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Abstract 

One of the challenges of establishing an industrially competitive process to ferment 

lignocellulose to value-added products using Saccharomyces cerevisiae is to get efficient 

mixed sugar fermentations. Despite successful metabolic engineering strategies, the xylose 

assimilation rates of recombinant S. cerevisiae remain significantly lower than for the 

preferred carbon source, glucose. Previously we established a panel of in vivo biosensor 

strains (TMB371X) where different promoters (HXT1/2/4p; SUC2p, CAT8p; TPS1p/2p, 

TEF4p) from the main sugar signaling pathways were coupled with the yEGFP3 gene, and 

observed that wild type S. cerevisiae cannot sense extracellular xylose. Here we expand upon 

these strains by adding a mutated galactose transporter (GAL2-N376F) with improved xylose 

affinity (TMB372X), and both the transporter and an oxido-reductase xylose pathway 

(TMB375X). On xylose, the TMB372X strains displayed population heterogeneities, which 

disappeared when carbon starvation was relieved by the addition of the xylose assimilation 

pathway (TMB375X). Furthermore, the signal in the TMB375X strains on high xylose (50 

g/L) was very similar to the signal recorded on low glucose (≤ 5 g/L). This suggests that 
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intracellular xylose triggers a similar signal to carbon limitation in cells that are actively 

metabolizing xylose, in turn causing the low assimilation rates. 

Keywords 

Saccharomyces cerevisiae; sugar sensing/signaling; xylose; XR/XDH; GFP biosensor; 

cAMP/PKA; Snf3p/Rgt2p; SNF1/Mig1p; flow cytometry 

One-sentence summary  

In this study, in vivo single-cell biosensors were used to assess the sensing of glucose and 

xylose sugars by Saccharomyces cerevisiae, in order to understand its low xylose utilization 

rate. 

Background 

The lignocellulose-based biorefinery has been foreseen as a candidate process to supply the 

future global demand for sustainable energy sources that can replace the non-renewable 

sources used today, and has shown good potential to decrease the environmental impact 

compared to the conventional processes (Uihlein and Schebek 2009). Up to one third of the 

composition of lignocellulose is constituted of D-xylose, the second most abundant sugar in 

Nature (Limayem and Ricke 2012), meaning that in order to fully take advantage of the 

carbon content of this renewable feedstock, future biorefineries will require microbes that can 

efficiently convert not only hexose (C6), but also pentose (C5) sugars such as xylose, 

preferably simultaneously. Although some microorganisms are naturally able to ferment and 

produce valuable chemical compounds from xylose, they are seldom suitable for industrial 

applications due to their poor performance under high osmotic stress, low pH, strict anaerobic 

environments and/or in the presence of the wide range of inhibitory compounds released 

during lignocellulose pretreatment (Hahn-Hägerdal, et al. 2007a, Kwak and Jin 2017, Rudolf, 

et al. 2008, Skoog and Hahn-Hägerdal 1988). Instead, the industrially robust, natural ethanol 

producing organism Saccharomyces cerevisiae (Baker´s yeast) has for a long time been 
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considered a promising host for metabolic engineering to enable pentose conversion (Jeffries 

and Jin 2004, van Maris, et al. 2007).   

Over the years, different strategies have been developed in order to introduce and improve 

xylose metabolism in S. cerevisiae. As the endogenous genes for xylose catabolism already 

present in this yeast are insufficiently expressed (Attfield and Bell 2006, Toivari, et al. 2004), 

exogenous genes from natural xylose assimilating microbes have been used to enable pentose 

catabolism in S. cerevisiae (Brat, et al. 2009, Kötter, et al. 1990, Kötter and Ciriacy 1993). 

The oxido-reductase pathway that was used in the present study consists of a xylose reductase 

(XR) and a xylitol dehydrogenase (XDH) that converts xylose to xylulose via xylitol; xylulose 

can then enter the non-oxidative pentose phosphate pathway (PPP) via the endogenous 

xylulokinase (XK) and be further shunted to the central carbon metabolism (Kötter and 

Ciriacy 1993). Xylose utilization can be further improved by also overexpressing the 

endogenous TAL1 and TKL1 genes in order to increase the metabolic flux through the PPP 

(Hahn-Hägerdal, et al. 2007b).  

Despite these modifications, growth and productivity is still significantly lower on xylose than 

on glucose (Hahn-Hägerdal, et al. 2007a). Redox imbalance is an issue with the oxido-

reductase pathway, as the commonly used Scheffersomyces stipitis XR has a higher preference 

for NADPH over NADH while the XDH is strictly NAD
+
-dependent, resulting in an 

insufficient recycling of NADPH and NAD
+
 (Bruinenberg, et al. 1983, Kötter and Ciriacy 

1993). However, the recently identified XR of Spathaspora passalidarum (encoded by 

XYL1.2) which prefers NADH over NADPH can be used to significantly decrease the redox 

issues of the XR/XDH pathway in S. cerevisiae (Cadete, et al. 2016).  

Co-fermentation of hexose and pentose sugar also prove challenging as glucose is 

preferentially consumed over xylose (Moysés, et al. 2016, Zaldivar, et al. 2002), because of 

the lack of specific xylose transporters (Kim, et al. 2012). Although xylose can be taken up by 

some of the native hexose transporters, during mixed sugar cultivations, these transporters 

have a naturally higher affinity for glucose (Hamacher, et al. 2002, Kotyk 1967). 

Nevertheless, a couple of recent studies have demonstrated improved xylose uptake by 

engineering hexose and galactose transporters for improved xylose specificity (Apel, et al. 

2016, Farwick, et al. 2014, Nijland, et al. 2014, Nijland, et al. 2016).  
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At the present stage, xylose can be fermented to ethanol by recombinant S. cerevisiae, but at 

such low rates that it has been hypothesized that xylose still is not recognized as a fermentable 

sugar (Bergdahl, et al. 2012, Feng and Zhao 2013, Jin, et al. 2004, Klimacek, et al. 2010, 

Runquist, et al. 2009, Salusjarvi, et al. 2006). This indicates possible issues with the intra- 

and/or extracellular sensing of xylose in S. cerevisiae. A handful of studies have shown the 

influence of xylose on glucose signaling (Alff-Tuomala, et al. 2016, Fernandez, et al. 1986, 

Jin, et al. 2004, Salusjarvi, et al. 2006, Salusjärvi, et al. 2008, Zeng, et al. 2016), but the 

mechanism by which S. cerevisiae could potentially sense xylose is still mainly unknown. 

Therefore, increased comprehension of the xylose effect on the main glucose signaling 

pathways may lead to new strategies for enhancing xylose utilization. 

There are three main signaling pathways that control glucose sensing in S. cerevisiae (Figure 

1): the Snf3p/Rgt2p pathway, the SNF1/Mig1p pathway and the cAMP/PKA pathway 

(Santangelo 2006). We recently reported on the construction of a panel of fluorescent 

biosensors strains that allows for real-time single-cell monitoring of these three signaling 

pathways during different carbon conditions. The promotor regions of eight different genes  

(HXT1/2/4p; SUC2p, CAT8p; TPS1/2p, TEF4p) - each controlled by one of the three 

signaling pathways - were coupled to the yEGFP3 (yeast Enhanced Green Fluorescent 

Protein) reporter gene and integrated in the chromosome in single-copy (Brink, et al. 2016). 

