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Abstract

Unlike glucose, the sub-optimal xylose utilization in recombinant Saccharomyces cerevisiae strains may stem from an unusual signal-
ing response that is not adapted to detecting xylose as a fermentable substrate. We hypothesize that the membrane receptor Snf3p,
known for sensing extracellular low glucose levels, may contribute to xylose recognition. To test this, we explored the effect of SNF3
inactivation and overexpression by measuring the response of the HXT2p-GFP biosensor integrated into S. cerevisiae strains with het-
erogeneous xylose assimilation and metabolism capacities. We showed that the absence of SNF3 effectively reduced HXT2p induction,
while its overexpression improved signaling in the presence of xylose, suggesting the involvement of the receptor in the extracellular
detection of this sugar. Although we attempted to engineer a xylose sensing system based on a chimeric receptor, its integration
did not lead to considerable improvements in signal activation, indicating the need for further investigation. Finally, we showed that
triggering the Snf3p pathway impacted xylose metabolism, with altered receptor levels prompting shifts in both biomass production
and metabolite accumulation. Our findings suggest that understanding xylose sensing and its metabolic connection is essential for

promoting more efficient xylose utilization in S. cerevisiae, a key step toward optimizing industrial bioprocesses.
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Introduction

Saccharomyces cerevisiae is the microorganism of choice for the
implementation of bio-based ethanol production processes due
to its efficient fermentation capabilities, its robustness and tol-
erance to industrial conditions, as well as its well-understood
genetics (Hong and Nielsen 2012, Parapouli et al. 2020). Strains
of this yeast have demonstrated success in fermenting glucose,
sucrose, and maltose found in crops such as corn and sugar-
cane for the production first-generation (1G) bioethanol (Soc-
col et al. 2022). Replacing edible crops with alternative ligno-
cellulosic feedstock, including agro-industrial wastes and dedi-
cated energy crops, yields mixed glucose- and pentose-rich hy-
drolysates which can be used for second-generation (2G) ethanol
production. However, the most prevalent pentose sugar in these
hydrolysates is D-xylose, which is a non-natural substrate for
wild-type S. cerevisiae strains and thus is not fermented (Hahn-
Hégerdal et al. 2006). The economic feasibility for industrial ex-
ploitation of lignocellulosic materials for bioethanol production
depends on the full conversion of C5 sugars from the hemicel-
lulose fraction to maximize the final product titer. Xylose fer-
mentation has been achieved in S. cerevisiae with good ethanol
yields (Kuyper et al. 2005, Demeke et al. 2013, Cadete et al. 2016)
by combining various metabolic and sugar transport engineer-
ing strategies and adaptive evolutionary approaches (reviewed
by Jansen et al. 2017, Kwak and Jin 2017, Sharma and Arora

2020). However, the sugar consumption and ethanol production
rates in recombinant xylose-fermenting S. cerevisiae strains are
not reaching those obtained with glucose. Moreover, glucose pref-
erence of S. cerevisiae over other sugars available in mixed media
causes a sequential use of the pentose sugars after glucose de-
pletion. This pattern is a result of a complex regulatory mecha-
nism known as glucose catabolite repression (Kayikci and Nielsen
2015) and of the kinetic properties of hexose transporters which
favor glucose over xylose internalization (Lee et al. 2002, Apel et al.
2016).

The development of xylose-fermenting strains, based on the
overexpression of heterologous xylose assimilation pathways
such as xylose reductase/xylitol dehydrogenase (XR/XDH) from
non-Saccharomyces yeasts and/or fungal or bacterial xylose iso-
merases (XI), seldom considers the regulatory effects that may
affect the net performance of the strains on this foreign substrate.
On glucose, S. cerevisiae has integrated signaling mechanisms that
enable the yeast to rapidly respond to the presence of the sugar,
thereby regulating and optimizing its catabolism (Rolland et al.
2002, Gancedo 2008). With unconventional substrates such as
xylose, signaling interactions opposite to a fermentative behavior
appear to be triggered (Matsushika et al. 2014, Brink et al. 2021).
The xylose response in recombinant S. cerevisiae strains indicates
starvation (Salusjarvi et al. 2006) as well as respiration rather
than fermentation (Jin et al. 2004). Thus, once the heterologous
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xylose pathways have been introduced and S. cerevisiae strains
has a functional capacity for xylose utilization, the regulatory
mechanism for this sugar are notideally tuned for fermentation—
which may explain the suboptimal results observed on
xylose.

The molecular mechanisms behind xylose sensing, or lack
thereof, remain unclear. Previous evaluation of the effects of xy-
lose on the three major glucose-signaling cascades (Fig. 1) has
been performed by analyzing green fluorescent protein (GFP) ex-
pression from target promoters corresponding to the Snf3p/Rgt2p,
SNF1/Miglp, and cAMP/protein kinase A (PKA) sensing path-
ways (Brink et al. 2016, Osiro et al. 2018, Osiro et al. 2019). In
XR/XDH strains, the induction response resembled the one trig-
gered when S. cerevisige is exposed to low glucose with, for in-
stance, a de-repression of the extracellular invertase-encoding
gene SUC2 (Osiro et al. 2018, Fig. 1). In non-engineered S. cere-
visiae, extracellular xylose triggered almost no response (Brink et
al. 2016).

S. cerevisiae relies on two cell surface receptors, Snf3p and
Rgt2p, to precisely control the gene expression of distinct hex-
ose transporters of the HXT family (Fig. 1). These receptors sense
the extracellular variations in glucose amounts and transduce
the signal through a downstream cascade that degrades the co-
repressors Mthip and Std1p (Ozcan et al. 1998, Kim et al. 2024).
High glucose levels activate the Rgt2p receptor, which leads to the
expression of the low-affinity hexose transporters, such as Hxtlp,
while the expression of moderate-high affinity transporters, such
as Hxt2p and Hxt4p, is induced via Snf3p which senses low lev-
els of glucose (Ozcan and Johnston 1995). Previous results have
shown that the HXTIp biosensor was not induced by xylose,
whereas the HXT2p/4p biosensors gave a heterogeneous signal
in xylose cultures when glucose was absent (Brink et al. 2016).
This indicated that some cells were responding to xylose while
others were not (Brink et al. 2016). At the time, this variability
in the signal was hypothesized to arise from stochastic uptake
events, where a fraction of the population internalizes xylose
through non-specific transporters, and endogenous xylose then
triggers the induction response (Brink et al. 2016). However, an
alternative hypothesis is that the Snf3p receptor can weakly de-
tect and bind non-glucose sugars, such as xylose, leading to the
transcription of HXT2/4 genes. While some authors suggest that
xylose is not recognized by Snf3p (Dietvorst et al. 2010), others
claim that the receptor can trigger a minimal detection signal
for this sugar (Wu et al. 2020). This discrepancy in findings re-
garding xylose recognition at the cell surface calls for additional
testing.

From a strategic standpoint, the engineering of signaling path-
ways presents an attractive opportunity for improving micro-
bial strains in a coordinated manner alongside metabolic path-
way engineering. Therefore, we chose to further investigate the
role of the Snf3p receptor pathway on xylose sensing by look-
ing at the following questions: Does Snf3p give any signaling
activity in response to extracellular xylose? Does activation of
this signaling cascade correlate with restricted xylose utiliza-
tion in an engineered pentose-fermenting strain? In parallel, we
also assessed the potential of using the glucose membrane re-
ceptor pathway as a target for genetic engineering, with a goal
of making xylose-specific chimeric receptors derived from Snf3p
since activation of this pathway may provide improved pen-
tose transport without necessitating constitutive expression of
transporters.

Materials and methods

Strains, media, and general molecular biology
techniques

The strains employed and generated in this work are detailed in
Table 1. The S. cerevisiae lines integrating the HXT2p-yEGFP biosen-
sor (TMB37 x 3 series) and the autofluorescence control strains
(TMB37 x 1 series) were previously constructed by Brink et al.
(2016) and Osiro et al. (2018), respectively. Both series include
a background strain (TMB371X), a strain expressing a GAL2N¥/6F
single mutated version of GAL2 gene leading to improved xy-
lose uptake ability (Farwick et al. 2014) (TMB372X), and one ex-
pressing the same GAL2 mutated transporter gene together with
the XR/XDH/XK xylose catabolic pathway genes and the TALI
and TKL1 genes (TMB375X). Deletions and overexpression of the
low-glucose receptor gene SNF3 were executed in the negative
control strains lacking the biosensor and in the reporter strains
TMB37 x 3, which display a range of xylose uptake and metabolic
capacities (Table 1). Yeasts were plated from —80°C culture stocks
onto solid YPDYPD medium (10 g L~! yeast extract, 20 g L~* pep-
tone, 20 g L1 glucose, and 15 g L~! agar) until colony growth. A
single colony was pre-cultured in 5 mL YPD medium (10 g L~!
yeast extract, 20 g L=* peptone, and 20 g L~! glucose) for overnight
growth at 30°C with orbital shaking at 180 rpm, followed by the
lithium acetate transformation protocol (Gietz and Schiesl 2007).
Transformants were selected on YPD plates supplemented with
200 pug mL~! of G418 (Geneticin) and 100 pug mL~! of ClonNAT
(Nourseothricin) for the selection of Cas9 and gRNA plasmids ex-
pressing the KanMX and NatMX6 markers, respectively. Both gene
knockout and genomic integration of the genetic cassettes were
guided by the CRISPR-Cas9 system developed by Stovicek et al.
(2015). For the generation of the engineered strains, the yeasts
were first transformed with the Cas9 plasmid (pCfB2312; Jessop-
fabre et al. 2016).

Escherichia coli NEB5a (New England Biolabs, MA, USA) compe-
tent cells were used for cloning, plasmid amplification, storage
and preparation. Cells were grown at 37°C in LB medium (10 g
L~! tryptone, 5 g L~! yeast extract and 5 g L=* NaCl, pH 7.0) and
the selection of positive transformants was achieved on plates
(LB + 15 g L™t agar) containing 50 ug mL~! of ampicillin. The
plasmids that were generated in the current study are listed in
Supporting information Table S1.

All PCR products were purified using the GeneJET PCR Purifi-
cation Kit (Thermo Fisher Scientific). All final constructs were
confirmed by Sanger sequencing (Eurofins Genomics) and gene
knockout was verified by colony PCR using SNF3-specific and
flanking primers. Primers were purchased from Eurofins Ge-
nomics (Ebersberg, Germany); their sequences are provided in
Supporting information Table S2.

Flow cytometry determinations and growth measurements
were carried out in the defined YNB-KHPthalate (Yeast Nitrogen
Base and Potassium Hydrogen Phthalate Buffer) medium supple-
mented with different concentrations of xylose and glucose, de-
pending on the experiment.

