrow Formulas and referred as CLPY01 in the study; (h) The Medium chain fatty acids pathway was constituted by the
following genes: mutant gene of Homo sapiens fatty acid synthase with its native thioesterase domain replaced by the Rattus norvegicus thioesterase II gene (mhFAS-
rTEII) and H. sapiens phosphopantetheinyl transferase gene (hSFP).
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only 8.6 % cells carrying the 2 p plasmids expressed mCherry, versus 97.3
% for the single integration (Liu et al., 2020). Some strains of S. boulardii
have shown the presence of the native 2 i plasmid with high similarity to
the one found in S. cerevisiae (Khatri et al., 2017). This plasmid harbours
4 genes (FLP, REP1, REP2 and RAF1) that allows self-replication and
maintenance through generations. This makes it a selfish genetic
element, as its replication is independent of the host yeast cells. Typi-
cally, this plasmid is maintained at a high copy number with chromo-
some like stability and has shown to have some impact in cell fitness
(Harrison et al., 2012). Curing the native 2 p plasmid can improve sta-
bility of subsequent transformation with plasmids containing the 2 p
origin (Erhart and Hollenberg, 1981). Conversely, in S. cerevisiae, the
endogenous 2 p plasmid has been directly edited to express the dihy-
droartemisinic acid metabolic pathway and the TPII gene (Zeng et al.,
2021). Thus, an auxotroph for TPI1 was used, showing increased pro-
duction of dihydroartemisinic acid and higher plasmid stability in a
culture with no selective pressure. Curing the endogenous plasmid or
using it for genetic engineering have not been explored in S. boulardii but
it might open new possibilities for genetic engineering in the probiotic
yeast.

Beyond being used to quantify expression, fluorescent proteins have
a key role in molecular biology since they are reporters for protein
localization (Phillips, 2001). The fluorescent protein mRuby was also
expressed in S. boulardii using a plasmid that harboured a mitochondrial
targeting sequence. Despite being originally designed for S. cerevisiae,
the results show that it can also be used in S. boulardii (Liu et al., 2016).
Green fluorescent protein (GFP) was successfully expressed using
S. boulardii, delivering it to the immune tissue of the GI tract of mice
(Peyer’s patches) proving that this yeast can possibly deliver molecules
of interest to the gut (Hudson et al., 2014). In S. boulardii enhanced GFP
(EGFP) was also used as a proof of concept for yeast surface display,
again demonstrating the viability this technology in S. boulardii, before
going on to express other recombinant proteins (Nayebhashemi et al.,
2023; Wang et al., 2014). Other reporter genes like lacZ or resistance
markers (Ura3p and Hygromycin B), have also been used in S. boulardii
(Table 2) (Douradinha et al., 2014; Hamedi et al., 2013; Liu et al., 2016).

Table 3
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2.2. Conventional genome engineering in S. Boulardii

Although plasmid expression can be used for achieving high levels of
expression, there are some drawbacks associated with these expression
systems. Plasmids are not suitable for all applications due to high
metabolic burden (associated with high copy number plasmids), plasmid
instability without selective pressure and possible antibiotic resistance
transmission (Allen et al., 2022; Gomes et al., 2018; Rouches et al.,
2022; Svara and Rankin, 2011; Wang et al., 2024). Gene integration
methods like YIp, Cre-loxP, Ty (transposons of yeast) elements or the
PiggyBac transposon system, offer a stable genome integration without
the drawbacks associated with plasmids expression systems. In this
section, examples of the application of these engineering strategies in
S. boulardii will be discussed (Table 3).

As referenced above, YIp vectors lack an origin of replication and
rely on integration into the genome via homologous recombination to be
stably maintained in recipient cells. Table 3 provides examples of YIp
modification in S. boulardii. An example of the use of YIp’s in S. boulardii
was the expression of the fusion protein formed by the chicken oval-
bumin and C. perfringens enterotoxin. Interestingly, authors found that
GAL-1 (one of the 3 promotors tested, Table 3) was not able to drive the
expression of this fusion protein, due to the inability of S. boulardii to
utilize galactose (Bagherpour et al., 2018). Another example of YIp gene
integration in S. boulardii is the expression of the monomeric strepta-
vidin (mSA) (Heavey et al., 2024).

Not only single expression cassettes, but also metabolic pathways
have been introduced to S. boulardii via integrative plasmids. The xylose
pathway (XYL1, XYL2, and XYL3 from Scheffersomyces stipitis) was
introduced in the URA3 locus. When compared to S. cerevisiae with the
same xylose fermentation ability, the modified probiotic yeast achieved
higher rates of xylose fermentation (Liu et al., 2016). One other strategy
for chromosomal integration of a pathway was used by Ling et al.
(2023), where two copies of a medium chain fatty acid pathway were
integrated into the URA3 locus. Due to its large size, this pathway was
subdivided in three fragments and assembled using the DNA assembler
method (Shao et al., 2009). The 5-end of the first fragment had a ho-
mology region to the targeted locus, while the 3-end had a homology
region that overlapped with the second fragment 5-end. The third

YIp, Cre-loxP and Ty elements integration/gene disruption strategies used in S. boulardii. Chr stands for chromosome.

Study Method Strain Chr Target locus/ Promotor Terminator Protein(s) expressed/Gene disrupted
Ty element
. ATCC MYA-796 TDH3; TDH3; .
(Liu et al., 2016) YIp Aura3 v YELO21W PGK1 PGK1 Xylose metabolic pathway
CNCM [-745 Aura3 n/ PGKI Chicken ovalbumin - C. perfringens
(Bagherpour et al., 2018) Yip s ) n/d® GAL-1; cvci - penring
d TEF1 enterotoxin
o XII-1; XII-2 PGKI; ® .
(Liu et al., 2020) YIp ATCCMYA-796 X1 XII-4 TEF1 n/d mCherry; EGFP
(Hedin et al., 2022) YIp ATCC MYA-796 X X-2 TEF1 CYC1 GFP
. ATCC MYA-796 n/ - TDH3;
Heavey et al., 202 - -
(Heavey et al., 2024) YIp Aura3 q® n/d TPI1 MATa mSA-AGA1-AGA2
(Hedin et al., 2024) YIp ATCC MYA-796 X X-2 TEF1 CYC1 GFP
TDH3; CYCI;
Ling et al., 2023 © g 5 : . : @
(Ling et al., 2023) YIp CLPY01 Aura3 v YELO21W TEF1 ADHI Medium chain fatty acids pathway
(Wang et al., 2015) Cre-loxP CNCM I-745 @ v YELO2IW - - URA3
(Chen et al., 2020a) Cre-loxP CNCM I-745 @ 4 YELO21W - - URA3
(Dacquay et al., 2024) Cre-loxP CNCM I-745 @ XV YOR128C - - ADE2
. . Tyl.1; Tyl.2; ®)
(Liu et al., 2020) Ty elements ATCC MYA-796 - Ty2: Ty3 TEF1 n/d IL-10; TNFR1-ECD; AP; ANP
(Mohagqigq et al., 2025; Parweez ATCC MYA- Overexpression of Spermidine
Ty el - Ty2 TDH. YC1
et al., 2025) y elements 796A0az1 ¥ 3 cre pathway related genes
PiggyBac BIOCODEX I
(Tang et al., 2024b) Transposon sura3supl @ - TEF2 n/d ® EGFP; 1-Ergothioneine pathway

(a)- CNCM 1-745 and BIOCODEX are different nomenclatures for the same strain; (b)- Not disclosed (n/d): Information was not available; (¢) The strain used was
isolated from a commercially available product from Jarrow Formulas and referred as CLPY01 in the study; (d) The Medium chain fatty acids pathway was constituted
by the following genes: mutant gene of Homo sapiens fatty acid synthase with its native thioesterase domain replaced by the Rattus norvegicus thioesterase II gene

(mhFAS-rTEII) and H. sapiens phosphopantetheinyl transferase gene (hSFP).
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fragment was designed to have a 5-end that overlapped with the 3-end
of the second fragment and a 3"-end that was homologous to the targeted
locus. This allowed for the pathway to be assembled in the right order
and to be integrated into the targeted locus (Ling et al., 2023). This
strategy has the potential to be utilized for assembly of more than three
expression cassettes, provided that each fragment has ends that overlap
the two flanking expression cassettes and that the first and last cassette
have homology for the targeted locus (Shao et al., 2009).