The HXT1/2/4p biosensors represent the Snf3p/Rgt2p pathway, which regulates the 

expression of hexose transporters by sensing extracellular glucose (Boles and Hollenberg 

1997, Santangelo 2006, Özcan, et al. 1998). The SUC2p and CAT8p biosensors are reporters 

for the SNF1/Mig1p pathway that is responsible for carbon catabolite repression and is 

regulated mainly by intracellular glucose. This pathway can induce genes for alternative 

carbon source utilization during glucose depletion (Santangelo 2006, Özcan, et al. 1997). The 

TPS1/2 promoters represent the cAMP/PKA pathway, which responds to both internal and 

external glucose and governs, among others, the gluconeogenesis and environmental stress 

response (Rolland, et al. 2002, Santangelo 2006). The Protein Kinase A (PKA) is activated in 

the presence of glucose, which leads to a phosphorylation of several metabolic enzymes, 

transcription factors, and, consequently, gene regulation (Kim, et al. 2003, Kraakman, et al. 

1999, Mosley, et al. 2003, Santangelo 2006). It has also been demonstrated that SUC2 and 

HXT1 are in part regulated by the cAMP/PKA pathway, meaning that these signaling 
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pathways are cross-talking (Gancedo, et al. 2015, Kaniak, et al. 2004, Kim and Johnston 

2006).  

Previously, we applied the biosensor strains to investigate whether the signal on glucose 

differentiated from that on xylose in any of the three signaling routes in non-xylose 

metabolizing S. cerevisiae. It was found that the biosensors remained unresponsive to 

extracellular xylose, and that certain population heterogeneities indicated that xylose that had 

been internalized (e.g. through promiscuous hexose transporters) was being sensed by some 

parts of the glucose signaling pathway (Brink, et al. 2016). The current study pursues the 

investigation of the sugar signaling response of S. cerevisiae, this time for strains where a 

transporter with increased affinity for xylose is overexpressed (Farwick, et al. 2014), or for 

strains that can fully metabolize xylose, by addition of the same transporter gene, the 

XR/XDH xylose pathway gene and overexpressed TAL1 and TKL1 genes in the PPP (Figure 

2).  

Materials and Methods 

Strains 

The yeast strains used in the study are based on previously constructed biosensors strains 

(Brink, et al. 2016), and are described in Table 1. Strains TMB3701-TMB3709 are 

collectively referred as TMB370X strains and this nomenclature is also used for the different 

series of derived strains (e.g. TMB371X, TMB372X and TMB375X; Table 1). Depending on 

the experimental requirements, the strains were grown on either Yeast Peptone Dextrose 

(YPD; yeast extract 10 g/L, peptone 20 g/L, glucose 20 g/L) or Yeast Nitrogen Base (YNB; 

6.7 g/L Yeast Nitrogen Base without amino acids; Becton–Dickinson, NJ, US) supplemented 

with different carbon sources (detailed below). Escherichia coli NEB5-α (New England 

BioLabs, Ipswich, MA, US) was used for routine plasmid sub-cloning and was cultivated in 

Lysogeny Broth (LB) medium (10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, pH 7.0). 

Solid plates were obtained by adding 15 g/L agar-agar to the above media. All strains were 

stored at -80°C in 25 % (v/v) glycerol; CRISPR-Cas9 transformants were stored in the 

presence of their respective antibiotics (detailed below). 
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Molecular biology methods 

All cloning procedures were performed according to standard molecular biology methods 

(Sambrook and Russell 2001). Genomic yeast DNA was extracted according to the LiOAc-

SDS method (Lõoke, et al. 2011) and PCR products were purified with GeneJET PCR 

purification kit (Thermo Scientifc, Waltham, MA, US). All primers (S1 Supporting 

Information Table S5) were obtained from Eurofins MWG Operon (Ebersberg, Germany). 

Restriction enzymes, T4 ligase and Phusion DNA polymerase were purchased from Thermo 

Scientific (Waltham, MA, US), except for ZraI that was purchased from New England 

Biolabs (Ipswich, MA, US). Plasmid purification was performed with GeneJET plasmid 

MiniPrep kit (Thermo Scientific, Waltham, MA, US).  

The lithium acetate transformation protocol (Gietz and Schiestl 2007), modified with the 

addition of DMSO (10% v/v) prior to heat shock (Hill, et al. 1991), was used for all the S. 

cerevisiae transformations. Competent E. coli cells were prepared and transformed according 

to the method of Inoue and colleagues (Inoue, et al. 1990). Selection of E. coli transformants 

was performed on LB medium supplemented with 50 µg/mL of ampicillin. 

Plasmids and transformation fragments 

The plasmids that were used in the study are listed in Table 2. The TDH3p-GAL2_N376F-

CYC1t cassette containing the mutated GAL2 transporter (GAL2-N376F) was constructed 

from the pRS62N_GAL2_N376F plasmid (Farwick, et al. 2014) that was a gift from Prof. E. 

Boles. Since the antibiotic marker and truncated HXT7p promoter in pRS62N_GAL2_N376F 

was not desired in the current study, the GAL2_N376F cassette was cloned into a new vector. 

This was made in two steps: first, the cassette was amplified from the original plasmid using 

the GAL2-F1_SmaI and GAL2_R1_XhoI primers and was ligated between the TDH3 

promoter and the CYC1 terminator in the p426-GPD Mumberg vector (Mumberg, et al. 1995), 

thus generating the p426-GPD-GAL2_N376F plasmid; second, the TDH3p-GAL2_N376F-

CYC1t cassette was amplified from p426-GPD-GAL2_N376F plasmid using the TDH3p-F2-

SacI and CYC1t-R2-SphI primers. The final plasmid (YIplac128-GAL2_N376F) was 

constructed by ligating the TDH3p-GAL2_ N376F-CYC1t cassette to YIplac128 (LEU2) using 

the SacI and SphI restriction sites. 

Downloaded from https://academic.oup.com/femsyr/advance-article-abstract/doi/10.1093/femsyr/fox096/4791530
by guest
on 11 January 2018



 

7 

 

Construction of the XR-XDH-XK integrative plasmids 

S. cerevisiae promotors TEF1p and PGI1p, terminators GPM1t and PYK1t, as well as the 

XKS1 ORF encoding xylulokinase (Ho, et al. 1998), were PCR amplified individually from 

genomic DNA isolated from S. cerevisiae CEN.PK 113-7D with primers generating a 40 bp 

homology between promoter, gene and terminator. Scheffersomyces stipitis gene SsXDH 

encoding xylitol dehydrogenase (Kötter, et al. 1990) was amplified from the plasmid YIpRC5 

(Cadete, et al. 2016). Following agarose gel electrophoresis, the amplified PCR products were 

gel-purified. Each individual gene expression cassette (TEF1p-SsXDH-GPM1t and PGI1p-

XKS1-PYK1t) was assembled by overlap extension PCR (OE-PCR) using primer pairs 65/70 

(XDH cassette) and LW71/76 (XKS1 cassette) with each part added in equimolar amounts. In 

order to enable In-fusion HD cloning (In-Fusion® HD Cloning Kit User Manual, Clontech 

Laboratories, California, USA), 15 bp homology regions between the two cassettes and the 

plasmid YIpRC5 was included in the primers. Following electrophoresis, the OE-PCR 

products were gel-purified. 2 µg of plasmid YIpRC5, already carrying the SpXYL1.2 gene 

cassette for XR from Spathaspora passalidarum, was cleaved with Fastdigest PstI and SacI 

and separated by gel electrophoresis followed by gel-purification (GeneJet Gel Extraction Kit; 

Thermo Scientifc, Waltham, MA, US). Gene cassettes and PstI/SacI digested YIpRC5 

containing the remaining XR encoding gene were added in equimolar amount to 5×In-fusion 

HD enzyme premix following the In-fusion HD cloning kit user manual (Raman and Martin 

2014). The obtained plasmid was verified using restriction enzymes SacI and PstI and agarose 

gel electrophoresis. The plasmid was Sanger sequenced (Eurofins MWG Operon; Ebersberg, 

Germany) using primers 78-83 and named pLWA20.  