SNF3 knockout

The SNF3 open reading frame (ORF) was disrupted by CRISPR-
Cas9-mediated homologous recombination. For this approach, a
gRNA vector targeting the specific gene and a DNA disrupting frag-
ment were constructed by PCR. The pCfB3042 plasmid (Jessop-
Fabre et al. 2016) served as the backbone to amplify the new gRNA
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Figure 1. Overview of glucose detection and key signaling mechanisms in the yeast S. cerevisiae. Three main signaling pathways are activated or
repressed in the presence of glucose. (A) The HXTs transporter gene induction pathway is controlled by Snf3p and Rgt2p membrane receptors (green).
Snf3p and Rgt2p sense low and high extracellular glucose levels, respectively, ultimately controlling glucose influx by regulating HXT transporter gene
expression. (B) The glucose repression pathway mediated by SNF1/Miglp (orange), controls the expression of genes involved in the metabolism of less
preferred substrates. (C) The pathway leading to cAMP synthesis and activation of PKA (blue), which activates glycolytic enzymes, induces
growth-related genes and represses stress genes. Transcription of representative genes (HXT1, HXT2/4 and SUC2) is induced or inhibited under three
different carbon source conditions: absence of glucose, low glucose (~1 g L=*) and high glucose (>10 g L*). The hammerhead represents repression
and the arrowhead represents induction. Adapted from Osiro et al. (2018) and Brink et al. (2021).

(pBBg5) using a unique reverse phosphorylated primer, BBg6_Rv,
which binds to the SNR52 promoter, together with a forward phos-
phorylated primer, BBg5_Fw, which introduces specific 20 pb tar-
geting sequence (Table S2). The 20 bp sgRNA was designed using
CHOPCHOP (Montague et al. 2014). The purified PCR product was
enzymatically digested with Dpnl, and the linearized vector was
ligated with T4 DNA ligase (Thermo Fisher Scientific), followed by
E. coli transformation and plasmid recovery. The resulting gRNA
vector, pBBg5, was Sanger sequenced and confirmed using primer
LW_8 (Osiro et al. 2018). To repair the Cas9-generated double-
strand break, a DNA donor fragment was PCR amplified using
primer pairs BBO1_Fw/BB02_Rv. The DNA template consisted of
a 300pb fragment of the ampicillin resistance cassette (AmpR)
flanked by 50pb sequences homologous to the regions up- and
downstream of SNF3 and the DNA break.

For the deletion of the sensor, strains carrying the Cas9 plas-
mid were transformed with 0.5 ug of the gRNA plasmid target-
ing SNF3 along with 1 ug of the corresponding DNA repairing
fragment. To ensure that the DNA donor was integrated into
the gene locus and that the wildtype sensor was deleted, colony
PCR was performed using the primers sets BBO3_Fw/BB15_Rv and

BBO6_Fw/BB07_Rv (Table S2). The snf3A derivable strains were
named TMBB09, TMBB11, TMBB24, TMBB25, TMBB26, TMBB27,
and TMBB28 (refer to Table 1 for strain specifications).

SNF3 overexpression

The SNF3 ORF was placed under a strong constitutive promoter
and genomically integrated into biosensor strains at the X-4 lo-
cus (Jessop-Fabre et al. 2016). The SNF3 overexpression cassette
was constructed by amplifying SNF3 gene from S. cerevisiae W303
genomic DNA gene using primers BB56_Fw and BB57_Rv, intro-
ducing Sfal and Mrel restriction sites, respectively. The insert was
digested with Mrel and Sfal restriction enzymes, subsequently pu-
rified, and ligated into the pUC57-ClosXI backbone between TEF1p
and GPM1t, which had been digested with the same enzymes.
The resulting plasmid, pBB11, was verified by colony PCR using
primers BBO3_Fw and BBO4_Rv (see Table S2) and by Sanger se-
quencing. To enable integration of the overexpression cassette,
two targeting fragments of approximately 500 bp corresponding
to the upstream and downstream regions of the X-4 locus were
PCR-amplified from W303 genomic DNA. Primers that added 55 bp
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Table 1. S. cerevisiae strains employed and constructed and their main genotypic characteristics.

Strain Biosensor Genotype References

Background strains

TMB3700 W303-1A TRP1 HIS3; ura3::M3499 (ADE2) Brink et al. (2016)

TMB3711 Control TMB3700; can1::YIp211; SPB1/PBN1::YIp128 Brink et al. (2016)

TMB3713 HXT2p TMB3700; canl::YIpGFP-HXT2p; Brink et al. (2016)
SPB1/PBN1::YIp128

Xylose transporting strains

TMB3721 Control TMB3700; canl::YIp211,; Osiro et al. (2018)
SPB1/PBN1::YIp128GAL2N376F

TMB3723 HXT2p TMB3700; canl::YIpGFP-HXT2p; Osiro et al. (2018)
SPB1/PBN1::YIp128GAL2(N376F)

Xylose metabolizing strains

TMB3751 Control TMB3721; Vac17/MRC::TKL-TAL; Osiro et al. (2018)
ChrX-2/X1-5/XI1I-4::XR-XDH-XK

TMB3753 HXT2p TMB3723; Vac17/MRC::TKL-TAL; Osiro et al. (2018)
ChrX-2/X1-5/XI1I-4::XR-XDH-XK

SNF3 deletants

TMBB24 Control TMB3711; snf3A This study

TMBB11 HXT2p TMB3713; snf3A This study

TMBB25 Control TMB3721; snf3A This study

TMBB26 HXT2p TMB3723; snf3A This study

TMBB27 Control TMB3751; snf3A This study

TMBB28 HXT2p TMB3753; snf3A This study

SNF3 overexpressing strains

TMBB35 Control TMB3711; ChrX4::TEF1p-SNF3-GPM1t This study

TMBB33 HXT2p TMB3713; ChrX4::TEF1p-SNF3-GPM1t This study

TMBB34 HXT2p TMB3753;ChrX4::TEF1p-SNF3-GPM1t This study

Chimeric receptor strains

TMBBO6 HXT2p TMB3713; This study
ChrXI-1::SNF3p-GAL2mutN376Y/M435 tryunc
(A531)-SNF3tail-SNF3t

TMBBO09 HXT2p TMBBO6; snf3A This study

TMBB12 HXT2p TMB3713; ChrXI-1::SNF3p-GAL2mut This study
N376Y/M43SI_SNF3t

TMBB13 HXT2p TMB3713; ChrXI-1::SNF3p-GAL2mutN376Y/M4351 This study
trunc (A531)-SNF3t

TMBB19 HXT2p TMB3713; ChrXI-1::SNF3p-GAL2mutN376Y/M4351 This study
trunc CT (A519)-SNF3t

GFP-tagged strains

TMBB31 TMB3711; pBB09 This study

TMBB32 TMB3711; pBB10 This study

tails homologous to the TEF1 promoter and GPM1 terminator of
the SNF3 cassette were used (see Table S2 for primer sequences).
These homology tails matched the 5 and 3’ ends of the linear cas-
sette, facilitating double homologous recombination and genomic
integration.

The SNF3 overexpression cassette was integrated into S. cere-
visiae wild-type and XR-XDH engineered strains. Strains harbor-
ing the Cas9 plasmid were co-transformed with 1 ug of the gRNA
plasmid targeting the X-4 locus (pCfB3042); 0.5 ug of each tar-
geting fragments homologous to the X-4 site and to the SNF3
cassette described above; and 0.5 ug of the TEF1p-SNF3-PGM1t
fragment excised from pBB11 using HindIIl and Kpnl enzymes.
The correct integration was verified by colony PCR. The generated
SNF3-overexpressing strains were named TMBB33, TMBB34 and
TMBB35 (Table 1).

Chimeric receptor design, construction, and integration. The chimeric
receptor Gal2pmut truncated-Snf3tail was built using a re-
designed variant of the Gal2p transporter, this time incorporating

two amino acids substitutions (N376Y and M435I) for increased
xylose uptake (Rojas et al. 2021a). The transmembrane domains
of the Gal2pmut transporter (amino acids 1 to 530) were then
fused to the tail domain of the Snf3p receptor (amino acids 553
to 884). The chimeric gene expression cassette was ordered from
Synbio Technologies (New Jersey, USA) and cloned into plasmid
pBBO1. SNF3 promoter was used to control the expression of the
chimera, and a region of 550 pb in length was selected upstream
of the start codon of its ORF. For comparative purposes, three
other constructs were tested in our analysis. These included the
Gal2pmuth376Y/M435] trangporter (amino acids 1 to 574); the trun-
cated version of Gal2pmutN?76¥/M435! present in the chimera but
lacking the sensing domain (Gal2mut trunc; amino acids 1 to 530);
and the C-terminal fully deleted Gal2pmutN*76¥/M435T (Gal2mut
trunc CT; amino acids 1 to 519).

The strain carrying the chimera, TMBBO6, was constructed
using the HXT2p-yEGFP biosensor strain TMB3713 (Brink et al.
2016) as backbone. The SNF3p-GAL2mutN376Y/M4351 trunc-SNF3tail-
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SNF3t genetic construct was inserted into the intergenic locus
XI-1 (ChrXI; MNN4/PTK1) (Jessop-Fabre et al. 2016) of the men-
tioned background strain. To carry out the gene insertion, the cas-
sette was excised from pBBO1 using Ascl/Sbfl/Pdml and the insert
flanked by Ascl/Sbfl ends was gel-purified and subsequently lig-
ated with pCfB3036 backbone (Jessop-Fabre et al. 2016). To allow
the ligation of the chimeric gene within the integration sites spec-
ified in the backbone, the integrative plasmid pCfB3036 was PCR
amplified using primers 35-36_Fw/36_Rv introducing the AscI site,
followed by Ascl/Sbfl digestion and purification. The expression
cassette and the linear vector were successfully ligated and the
resulting plasmid pBBO1INT was isolated from E. coli and verified
by Sanger sequencing and colony PCR (Table S2).

The plasmid pBBO1INT was used as template to construct
GAL2mut genetic variants by restriction enzyme cloning.
A fragment of 371 pb containing the missing part of the
Gal2pmut C-terminal domain was amplified using the primers
GAL2_Mfel Fw/GAL2_Ncol Rv  from  YIplac128-GAL2 N376F
(Osiro et al. 2018), followed by digestion with Ncol and Mfel and
the fragment was then ligated to pBBO1INT backbone cleaved with
the same restriction enzymes. This yielded plasmid pBBO3INT
(GAL2mut transporter). Similarly, to construct pBBO4INT (GAL2mut
trunc) and pBBOSINT (GAL2mut trunc CT), two fragments corre-
sponding to each part of the truncation were PCR amplified with
the same forward primer, GAL2_Bglll Fw, and different reverse
primers, GAL2trunc_Ncol Rv and GAL2trunc_full Ncol Rv, re-
spectively, cleaved with Bglll/Ncol and subsequently ligated with
the digested pBBO1INT using the same restriction sites.