Cre-loxP is another method for gene integration or disruption and it
is based on the recognition and binding of specific loxP sites by the Cre
Recombinase from the E. coli bacteriophage P1. These sites are 34 base
pairs (bp) long in which two 13 bp palindromic sequences are separated
by 8 bp asymmetric core sequence. Depending on the orientation of the
loxP sites, Cre Recombinase can induce a deletion, inversion or trans-
location. The loxP sites can be added to the genome by flanking them
with homologous sequences that will be integrated by homologous
recombination. After that, Cre Recombinase is transformed into the cells
and the recombination of loxP site occurs. Everything in between the
loxP sites is excised from the genome (Gueldener et al., 2002; Giildener
et al., 1996; Sengupta et al., 2017; Sternberg and Hoess, 1983). Thus,
this system allows for a more targeted engineering approach compared
to Ylps, as only the intended modification remains in the genome after
the selective marker is excised. An added advantage is the ability to
perform multiple gene disruptions (Ribeiro et al., 2007) and/or in-
tegrations. However, one loxP sequence remains in the genome as a
result.

Although gene integration is also possible by using Cre-loxP, in
S. boulardii this system was used for gene disruption, generating URA3
auxotrophic strains (Chen et al., 2020a; Wang et al., 2015) as well as
disrupting the ADE2 gene (Table 3). The disruption of this gene makes
yeast colonies turn red instead of white and it was used to construct a
strain capable of sensing doxycycline, as discussed in section 1.3.8.
(Dacquay et al., 2024).

Genetic engineering tools can also derive from innate mechanisms
rather than being adapted from other microorganisms. Ty is a type of
Class I elements that exist in substantial amount throughout the
eukaryotic genome. Ty elements are mobile and can contribute for
chromosomal rearrangement, gene duplication or variations in genome
size (Dujon, 2006; Feschotte and Pritham, 2007; Maury et al., 2016).
The transposition mechanism of Class I elements is known as copy-paste
(Wicker et al., 2007). The corresponding mRNA is reverse transcribed
back to DNA before transposing in another locus of the genome
(Finnegan, 1989). There are 5 sub-families of known Ty elements (Tyl
to Ty5) in S. cerevisiae (Carr et al., 2012), and S. boulardii shares some of
them (Liu et al., 2020). When comparing the consensus Ty elements
utilized in the EasyCloneMulti vectors (Maury et al., 2016) and the
genome of S. boulardii MYA-796, Liu et al. (2020) reported that the Ty
elements were highly conserved in S. boulardii, finding 140 Ty elements
distributed across the Ty1.1, Ty1.2, Ty2, and Ty3 sub-families.

Genome integration using Ty elements allows for multiple copy
integration achieving enzymatic activity levels comparable to the ones
attained with plasmids (Oliveira et al., 2007). In S. boulardii, Ty ele-
ments were used to express Interleukin-10 (IL-10), tumour necrosis
factor receptor 1 extracellular domain, alkaline phosphatase, and atrial
natriuretic peptide (ANP) (Liu et al., 2020). The authors developed this
method due to the low efficiency achieved using single-locus integration
in S. boulardii ATCC MYA-796; which is a common problem encountered
and reported for S. boulardii in comparison to S. cerevisiae (Douradinha
et al.,, 2014; Liu et al., 2020). Using Ty elements, Liu et al. (2020)
improved the number of colonies recovered after transformations and
show an enhanced expression of EGFP. However, the number of copies
integrated was not determined in that study.

Other transposons-based strategies have also been implemented in
S. boulardii namely, to produce l-Ergothioneine (Tang et al., 2024b). The
system used was the PiggyBac transposon, which allows for a stable
genome integration with the possibility of footprint-free excision. This
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system relies on the enzyme PB transposase, which recognises
transposon-specific inverted terminal repeat sequences located on both
ends of the transposon vector. Then, the fragment is moved from the
vector and integrated in TTAA chromosomal sites. This mechanism is
referred as “cut and paste” and, after the integration, the fragment can
be precisely excised from the chromosome, with the gap being repaired
by ligation. This footprint-free excision is valuable due to the revers-
ibility of the genetic modifications performed with this system (Chen
et al., 2020a, 2020b; Zhao et al., 2016).

2.3. CRIPSR-CAS genome editing strategies in S. Boulardii

CRISPR-Cas9 (Clustered Regularly Interspaced Short Palindromic
Repeats-CRISPR associated endonuclease 9) is a genetic engineering tool
that, in the last few years, has been exhaustively studied and developed.
Like Cre-loxP, CRISPR-Cas systems are based on mechanisms observed
in bacteriophages that were adapted for genetic engineering. CRISPR is
the bacterial equivalent of the human immune system, providing
defence against phage infection and plasmid transfer (Mojica et al.,
2005; Pickar-Oliver and Gersbach, 2019).

This tool is based on a double-strand break performed by the
nuclease Cas9, which is guided to a specific location of the genome by a
guide RNA (gRNA). The gRNA is a 20-base pair sequence that hybridizes
next to a Protospacer Adjacent Motif (PAM) sequence (Karvelis et al.,
2013). The specificity of this method relies on the fact that the DNA
cleavage is strictly dependent on the presence of a PAM immediately
downstream of the target site and, the identity between gRNA and the
DNA of the targeted site, must be near perfect (Anders et al., 2016). The
recognized PAM sequence depends on the origin of the nuclease.
Streptococcus pyogenes Cas9 (SpCas9) is the most used endonuclease in
CRISPR-Cas systems. The preferred PAM for this endonuclease is 5’-
NGG-3' (N = A, T, C, G), which is common in most of the organisms
resulting in easier application of the CRIPSR-Cas9 tool (Goldberg et al.,
2021; Li et al., 2023). After this cut, negative selection takes place: only
the yeast able to repair the nuclease cut survives. For this repair to be
successful, using homologous recombination, two homologous DNA
sequence flanking of the cut site must be given, one upstream and one
downstream. Between these homologous regions, the desired DNA
sequence is inserted, allowing it to be integrated precisely into the
chromosome at the target location.

