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h Department of Bioengineering, Instituto Superior Técnico, Universidade de Lisboa, Av. Rovisco Pais, 1049-001, Lisbon, Portugal   

A R T I C L E  I N F O   

Keywords: 
Saccharomyces cerevisiae 
D-galacturonic acid 
Glycerol 
Ethanol 
Pectin-rich biomass 

A B S T R A C T   

Pectin-rich plant biomass residues represent underutilized feedstocks for industrial biotechnology. The conver-
sion of the oxidized monomer D-galacturonic acid (D-GalUA) to highly reduced fermentation products such as 
alcohols is impossible due to the lack of electrons. The reduced compound glycerol has therefore been considered 
an optimal co-substrate, and a cell factory able to efficiently co-ferment these two carbon sources is in demand. 
Here, we inserted the fungal D-GalUA pathway in a strain of the yeast S. cerevisiae previously equipped with an 
NAD-dependent glycerol catabolic pathway. The constructed strain was able to consume D-GalUA with the 
highest reported maximum specific rate of 0.23 g gCDW

− 1 h− 1 in synthetic minimal medium when glycerol was 
added. By means of a 13C isotope-labelling analysis, carbon from both substrates was shown to end up in py-
ruvate. The study delivers the proof of concept for a co-fermentation of the two ‘respiratory’ carbon sources to 
ethanol and demonstrates a fast and complete consumption of D-GalUA in crude sugar beet pulp hydrolysate 
under aerobic conditions. The future challenge will be to achieve co-fermentation under industrial, quasi- 
anaerobic conditions.   

1. Introduction 

Sustainability envisions a finely balanced integration of economic 
success, resource availability and affordability, based on environment- 
friendly practices. It has become clear that our current ‘take-make- 
dispose’ production pattern has to be replaced by a circular economy 
model (Geisendorf and Pietrulla, 2018; Merli et al., 2018). Using feed-
stocks obtained from biomass-derived agro-industrial waste streams as 
raw materials for the production of chemicals and fuels can significantly 
contribute to this concept (Tripathi et al., 2019). The use of biocatalysts, 
such as enzymes and cells, allows operations close to ambient 

temperatures and pressures in an aqueous environment, without the 
production of toxic waste (Burk and van Dien, 2016). Moreover, the 
development of novel tailor-made bioprocesses supported by synthetic 
biology and metabolic engineering lies at the forefront of the current 
advances in industrial biotechnology (“Expanding biocatalysis for a 
sustainable future,” 2020; Nielsen and Keasling, 2016). 

Lignocellulosic biomass residues such as corn stover or wheat straw 
have received much attention as second-generation feedstocks for in-
dustrial biotechnology. Less explored agricultural residues with high 
potential for fermentation-based production processes are pectin-rich 
biomass streams generated from the sugar industry or the processing 
of fruits and vegetables. Well-known examples are sugar beet pulp 

* Corresponding author. 
E-mail address: e.nevoigt@jacobs-university.de (E. Nevoigt).  

Contents lists available at ScienceDirect 

Metabolic Engineering 

journal homepage: www.elsevier.com/locate/meteng 

https://doi.org/10.1016/j.ymben.2021.10.001 
Received 10 June 2021; Received in revised form 8 September 2021; Accepted 1 October 2021   

mailto:e.nevoigt@jacobs-university.de
www.sciencedirect.com/science/journal/10967176
https://www.elsevier.com/locate/meteng
https://doi.org/10.1016/j.ymben.2021.10.001
https://doi.org/10.1016/j.ymben.2021.10.001
https://doi.org/10.1016/j.ymben.2021.10.001
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ymben.2021.10.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Metabolic Engineering 69 (2022) 1–14

2

(SBP), citrus processing waste (CPW), and apple pomace (Edwards and 
Doran-Peterson, 2012). These residues have a very low lignin content 
and are already partially pre-treated as the result of sugar and juice 
extraction, facilitating further processing (Berlowska et al., 2018; John 
et al., 2017). So far, these materials have been used mainly as low-value 
animal feed or ended up in landfills. 

SBP is the most abundant of the three mentioned pectin-rich agro- 
industrial by-products (Edwards and Doran-Peterson, 2012; “FAOSTAT, 
” n.d.). In Europe alone, the annual sugar beet production exceeded 150 
million tonnes for the past decade, even reaching 219 million tonnes in 
2017 (“FAOSTAT,” n.d.). As 4.6–5% of the sugar beet finally ends up in 
SBP (“Legrand, 2015. Collection les guides techniques de l’IRBAB | 
Feedipedia,” n.d.), it can be estimated that up to 11 million tonnes of this 
pectin-containing residue were produced in Europe only in 2017. 