The chimeric receptors expressing-strains, TMBB06 and
TMBBO7, were generated by co-transformation of TMB3713 and
TMB3711, respectively, with 1 ug of the expression cassette
flanked by targeting fragments obtained by linearization of
PBBO1INT with Notl. In addition, 1 ug of the respective gRNA
helper vector pBBg12 was used. The plasmid was constructed
in this work using the S. cerevisiae W303 strain target sequence
(5-GCGGTGCACGGATTTCAGCA-3") due to its non-identical
XI-1 intergenic region compared to that present in the CEN.PK
background, for which the CRISPR-Cas9 system was designed
(Jessop-Fabre et al. 2016). PCR amplification with phosphorylated
primers BBgl12_Fw and BBg6_Rv, recircularization of the amplicon
with T4 DNA ligase (Thermo Fisher Scientific) and transformation
of E. coli competent cells were used to generate the new gRNA
using the pCfB3042 backbone plasmid. After yeast transformation
and selection, the correct integration of the chimeric expression
cassette into the defined site in the genome was confirmed by
yeast colony PCR using primers that anneal outside the recom-
bination site (XI-1_Ver_Int Rv), as well as an internal forward
primer that binds to the SNF3 tail region (Int_SNF3_tail Ver F).
The strains harboring the mutated Gal2pmutN¥6Y/M435! trang-
porter (TMBB12), the truncated version of this transporter used in
the chimera construct (TMBB13), and the fully truncated version
with the entire C-terminus deleted (TMBB19) were generated in
the same manner (Table 1).

Flow cytometry

A similar experimental design as described in Brink et al. (2016)
was used for flow cytometry measurements with the follow-
ing modifications: the MACSquant VYB flow cytometer (Miltenyi
Biotec, Germany) equipped with the B1 (525/50 nm) and B2
(585/40 nm) filters was used to quantify emitted fluorescence and
20 000 events per sample were collected. Single cell fluorescence
intensity (FI) analysis was performed in each culture condition
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consisting of 250 mL baffled flasks containing YNB-KHPhtalate
with either no sugar, glucose 1 gL~!, xylose 50 g L=1, or glucose 40 g
L1, at a starting ODgponm Of 0.4. Samples were taken at 0 h (im-
mediately after strain inoculation) and at 6 h, diluted if necessary
with phosphate-buffered saline (PBS) at pH 7.4 to an ODgonm be-
tween 0.20 and 0.40, treated with 10 ug mL~" propidium iodine (PI),
and analyzed in the flow cytometer at a rate of 25 pL min~?. Prior
to conducting the analysis, an initial pre-culture of single colonies
of GFP reporter and autofluorescence strains was performed in
5 mL Falcon tubes with YNB-KHPhtalate glucose 20 g L=! to reach
sufficient biomass (10 h) at 30°C and 180 rpm. The cells were then
transferred to 250 mL flasks containing 25 mL of YNB-KHPhtalate
with 40 g L~! glucose, i.e. the established HXT2p biosensor repres-
sion condition according to Osiro et. al. (2018). The flasks were in-
oculated with an initial ODgyonm of 0.05 and grown overnight for
12 h. The repression cultivation was done to test the biosensor re-
sponse in the different media conditions at a starting point with
minimal fluorescence signal.

For non-biosensor strains (see control strains in Table 1), aut-
ofluorescence signals were determined under repression and in-
duction conditions for the HXT2 gene, 40 gL.-* and 1 g L~* glucose,
respectively, as well asin 50 g L~ xylose and no carbon source cul-
tures.

Flow cytometric data from two independent biological repli-
cates were collected and analyzed using the FlowJo v10 software
(BD Life sciences). The fold change between the FI of the final sam-
ple (6 h) and the initial sample (0 h) was calculated to follow the
induction/repression response of the biosensor to the different
conditions studied. When dual GFP-populations appeared during
xylose cultivation, the dot plots corresponding to FSC-A vs GFP-
A were manually gated to separate the subpopulation with lower
(on the left) and higher (on the right) FI. See Fig. S1 in Supporting
information for an example on how low-FI and high-FI popula-
tions were separated from a heterogeneous set of cells on xylose
cultures. The distribution of each population was calculated as
percentage along with the FI geometric means. Additionally, for
the induced subpopulation the FI values at 6 h were correlated
with those at 0 h to calculate the fold change of the induced peak.

RNA isolation and RT-qPCR analysis

Cells were cultivated under the same conditions as described
above for flow cytometry analysis, with samples collected at 15
and 45 min after inoculation in medium containing either 1 g L=}
glucose or 50 g L~! xylose. Culture samples were subjected to cold
methanol quenching (-80°C) and centrifuged at 0°C at 1800 rpm.
The cell pellets were then washed with cold RNase-free water and
stored at — 80°C until RNA extraction. Total RNA was purified us-
ing the MasterPure™ Yeast RNA Purification Kit (Biosearch Tech-
nologies), which includes treatment with DNase I to remove ge-
nomic DNA. For cDNA synthesis, 0.4 pg of total RNA from each
sample was reverse transcribed using the PrimeScript™ RT Mas-
ter Mix kit (Takara Bio). RT-qPCR reactions were carried out us-
ing the TB Green® Premix Ex Taq™ II (Tli RNaseH Plus), ROX
Plus kit (Takara Bio), on a QuantStudio™ 5 Real-Time PCR Sys-
tem (Thermo Fisher Scientific). ACT1 was used as the reference
gene, as it has previously demonstrated high expression stabil-
ity under similar conditions (Brink et al. 2016), while HXT2 was
used as the target gene. Primer sequences are listed in Table S2.
For each sample, RNA extract without reverse transcriptase was
included in the reactions to verify that amplification was specific
to cDNA and not due to residual genomic DNA, along with a no-
template control. The following thermal cycling conditions were
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used for both genes: initial denaturation at 96°C, 30 s; 40 cycles of
96°C, 5 s and 60°C, 30 s; followed by melting curve analysis start-
ing at 60°C, 20 s, ramping to 95°C at 0.15°C/s, and holding at 95°C
for 1 s. Data processing, including Cq value determination and
melting curve analysis, was performed using Design & Analysis 2
(DA2) software version 2.8.0 (Thermo Fisher Scientific). Amplifica-
tion efficiencies of the primers were determined using standard
curves. Relative gene expression changes and statistical analy-
ses were performed using the R package “rtpcr”, specifically the
gpcrANOVARE function, which incorporates efficiency correction
and allows multifactorial ANOVA analysis for gPCR data (Ganger
et al. 2017). Each condition was analyzed in biological triplicates
with technical replicates to account for technical variability.

Growth experiments and analytical
determinations

Cells were cultivated in 25 mL YNB-X50 in 250 mL baffled shake
flasks with an orbital shaker set to 280 RPM and 30°C. Samples for
optical density and metabolite analysis were taken at O h,8h, 24 h,
32h,48h,55h,61h,73h,79h, 144 h,and 170 h in biological dupli-
cates. Optical density was determined at 620 nm using an Ultro-
Spec 2100 Pro spectrophotometer (Amersham Biosciences, Buck-
inghamshire, United Kingdom), and cell dry weight was measured
at the end of the cultivation using 0.4 pm filtration in three tech-
nical replicates. Extracellular metabolite concentrations were de-
termined using a Waters 2414 refractive index (RI) detector and a
Phenomenex Rezex ROA-Organic Acid H + column (8%) in a Wa-
ters HPLC system (Milford, USA) running isocratically at 0.6 mL
min~! with a mobile phase of 5 mM H,S0, at 60°C.

GFP-tagged constructs and fluorescence
microscopy

To analyze subcellular localization, GFP was fused to the C-
terminus of the GAL2mut transporter and the chimeric construct
through homologous recombination in S. cerevisiae, using PCR am-
plified fragments with homologous overhangs. yEGFP ORF was
amplified from the YIpGFP plasmid (Brink et al. 2016) using for-
ward primers containing 50 bp of homology either to the 3" end
of the SNF3 tail (for the chimeric construct) or to the 3’ end of
the GAL2mut transporter. All primers used for the fusion are
listed in Table S2. To allow in vivo plasmid assembly via homolo-
gous recombination, the resulting overlapping fragments were co-
transformed with the HindIII/EcoRI-linearized pRS42N multicopy
plasmid into S. cerevisiae TMB3711 strain. After selection, plas-
mids were extracted from yeast using the Zymoprep Yeast Plas-
mid Miniprep Kit (Zymo Research) and subsequently propagated
in E. coli DH5« for amplification and storage. Correct assembly
of the vectors was confirmed through whole-plasmid sequencing
(Eurofins Genomics). The resulting plasmids, named pBBO7 and
PBBO8, express the chimeric construct-GFP and the GAL2mut-GFP
transporter, respectively, under the control of the SNF3 promoter.
To overcome the very low fluorescence signal, the SNF3 promoter
was replaced with the strong constitutive TDH3 promoter. For pro-
moter replacement, an approximately 1600 bp TDH3p-GAL2 frag-
ment was amplified from YIplac128 using primers GAL2_BglII_Rv
and TDH3p_Sall Fw and subsequently digested with BglIl and
Sall enzymes. The insert was then purified and cloned into the
PBBO7 and pBBO08 backbones, previously digested with the same
enzymes. Following ligation and transformation into E. coli compe-
tent cells, plasmids were recovered and verified by colony PCR and
whole-plasmid sequencing. The final constructs, named pBB09
and pBB10, were then transformed into S. cerevisiae TMB3711 for

fluorescence microscopy analysis, yielding TMBB31 and TMBB32
strains, respectively.

For fluorescence microscopy, S. cerevisiae TMBB31 and TMBB32
strains expressing the GFP constructs were cultivated overnight
in 5 mL YNB medium supplemented with 20 g L~! glucose and
100 ug mL~! ClonNAT. Cells were then washed, and an inoculum
was prepared. Fresh YNB medium containing 50 g L= xylose or
20 g L~ glucose was inoculated at an initial ODgyonm between 1.5
and 2. Cell cultures were incubated at 30°C and 180 rpm for 5 h.
GFP fluorescence was then detected using a Leica SP8 DLS con-
focal microscope. Images were collected in separate channels for
phase contrast and fluorescence and analyzed with Fiji software.

Results

Is Snf3p involved in extracellular xylose sensing?

To clarify the role of the Snf3p receptor in xylose sensing, we
performed SNF3 deletion and SNF3 overexpression in S. cerevisiae
biosensor strains, which allowed measurement of HXT2 induc-
tion/repression responses via flow cytometry.