The xylose pathway from pLWA20 was recloned into pCfB2899, pCf3037 and pCf3040 to 

allow integration of three copies of the cassette using a CRISPR-Cas9 system into the 

intergenic regions X-2, XI-5 and XII-4, respectively (Jessop‐Fabre, et al. 2016), resulting in 

plasmids pLWA31, pLWA32 and pLWA33. To construct pLWA32 and pLWA33, the 

XR/XDH/XKS1 ORFs were amplified from pLWA20 using primers 247/248 that contained 

sites for AscI and SbfI while the pCfB2899/pCfB3040 backbone was amplified using primers 

239 and 240 followed by cleaving with AscI and SbfI. The template vector was removed by 

DpnI cleaving. All fragments were gel-purified after cleaving and subsequently ligated. The 

resulting plasmids were verified by PCR using primers 245/246 for pLWA32 (pCfB2899-

pLWA20) and 244/246 for pLWA33 (pCfB3040-pLWA20) and by restriction digest with 
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Fastdigest SmiI. The resulting plasmids were sequenced using primers LW79-83. To clone the 

xylose pathway cassette into pCfB3037 XDH, XKS1 and XR was cleaved out from pLWA20 

using AscI/PmiI and the 6642 bp fragment was purified from the gel. The plasmid backbone 

of pCfB3037 (including the 5’ and 3’ genomic target sequences XI-5) was amplified using 

primers 239 and 240 and cleaved with MscI/AscI. The template vector was removed by DpnI 

cleaving. All fragments were gel-purified after cleaving and subsequently ligated.  The 

obtained plasmid, pLWA31, was verified by restriction digest using SmiI and by sequencing 

using primers that anneal in the plasmid backbone and the TDH3p region (Seq_forward, 

Seq_reverse and TDH3p-F2-SacI). 

Construction of the TKL-TAL integrative plasmid (pLWA19) 

S. cerevisiae promotors FBA1p and TPI1p, terminators PDC1t and CPS1t and the TKL1 and 

TAL1 ORFs were PCR amplified individually from S. cerevisiae CEN.PK 113-7D genomic 

DNA generating 40 bp homology between promoter, gene and terminator. Following agarose 

gel electrophoresis, the amplified PCR products were gel-purified (Thermo Scientifc, 

Waltham, MA, US). Each individual gene expression cassette (FBA1p-TKL1-PDC1t and 

TPI1p-TAL1-CPS1t) was assembled by OE-PCR using primer pairs 45/50 (TKL1) and 51/56 

(TAL1) with each part added in equimolar amounts. To enable In-fusion HD cloning, as 

described above for pLWA20, 15 bp homology regions between the two cassettes and the 

plasmid pUG-amdSYM (Solis-Escalante, et al. 2013) was included in the primers. Following 

agarose gel electrophoresis, the OE-PCR products were gel-purified. 2 µg of plasmid pUG-

amdSYM2 was cleaved with SpeI and SacII and gel-purified. Gene cassettes and SpeI/SacII 

digested pUG-amdSYM2 were added in equimolar amount to 5×In-fusion HD enzyme 

premix following the In-fusion HD cloning kit user manual (Raman and Martin 2014). The 

plasmid was verified by sequencing using primers 5, 51, 57-60 and was named pLWA19. 

pLWA19 was designed to be cleaved with SfaAI and NotI and integrated by nested double 

homologous integration aided by 5’ and 3’ homologous targeting fragments. Fragments for 

integration of the resulting TKL-TAL(SfaAI/NotI) cassette in the VAC17/MRC1 intergenic 

locus were amplified from W303 genomic DNA using the following primers: 88_f and 107_r 

for the 5’ VAC17/MRC1 fragment and 108_f and MRC1_TF_r for the 3’ VAC17/MRC1 

fragment.  
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Strain generation  

TMB72X series 

The TMB372X strains containing the different biosensors together with the mutated Gal2p 

transporter were constructed from the TMB370X (Leu
-
) strains by integration of the 

YIplac128-GAL2_N376F (Leu
+
) plasmid at the SPB1/PBN1 intergenic locus. This locus was 

previously used to cure the leucine auxotrophy with an empty YIplac128 plasmid (LEU2) in 

the TMB371X strains (Brink, et al. 2016), meaning that all yeast strains in this study have a 

comparable genetic makeup in this region. Targeting fragments for double homologous 

integration of the YIplac128-GAL2_N376F plasmid (linearized with ZraI) were PCR 

amplified using the SPB1_ Targ1_F/SPB1_ Targ1_Rtail and PBN1_ Targ2_Ftail/PBN1_ 

Targ2_R primer pairs, and were used for single-copy integration into the yeast genome as 

previously described (Brink, et al. 2016).  

TMB375X series 

The TMB372X strains were used to construct the TMB375X strains by sequential integration 

of a cassette for overexpression of TKL1 and TAL1 genes, followed by three copies of the 

cassette containing the xylose pathway genes (SpXYL1.2, SsXDH and XKS1). These 

integrations were performed using a S. cerevisiae CRISPR-Cas9 system (Stovicek, et al. 

2015). First, the different TMB372X strains were transformed with the pCfB2312 plasmid 

containing the Cas9 gene (Stovicek, et al. 2015) and selected for on YPD with 200 µg/mL 

geneticin. Following this, the TKL-TAL(SfaAI/NotI) fragment was inserted in the 

VAC17/MRC1 intergenic region. 1µg gRNA plasmid (pLWA26), 2µg linear DNA fragments 

of TKL-TAL(SfaAI/NotI) and 0.5 µg of each 5’/3’ targeting fragments were used and strains 

were selected for with 200 µg/mL geneticin and 100 µg/mL clonNAT. Cultivations in YPD 

with 200 µg/mL geneticin only (i.e. without clonNAT) were performed to cure the cells of the 

pLWA26 gRNA plasmid prior to the next transformation. Second, the xylose pathway genes 

were integrated in three different intergenic loci: X-2 (chrX; NCA3/NSF1), XI-5 (chrXI; 

FRE2/COS9) and XII-4 (chrXII; NIT3/YLR352W) (Jessop‐Fabre, et al. 2016). 1µg gRNA 

plasmid (pCfB3053; Jessop‐Fabre, et al. (2016)), and 1µg of each SmiI linearized plasmid 

(pLWA31, pLWA32 and pLWA33) were used and transformants were selected on YPD with 

200 µg/mL geneticin and 100 µg/mL clonNAT. Correct integration of pLWA31 (XI-5), 
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pLWA32 (X-2) and pLWA33 (XII-4) was verified using primer pairs 246/250, 246/249 and 

246/251, respectively. 

Sampling and analysis 

Enzymatic assays 

Single yeast colonies from the TMB375X strains (maintained on YPD agar plates with 200 

µg/mL geneticin) were used to inoculate 5 mL of YPD medium in 50 mL conical centrifuge 

tubes. Cells were grown overnight at 30°C and 180 rpm and were harvested at 3000 rpm for 5 

minutes. The whole-cell protein was extracted by treating the cell pellet with Y-PER (Yeast 

Protein Extraction Reagent; Pierce, Rockford, IL, USA) according to the manufacturer’s 

instructions. The Micro-BCA kit (Pierce, Rockford, IL, USA) and Bovine Albumin standard 

(Thermo Fisher Scientific, Waltham, MA, USA) were used to determine the total protein 

concentration.  