As the polymer matrix of pectin has a complex structure, pectin-rich 
agro-industrial residues pose particular challenges with regard to hy-
drolysis and fermentation (Müller-Maatsch et al., 2016). The exact 
composition of the different biomass hydrolysates is highly dependent 
on the conditions of pre-treatment and enzymatic hydrolysis (Berlowska 
et al., 2017; Gama et al., 2015; Hamley-Bennett et al., 2016; Martins 
et al., 2020). However, D-glucose, D-galacturonic acid (D-GalUA), 
L-arabinose, and D-galactose are quantitatively the most abundant 
monomers in pectin-rich agro-industrial residues and can serve as car-
bon sources for microbial cell factories (Valk, 2020). In contrast to 
neutral sugars, D-GalUA is a weak acid that negatively impacts microbial 
growth and fermentation, particularly at low pH (Huisjes et al., 2012a; 
Martins et al., 2020). Moreover, as pectin structures are acetylated, their 
hydrolysis also releases significant amounts of another weak acid, acetic 
acid. The concentration of this potent inhibitor of microbial fermenta-
tion is higher in SBP hydrolysates compared to those derived from citrus 
processing wastes (Grohmann et al., 1999; Günan Yücel and Aksu, 
2015). 

Among potential microorganisms for the fermentation of pectin-rich 
biomass hydrolysates, the yeast S. cerevisiae is highly attractive since it 
has a relatively high natural tolerance to weak acids (Jeong et al., 2021; 
Palma et al., 2018). Apart from this, its long-term traditional use in in-
dustry, its natural capacity for efficient fermentation under anaerobic 
conditions supported by high glycolytic fluxes, as well as its extraordi-
nary accessibility for extensive genetic manipulation are other impor-
tant reasons for its popularity. Although its natural sugar spectrum is 
limited to hexose sugars, S. cerevisiae has still been a highly popular 
microorganism for fermentation of lignocellulose-based renewable re-
sources (Duwe et al., 2019). Efforts to engineer this organism for the 
fermentation of pentose sugars as well as for the co-fermentation of 
sugar mixtures present in plant biomass hydrolysates have been very 
promising even though the reported success with regard to the utiliza-
tion of L-arabinose still lags behind that of D-xylose (Cunha et al., 2019; 
Francois et al., 2020; Kwak and Jin, 2017; Wang et al., 2019; Ye et al., 
2019). In addition to broadening substrate utilization, numerous efforts 
in engineering the popular cell factory for the production of value-added 
products other than ethanol have been reported with a few processes 
already being commercialized (Borodina and Nielsen, 2014; Hong and 
Nielsen, 2012; Nevoigt, 2008). 

D-GalUA is more oxidized than neutral sugars and several microbial 

pathways exist for its catabolism (Richard and Hilditch, 2009). The 
establishment of D-GalUA utilization in S. cerevisiae has been the focus of 
several previous studies. It has not been possible to express all enzymes 
of a bacterial pathway in their active form (Huisjes et al., 2012b). 
However, the heterologous expression of enzymes constituting a fungal 
pathway resulted in marginal D-GalUA consumption (Biz et al., 2016; 
Jeong et al., 2020; Protzko et al., 2018). The latter pathway seems 
conserved among fungi able to metabolize D-GalUA (Chroumpi et al., 
2020; Protzko et al., 2019). As illustrated in Fig. 1b, the carbon enters 
the central metabolism via pyruvate and glycerol and two enzymatic 
steps require reducing equivalents in the form of NAD(P)H (Hilditch 
et al., 2007). Without the addition of an electron-donating co-substrate, 
D-GalUA catabolism via the fungal pathway seems to be inefficient. In 
fact, wild-type A. niger was only able to produce biomass very slowly in 
minimal medium with D-GalUA as the sole source of carbon and energy 
(Alazi et al., 2017). By using 13C labelled D-GalUA, marginal consump-
tion of this substrate in complex medium was proven in an engineered 
S. cerevisiae strain equipped with the fungal pathway by Biz et al. (2016) 
who used fructose as co-substrate. Protzko et al. (2018) optimized the 
D-GalUA pathway in S. cerevisiae and claimed slow utilization of D-GalUA 
in synthetic medium containing amino acids without an additional 
co-substrate. Jeong et al. (2020) used an engineered strain equipped 
with pathways for L-arabinose, D-xylose and D-GalUA utilization. Based 
on the reported volumetric rate achieved in the presence of these three 
carbon sources in complex medium (0.49 g L− 1 h− 1) and the value for 
the initial biomass concentration (25 gCDW L− 1), one can conclude the 
specific rate of D-GalUA consumption did not exceed a value of 0.02 g 
gCDW

