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Abstract
This study aimed to construct a probiotic Saccharomyces boulardii-based biosensor that can sense and respond to nitrate, a 
biomarker of gut inflammation. To this end, a portion of the nitrate assimilation pathway in Ogataea polymorpha required 
for the designed nitrate-responsive genetic circuit was introduced into S. boulardii, which lacks the corresponding pathway. 
Specifically, the genes involved in nitrate transport (YNT1) and nitrate-responsive transcriptional activation (YNA1 and 
YNA2) were introduced into S. boulardii using the CRISPR/Cas9-based genome editing system to construct the SKSC499 
strain. Next, we investigated whether YNT1, YNI1, and YNR1 promoters, which are activated by nitrate-bound YNA1/YNA2 
transcription factor in O. polymorpha, induced expression of the reporter gene (G418 resistance marker) in the SKSC499 
strain in a nitrate concentration-dependent manner. Among the candidate promoters, the YNR1 promoter effectively induced 
growth of the SKSC499 strain only when nitrate was present in the medium containing the G418 antibiotic.
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Introduction

The prevalence of inflammatory bowel disease (IBD), 
defined as a chronic inflammatory and ulcerative process 
affecting the intestines, has increased significantly in recent 
years (Kuenzig et al., 2022). Because IBD is associated with 

the pathogenesis of colorectal cancer, it is important to diag-
nose IBD at an early stage (Fantini and Guadagni, 2021). 
IBD biomarkers include reactive oxygen species (ROSs), 
reactive nitrogen species (RNSs), thiosulfate (S2O3

2−), and 
tetrathionate (S4O6

2−) (Kamdar et al., 2016; Simmonds and 
Rampton, 1993). In particular, gut inflammation induces 
high-level expression of nitric oxide synthase (NOS), lead-
ing to an increase in the production of nitric oxide (NO) 
(Stanek et al., 2008). Nitrate (NO3

−) is an important bio-
marker of IBD because NO (i.e., a transient product of RNS) 
is readily converted to nitrate (Saijo et al., 2010; Szabó et al., 
2007). Accordingly, a nitrate-responsive genetic circuit con-
sisting of the NarX-NarL two-component regulatory system 
was constructed previously in a probiotic Escherichia coli 
for living diagnostics for gut inflammation, whose perfor-
mance was validated in mice with colitis (Woo et al., 2020).

Recent advances in the design-build-test-learn cycle of 
synthetic biology have accelerated the application of engi-
neered bacteria reprogrammed using advanced genetic cir-
cuits for living diagnostics and therapeutics (Gurdo et al., 
2023). Probiotics, in particular, act as a chassis repro-
grammed with genetic circuits to detect disease biomark-
ers and efficiently deliver therapeutics in a site-specific 
manner (Vo et al., 2019). While most research has focused 
on probiotic bacteria, the probiotic yeast Saccharomyces 
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cerevisiae var. boulardii has recently received substantial 
attention for its ability to effectively relieve diarrhea and 
gut inflammation (Kelesidis and Pothoulakis, 2012). How-
ever, an engineered S. boulardii capable of sensing nitrate 
has not yet been developed because the nitrate assimilation 
pathway does not exist in S. boulardii (Khatri et al., 2017; 
Perli et al., 2021).

As a few yeast species, including Ogataea (Hansenula) 
polymorpha, can assimilate nitrates (Fig. 1A) (Siverio, 
2002), the genes involved in nitrate transport (YNT1) and 
nitrate-responsive transcriptional activation (YNA1 and 
YNA2) were introduced into S. boulardii. In addition, the 
expression of the reporter gene (G418 resistance marker, 
G418R) is designed to be under the transcriptional control 
of the nitrate-responsive promoter (Fig. 1B). As a result, 
the engineered S. boulardii strain showed growth only in 
the presence of nitrate in antibiotic-supplemented media, 
demonstrating that it can act as a whole-cell biosensor to 
detect nitrate.

Materials and methods

Strains and plasmids

E. coli TOP10 (Invitrogen, Carlsbad, CA, USA) was used 
for gene cloning. S. boulardii ATCC MYA-796 was used 
as the chassis for the whole-cell biosensor. The genomic 
DNA of O. polymorpha ATCC MYA-336 was used for the 
amplification of genes involved in nitrate assimilation. The 
strains and plasmids used in this study are listed in Table S1.

Genetic manipulation

The primer sets used for amplification of the genes involved 
in nitrate assimilation, yeast episomal plasmids, and guide 
RNA (gRNA) plasmids are listed in Table S2. The resulting 
PCR products were combined using NEBuilder HiFi DNA 
Assembly Master Mix (New England Biolabs, Ipswich, MA, 
USA), as specified by the manufacturer.