CRISPR-Cas systems offer several advantages over other integration
methods. Using Cre-loxP, along with the integration of the gene of in-
terest, extra genetic material will also be integrated into the genome
because one loxP site is always left behind (Gueldener et al., 2002;
Giildener et al., 1996). Multiple integrations in the genome using this
tool can be harmful as each modification accumulates more undesired
scars in the genome. In addition, when integrating genes with Cre-loxP,
there is a need to integrate a selective marker in the genome for selection
that will be excised after (Gueldener et al., 2002). CRISPR-Cas is a
marker-less tool that allows multiple integrations and eliminates the
need for integrating selective markers. In addition to its significance in
the development of industrial bio-based production processes (Costa
et al., 2022), this is also a crucial point for health applications as
antibiotic-selective markers are not accepted in clinical trials due to the
possibility of spreading the resistance to other microorganisms in the gut
microbiome (Vandermeulen et al., 2011). One of the most used toolkits
for CRISPR-Cas9 editing is the EasyClone-MarkerFree (Jessop-Fabre
et al., 2016; Stovicek et al., 2015), which despite being designed spe-
cifically for S. cerevisiae, has been used to effectively edit some of the
available chromosomal sites (Hedin et al., 2023a; Sands et al., 2024;
Gelli et al., 2025). These sites must share identical nucleotide bases in
the cut site/PAM sequence between both yeasts. The lower efficiency of
S. boulardii transformation using this method (Liu et al., 2020)
comparing to S. cerevisiae, could be related to the higher thickness of the
probiotic cell-wall or to the double-strand break repair mechanisms not
being as efficient.
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Durmusoglu et al. (2021), used mTurqouise2 and mRuby2 to compare
the expression in different sites of integration and to compare different
methods of integration (Table 4). Although, the expression locus showed
to have influence (up to 3.4-fold difference) in the expression it had a
minor effect when compared with promotor choice (up to 15.3-fold
difference). To compare different integration methods, two different
Cas endonucleases were used (SpCas9 and LbCasl2a) as well as a
method without the assistance of the cut performed by the endonu-
clease. LbCas12a from Lachnospiraceae bacterium ND2006 (PAM- 5'
TTTN-3' (N = A, C, G)) was the most efficient followed by SpCas9 and
unassisted DNA (Durmusoglu et al., 2021).

Table 4

CRISPR-Cas systems used in S. boulardii. Chr stands for chromosome.
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To expand the genetic engineering tools available for S. boulardii, in
addition to identifying optimal integration sites, it is also essential to
characterize promoter strength. Recently, Sands et al. (2024) utilized
CRISPR-Cas engineering to express yeast-enhanced green fluorescent
protein (yEGFP) and mKate2 for promotor characterization. The 12
promotors were characterized in media supplemented with different
carbon sources (glucose, acetate, fructose, sucrose and inulin) under
aerobic and anaerobic conditions. In vivo promotor characterization was
also performed and showed high correlation with in vitro activity (Sands
et al., 2024). yEGFP genomic integration was also used as reporter for
monitoring rtTA expression. This integration is part of the previously

Study Strain Chr Locus Promotor Terminator Protein (s) expressed/
targeted gene (s)
(Liu et al., 2016) ATCC MYA-796 - - - - URAS3, HIS3; TRP1; LEUZ
(Gene disruption)
H I§
(Liu et al., 2016) ATCC MYA-796 XVI css TDH3 cyci uman fysozyme
(Protein expression)
PGM2
(Liu et al., 2018) ATCC MYA-796 - - - - G . .
(Mutation correction)
INT1; INT2;
ATCC MYA-796 V; XI; XVI; ’ ’ Tt ise2; mRuby2
(Durmusoglu et al., 2021) 79 INT3; INT4; TDH3 TDHI miurqouises; msiby.
Aura3 VIIL XV INTS (Protein expression)
BpGH16A
(Jin et al., 2021) ATCC MYA-796 XV CS5 TDH3 CYC1 P . .
(Protein expression)
ATCC MYA- HI
(Jin et al., 2021) CC MYA-796 - - - - s
Aura3Atrpl (Gene disruption)
(Kwan et al., 2022) ATCC MYA-796 - - - - PFK26; PEK27; GDAT
(Gene disruption)
(Hedin et al., 2022) ATCC MYA-796 - - - - URA3 . .
(Gene disruption)
(Durmusoglu et al., 2023) ATCC MYA-796 v INT1 TDH3 TDH1 NPA . .
Aura3 (Protein expression)
ATCC MYA-796 KO of 14 i lved
(Durmusoglu et al., 2023) 79 _ _ _ _ ! © \ genes l.IIVO ve ©
Aura3 in protein secretion pathway
. I VIL XII; CS6; CS7 Human lysozyme
(Kim et al., 2023) ATCC MYA-796 XVI css TDH3 CYC1 (Protein expression)
X; XI X-2; X-4 GLP-1; Exendin-4
Hedin et al., 2023a - ’ . wo (@) !
(Hedin et al., 2023a) ATCC MYA-796 Aura3 XII XL3: XIL5 TDH3 DIT1 (Protein expression)
(Hedin et al., 2023b) ATCCMYA-796 Aura3 - - - - KO of 7 aPXOtrOPth genes a-nd 2 ge(n)es
involved in temperature resistance ‘&
Firefly lucife
(Park et al., 2023) ATCC MYA-796 vir cs6 PGK cyei lreby luctierase
(Protein expression)
ATCC MYA-796 EGFP; mKate2
(Sands et al., 2024) 79 XI; XTI XI-3; XII-5 12 promotors @  ADHI yELEE; mitates
Aura3 (Protein expression)
5 HI
(Durmusoglu et al., 2024) ATCC MYA-796 - - - - URAS3; . 53 .
(Gene disruption)
ATCC MYA-796 PGM2
D soglu et al., 202 . - - - - . .
(Durmusoglu et al., 2024) Aura3Ahis3 (Mutation correction)
NanoL
(Durmusoglu et al., 2024)  ShGal™® b'44 INT5 GALI; TET n/d © anosuc .
(Protein expression)
TET4; TDH3 yEGFP; rtTA
Dacquay et al., 2024 NCM I- @ © > ADH1 ’
(Dacquay eta ) CeNe 745 n/d n/d MYo2 (Protein expression)
Enterol; I 1V; XII; II-1; IV-1 X1I-1; TDH3; TEF1; ENO2; CYC;
(Van Gaever et al., 2024) SZ :r:)h; X!VI T XVIJ ] 7 RPLI éB‘ S AZ} 6 ADH. 1’ ’ Abscisic acid pathway related genes
EGFP; E -inuli
(Shin et al., 2025) ATCC MYA-796 vir int#1 ccwiz cyet GEP; Endo-inulinase
(Protein Expression)
(Mohaqiq et al., 2025; OAZ1
Parweez et al., 2025) ATCC MYA-796 - B B - (Gene disruption)
Production of 4 cell
(Gelli et al., 2025) ATCC MYA-796 X XII XL-3; XI5 TDH3 DITT** © rocuetion of % e
penetrating peptides
URA3; CCW12;
(Xu et al., 2025) ATCC MYA-797 - - - - CCW14; FYVS5
(Gene disruption)
yeGFP; Aspergillus aculeatus
(Xu et al., 2025) ATCC MYA-797 XV int#11 TDH3 CYC1 p-glucosidase

Aura3Accw12Accwl4Afyv5

(Protein expression)

(a) Strain description- S. boulardii ATCC-MYA796Aura3Ahis3 with PGM2 mutation corrected; (b)- Enterol- Commercially available probiotic product which contains
the CNCM [-745 strain; Sb-P- Natural isolate that accumulates elevated levels of acetic acid in YPD 2 %, sensitive to low pH. (de Carvalho et al., 2024); (c)- Not
disclosed (n/d): Information was not available; (d)- Promotors: ALD6; CYC1; CYC7; DAN1; HSP26; HXT7; JEN1; SSA1; SUC2; TDH3; TEF1 and TPI1; (e)- Modified
version of the DIT1 terminator: DIT](3%34delICT+74-76delCAD), (f). Genes KO: ROX1; PAH1; DER1; HRD1; GOS1; OCHI; MNNY; VPS5; VPS17; TDA3; YPS1; PRB1; PEP4
and APEI; (g)- Genes KO: URA3; HIS3; TRP1; SNO1; SNZ1; THI2; THI6 (auxotrophic) and REI1; BTS1 (temperature resistance); (h)- Cell penetrating peptides

produced: RRL helix; Shuffle; Penetramax and PN159.
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mentioned doxycycline biosensing system. Two promotors (TDH3 and
MYO2) were tested and, although MYO2 achieved lower expression
levels when compared with TDH3, it was chosen to drive rtTA expression
due to lower levels of false positives (i.e. red yeast when doxycycline was
not present) (Dacquay et al., 2024). Another biosensing yeast was
developed to detect ATP (Adenosine triphosphate) levels in mice with
DSS-induced colitis using CRISPR-Cas9 to introduce the Firefly Lucif-
erase expression cassette into an intergenic region between HIP1 and a
gene coding for tRNA in chromosome VII of S. boulardii (Park et al.,
2023). Lastly, Kim et al., 2023 used a double integration strategy to
enhance expression of human lysozyme with a chicken lysozyme
secretion signal in S. boulardii (Kim et al., 2023). A previous study also
expressed this protein but only a single copy was integrated (Liu et al.,
2016).