− 1 h− 1. Thus, none of the previously reported capabilities of 
S. cerevisiae to metabolize D-GalUA has been industrially relevant. 

One reason for the low efficiency has been assumed to result from the 
fact that the constructed S. cerevisiae strains were barely able to channel 
glycerol, one of the products of the fungal D-GalUA catabolic pathway 
(Fig. 1b), into the yeast’s central carbon catabolism. In fact, two of the 
three S. cerevisiae strains used in the above-mentioned studies (Biz et al., 
2016; Protzko et al., 2018) are definitely known to either grow slowly or 
not at all in synthetic glycerol medium without amino acids and nucleic 
bases (Swinnen et al., 2013). Apart from this, switching metabolism of 
D-GalUA from respiration to fermentation has remained another un-
solved challenge. It is unclear whether D-GalUA can support alcoholic 
fermentation under aerobic conditions by overflow metabolism and 
carbon catabolite repression, i.e. characteristics well-known for the 
species S. cerevisiae when it grows in D-glucose or other hexose sugars 
(Hagman and Pǐskur, 2015). Moreover, the anaerobic conversion of 
D-GalUA to ethanol is in principle impossible due to the substrate’s 
insufficient degree of reduction. The use of a co-substrate that is more 
reduced than neutral sugars could provide a solution to the redox 
problem. In this respect, glycerol could serve as an ideal co-substrate, 
since not only does it have a higher degree of reduction (da Silva 
et al., 2009; Wendisch et al., 2011; Yazdani and Gonzalez, 2007), but 
can deliver exactly the number of electrons required for redox homeo-
stasis during fermentation of D-GalUA to ethanol. In fact, anaerobic 
co-fermentation of D-GalUA and glycerol to ethanol would allow the 
same redox balance as in the conversion of D-glucose to ethanol. One mol 
D-GalUA and 2 mol glycerol can theoretically be converted by anaerobic 
fermentation into 4 mol ethanol and 4 mol CO2 providing both a carbon 
and electron balance (Supplementary Fig. 1; Supplementary Eqs. 
(1)-(3)). 

Glycerol is a major by-product of several industries, most notably 
biodiesel production and fermentation of alcoholic beverages. In 2018 
alone, the oleochemical market had a glycerol output of 2.8 million 
tonnes, bringing a sharp drop in crude glycerol prices. This resulted in 
crude glycerol being on the verge of becoming a waste stream rather 
than a commodity (Russmayer et al., 2019). In contrast to pure glycerol, 
the glycerol resulting from biodiesel production (commonly known as 
‘crude glycerol’) contains high levels of contaminants, in particular 
methanol, soap and salts, presenting an additional challenge for its 

Abbreviations 

DHA dihydroxyacetone 
D-GalUA D-galacturonic acid 
L-GalA L-galactonate 
SBP sugar beet pulp 
CPW citrus processing waste 
CDW cell dry weight  
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industrial valorization (Kumar et al., 2019; Yang et al., 2012). Never-
theless, the successful utilization of crude glycerol as a carbon source in 
industrially relevant biotechnological processes is state of the art (Li 
et al., 2018; Russmayer et al., 2019) and despite the presence of 
growth-inhibitory compounds, yeasts are generally robust towards the 
concentrations found in this substrate (Taccari et al., 2012). 