Episomal plasmids containing the genes coding for the 
geneticin (G418) resistance marker (G418R) were trans-
formed into S. boulardii ATCC MYA-796 using a yeast 
EZ-transformation kit (MP Biomedicals, Santa Ana, CA, 
USA). Transformants were isolated on solid YP20D medium 
(10  g/L yeast extract, 20  g/L Bacto™ Peptone, 20  g/L 

Fig. 1   Schematic illustration representing the nitrate assimila-
tion pathway present in Ogataea polymorpha (A) and the designed 
nitrate-responsive genetic circuit in Saccharomyces boulardii (B). 
(A) In O. polymorpha, nitrate (NO3

−) is transported into the cell by 
nitrate transporter (YNT1) and then binds to nitrate-responsive tran-
scriptional activators (YNA1/YNA2) in the nucleus. After binding 
to nitrate, the YNA1/YNA2 heterodimer activates YNT1, YNI1, and 
YNR1 promoters and induces gene expression. Nitrate is converted to 

nitrite (NO2
−) by the reaction catalyzed by nitrate reductase (YNR1), 

and then nitrite is converted to ammonia (NH4
+) by the reaction cata-

lyzed by nitrite reductase (YNI1). (B)YNA1, YNA2, and YNT1 genes 
from O. polymorpha were constitutively expressed in the S. boulardii 
SKSC499 strain under the transcriptional control of the GPD, PGK1, 
and ADH1 promoters, respectively. In addition, the expression of the 
gene coding for the G418 resistance marker (G418R) was designed to 
be under the transcriptional control of the YNR1 promoter
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glucose, and 15 g/L Bacto™ Agar) containing 300 μg/mL 
aureobasidin A.

The YNA1 (GPDp-YNA1-CYC1t), YNA2 (PGKp-YNA2-
CYC1t), and YNT1 (ADH1p-YNT1-CYC1t) expression cas-
settes were introduced into the CS8 (Kwak et al., 2017), 
CS12, and CS6 (Park et al., 2023) loci, respectively, using 
the genome editing system based on clustered regularly 
interspaced palindromic repeats (CRISPR)/CRISPR-asso-
ciated protein 9 (Cas9), as previously described (Liu et al., 
2016). In S. boulardii, the CS8, CS12, and CS6 are inter-
genic regions located, respectively, between YPR015C and 
YPR014C on chromosome XVI, LYS14 and YDR034C-D on 
chromosome IV, and HIP1 and the gene coding for tRNA 
on chromosome VII.

Media and culture conditions

E. coli was grown at 37  °C and 250  rpm for 12  h in 
Luria–Bertani medium (10 g/L tryptone, 5 g/L yeast extract, 
and 10 g/L NaCl) containing 50 μg/mL ampicillin for gene 
cloning. Engineered S. boulardii strains were pre-cultured 
at 30 °C and 250 rpm for 48 h in YP20D medium (10 g/L 
yeast extract, 20 g/L Bacto™ Peptone, and 20 g/L glucose) 
containing 300 μg/mL aureobasidin A. The pre-cultured 
cells were harvested and inoculated into main cultures 
with an initial optical density at 600 nm (OD600) of 1.0. 
The main fermentation experiments to confirm that G418R 
is not expressed in the absence of nitrate were performed at 
30 °C and 250 rpm for 120 h in a test tube containing 5 mL 
of YP20D medium with various concentrations (0, 200, and 
400 μg/mL) of G418. The main fermentation experiments 
to confirm the nitrate-responsive expression of G418R were 
performed at 30 °C and 250 rpm for 120 h in a test tube 
containing 5 mL of YP20D medium with 200 μg/mL G418 
and various concentrations (0, 50, and 100 mM) of sodium 
nitrate (NaNO3).

Results and discussion

Construction of the nitrate‑responsive genetic 
circuit in S. boulardii

In O. polymorpha, the genes responsible for nitrate assimila-
tion are organized in a cluster, which includes a high-affinity 
nitrate transporter (YNT1), nitrate reductase (YNR1), nitrite 
reductase (YNI1), and transcriptional activators (YNA1 and 
YNA2) (Siverio, 2002). YNA1 and YNA2 form a heterodi-
mer and can only bind to the upstream activating sequence 
(UAS) in the presence of nitrate to drive expression of the 
YNT1, YNR1, and YNI1 genes (Fig. 1A) (Ávila et al., 1998). 
Although the sulfite efflux permease (SSU1) is known to 
export nitrite and nitrate extracellularly in S. cerevisiae, a 