Xylose reductase (XR) and xylitol dehydrogenase (XDH) microtiter plate assays were adapted 

from previous protocols (Rizzi, et al. 1989, Smiley and Bolen 1982). XR activity was 

determined by following NADH oxidation at 340 nm on a Multiskan Ascent (Thermo Electro 

Corporation, Finland) with constant read-mode (one measurement every 3 seconds, 60 

measurements points in total). The reaction consisted of 100 mM triethanolamine pH 7.0, 0.2 

mM NADH, 350 mM xylose as a substrate and 5 µL sample (protein extract from the 

TMB375X strains) for a total reaction volume of 250 µL, and was initiated by the addition of 

the substrate. XDH activity was assayed with the same setup, but NAD
+
 reduction was now 

followed. The assay (250 µL total volume) consisted of 100 mM glycine pH 9.0, 50 mM 

MgCl2, 0.3 mM NAD
+
, 150 mM xylitol as a substrate and 5 µL sample. The specific activity 

was defined as the amount of enzyme required to catalyze the formation/disappearance of 

1µmol of NADH (εNADH = 6220 L/mol.cm) per min and mg protein (Burnett 1972, 

Horecker and Kornberg 1948). The enzymatic assays were done in biological duplicates and 

technical triplicates. 
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Growth curve 

Single colonies from the TMB375X strains were inoculated in 5 mL of YPD medium in a 50 

mL tubes for overnight cultivation at 30°C, 180 rpm. The cells were then inoculated in a pre-

sterilized Microtest Plate 96 Well R (Sarstedt, Nümbrecht, Germany) with YNB medium 

supplemented with either 20 g/L glucose or 20 g/L xylose. A starting Optical Density at 

620nm (OD620) of 0.5 and a total volume of 240 µL were used. The plate was shaken at 1000 

rpm in a 30°C incubator. Measurements were taken every hour for 8 hours in total. YNB 

medium without cells and supplemented with the carbon source used for each specific growth 

curve was used as a negative control. Growth was recorded in biological duplicates and 

technical triplicates.  

Flow cytometry analysis  

A BD Accuri C6 flow cytometer equipped with a BD CSampler autosampler (Becton–

Dickinson, NJ, US) was used to analyze the single-cell fluorescence intensity (FI) of the 

TMB372X and TMB375X GFP-reporter strains on different carbon sources. Cells were 

inoculated in YNB medium buffered with 50 mM potassium hydrogen phtalate at pH 5.5 

(from here on denoted as YNB-KHPthalate medium) complemented with one of the 

following: xylose 50 g/L, xylose 5 g/L, xylose 50 g/L with glucose 5 g/L, glucose 5 g/L. A 

488 nm excitation wavelength and 533/30 bandpass filter (from here on referred as the FL1-H 

channel) were used. The setup and handling of the Accuri flow cytometer was performed as 

previously reported (Brink, et al. 2016). Data analysis was performed with the FlowJo 

software (v10; Treestar, Inc., San Carlos, CA). Although TMB37X1 did not contain any 

biosensor, repression and induction were performed in glucose 40 g/L and glucose 1 g/L, 

respectively, in order to assess the auto-fluorescence under different conditions. 

Two pre-cultivations were performed prior to the flow cytometry assay in order to gain 

sufficient biomass and biosensor repression at time 0h of the experiment. The repression was 

performed to establish a FI baseline with an as low as possible intensity at the start of the 

experiment. Pre-pre-cultivations were prepared by inoculating a single colony in 5 mL of 

YNB-KHPhtalate complemented with glucose 20 g/L (50 mL conical tubes) and incubation 
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for 14 h at 30°C and 180 rpm. Following this, the strains were submitted to a pre-cultivation 

in repressing conditions according to the known regulatory conditions of each biosensor 

promoter (Table 3). Cells were inoculated in 5 mL (in 50 mL conical tubes) at and initial 

OD620 of 0.05 and were grown for 14 h. The strains were analyzed with the previously 

developed microtiter plate protocol (Brink, et al. 2016), with some improvements regarding 

the repression and induction conditions for some of the biosensor strains (Table 3). The 

TEF4p biosensor proved challenging to repress, and the cells were therefore cultivated from 

an initial OD620 of 0.1 for 26h on YNB-KHPthalate supplemented with ethanol 3% (v/v) as a 

repressing condition; for the inducing condition, YNB-KHPhtalate with glucose 20 g/L was 

used. For the repressing condition of the HXT1p biosensor, cultivations for 14h in YNB-

KHPhtalate with glucose 5g/L were used. For each strain and condition, biological triplicates 

and technical duplicates were performed. 

Population heterogeneities on the GFP channel (FL1-H) were identified numerically and 

classified into low and high FI populations using two-component Gaussian Mixture modeling. 

The analysis was performed with Matlab (Release R2015a, The MathWorks, Inc., Natick, 

MA, US) and is further outlined in S1 Supporting Information.  

Results 

Strain construction and validation  

We previously reported on the construction and validation of a non-invasive fluorescent in 

vivo reporter system for real-time monitoring of the three major glucose signaling pathways in 

S. cerevisiae (Brink, et al. 2016). The present study complements the previous work by 

expanding the biosensor panel with sixteen new strains divided in two strain series: 

TMB372X and TMB375X (Table 1). The TMB372X strains contains the different GFP-

coupled biosensors from the previous study (HXT1/2/4p, SUC2p, TPS1p/2p, TEF4p) together 

with a mutated galactose transporter (GAL2-N376F). This transporter has been reported to 

have increased affinity for D-xylose while having lost the ability to transport hexoses 

(Farwick, et al. 2014). The TMB372X strains were constructed from the TMB370X (Leu
-
) 

series by integration of the GAL2 mutated gene at the SPB1/PBN1 intergenic locus with LEU2 

as the selection marker. The TMB375X strains were then constructed from the TMB372X 
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strains by overexpressing two of the non-oxidative pentose phosphate pathway genes (TAL1 

and TKL1) and integrating three gene copies of an oxido-reductase xylose pathway (XR-XDH-

XK; cf. Table 1 & the Material and Methods for details). All integrations were verified using 

yeast colony PCR. 

In order to ascertain the in-series comparability of the strains of the TMB375X series, the XR 

and XDH enzymatic activities were assayed, and it was confirmed that the activities of the 

respective enzymes were all in the same range across all strains (S1 Supporting Information, 

Figure S3). Likewise, growth experiments in glucose 20 g/L or xylose 20 g/L were also 

performed, and all strains demonstrated a similar growth pattern and -rate (S1 Supporting 

Information, Table S6 and Figure S2). 

Screening of the biosensor response to glucose and xylose 

The strains from this and the previous studies were designed to analyze the effect of xylose on 

biosensors for three different scenarios for the uptake and metabolism of xylose (Figure 2): 

extracellular xylose only, intracellular non-metabolized xylose and intracellular metabolized 

xylose. The wild type, non-xylose utilizing TMB371X strains (Figure 2A) were used to assess 

the effect of xylose on the sugar signaling when most of xylose was extracellular (Brink, et al. 

2016). The previous study on these strains indicated that S. cerevisiae did not sense 

extracellular xylose, but that there was a response towards intracellular xylose, possibly 

transported inside the cell by hexose transporters capable to also transport xylose to some 

degree (Brink, et al. 2016). In the current study, the TMB372X strains were used to analyze 

the biosensor response when xylose could efficiently be transported inside the cell via an 

engineered transporter, although it was not further metabolized (Figure 2B). The final case 

(intracellular metabolized xylose) was assessed with the TMB375X strains, containing the 

transporter as well as a recombinant pathway for xylose assimilation (Figure 2C).  