CRISPR-Cas is a versatile tool that can be used with other genetic
integration tools like Cre-loxP (Dacquay et al., 2024) but integration is
not the only utility for this tool. Previously, the generation of S. boulardii
auxotrophic strains has been done via UV mutagenesis (Hamedi et al.,
2013; Hudson et al., 2014) and Cre-loxP (Table 3). However, effective
UV mutagenesis can induce undesired mutations (Pfeifer, 2020) and
Cre-loxP is not a marker-less tool (Gueldener et al., 2002; Giildener
et al., 1996). On the contrary, CRISPR-Cas9 can be used for generating
auxotrophic strains by only disrupting the function of a specific gene
while not leaving scars in the genome. In S. boulardii, several auxotro-
phic strains have been generated by CRISPR-Cas some of them being
auxotroph for multiple compounds (Table 4).

Auxotrophic S. boulardii strains developed by CRISPR-Cas9 have
been used to develop a biocontainment strategy so that the engineered
strain would not be able to proliferate in the environment after being
excreted. In this regard, 7 auxotroph genes (URA3, HIS3, TRP1, SNO1,
SNZ1, THI2 and THI6) and 2 genes related to temperature tolerance
(REI1 and BTS1) were disrupted. The knockout (KO) of SNO1 and SNZ1
showed no significant growth defect in media lacking the correspondent
nutrients. The simultaneous KO of URA3, THI6 and BTS1 resulted in a
strain that had a growth defect at temperatures lower than 20 °C and in
media without uracil and thiamine. This strain could also produce a
glucagon-like peptide-1 receptor agonist Exendin-4 at similar levels
compared to S. boulardii uracil auxotroph meaning that the biocon-
tainment strategy did not impact the target expression (Hedin et al.,
2023b).

Gene KO can also be useful to improve the expression of a targeted
molecule. In S. boulardii, CRISPR-Cas9 was used for the knockout of 14
different proteins involved in secretory pathways. The results showed
that KO of some of the genes responsible for vacuolar /extracellular
degradation (YPS1, PRB1 and PEP4) had the most positive impact on
expression of peptide NPA, Table 4. The combination of the KO of YPS1,
PRB1, PEP4 and APEI] resulted in a 1004 % increased production of NPA
when compared to the strain without these genes disrupted. These tests
were done using a 2 p plasmid expression system but, when combining
the quadruple KO strain with NPA genome integration, the expression
increased by 13.2-fold when compared with a strain with only NPA in-
tegrated (Durmusoglu et al., 2023).

CRISPR-Cas9 can also be used for correction of mutations as
demonstrated by the correction of the PGM2 mutation in S. boulardii
(Durmusoglu et al., 2024; Liu et al., 2018). This gene is an example of
the differences between S. cerevisiae and the probiotic yeast. In the latter,
PGM2 transcription is terminated earlier resulting in a truncation that
negatively impacts galactose metabolism. In S. cerevisiae, the galactose
metabolism is more efficient as the PGM2 is correctly terminated. The
truncation of PGM2 was firstly reported by Liu et al. (2018) and the
correction of the mutation resulted in a S. boulardii able to utilize
galactose (Liu et al., 2018). Durmusoglu et al. (2024), went further and
on top of the correction of the PGM2 mutation, tested several inducible
promotors including GAL, that was previously reported not to drive any
protein expression in the probiotic yeast (Bagherpour et al., 2018). The
GAL1 promotor was able to direct expression in S. boulardii with a
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corrected PGM2 and was then used for the surface display of SAl
(protein that binds and inhibits the activity of toxin A from C. difficile).
Besides, it was also used to control expression of nanoluciferase and to
build a genetic logic gate where this protein would only be produced
when galactose and anhydrotetracycline where simultaneously present
(Durmusoglu et al., 2024).

2.4. Applications of genetically engineered S. Boulardii

Regardless of the genetic engineering strategy, improving the pro-
biotic effects of S. boulardii, toward a health-related application has been
the end goal. The studies that take on a more methodological/charac-
terization approach are essential to better understand how genetic en-
gineering tools can be applied to enhance S. boulardii probiotic potential.
From the 38 studies related to S. boulardii genetic engineering discussed,
29 are directly focused on engineering a probiotic aimed to further
improve human health. The applications can be sub-divided in immune
system response, pathogen neutralization, retention time improvement,
anti-obesity effects, vitamin precursor production, biocontainment, use
of alternative carbon sources, use as biosensor and others (Fig. 2).
Enhancing the capacity of S. boulardii to use alternative carbon sources is
the subcategory that attracted more focus, followed by the potentiation
of its neutralizing ability by secreting antimicrobial proteins, and the
enhancement of the gut residence time.

2.4.1. Immune system response

Inflammatory bowel diseases (IBD), including Crohn’s disease and
ulcerative colitis, are chronic, relapsing inflammatory disorders of the
gastrointestinal tract characterized by disturbances in the balance be-
tween anti- and pro-inflammatory cytokines in the gut mucosa (Neurath,
2024), epithelial barrier disfunction and altered microbiota composition
(Andoh and Nishida, 2023).

Since S. boulardii offers a strong potential as a drug delivery vessel,
some of the proteins expressed in S. boulardii are related to improvement
of human health, targeting the immune system response. The first
health-oriented heterologous protein expressed by S. boulardii, was the
Interleukin 10 (IL-10), an anti-inflammatory cytokine that has a role in
maintaining the immune homeostasis in the gut. However, mice treated
with the modified strain did not show significant difference compared to
mice treated with the wild-type strain (Michael et al., 2013) which au-
thors hypothesized could be due to the denaturation of the dimer
forming an active protein (Pohlmann et al., 2012). S. boulardii was also
engineered to secrete homologues to IL-10 encoded in herpes viruses
such as Epstein-Barr virus and human cytomegalovirus, which showed
to be active in vitro (Pohlmann et al., 2012).

In fact, wild-type S. boulardii has been shown to induce IL-10

Path(')gel} Alternative carbon
neutralization sources utilisation
(18%) 21%)

Gut residence Biocontainment

time improvement (2%)
(13%) Vitamin precursor
production
(5%)
Anti-obesity
Other effect
applications (8%)

(13%)

i Immune system

Biosensor response
(10%) (10%)

Fig. 2. Overview from the health-related applications of genetically engineered
S. boulardii (38 studies total published between the years 2013 and 2025).
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production upon co-incubation with murine bone marrow-derived
dendritic cells comparing to other non-probiotic S. cerevisiae (Heavey
et al.,, 2024) and has also been shown to have a superior immune-
activation effect, attributed to the thicker mannan layer of the pro-
biotic yeast (Baek et al., 2024). Engineering S. boulardii to display
monomeric streptavidin on its cell surface, binding biotinylated anti-
bodies against fibronectin, led to a ~ 1000-fold increase in the colonic
expression of IL-10, in preclinical models of ulcerative colitis in female
mice, compared to the non-treated mice (Heavey et al., 2024).