The Snf3p receptor was deleted in three different types of
biosensor strains in order to gain a holistic understanding of the
phenomenon: (1) in strain TMB3713 carrying only the GFP-based
HXT2p biosensor, (2) in strain TMB3723 carrying the biosensor as
well as a Gal2mut transporter with xylose specificity, and 3) in
strain TMB3753 carrying the biosensor, the Gal2pmut transporter
and a recombinant XR/XDH pathway for xylose catabolism (Brink
et al. 2016, Osiro et al. 2018). This yielded SNF3 deletant strains
TMBB11, TMBB26, and TMBB28, respectively (Table 1). The dele-
tion was also performed in the respective control strains (i.e. iso-
genic strains with no biosensor cassette) to assess the level of aut-
ofluorescence and uncover any potential differences in cell size or
morphology that could influence the fluorescence signals (refer to
Supporting information, Fig. $2). This resulted in strains TMBB24,
TMBB25, TMBB27, respectively (Table 1).

The response of the HXT2p biosensor was assayed at 1 gL~* glu-
cose (established induction condition), 50 g L~* xylose, and with-
out carbon source in SNF3-wildtype strains and their respective
SNF3 deletion counterparts (Fig. 2). The data, including geomet-
ric means of fluorescent intensities and population distributions,
was numerically summarized (Table S3-S4). Prior to the experi-
ment, the biosensor was repressed using 40 g L~! glucose, since
this had previously been shown to increase the dynamic range of
certain biosensors (Brink et al. 2016, Osiro et al. 2018). Despite this,
the HXT2 promoter was not fully repressed at the start of our ex-
periments, as reflected by the difference in fluorescence between
the repression condition (red dashed line) and the autofluorescent
control strain (black line) (Fig. 2). The reduced dynamic range was
nevertheless deemed acceptable, especially considering previous
reports of similar difficulties in fully repressing the HXT2p biosen-
sor (Brink et al. 2016, Osiro et al. 2018).

Upon addition of xylose to the repressed cells of the SNF3-intact
strain (TMB3713), two sub-populations were obtained, in agree-
ment with previous results reported by Brink et al. (2016). In the
induced sub-population, representing ca. 30% of the total popu-
lation, a 3.4 + 0.9-fold increase in biosensor fluorescent intensity
was observed (Fig. 2B). This level of induction was comparable to
the one detected under low glucose conditions (4.1 + 0.4-fold in-
crease; Fig. 2A), indicating that the Snf3p receptor was active on
xylose. The induction was not observed in the control condition
lacking carbon sources, which also demonstrated that the sub-
population induction was xylose-specific (Fig. 2C).
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Figure 2. HXT2p-GFP expression is decreased in high xylose and low glucose cultures when SNF3 is inactivated. The fluorescence profile
histograms of HXT2p biosensor strains are shown for TMB3713 (A-C), TMB3723 (D-F) and TMB3753 (G-I) together with their snf3A derivatives: TMBB11,
TMBB26, and TMBB28, respectively. The GFP response was tested on cells grown on glucose 1 g L=! (the biosensor induction condition), xylose 50 g L1,
and YNB alone (no carbon source) after 6 h. The red dotted line indicates the repression state of the corresponding TMB37 x 3 strain at 0 h for each of
the conditions. The autofluorescence of the negative corresponding control strain (TMB37 x 1) is indicated by the black line. Experiments were
performed in biological duplicates in shake flasks, representative histograms are shown.

After the deletion of SNF3 (TMBB11), the induction of HXT2p
was no longer observed on low glucose concentrations (Fig. 2A),
as expected. On xylose, the same phenotype was also observed
(Fig. 2B), strengthening the hypothesis that the Snf3p receptor
plays a direct role in the sensing of extracellular xylose.

It has previously been suggested that the observed induction
of HXT2 gene could arise from alternative endogenous signaling
routes via xylose internalization into the cells rather than from di-
rect sensing via Snf3p (Brink et al. 2016). Therefore, control strains
carrying a dedicated xylose transporter with and without SNF3
gene deletion were assayed as well. In these strains with enhanced
xylose uptake capacity, the induction only appeared on xylose
when SNF3 was intact (Fig. 2E), confirming the hypothesized sens-

ing role of Snf3p on xylose. The addition of the transporter protein
(Gal2p with N376F substitution; TMB3723) did increase the frac-
tion of induced cells in the population, with an approximately 1.5-
fold increase in the fluorescence signal of the biosensor (Fig. 2D-F
and Table S3); however, analysis of flow cytometry data showed
that this apparent higher signal was probably caused by a rise in
cell size as the same increment factor was obtained in the FSC-A
parameter when comparing TMB3713 and TMB3723 strains (see
Table S5 for normalized data).

Osiro and colleagues previously demonstrated that a strain car-
rying both the Gal2pmut transporter and a heterologous xylose
utilization pathway (TMB3753) showed a single population of in-
duced HXT2p-GFP, as compared to the two sub-populations ob-
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served in the strain carrying only the Gal2mut transporter (Osiro
et al. 2018). We confirmed this result and the fact that the popula-
tion exhibited a fluorescence similar to the induced population of
the non-engineered strain (Fig. 2H) and a general sugar signaling
response pattern as the one activated by low glucose (Osiro et al.
2018). Upon SNF3 gene deletion, the induction of HXT2p was re-
duced 1.5 fold (TMBB28; Fig. 2G-I & Table S3). This indicates that
although full induction of HXT?2 relies on the Snf3p receptor, cells
able to metabolize xylose can achieve induction or derepression
via other intracellular signals downstream of the receptor, such
as the phosphorylation of Miglp by the SNF1 complex (Fig. 1).

To rule out any delayed effects on the biosensor induction after
SNF3 knockout, the signaling response to xylose was monitored
over time in strains TMB3713 (SNF3 wild-type) and TMBB11 (snf3
deletant) carrying only the GFP-based HXT2p biosensor (Fig. 3A
and 3B). The lower FI displayed after SNF3 deletion (TMBB11) was
maintained over the course of 10 h, and no increase in the GFP in-
tensity of the HXT2p biosensor was observed during this period of
cultivation on xylose (Fig. 3B, left panel). Comparable results were
obtained in the low glucose control condition after SNF3 deletion
(Fig. 3B, right panel). In addition, the mentioned changes remained
consistent following the normalization of the FI signals in rela-
tion to cell size (see Table S5 for the normalized data). Notably,
although two subpopulations did appear eventually regardless of
Snf3p activation, in the snf3A strain the manifestation of the high-
FI population was significantly delayed compared to the wild-type
strain, and below the initial repressed level (Fig. 3B). Taken to-
gether, we can effectively argue that the decline in HXT2p-GFP
fluorescence seen on xylose was caused by an incomplete Snf3p
signaling transduction pathway rather than decreased cell size or
delayed signal induction.

To confirm that the HXT2p-GFP biosensor signal correlates with
native transcriptional regulation of HXT2 gene under the different
sugar conditions, RT-gPCR was performed to measure endogenous
HXT2 mRNA levels in the TMB3713 strain. HXT2 expression was el-
evated in cultures exposed to high xylose and low glucose (Fig. 3C),
in agreement with the flow cytometry data. HXT2 transcript levels
also decreased over time in the presence of low glucose (Fig. 3C),
which is consistent with the transient GFP signal shown in Fig. 3B
(right panel). This indicates active glucose uptake and metabolism
in TMB3713 strain, which likely triggers rapid adaptation and sub-
sequent downregulation of HXT2 gene upon glucose depletion. In
contrast, under xylose conditions—where this strain cannot ac-
tively metabolize the sugar—HXT?2 expression increased progres-
sively over time (Fig. 3C). This suggests that the continuous pres-
ence of extracellular xylose may engage the Snf3p sensing path-
way, thereby maintaining HXT?2 transcription despite the absence
of significant metabolic activity.

Finally, we overexpressed SNF3 under a constitutive promoter
to test whether signal enhancement would occur, in contrast to
the reduced HXT2p fluorescence observed after SNF3 deletion.
One copy of the SNF3 overexpression cassette was introduced into
biosensor strains either lacking or harboring the recombinant XR-
XDH xylose metabolic pathway, resulting in TMBB33 (TMB3713;
SNF3 OE) and TMBB34 (TMB3753; SNF3 OE) strains, respectively
(Table 1). The corresponding results are presented in Fig. 4, with
supporting flow cytometry data summarized in Table S6. Overex-
pression of SNF3 led to higher baseline HXT2p activity—i.e. acti-
vation of Snf3p pathway in the absence of any ligand (sugar)—
for both strains cultivated in YNB-only medium (Fig. 4). Under
this condition, an induced peak of HXT2p fluorescence was de-
tected compared to 0 h (Fig. 4B and 4D; Table S6). In the strain
unable to metabolize xylose, exposure to low glucose strongly el-

evated HXT2p induction when SNF3 was overexpressed (TMBB33;
Fig. 4A), with approximately 50% higher induction compared to
the SNF3 wild-type strain (TMB3713). In contrast, the effect of xy-
lose was less marked: although a significant increase in HXT2p ac-
tivity above the basal level was noticed, this only occurred after 12
h of cultivation (Fig. 4A and 4B). These observations suggest that
xylose on its own acts as a weak and non-specific ligand for Snf3p,
probably mimicking glucose in structure. In contrast, when xylose
metabolism is present alongside SNF3 overexpression, maximal
HXT2p induction is achieved (TMBB34; Fig. 4C) on xylose, reach-
ing levels comparable to those observed under low-glucose. These
results further cement that intracellular metabolites from xylose
catabolism help to complete HXT2p derepression alongside Snf3p
activation.

In summary, Snf3p can act as a weak sensor of xylose, with sig-
nals from metabolic intermediates amplifying the response, lead-
ing to elevated HXT2 de-repression and induction.

Can xylose sensing be increased with the help of
a Snf3-based chimeric receptor?