The induction and repression conditions used in this study were performed as previously 

described (Brink, et al. 2016) with slight modifications to improve the repression profile of 

the HXT1p and TEF4p biosensor strains (Table 3). The results of the flow cytometry 

screening of the biosensor strains on different concentrations of glucose and xylose are 

presented in Figure 3 (TMB372X strains) & Figure 4 (TMB375X strains). The corresponding 

data analysis - including peak means, coefficient of variation (CV) and subpopulation 

identification - for all strains and replicates is found in S1 Supporting Information Table S1-4. 
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The fold change results of the TMB375X (transporter + assimilation) strains are also 

summarized in heat map form in Figure 5 (see also S1 Supporting Information Figure S4 for 

an extended heat map with all strains of TMB371X-5X). It was found that the assessed 

biosensors were repressed and induced on glucose as expected (Table 3; Figure 3 & 4). 

However, not all strains could be completely repressed (dotted vertical red line in Figure 3 & 

4), meaning that they had higher fluorescence than the cellular auto-fluorescence intensity of 

the control strains without GFP (black vertical line in Figure 3 & 4). This was previously 

observed for the strains TMB371X (Brink, et al. 2016), and was therefore not an attribute of 

the added genetic constructs in strains TMB372X (transporter) and TMB375X (transporter + 

assimilation). This discrepancy between repression and auto-fluorescence signal was mainly 

observed for the HXT2p, TPS1/2p and TEF4p biosensors (Figure 3 & 4: C, F, G and H). 

A shift in intensity and/or population heterogeneity was observed for the TMB3721 strain, the 

negative control strain without GFP that was used to determine the cellular auto-fluorescence. 

When inoculated in low glucose concentration (1 and 5 g/L) and/or in xylose (that the strain 

cannot metabolize), a decreased fluorescence was emitted compared to the control conditions 

for induction and repression (Figure 3A, histograms I and R). TMB3751, the negative control 

that was able to grow on xylose, instead displayed a fluorescence intensity (FI) for xylose 

conditions comparable the repressing condition (Figure 4A). The variations in auto-

fluorescence observed for the TMB3721 strain can likely be explained by a decrease/variation 

in cell size due to carbon limitation due to low glucose concentration and the lack of xylose 

metabolism. 

The biosensors for the Snf3p/Rgt2p signaling pathway gave a partial response in the presence 

of xylose. Both strains with the sensor for the HXT1p low-affinity hexose transporter 

(TMB3722 and TMB3752) showed a slightly higher fluorescence for the mixture of xylose 50 

g/L and glucose 5 g/L, but no change in signal was detected for glucose 5 g/L, xylose 5 g/L or 

xylose 50 g/L (Figure 3B & 4B). HXT2p and HXT4p, the high-affinity hexose transporters, 

behaved similar to each other but with population heterogeneities detected in the presence of 

xylose, for the xylose transporter strains TMB3723 and TMB3724 (Figure 3C & 3D; 

Supporting Information Table S1). However, when the xylose pathway was added (TMB3753 

and TMB3754), a distinctive change in signaling pattern was observed with the disappearance 

of the subpopulations (Figure 4C & 4D; Supporting Information Table S2); this was also 
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manifested in the TMB375X heat map (Figure 5), where the two strains showed an induction 

signal on xylose similar to the inducing control condition (glucose 1 g/L). Cultivating the 

biosensors on YNB medium without any carbon source did not impact the signal response in 

any of the strains (Supporting Information Table S7), meaning that the observed response on 

xylose can be attributed to xylose itself and not to a lack of (recognizable) carbon. 

The promoter of the invertase-encoding gene SUC2 was chosen as a representative biosensor 

for the SNF1/Mig1p signaling pathway; the previously assayed Cat8p as a potential sensor for 

this pathway (Brink, et al. 2016) was not considered this time since it behaved like SUC2p but 

with lower overall FI, therefore giving less resolution. The SUC2p biosensor was slightly 

affected by the presence of low xylose concentration (5 g/L) when strain TMB3725 

(transporter) was analyzed (Figure 3E). In TMB3755 (transporter + assimilation), metabolized 

xylose clearly induced this biosensor both in a high or low concentration but with different FI 

intensity (Figure 5), whereas it was less induced by the mixture of xylose 50 g/L and glucose 

5 g/L, and by glucose 5 g/L (Figure 4E, Figure 5).  

The biosensors for the cAMP/PKA signaling pathway were not induced by intracellular non-

metabolized xylose (TMB3727-28). In fact, the left subpopulation of the TPS1/2p strains was 

more repressed during xylose conditions than during the repression condition (Figure 3F & 

3G; S1 Supporting Information Table S1). Nevertheless, when the strains carrying the 

TPS1/2p biosensors were engineered to metabolize xylose (TMB3757-58), the population 

heterogeneities disappeared, and xylose triggered a small induction (Figure 4F & 4G; S1 

Supporting Information Table S). In the case of TEF4p, only the strain that was able to 

metabolize xylose (TMB3759) was induced by high xylose (xylose 50 g/L) (Figure 4I). As 

was also reported in the previous study (Brink, et al. 2016), the TEF4p biosensor is very 

challenging to repress, which is evident when compared with other biosensors, and especially 

with the control TMB3751 lacking GFP (Figure 4). 

The main difference observed between the two strain series, TMB372X (transporter) and 

TMB375X (transporter + assimilation), was that the subpopulations that appeared in the 

TMB372X strains in some of the conditions, often disappeared after the xylose assimilation 

capacity was added (TMB375X strains;  S1 Supporting Information Table S2). Most of the 

TMB375X biosensors were induced by sole xylose, except for HXT1p which did not 

demonstrate any influence from xylose 5 g/L or 50 g/L; in fact, no major change could be 
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seen between the histograms of TMB3722 and TMB3752. For the strains that could 

metabolize xylose (TMB375X) and are known to be induced by glucose 1 g/L (HXT2p, 

HXT4p, SUC2p, TPS1p and TPS2p; Table 3), it was noticed that the chosen induction 

condition resulted in a similar response as with xylose 50 g/L, causing GFP expression for 

these biosensors under both conditions (Figure 5). 

Discussion 

Although metabolic engineering has conveyed and improved xylose assimilation in S. 

cerevisiae, xylose utilization rates are still low in comparison to the native glucose 

assimilation rates (Matsushika, et al. 2009). As a number of studies have suggested that 

xylose is not recognized as a fermentable sugar by recombinant S. cerevisiae strains (Jin, et al. 

2004, Salusjarvi, et al. 2006, Salusjärvi, et al. 2008, Zeng, et al. 2016), we created a system of 

in vivo biosensors to investigate how xylose influences the sugar signaling pathways in 

Baker’s yeast (Brink, et al. 2016) and analyze them in conjunction with engineered xylose 

transport and assimilation. The major outcomes are discussed below. 

Population heterogeneity on xylose is alleviated in the transporter strains after 

the xylose pathway is introduced 

The in vivo biosensor system was designed with single-copy integration for single-cell 

measurements, meaning that any population heterogeneity/subpopulation in the GFP data are 

of physiological relevance, and not artifacts of the biosensor design (Brink, et al. 2016). In the 

first generation of biosensors (TMB371X; no transporter nor xylose pathway), we have 

previously observed an effect of internalised xylose on HXT2/4p sensors. Subpopulations 

were only observed for the HXT2/4p biosensors during xylose conditions (25 g/l and 50 g/L), 

and not for any other strains or conditions (Brink, et al. 2016). 