The administration of S. boulardii can also contribute to increase
levels of secretory IgA and serum IgG, both playing a key role in immune
system regulation (Charles et al., 2001). Administration of the modified
S. boulardii strain expressing a fusion protein composed of chicken
ovalbumin and C. perfringens enterotoxin to mice resulted in an
enhanced immune response compared to the wild-type strain, as evi-
denced by elevated levels of IgA and IgG (Bagherpour et al., 2018).

The engineering of S. boulardii to modulate immune responses can
have direct implications for IBD treatment. Local delivery of immuno-
modulatory proteins such as IL-10 or surface-displayed antibodies tar-
geting fibronectin or extracellular matrix components, as shown by
Heavey et al. (2024), may enhance mucosal healing and reduce
inflammation on top of the possible protective probiotic effects of the
yeast.

2.4.2. Pathogen neutralization

The yeast S. boulardii has been reported to exert antimicrobial ac-
tivity against pathogens, which has been linked for some strains to the
production of acetic acid (de Carvalho et al., 2024; Offei et al., 2019),
the secretion of peptides blocking the action of toxin A and B from
C. difficile (Castagliuolo et al., 1999), of cholera toxin (Czerucka et al.,
1994) and dephosphorylating E. coli endotoxin (Buts et al., 2006).
However, some of the exact mechanisms in which S. boulardii neutralizes
pathogens remain unknown. In contrast, genetic engineering has opened
many ways to rationally improve its antimicrobial capacity.

Clostridioides difficile infection (CDI)—a leading cause of antibiotic-
associated diarrhoea and colitis which can lead to death. In fact, pa-
tients already suffering IBD are at higher risk of C. difficile colonization
(Bassotti et al., 2023). CDI is one of the most prevalent nosocomial in-
fections and its incidence has increased globally across all age groups
(Xia et al., 2025). In this context, engineered S. boulardii strains pro-
ducing antimicrobial peptides or neutralizing antibodies can play an
important role and improve clinical outcomes against CDI by different
strategies. To improve the ability of S. boulardii to reduce this pathogen
and thus improve therapeutic responses, one of the strategies used was
to engineer it to secrete a tetra specific heavy chain antibodies fusion
that consisted in four toxin neutralizing antibodies. Oral administration
of the modified S. boulardii in infected mice showed therapeutic efficacy
(K. Chen et al., 2020). Another strategy used to enhance the ability of
S. boulardii to alleviate symptoms of infection with C. difficile was to
engineer the probiotic yeast to secrete C. difficile toxin A neutralizing
peptide (Durmusoglu et al., 2023). This peptide inhibits the glucosyl-
transferase of C. difficile toxin A, a major factor for the pathogenicity of
this microorganism (Xiao et al., 2022).

Some of the S. boulardii probiotic properties such as pathogen
binding and immunomodulatory action have been attributed to the ol-
igosaccharides present in its cell wall ((Pais et al., 2020, Baek et al.,
2024). Therefore, a strategy involving cell wall oligosaccharides mod-
ulation was implemented by Kwan et al. (2022). In this study, the
glycolysis metabolic flux was directed to the production of guanosine
diphosphate-mannose and uridine diphosphate-glucose (precursors of
mannan and glucan, respectively). The strains with higher mannan
showed better adhesion to Salmonella enterica, Typhimurium and
enhanced Bacteroides thetaiotaomicron (one of the most abundant bac-
teria in human gut microbiota) competitiveness in co-culture with
C. difficile (Kwan et.; al 2022). Further in vivo tests could be useful for a
better understanding of the underlying mechanisms of this interactions
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in a context that better resembles the gut microbiome.

In addition of nosocomial pathogens, others can cause GI disorders
and there is need of developing new therapeutic approaches to reduce
their impact in human health. Listeriosis is a foodborne disease that is
caused by the pathogen L. monocytogenes. Upon survival of digestion,
L. monocytogenes can cross the GI barrier toward the bloodstream,
initiating its infection cycle (Luque-Sastre et al., 2018). Listeria DNA has
been found in human fecal samples, and its abundance has been corre-
lated with a low a-diversity in the gut microbiota, highlighting the
importance of the gut microbiome for protection (Hafner et al., 2021). In
fact, antibiotic treatment has been shown to decrease a-diversity in the
gut microbiota (Huang et al., 2022), which makes the use of enhanced
engineered versions of S. boulardii a promising approach. In this regard,
S. boulardii was modified to produce the bacteriocin Leucocin C,
showing antimicrobial activity against L. monocytogenes in vitro, without
the need for antibiotic selective pressure (Li et al., 2021a). This strain
was further optimized and used to produce antimicrobial beer, which
achieved a stable anti-Listeria activity that was maintained for over 6
weeks in refrigeration. While further studies are required, these studies
suggest a potential use as functional food, for the treatment of listeriosis
(Li et al., 2021a, 2021b).

While the peptides utilized so far to engineer S. boulardii are some-
what specific against different pathogens of interest, it is important to
consider that the administration of a recombinant S. boulardii may have
different gut microbiome modulation when compared with the un-
modified strain, although not necessarily negative, the different modu-
lation capacities of the developed strains are a subject that needs to be
explored to ensure that the modified probiotics do not have undesired
side effects.

Another antimicrobial protein expressed by S. boulardii was human
lysozyme. In vivo, the authors evaluated the impact of this engineered
probiotic upon sequential dosing in healthy mice. A different gut
microbiome modulation was reported: while wild-type S. boulardii
increased the diversity of the bacterial gut microbiome, the lysozyme-
producing S. boulardii decreased the levels of Lactobacillus, Blautia, and
Clostridium, sensitive to the enzyme (Kim et al., 2023). Recently,
S. boulardii was engineered to further increase the levels of acetic acid
produced, leveraging its antimicrobial potential for broad-spectrum
applications (de Carvalho et al., 2024). Another study evaluated the
antimicrobial effects of medium chain fatty acids against Candida albi-
cans, an opportunistic pathogen whose infections are rising (Ling et al.,
2023). S. boulardii was engineered for the secretion of medium chain
fatty acids which showed anti-biofilm and anti-hyphal formation effects
and decreased the expression of virulence-related genes in C. albicans.
Moreover, the engineered S. boulardii showed immunomodulatory
properties in a co-culture of C. albicans and CACO-2 cells, explained by
an upregulation of genes responsible for immune response (IL-6, IL-8,
CCL20 and HBD-3) (Ling et al., 2023). Thus, the modified strain showed
great potential for the treatment of C. albicans and further in vivo tests to
validate those findings would be of great value. These broad-spectrum
strategies can be useful for certain applications as mentioned, but
their impact on the gut microbiome and how this would then impact the
overall host health should be carefully considered.

2.4.3. Anti-obesity effect

Obesity is a condition that has raised in prevalence over the past
decades. This disease is associated with cardiovascular disease, diabetes,
cancer, neurological disorders, chronic respiratory diseases, and diges-
tive disorders (Abbafati et al., 2020; “WHO Facts Sheet: Obesity and
overweight [WWW Document], 2025”). The gut microbiota has also
been linked to obesity, due to protective metabolic effects on the in-
testine and peripheral tissues, influencing body weight by controlling
appetite, bile acid metabolism, and the hormonal and immune systems
(Van Hul and Cani, 2023). In fact, an imbalance in the gut microbiota, or
dysbiosis, has been linked to obesity (Lee et al., 2019). One of the
therapeutic approaches against obesity has been to target the secretion
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of glucagon-like peptide-1 (GLP-1), which is secreted naturally in the
intestine in response to food ingestion. Peptides with anti-obesity po-
tential, agonists of GLP-1R, have demonstrated efficacy, increasing
glucose-dependent insulin secretion, decreasing inappropriate glucagon
secretion and delaying gastric emptying and increase satiety (Trujillo
et al., 2021), factors positively impacting obesity.