The improvement of S. cerevisiae’s capacity to channel glycerol into 

the central carbon catabolism has been a major achievement of previous 
work in our laboratory (Ho et al., 2017, 2018; Klein et al., 2016a, 2016b; 
Swinnen et al., 2016). The resulting knowledge has been a great asset to 
embark on co-fermentation of D-GalUA and glycerol, particularly since 
we were already able to channel carbon from glycerol, previously 
considered a ‘non-fermentable’ substrate in S. cerevisiae, to the genera-
tion of fermentation products such as 1,2-propanediol (Islam et al., 

Fig. 1. Engineering of S. cerevisiae for the co-utilization of D-galacturonic acid (D-GalUA) and glycerol. a Sugar beet pulp (left over after industrial sugar extraction) is 
a biomass residue rich in pectin. Enzymatic hydrolysis releases a mixture of carbon sources among which D-GalUA is a major constituent. The composition of one 
representative hydrolysate generated in this study (H13) is shown. b Concept of co-utilizing D-GalUA and glycerol (a by-product from biodiesel production industry) 
by engineered S. cerevisiae equipped with a fungal pathway for the utilization of D-GalUA (in red) and a modified glycerol catabolism (in light green). Feeding of 
extracellular glycerol provides additional electrons from glycerol oxidation in the form of NADH. c Implementation of nine repair fragments to establish the 
expression cassettes comprising the fungal D-GalUA pathway by means of CRISPR/Cas9 in the reference strain Gly (able to utilize glycerol efficiently via an NAD- 
dependent pathway) to obtain the strain Gly/GalUA. Genes for D-GalUA utilization were derived from either Aspergillus niger (An) or Trichoderma reesei (Tr). Improved 
glycerol utilization was achieved by modifications of endogenous Saccharomyces cerevisiae (Sc) genes and the implementation of heterologous genes from Cyber-
lindnera jadinii (Cj) and Ogataea parapolymorpha (Op). AnGatA: D-GalUA transporter, AnGaaA: NAD(P)-dependent D-GalUA reductase, VenusTrLGD1: L-galactonate 
dehydratase fused to the Venus yellow fluorescent protein tag, AnGaaC: 2-keto 3-deoxy L-galactonate aldolase, AnGaaD: NADP-dependent L-glyceraldehyde reductase, 
ScSTL1: glycerol/H+ symporter, CjFPS1: aquaglyceroporin (‘glycerol facilitator’), Opgdh: NAD-dependent glycerol dehydrogenase, ScDAK1/2: dihydroxyacetone 
kinases (ScDAK1oe: overexpression of ScDAK1), ScGUT1: glycerol kinase, ScGUT2: mitochondrial FAD-dependent L-glycerol 3-phosphate dehydrogenase. 
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2017) and ethanol (Aβkamp et al., 2019). Significant ethanol formation 
from glycerol was particularly obtained when oxygen availability was 
reduced by increasing the filling volume in aerobic shake flasks 
(Aβkamp et al., 2019). Essential genetic modifications to achieve this 
were the replacement of the endogenous FAD-dependent glycerol cata-
bolic pathway (L-glycerol 3-phosphate pathway) by the so-called ‘dihy-
droxyacetone (DHA) pathway’ and the expression of a heterologous 
aquaglyceroporin, e.g. Fps1 from Cyberlindnera jadinii (Fig. 1b). Unlike 
the endogenous Stl1-mediated uptake mechanism that involves trans-
location of protons across the membrane, the alternative Fps1-route has 
been assumed to occur via a channel-like glycerol uptake that does not 
require net ATP. In addition, the DHA pathway saves all electrons from 
glycerol in the form of cytosolic NADH which is assumed to facilitate 
fermentative metabolism of glycerol. Interestingly, the respective ge-
netic modifications also improved the growth rate on glycerol. 

A yeast strain engineered with a DHA pathway/aquaglyceroporin for 
glycerol utilization has been assumed to be able to i) better connect the 
fungal D-GalUA pathway with the central carbon metabolism and ii) 
allow the supply of extra reducing power by co-feeding glycerol 
(Fig. 1b). Thus, such a strain appeared to be a highly promising starting 
point for the endeavor of the current study to approach D-GalUA/glyc-
erol co-utilization and even co-fermentation. Here, five heterologous 
expression cassettes comprising the fungal pathway for D-GalUA catab-
olism were designed by using strong ‘glycerol-active’ promoters and 
incorporated together in a single genomic location previously reported 
to result in high expression levels. This study represents an important 
milestone towards the long-term goal of pectinolytic-waste valorization 
by delivering a strain capable of a high specific D-GalUA consumption 
rate and a proof of concept for co-fermentation of D-GalUA and glycerol 
to ethanol. 