Activation of the Snf3p/Rgt2p pathway on xylose may be benefi-
cial to utilization rates as it leads to the expression of promiscu-
ous transporters capable of pentose uptake. To explore this, we at-
tempted to engineer the specificity of the Snf3p/Rgt2p pathway for
robust and complete activation on xylose. To increase the xylose
signaling, xylose-specific chimeric receptors were constructed by
attaching the C-terminal tail (signaling domain) of the low glucose
sensor Snf3p to the transmembrane domains of a xylose-binding
Gal2pmut transporter protein (Fig. S3). The chimeric sensor ap-
proach was designed based on previous findings showing that fus-
ing the Snf3p receptor signaling domain (“tail”; residues from 543
to 884) to the transmembrane domains of Hxt1p and Hxt2p hex-
ose transporters partially re-established the glucose-induced sig-
nals when the native sensors were deleted (Ozcan et al. 1998, Kim
et al. 2024). Therefore, we aimed to replace the glucose-binding
domain of Snf3p with the xylose-binding domain of a Gal2pmut
transporter protein, which showed 65% sequence identity to the
previously tested Hxtlp-derived sugar binding domain. The ver-
sion of Gal2p with two residues substitutions, N376Y and M435I,
that has recently been shown to be superior in xylose specificity
(Rojas et al. 2021a), was used in the chimeric construct (Fig. S3).
The expression of the chimeric receptor was driven by the native
SNF3 promoter. The choice to use native rather than constitutive
promoters was based on the evidence that overexpression of the
HXT1-SNF3 chimera led to a constitutive activation of the path-
way independent of glucose levels, probably due to receptor over-
load of the membrane (Ozcan et al. 1998). Lastly, to prevent the
ability of the chimeric protein to transport xylose, the C-terminal
domain of Gal2p was truncated (residues from 531 to end; Fig. S3)
since this had previously been shown to diminish sugar transport
in Hxtl1p (Scharff-Poulsen et al. 2018).

The xylose signaling ability of the chimeric receptor was eval-
uated by determining if its expression caused an increase in the
induction of the HXT2p-GFP biosensor in the background strain
(Table 1). The flow cytometry data in Fig. 5 show that inclusion
of the chimeric protein slightly increased the HXT2p biosensor
FI of the induced population on xylose (Fig. SE; right peak) com-
pared to the background strain. However, the response was not
significantly different from that obtained by including only the
Gal2pmut transporter itself (TMB3723 strain in Fig. 2E). These re-
sults could indicate that the chimeric construct acted to induce
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Figure 3. Changes in HXT2p-GFP fluorescence and HXT2 expression over time in response to high xylose and low glucose. (A) Fluorescence
histogram plots for TMB3713 (SNF3 wild-type) and TMBB11 (SNF3 deletant) strains initially display uniform populations on xylose, which then shift
towards population heterogeneity. Histograms show representative results from biological replicates. (B) SNF3 inactivation causes HXT2p-GFP signals
to decrease. Normalized Fluorescence Intensity values to cell size of the induced population (solid lines) and the total population (dotted lines) plotted
against time. Strains were cultivated on YNB flasks with xylose 50 g L! or glucose 1 g L=* and samples for flow cytometry analysis were taken at
several time points. The error bars indicate the standard deviation from two biological replicates. C) HXT2 is expressed in low glucose and high xylose
in TMB3713 strain, although the temporal expression profiles differ between these conditions. Results are based on RT-qPCR analysis of relative
expression levels. The error bars represent the standard error from three independent biological triplicates. Different letters indicate statistically
significant differences between conditions, as determined by a one-way analysis of variance (ANOVA) followed by a post hoc test (Tukey’s HSD).

HXT2p-GFP via the xylose transport previously described above
rather than via xylose-specific signaling.

To investigate this possibility, the Gal2pmut transporter was
truncated in the same manner and integrated in the background
strain (resulting in TMBB13 strain). Addition of this variant of the
protein still resulted in the same fluorescent signal as seen for
both the chimeric protein and the non-truncated Gal2p, indicat-
ing that the truncation was likely insufficient to stop sugar trans-
port (Fig. 6A). To address this, a more drastically truncated vari-
ant of the mutated Gal2p transporter was created (from residues
519 to end; TMBB19 strain), this time missing a more substantial
part of the C-terminus. With this variant, the fluorescent response
reverted to the one of the background strain (Fig. 6A), indicating
that transport was successfully hindered. Further investigation
revealed that the complete C-terminal truncation had previously
been described to abolish sugar transport presumably due to a
lack of localization of the transporter to the membrane (Rojas et
al. 2021b). As such, the addition of the SNF3 cytoplasmic tail likely
just led to re-localization of the chimeric protein to the membrane

and thus resumed transport. To investigate this, the subcellular
localization of the non-truncated Gal2pmut transporter and the
chimeric receptor was assayed using GFP-tagged constructs and
fluorescence microscopy (Fig. 6B). The non-truncated Gal2pmut
transporter was observed on the plasma membrane, while the
chimera appeared only partially membrane localized. Thus, the
chimera may be less stable than the original transporter, show-
ingintracellular fluorescence suggestive of mislocalization and/or
degradation (Fig. 6B). The reason why the Gal2pmut transporter
and the chimera produced similar HXT2p induction signals de-
spite their clear differences in localization and apparent stability
is not yet clear. It is likely that expressing these constructs results
in a generally low threshold for HXT2p activation in the TMB3713
background strain. Furthermore, the findings suggest that the ob-
served signals are neither entirely dependent on nor clearly mag-
nified by the Snf3p tail fusion, despite our original hypothesis that
its attachment to the transporter would enhance signaling. Thus,
further studies will be required to elucidate the precise mecha-
nisms involved. Future attempts might benefit from integrating
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Figure 4. SNF3 overexpression generates a constitutive HXT2p signal, which is further amplified under low glucose and high xylose conditions.
Flow cytometry analysis is shown for TMBB33 (TMB3713; SNF3-OE) in panels A and B and for TMBB34 (TBM3753; SNF3-OE) in panels C and D.
Time-course plots show the normalized fluorescence intensity (relative to cell size) of the HXT2p biosensor for strains cultivated in YNB with different
carbon sources and without sugar addition. Dotted lines indicate the average fluorescence of the total cell population when two distinct
subpopulations appear. Histograms show the distribution of fluorescence intensity per event in the cell samples at 12 h of cultivation for panel B and
10 h for panel C. The black lines represent the autofluorescence levels of the control strain (TMBB35; SNF3-OE), while the red dotted line indicates
biosensor repression at 0 h. G40, glucose 40 g L=*; NS, no carbon source added; G1, glucose 1 g L~%; X50, xylose 50 g L=*. All cultivations were performed

in independent duplicate experiments.

the chimeric protein into a background lacking sugar transporters
but capable of xylose utilization to quantify the transporting ca-
pabilities of the chimera and enable further troubleshooting. Ad-
ditionally, since correct membrane assembly and stability are crit-
ical for sensor function, future chimeras may be favored by op-
timizing membrane targeting or linker regions.There was still a
possibility that the chimeric protein was functional despite also
transporting xylose, by functioning as a transceptor. Transceptors
have been described in S. cerevisiae and other organisms as nutri-
ent transporters that also function as receptors (Holsbeeks et al.
2004, Gojon et al. 2011, Schothorst et al. 2013). In the results above,

we showed that deletion of SNF3 abolished the effect of the Gal2p
transporter gene overexpression (Fig 2E). Thus, any contribution
to the fluorescence by xylose transport from the chimeric recep-
tor should be eliminated in a strain lacking SNF3, allowing us to
highlight any effects from xylose-specific sensing (Fig. SE; lower
panel). However, deletion of the wild-type Snf3p receptor gene and
addition of the chimeric one did not maintain the induction sig-
nal, and expression of the HXT2p biosensor was reduced by more
than 50% (Table S3; refer to strains TMBB06 and TMBB09). This in-
dicates that the chimera alone failed to restore the signals from
both extracellular xylose and low glucose, and ultimately suggests
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Figure 5. Effect of a chimeric xylose transporter/receptor on HXT2p-GFP signals in SNF3 wild-type and snf3A strains. Expression of the chimeric
receptor in TMBBO6 moderately enhanced the induction signal under the xylose condition (E) compared to TMB3713 (B). However, the chimeric
receptor alone was unable to restore the signal in the TMBBO09 strain lacking SNF3 (E; lower panel). The conditions tested were YNB media with low
glucose (1 g L~1; the biosensor induction condition), high xylose (50 g L=!) and the medium without any sugar supplementation. Experiments were
performed in biological duplicates in shake flasks, representative histograms are shown.

that the chimeric truncated Gal2mut-Snf3tail construct was un-
able to bind xylose to productively transduce a signal.

As a last attempt to build a working chimeric sensor, we also
constructed a Rgt2-based hybrid protein following a similar ap-
proach. Although this Gal2mut-Rgt2tail chimera showed initial
promise with xylose-specific responses (data not shown), we were
unable to conclusively show that the response from the Rgt2-
based chimera was caused by binding of xylose to the receptor
despite the use of extensive controls. Ultimately it was abandoned
due to the complexity of other signaling pathways acting on the
expression of genes responsive to the Rgt2 receptor. Induction of
the HXT1p-GFP biosensor depends not only on the signals trans-
mitted by the high glucose receptor Rgt2p, but also on signals from
the PKA pathway via hyperphosphorylation of Rgtlp, the SNF1
pathway via Miglp and Hxk2p and complementary signals from
Hoglp (Brink et al. 2021). As such, we chose instead to further fo-
cus on investigating the effects of SNF3 deletion and overexpres-
sion on culture performance and the putative detrimental effects
of Snf3p-based xylose sensing.

Is the impact of Snf3p activation by extracellular
xylose physiologically relevant?

As the sensing of xylose by Snf3p could have both beneficial (in-
creased transport) and detrimental (increased maintenance cost)
effects on xylose utilization, we performed a comparative culti-
vation of the three strains carrying the XR/XDH pathway: SNF3
wild-type (TMB3753), SNF3 deletion (TMBB28), and SNF3 overex-

pression (TMBB34). The experiments were performed in shake
flasks containing 50 g L~! xylose as the only carbon source. The
growth characteristics, xylose consumption, and byproduct accu-
mulation were determined for the three strains (Fig. 7). Based on
cell dry weight values, the SNF3- deletant exhibited increased final
biomass compared to both the wild-type and SNF3-overexpressing
strains (Fig. 7E), in addition to a slightly higher specific growth
rate (Table S7). Changes in biomass production between the SNF3
deletion and SNF3 overexpression strains were accompanied by
shifts in metabolite accumulation profiles (Fig. 7B-D; Table S7).
The most noticeable effect was on acetate production, which was
reduced by more than 50% in the absence of SNF3 (Fig. 7D). In con-
trast, overexpression of SNF3 (TMBB34) increased byproduct yields
compared to the deletant strain (TMBB28), at the same time that
xylose consumption was impaired (Table S7). In TMBB34, impair-
ment of xylose utilization and biomass accumulation implies that
overexpressing SNF3 may impose a metabolic burden, likely aris-
ing from the energy and resource allocation to maintaining high
levels of the sensor, reducing energy available for biomass synthe-
sis and sugar transport. Consequently, cells may redirect carbon
from biomass formation toward byproduct synthesis. In fact, even
though we showed in the previous section that SNF3 overexpres-
sion boosted HXT2 induction (TMBB34 results; Fig. 4C), this does
not appear to effectively contribute to xylose uptake, probably be-
cause the transport capacity of Hxt2p is too low to support ade-
quate internalization under high-xylose conditions. When com-
paring SNF3-deletant (TMBB28) and SNF3 wild-type (TMB3753)
performance, xylose uptake rate was not substantially affected
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the chimera tagged with GFP (B). The different variants were derived from the Gal2p xylose transporter containing the two substitutions N376F and
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representative histograms are shown. (B) shows the localization of the Gal2pmut transporter (left panel) and the chimeric Gal2pmut
transporter-sensor fusion (right panel). These constructs were expressed as C-terminal GFP fusions from multicopy plasmids and visualized using
fluorescence microscopy. Gal2pmut localizes stably to the plasma membrane, whereas the chimera displays only partial membrane localization, with

internal signal suggestive of intracellular retention or mislocalization.

by the presence or absence of SNF3 (Fig. 7A). This again suggests
that HXT2 induction via Snf3p signaling in the native background
does not significantly influence sugar consumption when the ex-
tracellular levels of xylose are high. As such, the constitutively
expressed Gal2p-N376F transporter likely dominates xylose trans-
port in all the strains.