In the present study it was found that the addition of the mutated GAL2 transporter gene 

(TMB372X) resulted in population heterogeneities in more strains than just the HXT2/4p 

biosensors on xylose 5 g/L and on xylose 50 g/L (Figure 3). It was then observed that these 

heterogeneities were alleviated after the xylose pathway was added (TMB375X), as the 

biosensors induced by low glucose (1 g/L) were completely induced in high xylose (50 g/L) 

when the strains became able to metabolize xylose (Figure 4). The overall disappearance of 
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the subpopulations in the TMB375X strains able to grow on xylose indicate that it could be 

either the intracellular xylose and/or the background expression of the yeast’s endogenous 

xylose metabolism (Toivari, et al. 2004) that are behind these heterogeneities.  

Xylose resulted in a similar signal to that of limited glucose conditions in strains 

able to metabolize xylose 

Assessment of the xylose sensing in the S. cerevisiae strains engineered to transport and grow 

on xylose (TMB375X) revealed a link between the signal during xylose conditions and the 

signal at glucose 1 g/L (Figure 4). As the population heterogeneities disappeared in favor of a 

more homogenous population distribution in TMB375X (S1 Supporting Information Table 

S2), it became evident that, for sensors induced by low glucose, the signal on both xylose 50 

g/L and 5 g/L was highly similar to the signal of low glucose (Figure 4). This is intriguing 

since it indicates that when S. cerevisiae senses intracellular and metabolized xylose, it 

triggers a low glucose-response that might actually hinder efficient xylose utilization.  

HXT1p was the only biosensor which did not show population heterogeneity in any of the 

three constructions (Figure 2): the wild type strains (TMB371X), the Gal2p mutant strains 

(TMB372X) or the strains in which xylose can be both taken up and metabolized 

(TMB375X), see Figure 3B and 4B. HXT1p is also the only biosensor in this panel that is 

repressed by low glucose (Table 3), and this effect was also achieved by high xylose (Figure 

4B). It is known that the expression of HXT1 is well-regulated by different proteins of the 

sugar sensing pathways - Snf3p/Rgt2p (Rgt1p), SNF1/Mig1p (Hxk2p), cAMP/PKA (PKA 

and Rgt1p) – and the osmotolerance pathway Hog1/MAPK (Sko1p) (Kim and Johnston 2006, 

Palomino, et al. 2005, Tomás-Cobos, et al. 2004). Therefore, we cannot currently elucidate if 

the xylose repression on Hxt1p is a result of a) the internalized and metabolized xylose; b) the 

lack of extracellular glucose signal; or both. Although the HXT1p biosensor did not show an 

induction neither for extracellular, intracellular and metabolized xylose, nor for glucose 5 g/L, 

the induction effect observed on the mix of glucose 5 g/L and xylose 50 g/L (Figure 3B and 

4B) might be caused by the high molarity from xylose 50 g/L along combined with effects of 

the cell sensing glucose. The Hog1/MAPK pathway is activated during conditions of high 

osmotic stress (e.g. high concentrations of sugars or salts), and regulates among other targets 

Sko1p which is a repressor of HXT1 (Figure 1B). Upon activation of Hog1/MAPK, Sko1p is 
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phosphorylated and released from the HXT1 promoter, allowing the expression of the gene 

(Tomás-Cobos, et al. 2004).  

HXT2/4p are known to be repressed during glucose absence (by e.g. Rgt1p), and also at high 

glucose concentrations (by e.g. Mig1p), resulting in an HXT2/4 expression window when 

glucose is present only in low concentrations (Özcan and Johnston 1996); interestingly, this 

window also seems to span xylose conditions (Figure 4C & D). Mig1p simultaneously affects 

SUC2: at low glucose concentrations SNF1 is activated and phosphorylates Mig1p (Figure 

1B) leading to a derepression of the high-affinity hexose transporters HXT2/4 and SUC2 

(Westholm, et al. 2008). Indeed, it was observed that xylose triggers the SNF1/Mig1p 

signaling pathway (Figure 4E) in the same manner that it triggers the low glucose 

concentration-sensing HXT2/4p. The behavior of the SUC2p biosensor (TMB3755) also 

matches that of a transcriptomics study on S. cerevisiae engineered for xylose utilization, 

which showed a peak expression of SUC2 occurring during xylose conditions, leading the 

authors to hypothesize that xylose does not activate the glucose repression pathways in the 

same way as glucose does (Salusjärvi, et al. 2008).  

TPS1/2 are known to be induced by stress conditions (including glucose limitation) 

(Winderickx, et al. 1996), but interestingly, the wild type biosensors (neither xylose transport 

nor assimilation) remained repressed with xylose 50 g/L after 6h (TMB3717-18; Brink, et al. 

(2016)). The current study, however, showed that in xylose condition the low FI 

subpopulations of these biosensors with just the transporter (TMB3727-28) were more 

repressed than the repression condition (glucose 40 g/L; Figure 3F-G). On the other hand, the 

corresponding biosensor strains with transporter and xylose pathway (TMB3757-58; Figure 

4F-G) were induced in presence of xylose. This indicates that internalized and metabolized 

xylose has an effect on TPS1/2 similar to that of low/limited glucose, while the lack of 

induction of these biosensors in the Gal2p mutant strains (TMB3727-28) is comparable to the 

signal of when they were submitted to YNB with no carbon source (S1 Supporting 

Information Table S7). 

From a signaling pathway point-of-view (Figure 1), we could observe the following effects of 

xylose on TMB375X: the Snf3p/Rgt2p pathway was partially induced on xylose, that is the 

Snf3p regulated genes (HXT2p/4p) was induced whereas the Rgt2p side (HXT1p) was 

repressed; the SNF1/Mig1p pathway was induced (SUC2p); finally, the cAMP/PKA was 
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repressed (inversely proportional to TPS1/2p, which were activated). Interestingly, by taking 

this holistic view on the biosensor results, we observed that the pathway induction pattern fits 

with the known induction pattern of Protein Kinase A (PKA), a protein that to some extent is 

known to regulate all three of these pathways. PKA is activated by cAMP which in turn is 

activated by sensing of extra- and/or intracellular glucose (Peeters and Thevelein 2014, 

Santangelo 2006). Active PKA leads to activation of HXT1p (Jouandot, et al. 2011, Kim and 

Johnston 2006), repression of SUC2p (Gancedo, et al. 2015) and repression of TPS1/2p (Boy-

Marcotte, et al. 1998, Roosen, et al. 2005). The results of the current study suggest, that since 

HXT1p was repressed, and SUC2p and TPS1/2p were induced on xylose (Figure 4) it follows 

that xylose cannot fully activate PKA. In that case, the PKA behavior may be one of the key 

signaling differences between glucose and xylose; this is graphically summarized in Figure 6. 

PKA is also inactivated during stress conditions, which subsequently triggers activation of the 

environmental stress response through e.g. Msn2p/4p (Smith, et al. 1998, Thevelein and De 

Winde 1999), meaning that the xylose utilizing strains may have an active stress response 

running simultaneous to the carbon metabolism which in turn would lead to a state of sub-

optimal growth.   

Furthermore, it is known that Hexokinase 2 (Hxk2p) has an important regulatory function in 

sugar signaling and glucose carbon catabolite repression, and is e.g. required both to fully 

induce HXT1 during high glucose conditions (through Rgt1p), and to de-repress SUC2 during 

low glucose conditions (through Mig1p) (Moreno and Herrero 2002, Özcan and Johnston 

1995), cf. Figure 1B. In vitro studies have shown that Hxk2p is inactivated by D-xylose 

through an autophosphorylation at the active site (Fernandez, et al. 1986, Heidrich, et al. 

1997); moreover, HXK2 is repressed by Rgt1p in the absence of glucose (Palomino, et al. 