2. Results 

2.1. Engineering S. cerevisiae for D-GalUA/glycerol co-utilization 

A ‘DHA pathway strain’ of S. cerevisiae constructed before (Ho et al., 
2018) served as a baseline strain. It is a derivative of the popular labo-
ratory strain S. cerevisiae CEN.PK113-1A in which the native UBR2 allele 
has been replaced by the respective allele from strain CBS 6412-13A, a 
genetic modification crucial for establishing growth of CEN.PK strains in 
synthetic glycerol medium (Swinnen et al., 2016). Moreover, this strain 
carries the ‘DHA pathway’ for glycerol catabolism as well as a heterol-
ogous aquaglyceroporin (Fps1 ortholog) as depicted in Fig. 1b. In the 
respective study, Ho et al. (2018) tested different glycerol-active pro-
moters to control the overexpression of DAK1 (encoding a dihydroxy-
acetone kinase isoenzyme in S. cerevisiae) and the strain with the strong 
ADH2 promoter showed the highest growth rate (0.24 h− 1) in synthetic 
glycerol medium. This strain, referred to here as the Gly reference strain, 
was used to establish a fungal reductive pathway for D-GalUA catabolism 
(Fig. 1b). The individual fungal enzymes used in the current work have 
been shown to be active in S. cerevisiae in previous studies. However, 
here we selected a novel combination of the hitherto best-performing 
enzymes with the goal of improving the overall performance of the 
pathway. These enzymes are the D-GalUA reductase (GaaA) and 
L-glyceraldehyde reductase (GaaD) from A. niger (Biz et al., 2016) and 
the A. niger D-GalUA transporter (GatA), the yellow fluorescent 
protein-fused T. reesei L-galactonate dehydratase (Venus-LGD1) and the 
A. niger 2-keto 3-deoxy L-galactonate aldolase (GaaC) (Protzko et al., 
2018). The activity of the L-galactonate dehydratase has been previously 
considered rate-controlling for the D-GalUA catabolic pathway initially 
expressed in S. cerevisiae by Biz et al. (2016). Fusing the open reading 
frame of the T. reesei LGD1 to the Venus tag has been demonstrated by 
Protzko et al. (2018) to result in a 60-fold increase in specific in vitro 
enzyme activity. 

The predominant goal of the current study was to deliver a proof of 
concept for a co-fermentation of two carbon sources that are naturally 

respired in fungi. Therefore, we wanted to ensure high expression levels 
of the five fungal coding sequences in non-fermentable carbon sources 
and used promoters that are particularly strong in glycerol medium (Ho 
et al., 2018). Moreover, the unique combinations of promoters and 
terminators were meant to prevent excision of the assembled parts by 
homologous recombination. Details about the constructed expression 
cassettes and their site of integration (Flagfeldt et al., 2009) are shown in 
Fig. 1c. The resulting strain created for the co-consumption of D-GalUA 
and glycerol is referred to here as the Gly/GalUA strain. It should be 
noted that GaaA prefers NADPH as a cofactor (but can also use NADH), 
and GaaD is assumed to exclusively use NADPH (Fig. 1b) (Martens-U-
zunova and Schaap, 2008). 

2.2. Efficient D-GalUA consumption by the strain Gly/GalUA requires a 
co-substrate 

It is generally accepted that certain filamentous fungi bearing the 
common reductive D-GalUA catabolic pathway are able to utilize this 
uronic acid as the sole source of carbon in minimal medium even though 
with very low rates as mentioned in the introduction. Our constructed 
Gly/GalUA strain was equipped with enzymes/transporter from the 
filamentous fungi A. niger and T. reseei for D-GalUA metabolism and was 
optimized for glycerol utilization. The latter is considered to be relevant 
since glycerol is one of the end-products of the fungal D-GalUA pathway. 
From a fundamental point of view, it was interesting to check whether 
our strain can aerobically utilize D-GalUA as the sole source of carbon 
and energy in defined synthetic medium (SMGly) even without the 
addition of growth supplements such as nucleic bases or amino acids. As 
we assumed that D-GalUA catabolism requires a fully respiratory meta-
bolism, we chose a 10% filling volume commonly used for aerobic shake 
flask cultivations. The Gly/GalUA strain indeed seems to have consumed 
about 1.6 g L− 1 in 48 h under these conditions even without a co- 
substrate (Fig. 2). Moreover, the detected D-GalUA ‘consumption’ can 
be linked to the implemented D-GalUA transporter/pathway since the 
decrease in D-GalUA was not detected when the Gly reference strain was 
cultivated under the same conditions (Fig. 2). Still, there was no biomass 
formation at all and the data are not sufficient to dissect whether D- 
GalUA indeed ended up in the central carbon catabolism, accumulated 
inside the cells or was converted to another compound via a simple 
biotransformation. 