Discussion

In this study, we showed that xylose triggers the induction
of the glucose-scavenging transporter gene HXT2 in a SNF3-
dependent manner. This was accomplished using a transcription-
based HXT2p-GFP biosensor in snf3-null and SNF3-overexpressing
strains of S. cerevisize equipped with partial or full xylose

metabolism, enabling the identification of which genetic compo-
nents contribute to the activation of the signaling pathway. By
characterizing the xylose-based Snf3p activation in the absence of
glucose and in a strain background which carries wildtype sugar
signaling pathways (Vanhalewyn et al. 1999), prior hypotheses of
the involvement of the Snf3p receptor in HXT2 induction on xylose
(Wu et al. 2020) could be directly confirmed and be shown to be
relevant to the wildtype. The induction of HXT2 by Snf3p is usu-
ally only seen in conditions where glucose levels are low (Brink et
al. 2021), and our results are consistent with previous reports of
the non-fermentative, low glucose-like response on xylose (Mat-
sushika et al. 2014, Osiro et al. 2018).

Snf3p was previously shown by Dietvorst et al. (2010) to sense
other sugars such as fructose and mannose, as well as glucose
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Figure 7. Cultivation profiles on xylose for the engineered xylose-assimilating strain TMB3753 and its counterparts, TMBB28 (SNF3-deleted) and
TMBB34 (SNF3 overexpressing). Xylose consumption, product accumulation, and biomass growth were assessed in YNB media containing 50 g L~
xylose in baffled flasks (A-E). Data shows the average and standard deviation of two biological duplicates.

analogs, in addition to glucose itself. However, the authors re-
ported that this was not the case for xylose as no Mthlp co-
repressor degradation was detected. Although this seems to con-
tradict our results, measuring Mthlp degradation as a proxy for
Snf3p signaling may not be a sufficiently sensitive method for de-
tecting the subtle effects that xylose exerts on this pathway—
especially not with the presence of subpopulations which may
skew interpretations. Our results are also supported by the major-
ity of transcriptome studies on xylose cultures which show high

expression levels of both SNF3 and HXT? (Jin et al. 2004, Salusjarvi
et al. 2008, Matsushika et al. 2014, Zeng et al. 2016, Wu et al. 2020).
This is in opposition of the canonical response observed during
complete glucose depletion, where HXT2 expression is repressed
(Brink et al. 2021). Additionally, while the high glucose sensor
Rgt2p is rapidly degraded in glucose scarce media, the Snf3p low
glucose sensor remains stable at low and depleted concentrations
(Kim and Rodriguez 2021, Kim et al. 2024). These reports alone
indicate that Snf3p is present under xylose conditions and that
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HXT2 may be responsive to xylose, which our results corroborate
by showing a direct link between SNF3 and HXT2 expression in the
presence of xylose.

Moderate-to-high affinity glucose transporters Hxt2p and
Hxt4p—controlled by the Snf3p signaling pathway—have the ca-
pacity to transport xylose (Hamacher et al. 2002, Sedlak et al. 2004,
Gongalves et al. 2014). As such, the importance of xylose sensing
by Snf3p could then be linked to the need to express transporters
able to take up this pentose sugar. However, the underlying phys-
lological purpose and significance remains undetermined as S.
cerevisiae does not naturally ferment xylose. It is possible that the
redox factors generated by XR during conversion to xylitol may be
beneficial enough to warrant upregulating xylose internalization.
It may also be an evolutionary remnant from a past time where
S. cerevisiae did ferment xylose. Adaptive laboratory evolution of a
few S. cerevisiae strains did lead to growth on xylose without the
need for recombinant technology (Attfield and Bell 2006), indicat-
ing that key genetic components may be present in some specific
strains. Sensing may also result from substrate promiscuity. The
Snf3p receptor shares high similarity with hexose transporters
and has been suggested to derive from one such protein that lost
the ability to transport sugars (Donzella et al. 2023). Given that
these transporters are known to be promiscuous (Hamacher et al.
2002, Sedlak et al. 2004, Gongalves et al. 2014), it is not unthink-
able that the sensors might have the same ability. Future studies
are needed to elucidate the purpose. One might look at homol-
ogous sugar-sensing proteins in efficient native xylose-utilizers
such as Spathaspora passalidarum to uncover whether similar or di-
vergent signaling mechanisms regulate transporter induction and
metabolic capacities in these organisms.

By employing strains with varying levels of xylose metaboliz-
ing capacity, we were able to investigate the effects of SNF3 dele-
tion in three different contexts with xylose being either: (i) ex-
tracellular, (ii) extracellular and intracellular, or (iii) extracellular
and intracellularly metabolized. While the overall effect of delet-
ing SNF3 was a reduction in HXT2 induction regardless of the
metabolic capacity of the cell, the deletion appeared to have a
more definitive impact in non-metabolizing strains. Without the
addition of the xylose utilization pathway, the strain displayed
prominent subpopulations of induced and repressed cells and the
deletion of SNF3 prompted the disappearance of the induced pop-
ulation, regardless of the internalization of xylose or not. Upon in-
clusion of the xylose metabolic pathway, however, the repressed
subpopulation was abolished entirely and deletion of SNF3 no
longer caused the induced population to disappear. This indicates
that, although xylose triggers HXT2 induction via Snf3p, another
mechanism must be responsible for the full induction observed
during active xylose utilization. This was in line with the results
from overexpressing SNF3, which ultimately confirmed that xy-
lose had to be metabolized and Snf3p had to be active in order
to maximally induce HXT2. One possible explanation is that me-
tabolized xylose-derived intermediates contribute to HXT2p ex-
pression through crosstalk with other signaling routes, such as
SNF1/Miglp (Fig. 1). Activation of the SNF1 complex leads to phos-
phorylation of the Miglp repressor, which in turn leads to the dis-
sociation of the Cyc8p-Tuplp co-repressor complex and derepres-
sion of HXT2 (Brink et al. 2021). Supporting this hypothesis, Osiro
et al. (2018) showed that high xylose levels effectively activate the
SNF1/Miglp pathway-responsive SUC2p biosensor in the TMB3753
strain. This led to the conclusion that xylose acts as if it were low
glucose, with both SUC2p and HXT2p biosensors consistently re-
sponsive to xylose. Unlike the extracellular sensing function of
Snf3p, the SNF1/Miglp pathway is controlled intracellularly (Vin-

centetal. 2001, Hedbacker 2008) and must therefore rely on xylose
import and metabolism. In addition to this, glycolytic metabo-
lites have been demonstrated to act as regulators in signal trans-
duction mechanisms, linking the metabolic status of the cell to
the signaling machinery (reviewed in Brink et al. 2021). For exam-
ple, these intermediates stimulate the PKA pathway and can also
contribute to gene repression, as observed for SUC2p (Borgstrom
et al. 2022). Conversely, xylose seems to have an opposite effect,
likely due to differences in the accumulation profiles and con-
centrations of glycolytic intermediates between xylose and glu-
cose metabolism (Borgstrom et al. 2022). However, derepression
of HXT2 via the SNF1/Miglp pathway does not satisfactorily ex-
plain why the Rgt1p-Cyc8p-Tuplp complex is not immediately re-
formed without Snf3p triggering Std1p degradation. Further in-
depth studies on the detailed mechanisms of the Snf3p/Rgt2p
pathway are needed to understand this crosstalk, including eluci-
dating the mechanism for recruitment of Std1p to the membrane
and mechanism for nuclear degradation of Mth1p under low glu-
cose conditions. Overall, this perspective needs to be expanded
upon to link xylose intermediates to HXT2p induction signals in
the xylose-utilizing strain.

The observation that the extracellular xylose signal in S. cere-
visiae is limited and relying on the glucose sensing machinery
led us to postulate that glucose sensors could be engineered to
specifically detect xylose, with the long-term goal of improving
xylose utilization. To this end, we pursued a chimeric receptor en-
gineering strategy by coupling a truncated version of the xylose-
specific Gal2pmut transporter to the regulatory cytoplasmic tails
of the Snf3p protein. Unfortunately, no restoration of the HXT2p
induction signal was achieved. Two distinct but interrelated struc-
tural reasons may explain this outcome. First, although hexose
transporters such as Gal2p and glucose sensors share a high de-
gree of structural similarity, the amino acid sequence is quite dis-
similar. Certain amino acids located in the transmembrane do-
mains of Snf3p have been indicated to likely be required for ex-
tracellular recognition of the sugar and complete activation of
the signaling cascade (Ozcan et al. 1998). In addition to identify-
ing these residues, mutations prohibiting sugar uptake without
affecting the localization would also need to be identified to engi-
neer a fully functional chimeric receptor. Second, recent research
by Kim et al. (2024) demonstrated that chimeric constructs be-
tween glucose transporters and signaling tails only partially result
in sugar signaling, likely because Yck kinases—key components
of the Snf3p/Rgt2p cascade—do not properly phosphorylate the
tail domains of Hxtlp chimeras. This may lead to unstable con-
figurations of the hybrid hexose transporter/sensor proteins and
degradation (Kim et al. 2024).