2005), meaning that the low glucose-high xylose effect that we observed have two different 

mechanistic explanations with similar outcome when we consider Hxk2p as a key signaling 

regulator. The lack of signal in the HXT1p biosensors (TMB3722 & 3752) during conditions 

with xylose as sole carbon source (Figure 3 & 4) would then be explained by the fact that this 

transporter is repressed by low glucose levels (Figure 1B, Table 3) and that one of its 

inducers, Hxk2p, is inactivated by (intracellular) xylose. Furthermore, deletion studies have 

shown that genes of low-affinity hexose transporters (e.g. HXT1) were downregulated in 

∆hxk2 strains, whereas high-affinity transporters (e.g. HXT2/4) were upregulated (Petit, et al. 

2000, Özcan and Johnston 1995). The observed signal for the HXT2/4p high-affinity 
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transporters on xylose in all the three strain series (TMB3713-14 Brink, et al. (2016); 

TMB3723-24, Figure 3; TMB3753-54, Figure 4), could, at least partly, also be explained in 

relation to Hxk2p: intracellular xylose inactivates hexokinase, which then de-represses the 

high-affinity transporters. However, the case seems to be slightly different for SUC2p - a gene 

that is also regulated by Hxk2p (Moreno and Herrero 2002) - which was not fully induced on 

xylose until strain TMB3755 (transporter + assimilation; Figure 4E vs. 3E). Studies have 

shown that Hxk2p only controls the long-term repression of SUC2 on glucose (de Winde, et 

al. 1996, Sanz, et al. 1996), which, together with the fact that the HXT and SUC2 genes are 

controlled by different signaling pathways (Snf3p/Rgt2p and SNF1/Mig1p respectively), 

could explain the different results of these biosensors.  

It should also be noted that the observed overall decrease in population heterogeneity in 

TMB375X (transporter + assimilation) compared to TMB372X (transporter) might also 

suggest that the sugar signaling pathways are affected by intermediate metabolites formed 

from xylose during its catabolism, since the main difference between these strain series is the 

addition of the XR/XDH/XKS and TAL1/TKL1 cassettes (Table 1). The recombinant xylose 

pathways shunt carbon to the glycolysis via the PPP, which means that the observed biosensor 

induction on xylose in the TMB375X strains (transporter + assimilation; Figure 4) can have 

resulted from signaling feedback from the lower glycolysis and central carbon metabolism. 

Conclusions 

We have identified two major problems in how xylose is sensed by S. cerevisiae: 1) xylose is 

not sensed extracellularly (TMB371X; Brink, et al. (2016)) and 2) xylose-utilizing strains 

produce a similar signal for high xylose as for low glucose. The consequences of xylose not 

being sensed in the extracellular space leads to a cascade of signaling reactions that involves 

all three sugar signaling pathways: for instance, if xylose is not sensed outside the cell it does 

not induce the extracellular receptors of the Snf3p/Rgt2 and cAMP/PKA pathways, which in 

turn does not trigger a complete expression of hexose transporters (mainly the low-affinity 

hexose transporters such as HXT1 remain unexpressed) and inactivates PKA. Furthermore, a 

high xylose signal (which we postulate to be similar to a low-glucose signal) leads to an 

activation of the SNF1/Mig1p pathway by inactivating Hxk2p, allowing for the expression of 
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alternative-carbon utilization genes (e.g. SUC2), while low-affinity hexose transporters again 

are repressed. This study also shows that the sensing of intracellular xylose changes when 

strains are engineered to transport, and to assimilate xylose, and implies that further studies 

aimed to improve xylose utilization in this yeast need to be performed in strains engineered to 

grow on xylose instead of wild type strains.  
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Figure captions 

 

Figure 1. A: The three main glucose signalling pathways in S. cerevisiae. The Snf3p/Rgt2p 

pathway (green) controls expression of hexose transporters and responds to extracellular 

glucose (yellow hexagons with C6); the SNF1/Mig1p pathway (red) controls expression of 

genes related to utilization of alternative carbon sources and senses intracellular 

phosphorylated (P) glucose; the cAMP/PKA pathway (blue) controls homeostasis and stress 

response and senses both extra- and intracellular glucose. Solid arrows represent 

reactions/transport and dashed arrows represent induction (arrowhead) or repression 

(hammerhead). This figure was adapted from a previous study (Brink, et al. 2016). B: Known 

induction/repression effects on the HXT1, HXT2/4 and SUC2 genes during absence of 

glucose, low glucose (typically <1 g/L) and high glucose conditions (typically >10 g/L). Note 
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that Mig1p/2p are known to act redundantly on their targets, meaning that both enzymes are 

normally not needed for target gene induction. 

 

 

 

Figure 2. Schematic representation of the different biosensors strains. The biosensors were 

previously analyzed in TMB371X strains lacking xylose transport (i.e. no Gal2mut 

transporter) and assimilation (Brink, et al. 2016)(A). In this study, the biosensors were further 

evaluated with the overexpression of a xylose transporter (Gal2mut) in TMB372X strains (B). 

In the third case, a pathway for xylose utilization was added to the strains with Gal2mut 

transporter, resulting in the TMB375X strains (C).  
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Figure 3. Histograms from flow cytometry analysis in microtiter platers of TMB372X strains 

in different conditions after 6 h. R: repression condition (see Table 3); I: induction condition 

(see Table 3); X50: xylose 50 g/L; X5: xylose 5 g/L; X50G5: xylose 50 g/L with glucose 5 

g/L; G5: glucose 5 g/L. Black line is the reference for the auto-fluorescence intensity based on 

the negative control (TMB3721). The red dotted line marks the repression condition intensity 
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for each biosensor. The histograms are displayed in the figure are single replicates and are 

representative of their corresponding biological and technical replicates. 

 

 

Figure 4. Histograms from flow cytometry analysis in microtiter platers of TMB375X strains 

in different conditions after 6 h: R: repression condition (see Table 3); I: induction condition 
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(see Table 3); X50: xylose 50 g/L; X5: xylose 5 g/L; X50G5: xylose 50 g/L with glucose 5 

g/L; G5: glucose 5 g/L. Black line is the reference for auto-fluorescence intensity based on the 

negative control (TMB3751). The red dotted line marks the repression condition intensity 

foreach biosensor. The histograms are displayed in the figure are single replicates and are 

representative of their corresponding biological and technical replicates. 

 

 

 

Figure 5. Heat map of the GFP fluorescence intensity (FI) of the TMB375X (transporter + 

assimilation) strains with the FI fold change from 0h to 6h. The different conditions were: 

induction condition (see Table 3), xylose 50 g/L (X50), xylose 5 g/L (X5), xylose 50 g/L with 

glucose 5 g/L (X50G5), and glucose 5 g/L (G5). The heat map values were taken from the 

average of the geometric mean-FI of all the biological triplicates (including the technical 

duplicates).  
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Figure 6. The effect of glucose-activated PKA on the signaling system compared to the 

observed effect of high xylose concentrations in the TMB375X (transporter + assimilation) 

strains. For HXT1, SUC2 and TPS1/2 the signal response of high xylose is the direct opposite 

of that high glucose. From this it is hypothesized that high concentrations of xylose is sensed 

as low concentrations glucose by S. cerevisiae (see the Discussion section for details). Solid 

arrows: reactions/transport; dashed arrows: induction (arrowhead) or repression 

(hammerhead). Note that PKA is not necessarily the only regulator of these genes (cf. Figure 

1). 
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Table 1. Yeast strains constructed and/or utilized in this study 

Strain Relevant genotype Reference 

W303-1A MATa trp1-1 leu2-3,112 his3-11 ade2-1 ura3-1 can1-100 Thomas and 

Rothstein (1989); 

ATCC® 208352 

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

TMB370X series 

TMB3701 TMB3700; can1::YIp211 

Brink et al., 

(unpublished) 