Following this principle, Hedin et al. (2023a) engineered S. boulardii
to deliver GLP-1R agonists. The recombinant strain was shown to pro-
duce Exendin-4 in the GI tract of mice: when mice were exposed to low
temperatures (8 °C) the Exendin-4 production led to a reduced food
intake and higher weight loss when compared with the wild-type
S. boulardii. Interestingly no difference was observed at 25 °C (Hedin
et al., 2023a). The low temperature condition was chosen because when
mice are exposed to low temperature food intake increases as coping
mechanism to maintain normal body temperature (Ravussin et al.,
2014).

Another strategy to address obesity involves reducing fat absorption
through the use of lipase inhibitors. These compounds prevent the
degradation of dietary fat, thereby reducing its absorption and pro-
moting weight loss. While approved drugs are available for this purpose,
Nayebhashemi et al. (2023) proposed a promising alternative: the de-
livery of novel pancreatic lipase-inhibiting peptides to the GI tract. They
demonstrated that engineered S. boulardii CNCM I-745 can effectively
display various lipase inhibitors on its surface via a-agglutinin. In a rat
model of obesity, oral administration of engineered S. boulardii led to
reduced serum lipid levels and weight loss compared to the wild-type
strain. Although its efficacy was lower than that of the marketed drug
Orlistat, the approach used highlights the potential of S. boulardii as a
vehicle for delivering therapeutic molecules to the gut to combat
chronic, noncommunicable diseases.

L-ergothioneine is an antioxidant molecule that has also been pro-
posed for the prevention and treatment of obesity and other metabolic
disorders. To reduce purification and production costs, Tang et al.
(2024b) developed an engineered S. boulardii strain capable of produc-
ing this molecule in vitro. They developed a PiggyBac transposon system,
which resulted in varying expression levels among different clones, the
maximal producer reaching 17.5 mg/L after 120 h.

2.4.4. Vitamin precursor production

Vitamin deficiency is often associated with poor nutrition and
vitamin A deficiency has been linked to insufficient intake of vitamin A
precursors such as p-carotene (Tan et al., 2023). To prevent this defi-
ciency, S. boulardii was engineered to produce p-carotene in situ in the
intestines of mice (Durmusoglu et al., 2021). This study used a combi-
natorial approach for pathway assembly and optimization, using the
B-carotene production for screening to select the best producers. This
study demonstrated the ability of S. boulardii to express multi-gene
pathways and to produce vitamin precursors. In vivo, f-carotene from
engineered S. boulardii was recovered in mice faeces at 56-fold higher
concentration than in the initial dose, implying the successful coloni-
zation of the gut (Han et al., 2021).

2.4.5. Gut residence time improvement

To effectively deliver molecules of interest to the gut, a probiotic
must colonize and remain in the gastrointestinal tract long enough to
exert its intended effect. However, S. boulardii has been shown to have a
relatively short residence times in the gut, typically persisting for only
3-5 days after dosing is discontinued (Blehaut et al., 1989; Elmer et al.,
1999). Different strategies such as multiple dosing (Kim et al., 2023) and
co-administration with antibiotics (Hedin et al., 2022) have been used to
effectively overcome this limitation. In this regard, S. boulardii strains
have been engineered to enhance its retention time in the gut. Heavey
et al. (2024) engineered S. boulardii to display synthetic adhesins using
yeast surface display to model pathogen invasion. To improve
S. boulardii retention time and efficacy against murine colitis, mono-
meric streptavidin (mSA), was anchored to the a-agglutinin anchorage
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subunits AGA1 and AGA2 of the yeast cell membrane. mSA was used to
coat the cell membrane with biotinylated antibodies, specific for pro-
teins that accumulate in the extra cellular matrix during colitis. By
targeting these proteins, the modified strains were shown to have an
additional 24-48 h improved retention time and a therapeutic effect
against acute and chronic DSS-induced colitis in mice (Heavey et al.,
2024).

2.4.6. Use of alternative carbon sources

Besides the enhancement of the immune response, retention times,
the secretion of antimicrobial proteins, or vitamins, S. boulardii has also
been modified to use alternative carbon sources which can have positive
impacts on human health. For instance, a strain capable of degrading
agarose was developed by expressing an endo-type p-agarase. The
degradation of this polysaccharide commonly used as a dietary fiber,
generates neogarooligosaccharides that have prebiotic effects (Jin et al.,
2021). Prebiotics are compounds that can help the growth and improve
the activity of beneficial microorganisms in the gut which can poten-
tially improve the proliferation of S. boulardii in the human gut (Gibson
and Roberfroid, 1995; Hutkins et al., 2016). Recently, it was also re-
ported that introducing the erythromycin destructase (ereA) gene,
S. boulardii could degrade the antibiotic erythromycin, reducing residual
antibiotics in the gut (He et al., 2024). Another strain was engineered to
be able to degrade L-fucose, by transforming the yeast with the corre-
sponding metabolic pathway (fucA, fucl, fucU, fucK from E. coli K12
MG1655 and HXT4 from S. cerevisiae CEN.PK2-1D). This carbon source
is present in mucin secreted by mammalian hosts and is also used by
other gut microorganisms (Kim et al., 2022). Other studies have modi-
fied S. boulardii to utilize additional carbon sources like galactose and
xylose (Durmusoglu et al., 2024; Kim et al., 2022; Liu et al., 2018, 2016).

Expanding on the surface display technology, Shin et al. (2025)
engineered S. boulardii to be able to consume inulin. By testing different
anchor proteins (Aga2, Cwpl, Cwp2, Sedl, Pirl, and Tirl), the Sedl
protein, was selected for its higher expression and used to display endo-
inulinase (Shin et al., 2025). The surface display strategy was also used
to construct a strain capable of degrading cellobiose, by displaying the
enzyme f-glucosidase (Xu et al., 2025). Firstly, the surface display
technology was optimized for S. boulardii by testing several anchor
peptides (Aga2, Sedl and truncated versions of both) in combination
with the deletion of genes related to the cell wall (CCW12, CCW14, and
FYV5), using a reporter protein (yeGFP) to assess the total protein pro-
duction. Adding to that, a myc tag was also added to assess the display
efficiency by anti-myc fluorescence labelling. The optimization also
targeted the AGA1 gene by replacing the native promotor by the strong
constitutive promoter TDH3. This enhanced the expression of AGA1I to
provide more docking sites to the Aga2 peptide and therefore, improve
the surface display of the desired protein (Xu et al., 2025). Then, the
display of the p-glucosidase allowed the growth of S. boulardii on
cellobiose as the sole carbon source, showing how the optimized strain
had more enzyme displayed validating the optimization strategy (Xu
et al., 2025).

2.4.7. Biocontainment strategies

For the development of genetic modified microorganisms, one key
aspect to consider is the fact that the modified strains should not have
any impact on the environment when released (Lee et al., 2018).
Therefore, the biocontainment strategies of the engineered S. boulardii
strains should also be studied. Currently biocontainment strategies for
this yeast are lacking with only one study focused in engineering an
S. boulardii strain that would not survive after exiting the GI tract (Hedin
et al.,, 2023b). The strategy implemented in this case was a mix of
autotrophy and lack of growth at temperatures lower than 20 °C. Some
other strategies like CRISPR-based kill switches (Rottinghaus et al.,
2022) or synthetic gene circuits that initiate cell death (Callura et al.,
2010; Chan et al., 2015) have been implemented in the bacteria E. coli.
Given that autotrophy can limit the probiotic lifespan in vivo
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(Rottinghaus et al., 2022) it would be valuable to study the adaptation of
these alternative biocontainment strategies in S. boulardii.