In our study, the metabolic characterization of SNF3 gene dele-
tion on xylose revealed an unexpected phenotype, as increased
final cell density was recorded. Thus, xylose activation of this
receptor seems to be detrimental to the cell rather than bene-
ficial, the opposite of what we could hypothesize. Although the
Hxt2p and Hxt4p transporters have been observed to promiscu-
ously transport xylose (Hamacher et al. 2002, Sedlak et al. 2004,
Gongalves et al. 2014), it is possible that the gain in transport
rate is outweighed by the above-mentioned drawbacks of pro-
ducing the transporters. The increase in final cell density may
reflect a decrease in the required cellular maintenance energy,
for instance by eliminating the unnecessary transporter produc-
tion. This is supported by the fact that xylose utilization re-
mained unchanged despite the increased biomass formation. An
inverse phenotype occurred upon SNF3 overexpression; however,
the lower biomass and xylose utilization could instead be related
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to energy drainage from constitutive gene expression. It should
be noticed that xylose-metabolizing strains in this study express
a dedicated xylose transporter (Gal2p mutant), which may allevi-
ate internalization as a bottleneck and with it any benefits de-
rived from Hxt2p/4p expression. Future studies should be con-
ducted in strains lacking a xylose-specific transporter and un-
der low xylose levels, as the transporters induced by the Snf3p
pathway are considered low capacity and may only contribute
significantly to sugar uptake under such limiting conditions. This
would allow a better understanding of the relationships between
Snf3p activation signals and the native transporter expression
for xylose uptake. Overall, changes in SNF3 levels might have
the potential to improve bioproduct yields from xylose, espe-
cially in strains already carrying a xylose-specific transporter.
However, additional experiments should be performed, in par-
ticular under anaerobic conditions to assess whether this mod-
ification is applicable to the current second-generation ethanol
industry.

Until now, it has been unclear whether S. cerevisiae senses the
presence of extracellular xylose. Our findings demonstrate that—
in addition to low glucose—Snf3p receptor also responds to high
extracellular xylose, which probably contributes to the peculiar
regulatory response of S. cerevisiae on xylose. It remains unclear
if xylose is an intentional binding partner to Snf3p, or if this is a
result of promiscuous binding. Snf3p activation by xylose rather
than glucose had previously been reported to resultin a weaker in-
duction of HXT2 based on qPCR assays, indicating that the affinity
of the receptor to xylose might be lower or that xylose is not capa-
ble of fully activating the signaling pathway (Wu et al. 2020). With
the use of flow cytometry, we demonstrated that the population-
wide decrease in receptor activity is due to individual cells not
responding to xylose rather than a partial activation of each cell.
Additionally, with a functional xylose assimilation pathway, intra-
cellular signals cooperate to fully induce HXT2. Construction of a
xylose-specific chimeric receptor based on Snf3 sensing tail and
Gal2pmut xylose affinity may improve the xylose-specific sensing;
however, the current trials were unsuccessful. After deletion and
upregulation of Snf3p membrane sensor gene, changes in biomass
production and byproducts accumulation were observed, indicat-
ing direct impact of the signaling pathway on xylose catabolism.
Still, a more complete view of how xylose sensing influences xy-
lose fermentation in recombinant S. cerevisiae strains is needed.
Further studies should focus on other regulatory components in
the sensing machinery of S. cerevisiae that may ultimately be tar-
geted to promote an overall efficient fermentation response, as
in the case of glucose, for efficient valorization of lignocellulosic
biomass.

Acknowledgements

The authors kindly thank Ariel Tomassi for his assistance in
the design of the chimeric proteins. Sofie Bergstrand, Tova
Lindh, Johannes Hedman, and Isabela Mendes Bonfim are grate-
fully acknowledged for their advice and support with gPCR
assays.

Supplementary data
Supplementary data is available at FEMSYR Journal online.

Conflicts of interest: The authors have no conflicts of interest to de-
clare.

Bolzicoetal. | 15

Funding

Open access funding was provided by Lund University, and the
V.C.P. work was supported by the Swedish Research Council
(Vetenskapradet) through grant number 2020-03162_VR. The work
of B.C.B. was supported financially by (I) the National Agency for
the Scientific and Technological Promotion (ANPCyT) [PICT-2020-
01170]: “Consolidated "dual purpose“ bioprocesses: production
of bioethanol and in-place valorisation of agroindustrial waste”
and (II) Universidad Nacional del Litoral [UNL-CAI + D 2020
50620190100054L1]: “Consolidated bioprocesses for the valoriza-
tion of agroindustrial wastewaters: technical feasibility, economic
viability, and environmental impact.”

References

Apel A, Ouellet M, Szmidt-Middleton H et al. Evolved hexose trans-
porter enhances xylose uptake and glucose/xylose co-utilization
in Saccharomyces cerevisiae. Sci Rep 2016;6:19512. https://doi.org/10
.1038/srep19512.

Attfield PV, Bell PJL. Use of population genetics to derive nonre-
combinant Saccharomyces cerevisiae strains that grow using xy-
lose as a sole carbon source. FEMS Yeast Res 2006;6:862-8. https:
//doi.org/10.1111/j.1567-1364.2006.00098.x.

Borgstrom C, Persson VC, Rogova O et al. Using phosphoglucose
isomerase-deficient (pgilA) Saccharomyces cerevisiae to map the
impact of sugar phosphate levels on d-glucose and d-xylose sens-
ing. Microb Cell Fact 2022;21:253. https://doi.org/10.1186/s12934-0
22-01978-z.

Brink DP, Borgstrém C, Persson VC et al. D-xylose Sensing in Saccha-
romyces cerevisiae: insights from D-flucose Signaling and native D-
xylose utilizers. Int ] Mol Sci 2021;22:12410. https://doi.org/10.339
0/1jms222212410.

Brink DP, Borgstrom C, Tueros FG et al. Real-time monitoring of the
sugar sensing in Saccharomyces cerevisiae indicates endogenous
mechanisms for xylose signaling. Microb Cell Fact 2016;15:183.
https://doi.org/10.1186/s12934-016-0580-x.

Cadete RM, De Las Heras AM, Sandstrom AG et al. Exploring xy-
lose metabolism in Spathaspora species: XYL1.2 from Spathas-
pora passalidarum as the key for efficient anaerobic xylose
fermentation in metabolic engineered Saccharomyces cerevisiae.
Biotechnol Biofuels 2016;9:167. https://doi.org/10.1186/s13068-016
-0570-6.

Demeke MM, Dietz H, Li Y et al. Development of a D-xylose fer-
menting and inhibitor tolerant industrial Saccharomyces cerevisiae
strain with high performance in lignocellulose hydrolysates us-
ing metabolic and evolutionary engineering. Biotechnol Biofuels
2013;6:89. https://doi.org/10.1186/1754-6834-6-89.

Dietvorst J, Karhumaa K, Kielland-Brandt MC et al. Amino acid
residues involved in ligand preference of the Snf3 transporter-like
sensor in Saccharomyces cerevisiae. Yeast 2010;27:131-8. https:
//doi.org/10.1002/yea.1737.

Donzella L, Sousa MJ, Morrissey JP. Evolution and functional diversi-
fication of yeast sugar transporters. In: Jones G, Usher J (eds), Es-
says in Biochemistry. London: Portland Press, 2023, 811-27. https:
//doi.org/10.1042/EBC20220233.

Farwick A, Bruder S, Schadeweg V et al. Engineering of yeast hex-
ose transporters to transport d-xylose without inhibition by d -
glucose. Proc Natl Acad Sci USA 2014;111:5159-64. https://doi.org/
10.1073/pnas.1323464111.

Gancedo JM. The early steps of glucose signalling in yeast. FEMS Mi-
crobiol Rev 2008;32:673-704. https://doi.org/10.1111/j.1574-6976.
2008.00117.x.

202 1990}20 80 U0 159NB Aq 02/ 1 Z8/0¥04e0}IASWBY/EE0 L 0 L/10P/a[oILE IAS WY/ W00 dNO"0jWapese//:sdny Wwoly papeojumoq


https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf040#supplementary-data
https://doi.org/10.1038/srep19512
https://doi.org/10.1111/j.1567-1364.2006.00098.x
https://doi.org/10.1186/s12934-022-01978-z
https://doi.org/10.3390/ijms222212410
https://doi.org/10.1186/s12934-016-0580-x
https://doi.org/10.1186/s13068-016-0570-6
https://doi.org/10.1186/1754-6834-6-89
https://doi.org/10.1002/yea.1737
https://doi.org/10.1042/EBC20220233
https://doi.org/10.1073/pnas.1323464111
https://doi.org/10.1111/j.1574-6976.2008.00117.x

16 | FEMS Yeast Research, 2025, Vol. 25

Ganger MT, Dietz GD, Ewing SJ. A common base method for analysis
of gPCR data and the application of simple blocking in gPCR ex-
periments. BMC Bioinf 2017;18:534. https://doi.org/10.1186/s128
59-017-1949-5.

Gietz RD, Schiestl RH. High-efficiency yeast transformation using the
LiAc/SS carrier DNA/PEG method. Nat Protoc 2007;2:31-34. https:
//doi.org/10.1038/nprot.2007.13.

Gojon A, Krouk G, Perrine-Walker F et al. Nitrate transceptor(s) in
plants. J Exp Bot 2011;62:2299-308. https://doi.org/10.1093/jxb/er
q419.

Gongalves DL, Matsushika A, De Sales BB et al. Xylose and xy-
lose/glucose co-fermentation by recombinant Saccharomyces cere-
visiae strains expressing individual hexose transporters. Enzyme
Microb Technol 2014;63:13-20. https://doi.org/10.1016/j.enzmictec.
2014.05.003.

Hahn-Hégerdal B, Galbe M, Gorwa-Grauslund MF et al. Bio-ethanol—
the fuel of tomorrow from the residues of today. Trends Biotechnol
2006;24:549-56. https://doi.org/10.1016/j.tibtech.2006.10.004.

Hamacher T, Becker ], Gardonyi M et al. Characterization of the
xylose-transporting properties of yeast hexose transporters and
their influence on xylose utilization. Microbiol 2002;148:2783-8.
https://doi.org/10.1099/00221287-148-9-2783.

Hedbacker K. SNF1/AMPK pathways in yeast. Front Biosci
2008;13:2408. https://doi.org/10.2741/2854.

Holsbeeks I, Lagatie O, Vannuland A et al. The eukaryotic plasma
membrane as a nutrient-sensing device. Trends Biochem Sci
2004;29:556-64. https://doi.org/10.1016/;.tibs.2004.08.010.

Hong K-K, Nielsen J. Metabolic engineering of Saccharomyces cerevisiae:
a key cell factory platform for future biorefineries. Cell Mol Life Sci
2012;69:2671-90. https://doi.org/10.1007/s00018-012-0945-1.

Jansen MLA, Bracher JM, Papapetridis I et al. Saccharomyces cere-
visiae strains for second-generation ethanol production: from
academic exploration to industrial implementation. FEMS Yeast
Res 2017;17:fox044. https://doi.org/10.1093/femsyr/fox044.