TMB3702 TMB3700; can1::YIpGFP-Hxt1p 

TMB3703 TMB3700; can1::YIpGFP-Hxt2p 

TMB3704 TMB3700, can1::YIpGFP-Hxt4p 

TMB3705 TMB3700; can1::YIpGFP-Suc2p 

TMB3707 TMB3700; can1::YIpGFP-Tps1p 

TMB3708 TMB3700; can1::YIpGFP-Tps2p 

TMB3709 TMB3700; can1::YIpGFP-Tef4p 

TMB371X series 

TMB3711 TMB3701; can1::YIp211; SPB1/PBN1::YIp128 

Brink, et al. (2016) 

TMB3712 TMB3702; can1::YIpGFP-Hxt1p; SPB1/PBN1::YIp128 

TMB3713 TMB3703; can1::YIpGFP-Hxt2p; SPB1/PBN1::YIp128 

TMB3714 TMB3704; can1::YIpGFP-Hxt4p; SPB1/PBN1::YIp128 

TMB3715 TMB3705; can1::YIpGFP-Suc2p; SPB1/PBN1::YIp128 

TMB3717 TMB3707; can1::YIpGFP-Tps1p; SPB1/PBN1::YIp128 

TMB3718 TMB3708; can1::YIpGFP-Tps2p; SPB1/PBN1::YIp128 

TMB3719 TMB3709; can1::YIpGFP-Tef4p; SPB1/PBN1::YIp128 

TMB372X series 

TMB3721 TMB3701; SPB1/PBN1::YIp128GAL2mut 

This study 

TMB3722 TMB3702; SPB1/PBN1::YIp128GAL2mut 

TMB3723 TMB3703; SPB1/PBN1::YIp128GAL2mut 

TMB3724 TMB3704; SPB1/PBN1::YIp128GAL2mut 

TMB3725 TMB3705; SPB1/PBN1::YIp128GAL2mut 

TMB3727 TMB3707; SPB1/PBN1::YIp128GAL2mut 

TMB3728 TMB3708; SPB1/PBN1::YIp128GAL2mut 

TMB3729 TMB3709; SPB1/PBN1::YIp128GAL2mut 

TMB375X series 

TMB3751 TMB3721; Vac17/MRC1::TKL-TAL
1
; Chr X-2/XI-5/XII-4::XR-XDH-XK

2
 

This study 

TMB3752 TMB3722; Vac17/MRC1::TKL-TAL; Chr X-2/XI-5/XII-4::XR-XDH-XK 

TMB3753 TMB3723; Vac17/MRC1::TKL-TAL; Chr X-2/XI-5/XII-4::XR-XDH-XK 

TMB3754 TMB3724; Vac17/MRC1::TKL-TAL; Chr X-2/XI-5/XII-4::XR-XDH-XK 

TMB3755 TMB3725; Vac17/MRC1::TKL-TAL; Chr X-2/XI-5/XII-4::XR-XDH-XK 

TMB3757 TMB3727; Vac17/MRC1::TKL-TAL; Chr X-2/XI-5/XII-4::XR-XDH-XK 

TMB3758 TMB3728; Vac17/MRC1::TKL-TAL; Chr X-2/XI-5/XII-4::XR-XDH-XK 

TMB3759 TMB3729; Vac17/MRC1::TKL-TAL; Chr X-2/XI-5/XII-4::XR-XDH-XK 
1 TKL-TAL = pFBA1-TKL1-tPDC1, pTPI1-TAL1-tCPS1 

2XR-XDH-XK = pTDH3-SpXYL1.2-tADH1, pTEF1-SsXDH-tGPM1, pPGI1-XKS1-tPYK1  
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Table 2. Plasmids used in this study 

Plasmid Relevant genotype Reference 

YIplac128 AmpR; LEU2 Gietz and Sugino (1988) 

p426-GPD URA3; TDH3p-CYC1t Mumberg, et al. (1995) 

YIpRC5 URA3; TDH3p-XYL1-ADH1t, PGK1p-XYL2-PGK1t; 

SpXYL1.2 (from S. passalidarum UFMG-CM-Y469) 

Cadete, et al. (2016) 

pUG-amdSYM AmpR; AnTEF2p-amdSYM-AnTEF2t (from Aspergillus 

nidulans) 

Solis-Escalante, et al. (2013) 

pRS62N_GAL2_N376F HXT7p- GAL2_N376F-CYC1t Farwick, et al. (2014) 

YIplac128-GAL2_N376F YIplac128: TDH3p- GAL2_N376F-CYC1t This study 

pCfB2312 TEFp-Cas9-CYC1t; kanMX Stovicek, et al. (2015) 

pCfB2899 X-2-MarkerFree backbone Jessop‐Fabre, et al. (2016) 

pCfB3037 XI-5- MarkerFree backbone Jessop‐Fabre, et al. (2016) 

pCfB3040 XII-4- MarkerFree backbone Jessop‐Fabre, et al. (2016) 

pCfB3053 CRISPR-cas9 gRNA targeting the X-2 (NCA3/NSF1), 

XI-5 (FRE2/COS9) and XII-4 (NIT3/YLR352W)  

regions; natMX 

Jessop‐Fabre, et al. (2016) 

pLWA19 pFBA1-TKL1-tPDC1, pTPI1-TAL1-tCPS1; amdSYM This study 

pLWA20 YIp-TDH3p-XYL-ADH1t-TEF1p-XDH-GPM1t-PGI1p-

XKS1-PYK1t;URA3 

This study 

pLWA26 gRNA-VAC17/MRC1; natMX This study 

pLWA31 pCfB3037; pTDH3-SpXYL1.2-tADH1, pTEF1-SsXDH-

tGPM1, pPGI1-XKS1-tPYK1 

This study 

pLWA32 pCfB2899; pTDH3-SpXYL1.2-tADH1, pTEF1-SsXDH-

tGPM1, pPGI1-XKS1-tPYK1 

This study 

pLWA33 pCfB3040; pTDH3-SpXYL1.2-tADH1, pTEF1-SsXDH-

tGPM1, pPGI1-XKS1-tPYK1 

This study 
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Table 3. Biosensor induction and repression condition and cultivation time used in the 

study, based on and modified from our previously established protocol (Brink, et al. 

2016). 

Strain Promoter Function Signaling 

pathway 

Repression 

condition 

Induction 

condition 

TMB37X1 Empty 

plasmid 

Negative control - - - 

TMB37X2 HXT1p Low-affinity hexose 

transporter 

Snf3p/Rgt2p Glucose 5g/L 

(14 h) 

Glucose 40g/L 

(6 h) 

TMB37X3 HXT2p High-affinity hexose 

transporter 

Snf3p/Rgt2p Glucose 40g/L 

(14 h) 

Glucose 1g/L 

(6 h) 

TMB37X4 HXT4p High-affinity hexose 

transporter 

Snf3p/Rgt2p Glucose 40g/L 

(14 h) 

Glucose 1g/L 

(6 h) 

TMB37X5 SUC2p Invertase SNF1/Mig1p Glucose 40g/L 

(14 h) 

Glucose 1g/L 

(6 h) 

TMB37X7 TPS1p Trehalose‑6‑phosphate 

synthase 

cAMP/PKA Glucose 40g/L 

(14 h) 

Glucose 1g/L 

(6 h) 

TMB37X8 TPS2p Trehalose-6-phosphate 

phosphatase 

cAMP/PKA Glucose 40g/L 

(14 h) 

Glucose 1g/L 

(6 h) 

TMB37X9 TEF4p Translation elongation factor cAMP/PKA EtOH 3% (v/v) 

(26 h) 

Glucose 40g/L 

(6 h) 
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