Although S. boulardii can have positive impacts on the treatment or
minimize several GI diseases some people might not experience benefits
from its ingestion. Administration of S. boulardii can cause fungemia
(presence of fungi in the bloodstream) especially in elderly people,
critically ill patients and patients with a central venous line. Therefore,
administration might not be suitable for all group ages or immuno-
compromised patients (Poncelet et al., 2021). A study from 2021,
evaluated 46,729 patients, and the incidence of fungemia attributable to
S. boulardii administration was reported to be 1.70 cases per 10,000
patient-days. Even though the risk of probiotic bloodstream infection
was described as not greater than any other hospital-acquired blood-
stream infection (Wombwell et al., 2021), fungemia high-risk factors
should be taken into consideration upon administration.

2.4.8. Biosensor

Genetic engineering has also been shown to allow the use of
S. boulardii as a biosensor, to detect intestinal diseases, by coupling a
reporter output to a biomarker of disease. Park et al. (2023) engineered
S. boulardii to detect intestinal inflammation by monitoring extracellular
ATP levels. ATP accumulation is associated with gut inflammation, such
as in DSS-induced colitis models. In this study, the firefly luciferase gene
was genomically integrated, allowing bioluminescence to be produced
in the presence of ATP through the oxygenation of D-luciferin. Dacquay
et al. (2024) constructed a doxycycline-responsive strain, using Cre-loxP
sites. Expression of Cre was placed under the control of the TET4 pro-
moter, which activated in the presence of doxycycline. Upon successful
induction, Cre recombinase excises ADE2, resulting in a red colony
phenotype. The authors were able to recover red colonies from mice
administered doxycycline, demonstrating both in vivo biosensing capa-
bility and the genomic stability of the construction. Interestingly, a
weaker promoter (MYO2) was chosen over a stronger one (TEF1) due to
its lower background expression in the absence of doxycycline, which
reduced false-positive signals (Dacquay et al., 2024).

A notable advance worth considering was reported in probiotic
strains of S. cerevisiae, where human G protein-coupled receptors
(GPCR) were engineered enable controlled expression of proteins in
response to stimuli (Scott et al., 2021). Jensen et al. (2022) provided an
in-depth study of GPCR biosensing strategies and were able to translate
the advances in the model organism S. cerevisiae to S. boulardii. They
show how GPCRs not derived from yeast, enabled a response of
S. boulardii, which upon detection, activated the mating’s pathway.
These advances can be expected to be the base for the next generation of
S. boulardii-based biosensors.

2.4.9. Upcoming applications

Several authors have focused on using S. boulardii to deliver other
type of molecules to the gut that can have a positive general impact on
human health. One example is the engineering of S. boulardii to enhance
intestinal permeability, a limitation for drug absorption. Gelli et al.
(2025) demonstrated that oral dosing of the engineered yeast for 5 or 10
days, was safe and effective in mice, achieving the delivery of cell-
penetrating peptides, enhancing intestinal absorption of dextran in
comparison with the wild-type yeast.

Another promising area of application for engineered S. boulardii is
the development of anti-cancer therapies. Rebeck et al. (2025) show that
engineered S. boulardii can deliver immune checkpoint inhibitors, that
can reduce intestinal tumors. Interestingly, in this study the authors
demonstrated that despite of not supplementing mice with antibiotics,
the plasmid was retained in 95 % of the yeast recovered in mice stool.

Recently, interesting (not yet peer reviewed) applications for
S. boulardii have been proposed such as the secretion of spermidine, to
mitigate the symptoms of gut-related diseases and memory enhance-
ment (Mohaqiq et al., 2025; Parweez et al., 2025). Van Gaever et al.
(2024) reported the successful expression of the phytohormone abscisic
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acid, highlighting the advantage of yeast for molecule production over
bacterial probiotic strains, since S. boulardii allowed the integration of a
whole biosynthetic pathway, up to 5 genes from Botrytis cinerea, to
produce the compound.

2.5. Future directions for engineered S. Boulardii: Advances and
challenges

Despite the availability and readiness of genetic engineering tools
and an increasing number of proof-of-concept studies involving engi-
neered S. boulardii, the field is still under development and as of today,
there are no clinical trials involving engineered S. boulardii. We do have
evidence for the capacity of this yeast to produce a wide range of mol-
ecules and deliver them in the gut, however, most studies lack trans-
lational validation, which is needed for their clinical application.

Several recent studies stand out for their deeper characterization:
such as Durmusoglu et al. (2021), who characterized 18 promoters and 7
terminators, and Sands et al. (2024), who complemented the charac-
terization in vivo. Meanwhile, expression stability and long-term per-
formance was explored by Dacquay et al. (2024), who demonstrated the
use of S. boulardii as a biosensor in mice, while Park et al. (2023) used it
to track gut inflammation. In terms of safety and containment, the study
of Hedin et al. (2023b) stands out for implementing a biocontainment
system consisting of auxotrophy coupled with temperature sensitivity.
Deeper functional characterizations, while challenging, are essential for
advancing engineered S. boulardii toward clinical and industrial
applications.

One of the most promising areas for future development is the use of
microbial cocktails. As research advances and we gain a deeper under-
standing of the specific functions and interactions within the micro-
biome, both the probiotic and functional food industries are moving
toward the rational design of targeted products. These may include
prebiotics and/or engineered probiotics specifically selected to promote
or suppress certain microbial species, tailoring interventions to partic-
ular health conditions. A key innovation in this field is the development
of microbial cocktails—combinations of multiple engineered strains that
perform complementary functions. Hedin et al. (2024) demonstrated
how engineered microbial consortia can interact dynamically within the
host and maintain functional stability in complex environments. In this
context, S. boulardii could serve as a chassis strain, engineered to secrete
immunomodulatory peptides or other beneficial molecules, while a
bacterial partner could produce small molecules or detect disease
markers, enabling synergistic and multifunctional therapeutic
strategies.

The field would also benefit from the development of robust and
genetically stable strains, as these must compete with native microbes
and maintain their intended genotypic and phenotypic traits within the
complex environment of the gut, particularly considering the high
variability of the microbiome between individuals. Practically, this un-
derscores the need for standardized strains that perform consistently
across different conditions and are scalable for industrial use. This is
especially relevant given that large-scale production, in accordance with
Good Manufacturing Practices (GMP), is a prerequisite for the clinical
trials required before the commercialization of (engineered) probiotics.

Personalized treatments based on individual’s microbiome have
been proposed in fields such as oncology (Gately, 2019), and could
significantly improve the effectiveness of engineered probiotics. These
probiotics could be tailored to target specific diseases while accounting
for the host’s unique microbial environment. A deeper understanding of
the factors behind treatment failure or success, combined with the
increasing affordability of sequencing technologies, could enhance the
reproducibility and precision of these interventions.

The choice of genetic delivery method is an important aspect to
consider when aiming to translate these studies into clinical practice.
Antibiotic-selectable markers pose a risk of spreading resistance
(Vandermeulen et al., 2011). However, in some cases, plasmid loss has
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not been observed even in the absence of antibiotic pressure, potentially
limiting the risk of resistance dissemination (Rebeck et al., 2025).
Nonetheless, marker-free genome editing tools such as CRISPR-Cas
(Jessop-Fabre et al., 2016) may further enhance production cost-
efficiency, safety, and the robustness and scalability of engineered
strains. For instance, Jin et al. (2021) first achieved the production in
plasmids and then moved on to the production using genomic integra-
tion using CRISPR-Cas, which potentially could serve for more stable
modifications upon treatment and scale-up.

Pharmacokinetics and colonization control present significant chal-
lenges in the development of engineered probiotics. Heavey et al. (2024)
showed that genetic engineering can enhance colonization, but while
effective gut colonization is important for therapeutic delivery, it must
remain temporary. Engineered strains should be self-limiting to reduce
potential risks, such as fungemia associated with S. boulardii (Poncelet
et al., 2021) and unintended effects from continuous production of the
therapeutic molecule. To address this, strategies such as environmental
sensing circuits that trigger expression (Scott et al., 2021), conditional
expression systems (Durmusoglu et al.,, 2024) and biocontainment
mechanisms (Hedin et al., 2023b) are being developed to strike a bal-
ance between colonization control and therapeutic efficacy.