transporter that can transport nitrate into the cell is yet to 
be reported (Cabrera et al., 2014). Therefore, the expres-
sion cassettes containing the YNT1, YNA1, and YNA2 genes 
under the transcriptional control of constitutive promoters 
were introduced into the S. boulardii chromosome (desig-
nated here as SKSC499) using the CRISPR/Cas9 system 
(Fig. 1B). To ensure that the gene circuit drives expression 
of the reporter gene (G418R) only in the presence of nitrate, 
the G418R gene was designed to be under the transcriptional 
control of YNT1p, YNI1p, and YNR1p (the YNT1, YNI1, 
and YNR1 promoters, respectively). We note that YNT1p, 
YNI1p, and YNR1p contain the nitrate-UAS that can recruit 
the YNA1/YNA2 transcriptional activator in the presence 
of nitrate to drive expression of the downstream reporter 
gene (Silvestrini et al., 2015). Although YNT1p, YNI1p, and 
YNR1p drive gene expression in response to nitrate concen-
tration in O. polymorpha, predicting which promoter will 
work properly in the heterologous strain S. boulardii is dif-
ficult. Therefore, we designed the expression of the G418R 
gene to be transcriptionally regulated by one of the three 
promoters (Fig. 2).

Validation of the designed genetic circuit 
in the engineered S. boulardii

For the heterologous YNT1p, YNI1p, and YNR1p to work 
properly in S. boulardii, they must first not induce expression 
of their downstream genes in the absence of nitrate. Accord-
ingly, we investigated whether the expression of the G418R 
gene is induced in the absence of nitrate. As shown in Fig. 2, 
the three promoters did not drive the G418R expression in 
the absence of nitrate; hence, none of the S. boulardii strains 
were able to grow in the medium containing the antibiotic 
G418. Next, the plasmids containing the YNT1p-G418R, 
YNI1p-G418R, and YNR1p-G418R expression cassettes were 
introduced into the SKSC499 strain containing YNT1, YNA1, 
and YNA2 genes in its genome (Table S1). The SKSC499 
strain harboring the YNT1p-G418R or YNI1p-G418R expres-
sion cassette was able to grow in the medium containing 
200 μg/mL G418 even in the absence of nitrate (Fig. 3). 
Considering that the wild-type S. boulardii strain harbor-
ing the YNT1p-G418R or YNI1p-G418R expression cassette 
could not grow under the same condition (Fig. 2), this find-
ing suggested that the heterologous YNA1/YNA2 transcrip-
tional activator was functionally expressed in S. boulardii, 
leading to activation of YNT1p and YNI1p. However, the 
two promoters cannot be used as a component of the nitrate-
responsive genetic circuit because they drive the expression 
of G418R regardless of the presence of nitrate. Notably, the 
YNR1p induced expression of G418R in the SKSC499 strain 
containing the other components (i.e., the YNT1, YNA1, and 
YNA2 genes) of the nitrate-responsive genetic circuit. Spe-
cifically, the SKSC499 strain harboring the YNR1p-G418R 
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expression cassette exhibited growth only in the presence 
of nitrate (Fig. 3). Although the nitrate-responsive genetic 
circuit was successfully constructed in S. boulardii by intro-
ducing the YNT1, YNA1, and YNA2 genes along with the 
YNR1p-G418R expression cassette, relatively high concen-
trations of nitrate were required to detect the presence of 
nitrate using growth as a signal. Because the expression 
of antibiotic resistance markers must be sufficient for the 
cells to grow in the presence of antibiotics, higher levels 
of expression of the reporter gene will likely be required 

than if an alternative type of signal, such as fluorescence or 
bioluminescence, was used. This limitation could be over-
come by replacing the G418R gene with a firefly luciferase 
reporter gene that generates a bioluminescent signal (Park 
et al., 2023). In this study, the G418R gene was used as the 
reporter whose expression is induced by nitrate, with the 
potential for future substitution with anti-inflammatory fac-
tors, such as tumor necrosis factor-alpha (TNF-α) (Ruder 
et al., 2019) and interleukin-10 (IL-10) (Li and He, 2004), to 
selectively express the anti-inflammatory factor only when 

Fig. 2   Growth curves of the wild-type Saccharomyces boulardii 
and S. boulardii strains harboring pSDK03 (A), pSDK04 (B), and 
pSDK05 (C) in the medium containing various concentrations of 

G418. Results represent the mean of two experiments, with error bars 
indicating standard deviation

Fig. 3   Growth curves of the SKSC499 strain harboring pSDK03 (A), 
pSDK04 (B), and pSDK05 (C) in the medium containing 200 μg/mL 
G418 and various concentrations of sodium nitrate (NaNO3). Results 

represent the mean of two experiments, with error bars indicating 
standard deviation
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inflammation develops in the colon, thereby alleviating 
inflammation.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10068-​025-​01850-x.
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