Jessop-Fabre MM, Jakoc¢iunas T, Stovicek V et al. EasyClone-
MarkerFree: a vector toolkit for markerless integration of
genes into Saccharomyces cerevisiae via CRISPR-Cas9. Biotechnol ]
2016;11:1110-7. https://doi.org/10.1002/biot.201600147.

Jin Y-S, Laplaza JM, Jeffries TW. Saccharomyces cerevisiae engineered
for xylose metabolism exhibits a respiratory response. Appl Envi-
ron Microb 2004;70:6816-25. https://doi.org/10.1128/aem.70.11.68
16-6825.2004.

Kayikci O, Nielsen J. Glucose repression in Saccharomyces cerevisiae.
In: Bolotin-Fukuhara M (ed.). FEMS Yeast Res. 2015, fov068. https:
//doi.org/10.1093/femsyr/fov068.

Kim J-H, Mailloux L, Bloor D et al. Multiple roles for the cytoplasmic
C-terminal domains of the yeast cell surface receptors Rgt2 and
Snf3 in glucose sensing and signaling. Sci Rep 2024;14:4055. https:
//doi.org/10.1038/s41598-024-54628-2.

Kim J-H, Rodriguez R. Glucose regulation of the paralogous glu-
cose sensing receptors Rgt2 and Snf3 of the yeast Saccharomyces
cerevisiae. Biochimica Et Biophysica Acta (BBA)—General Subjects
2021;1865:129881. https://doi.org/10.1016/j.bbagen.2021.129881.

Kuyper M, Hartog M, Toirkens M et al. Metabolic engineering of a
xylose-isomerase-expressing strain for rapid anaerobic xylose
fermentation. FEMS Yeast Res 2005;5:399-409. https://doi.org/10.1
016/j.femsyr.2004.09.010.

Kwak S, Jin Y-S. Production of fuels and chemicals from xylose by en-
gineered Saccharomyces cerevisiae: a review and perspective. Microb
Cell Fact 2017;16:82. https://doi.org/10.1186/s12934-017-0694-9.

Lee W], Kim MD, Ryu YW. et al. Kinetic studies on glucose and xy-
lose transport in Saccharomyces cerevisiae. Appl Microbiol Biotechnol
2002;60:186-91. https://doi.org/10.1007/s00253-002-1085-6.

Matsushika A, Goshima T, Hoshino T. Transcription analysis of
recombinant industrial and laboratory Saccharomyces cerevisiae
strains reveals the molecular basis for fermentation of glucose
and xylose. Microb Cell Fact 2014;13:16. https://doi.org/10.1186/14
75-2859-13-16.

Montague TG, Cruz JM, Gagnon JA et al. CHOPCHOP: a CRISPR/Cas9
and TALEN web tool for genome editing. Nucleic Acids Res
2014;42:W401-7. https://doi.org/10.1093/nar/gku410.

Osiro KO, Borgstrom C, Brink DP et al. Exploring the xylose paradox
in Saccharomyces cerevisiae through in vivo sugar signalomics
of targeted deletants. Microb Cell Fact 2019;18:88.

Osiro KO, Brink DP, Borgstrém C et al. Assessing the ef-
fect of d-xylose on the sugar signaling pathways of
Saccharomyces strains engineered for xy-
lose transport and assimilation. FEMS Yeast Res 2018;18:
foy096. https://doi.org/10.1093/femsyr/f0ox096.

Ozcan S, Johnston M. Three different regulatory mechanisms enable
yeast hexose transporter (HXT) genes to be induced by different
levels of glucose. Mol Cell Biol 1995;15:1564-72. https://doi.org/10
.1128/mcb.15.3.1564.

Ozcan S. Glucose sensing and signaling by two glucose receptors in
the yeast Saccharomyces cerevisiae. EMBO ] 1998;17:2566-73. https:
//doi.org/10.1093/emboj/17.9.2566.

Parapouli M, Vasileiadi A, Afendra A et al. Saccharomyces cerevisiae
and its industrial applications. AIMS Microbiol 2020;6:32-42. https:
//doi.org/10.3934/microbiol.2020002.

Rojas SAT, Schadeweg V, Kirchner F et al. Identification of a glucose-
insensitive variant of Gal2 from Saccharomyces cerevisiae ex-
hibiting a high pentose transport capacity. Sci Rep 2021a;11:24404.
https://doi.org/10.1038/s41598-021-03822-7.

Rojas SAT, Schmidl S, Boles E et al. Glucose-induced internalization of
the S. cerevisiae galactose permease Gal2 is dependent on phos-
phorylation and ubiquitination of its aminoterminal cytoplasmic
tail. FEMS Yeast Res 2021b;21:foab019. https://doi.org/10.1093/fe
msyr/foab019.

Rolland F, Winderickx J, Thevelein J. Glucose-sensing and -signalling
mechanisms in yeast. FEMS Yeast Res 2002;2:183-201. https://doi.
0rg/10.1111/j.1567-1364.2002.tb00084.x.

Salusjdrvi L, Kankainen M, Soliymani R et al. Regulation of xylose
metabolism in recombinant Saccharomyces cerevisiae. Microb Cell
Fact 2008;7:18. https://doi.org/10.1186/1475-2859-7-18.

Salusjdrvi L, Pitkdnen J-P, Aristidou A et al. Transcription analysis of
recombinant Saccharomyces cerevisiae reveals novel responses to
xylose. ABAB 2006;128:237-74. https://doi.org/10.1385/abab:128:
3:237.

Scharff-Poulsen P, Moriya H, Johnston M. Genetic analysis of signal
generation by the Rgt2 glucose sensor of Saccharomyces cerevisiae.
G3 (Bethesda) 2018;8:2685-96. https://doi.org/10.1534/g3.118.200
338.

Schothorst J, Kankipati HN, Conrad M et al. Yeast nutrient tran-
sceptors provide novel insight in the functionality of membrane
transporters. Curr Genet 2013;59:197-206. https://doi.org/10.1007/
500294-013-0413-y.

Sedlak M, Ho NW. Characterization of the effectiveness of hexose
transporters for transporting xylose during glucose and xylose
co-fermentation by a recombinant Saccharomyces yeast. Yeast
2004;21:671-84.

Sharma S, Arora A. Tracking strategic developments for conferring
xylose utilization/fermentation by Saccharomyces cerevisiae. Ann
Microbiol 2020;70:50. https://doi.org/10.1186/513213-020-01590-9.

Soccol CR, G AGP, Dussap C-G et al.eds. Liquid biofuels: bioethanol.
Cham: Springer International Publishing, 2022. https://doi.org/10
.1007/978-3-031-01241-9.

cerevisiae in

202 1990}20 80 U0 159NB Aq 02/ 1 Z8/0¥04e0}IASWBY/EE0 L 0 L/10P/a[oILE IAS WY/ W00 dNO"0jWapese//:sdny Wwoly papeojumoq


https://doi.org/10.1186/s12859-017-1949-5
https://doi.org/10.1038/nprot.2007.13
https://doi.org/10.1093/jxb/erq419
https://doi.org/10.1016/j.enzmictec.2014.05.003
https://doi.org/10.1016/j.tibtech.2006.10.004
https://doi.org/10.1099/00221287-148-9-2783
https://doi.org/10.2741/2854
https://doi.org/10.1016/j.tibs.2004.08.010
https://doi.org/10.1007/s00018-012-0945-1
https://doi.org/10.1093/femsyr/fox044
https://doi.org/10.1002/biot.201600147
https://doi.org/10.1128/aem.70.11.6816-6825.2004
https://doi.org/10.1093/femsyr/fov068
https://doi.org/10.1038/s41598-024-54628-2
https://doi.org/10.1016/j.bbagen.2021.129881
https://doi.org/10.1016/j.femsyr.2004.09.010
https://doi.org/10.1186/s12934-017-0694-9
https://doi.org/10.1007/s00253-002-1085-6
https://doi.org/10.1186/1475-2859-13-16
https://doi.org/10.1093/nar/gku410
https://doi.org/10.1093/femsyr/fox096
https://doi.org/10.1128/mcb.15.3.1564
https://doi.org/10.1093/emboj/17.9.2566
https://doi.org/10.3934/microbiol.2020002
https://doi.org/10.1038/s41598-021-03822-7
https://doi.org/10.1093/femsyr/foab019
https://doi.org/10.1111/j.1567-1364.2002.tb00084.x
https://doi.org/10.1186/1475-2859-7-18
https://doi.org/10.1385/abab:128:3:237
https://doi.org/10.1534/g3.118.200338
https://doi.org/10.1007/s00294-013-0413-y
https://doi.org/10.1186/s13213-020-01590-9
https://doi.org/10.1007/978-3-031-01241-9

Stovicek V, Borodina I, Forster J. CRISPR-Cas system enables fast
and simple genome editing of industrial Saccharomyces cerevisiae
strains. Metab Eng Commun 2015;2:13-22. https://doi.org/10.1016/
j.meteno.2015.03.001.

Vanhalewyn M, Dumortier F, Debast G et al. A mutation in Saccha-
romyces cerevisiae adenylate cyclase, Cyr1¥1#/6M  specifically af-
fects glucose- and acidification-induced cAMP signalling and not
the basal cAMP level. Mol Microbiol 1999;33:363-76. https://doi.or
9/10.1046/j.1365-2958.1999.01479 x.

Vincent O, Townley R, Kuchin S et al. Subcellular localization of the
Snflkinaseis regulated by specific g subunits and a novel glucose

Bolzicoetal. | 17

signaling mechanism. Genes Dev 2001;15:1104-14. https://doi.org/
10.1101/gad.879301.

Wu M, Li H, Wei S et al. Simulating extracellular glucose signals
enhances xylose metabolism in recombinant Saccharomyces cere-
visiae. Microorganisms 2020;8:100. https://doi.org/10.3390/microo
rganisms8010100.

Zeng WY, Tang YQ, Gou M et al. Transcriptomes of a xylose-
utilizing industrial flocculating Saccharomyces cerevisiae strain
cultured in media containing different sugar sources. AMB Ex-
press 2016;6:51.

Received 11 February 2025; revised 22 July 2025; accepted 28 July 2025

© The Author(s) 2025. Published by Oxford University Press on behalf of FEMS. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

202 1990}20 80 U0 159NB Aq 02/ 1 Z8/0¥04e0}IASWBY/EE0 L 0 L/10P/a[oILE IAS WY/ W00 dNO"0jWapese//:sdny Wwoly papeojumoq


https://doi.org/10.1016/j.meteno.2015.03.001
https://doi.org/10.1046/j.1365-2958.1999.01479.x
https://doi.org/10.1101/gad.879301
https://doi.org/10.3390/microorganisms8010100
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Acknowledgements
	Supplementary data
	Funding
	References