In this regard, an improvement in S. boulardii ability to secrete re-
combinant proteins is one of the factors that can enable better thera-
peutic outcomes. Higher concentrations of protein, secreted in situ at the
site of infection or at the drug’s target site- specifically in the intestine-
can lead to higher local concentrations, increased bioavailability,
reduced systemic exposure and has the potential to minimize side-
effects. Chen et al., (2020) optimized S. boulardii for expression of
anti-C. difficile antibody production, reporting a 4-fold increase in
antibody expression by the yeast, which led to therapeutic effect against
primary and recurrent C. difficile infection in mice. Durmusoglu et al.
(2023) improved the yeast secretory pathway, achieving a 11-fold in-
crease of the therapeutic target peptide. Despite these optimizations, in
situ performance is likely to be impacted not only by the protein to be
produced but also to the residence time of the yeast and host factors such
as diet, gut microbiota and colonization resistance.

3. Genetically enhanced probiotic: What are the regulations?

There are 45 completed clinical trials involving S. boulardii (clinicalt
rials.gov), and several probiotic products containing this yeast are
already in the market. However, no engineered strains of S. boulardii
have yet reached the clinical trial stage. Most of the studies reviewed
here focus on in vitro and preclinical data from animal models. Several
key factors may explain the absence of clinical data. First, the strict
regulatory framework surrounding GMOs, which varies depending on
whether the product is classified as a drug or as a supplement, poses
significant hurdles. Although the in vitro results discussed here are
promising and point to a range of potential applications, there is still a
lack of data of safety, scalability and biocontainment. This gap likely
limits investment in clinical trials for engineered S. boulardii. Despite a
strong market potential and clear clinical needs for some areas, regu-
latory approval remains uncertain.

Another factor influencing the market are public perception and
concerns over genetically modified probiotics despite the accumulation
of data suggesting the solution for other growing concerns like obesity,
malnutrition, inefficient therapies for GI disorders (Dong et al., 2019)
and the ever-growing antibiotic resistance from gut pathogens
(Andreescu, 2023; Spigaglia et al., 2018).

The regulation of genetically modified probiotics is reviewed else-
where (Hoffmann et al., 2014; Kurtz and Calvo, 2024). These regulations
differ significantly across regions of the world and lead to different
regulatory paths depending on the intended use and claims of the
product. Table 5 describes the different regulatory frameworks found in
different countries around the world as well as the products marketed to
date related to genetically modified probiotics.
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Regulatory agencies responsible in different countries around the world for the
regulation of genetically modified probiotics.

Region Primary Relevant Products in
Regulator Regulation(s) the market Reference
Us FDA, - Dietary ZBiotics® (“Dietary
USDA Supplement Sugar-to- Supplement Health
Health and Fiber, and Education Act
Education Act ZBiotics® of 1994 [WWW
(1994) Pre-Alcohol Document],
- National 202.5’”; fhe
Bioengineered National
. Bioengineered Food
Food Disclosure Disclosure
Standard (2016) Standard, 2025)
- Regulation (EC)
No 1829/2003 (“Directive 2001/
(GMO food and 18 - Deliberate
feed) release into the
- Directive 2001/ environment of
18/EC genetically modified
(environmental organisms and
release) repealing Council
Directive 90/220/
EU EFSA None EEC - Commission
Declaration - EU
i 20
No 1924/2.006 “Regulalio;l - ’
(health claims) 1829/2003 - EN -
EUR-Lex [WWW
Document],
2025”)
- Natural Health
Products
Regulations Canadian
Health (2004) Environ.nwnml
Canada Canada, X None Protection Act,
CFIA - Canadian 1999, ”; “Natural
Environmental Health Products
Protection Act Regulations [WWW
(1999) Document],
2025”)
Australia - Food Standards
& New FSANZ, Code, Standard None
Zealand TGA 1.5.2 (GMOs and (Fsanz, n.d.)
novel foods) !
- Food Sanitation
Law; (“Ministry of
Health, Labour and
CAA, Welfare: Food
Japan MELW - Standards for None Produced by
Genetically Recombinant DNA
Modified Foods Techniques [WWW
Document],
2025”)
(“Regulations on
- Agricultural /\dnllinislrulion of
NMPA Genetically ?i:fgfaul:;[
China MARA Modlﬁ.ed None Modified
Orga;us.m.s‘ Safety Organisms Safety
Regulation (2001) [WWW
Document],
2025”)
- Environmental
Protection Act (“Food Safety and
(1986) Standards
(Contaminants,
India ESESAA(I:’ - Food Safety and None Toxins and
Standards Residues)
Regulations Regulations, 2011|
(2011) National Portal of

India,” n.d.)

(continued on next page)
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Table 5 (continued)

Region Primary Relevant Products in
Regulator Regulation(s) the market Reference
Brazil ANVISA, - Biosafety Law None
CTNBio (Law No. 11.105, (Lein. 11.105 de
2005) 24/03/2005 -

Laws - Comissao
Técnica Nacional
de Biosseguran¢a$
&ndash CTNBio
[WWW
Document], 2025™)

Interestingly, in the US, the company Zbiotics, got approval to
market a genetically modified nutritional supplement that prevents
hangover by breaking down acetaldehydes produced from alcohol,
consisting of B. subtilis strain expressing acetaldehyde dehydrogenase
(Appala Naidu et al., 2019; Hassan-Casarez et al., 2024) (ZBiotics® Pre-
Alcohol) and recently, a second product containing an engineered
B. subtilis strain producing levansucrase, which catalyzes the conversion
of sucrose to levan, a prebiotic (ZBiotics® Sugar-to-Fiber) (“How to Turn
Sugar Into Fiber | The Science Behind ZBiotics [WWW Document],
2025”). These products adhere to the dietary supplement standards,
must comply with Good Manufacturing Practices and its claims focus on
structure and function. In regulatory terms, it operates within the
framework for probiotics and GMOs but avoids claims that could classify
it as a drug or therapeutic product.

4. Conclusions and future perspectives

Advancing the research on how to improve probiotic effects via ge-
netic engineering tools offers the opportunity to use S. boulardii as a
platform for the delivery of different molecules directly into the human
gut. The characterization of genetic parts is of utterly importance to
understand the basis and translate those to applications; from improving
gut modulation to the targeted delivery of therapeutic proteins, the
possibilities for the use of this probiotic have been demonstrated in
different studies. There is an increasing interest of the scientific com-
munity in this probiotic, as demonstrated by the increasing number of
publications. Since not all S. boulardii strains that have been sequenced
have also been genetically modified (36 %, Table 1) it is expected that
variations occur between strains. However, the genomic data available
and the characterization of several genomic parts already provides a
strong foundation for future genetic modifications.

The genomic engineering tools from S. cerevisiae have been suc-
cessfully applied in S. boulardii, showing effective outcomes for both
plasmid-based expression systems and genome integration techniques.
For the use of this probiotic, the development of CRISPR-Cas-based
techniques, has been of great importance, since it allows the scarless
and marker-free integration of the desired modifications, which will
likely address safety and regulatory requirements. Ethical concerns,
potential off-targets and careful genetic designs are key aspects that
must be addressed when developing such products and will ensure that
advances in biotechnology can be translated to improvements in human
well-being.

Altogether we expect that as knowledge of the gut microbiota ad-
vances, as well as effective genetic engineering tools, further genetic
modification of probiotics to deliver molecules of interest to the gut will
be of utmost importance for improved human therapies.
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