Next, we checked the effect of adding glycerol as an electron- 
donating co-substrate on D-GalUA catabolism in synthetic medium. 
Indeed, about 5 g L− 1 D-GalUA was utilized in less than 24 h in the 
presence of glycerol (Fig. 2). The results demonstrate for the first time 
that glycerol can serve as an efficient co-substrate for D-GalUA utiliza-
tion when using a S. cerevisiae strain with a modified glycerol 
catabolism. 

An interesting auxiliary result of the experiments shown in Fig. 2 was 
that the Gly reference strain also seemed to take up about 1.4 g L− 1 D- 
GalUA in the presence of glycerol especially at a later phase of cultiva-
tion. The results obtained with the Gly reference strain seem to be 
consistent with previous findings that i) some D-GalUA can be taken up 
by one or more endogenous uptake mechanism(s) in S. cerevisiae 
(Protzko et al., 2018; Souffriau et al., 2012) and ii) one or more 
endogenous reductase(s) in S. cerevisiae can convert D-GalUA to L-gal-
actonate (L-GalA), the first intermediate of the D-GalUA pathway (Benz 
et al., 2014). 

2.3. A maximum specific D-GalUA consumption rate of 0.23 g 
gCDW

− 1 h− 1 was achieved 

Despite glycerol being considered a purely respiratory carbon source 
in wild-type S. cerevisiae (Klein et al., 2017), we knew that DHA pathway 
strains of S. cerevisiae produce ethanol from glycerol as the sole carbon 
source, when the maximum oxygen transfer rates were reduced by 
increasing the filling volume of the employed shake flasks (Aβkamp 
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et al., 2019). Ethanol formation from glycerol is not redox-neutral, 
resulting in a surplus of electrons (Supplementary Eq. (2)). With the 
experiment shown in Fig. 3, we tested whether the catabolism of 
D-GalUA, despite being a respiratory carbon source in fungi, can serve as 
an electron sink and increases ethanol yield from glycerol in our strain 
Gly/GalUA. We used the same experimental setup as reported by 
Aβkamp et al. (2019) using 20% filling volume and the relatively high 
glycerol concentration (75 g L − 1) that has been standard in our 
laboratory. 

Without the addition of D-GalUA, both strains showed a maximum 
ethanol titer between 4 and 5 g L− 1. Despite expectations, the addition of 
D-GalUA under these cultivation conditions did not increase ethanol 
titer, but significantly reduced it in the strain that carries the fungal D- 
GalUA pathway. A closer look at the biomass production shows that it 
was delayed for this strain in the presence of D-GalUA, indicating a 
negative impact of D-GalUA uptake and/or metabolism on growth. The 
decreased initial biomass formation could have resulted in a slower 
depletion of dissolved oxygen and thus a delayed switch to respiro- 
fermentative metabolism. Moreover, it cannot be excluded that the 
mass flow through particular biochemical reactions and in vivo enzyme 
activities might have changed by the transport and metabolism of D- 
GalUA. In fact, nothing is known so far about the effect of D-GalUA on 
the central metabolism of S. cerevisiae. 

Although the expected supportive effect of D-GalUA addition on 
ethanol production could not be demonstrated in the experiment shown 
in Fig. 3, it verified the impressive capability of the Gly/GalUA strain to 
consume D-GalUA in the presence of glycerol. Although the initial 
biomass concentration was only 0.09 gCDW L− 1 in this experiment 
(Fig. 3), a volumetric consumption rate of 0.256 ± 0.029 g L− 1 h− 1 was 
obtained. An estimation of the maximum specific D-GalUA consumption 

rate resulted in a value of 0.226 ± 0.006 g gCDW
− 1 h− 1 (Supplementary 

Table 1). 

2.4. Ethanol formation from co-fermentation of D-GalUA and glycerol 

The negative impact of D-GalUA on growth of the Gly/GalUA strain 
obviously hampered the co-fermentation of D-GalUA and glycerol to 
ethanol in the previous experiment (Fig. 3). Therefore, we changed the 
experimental conditions by i) increasing the initial cell density (which 
also facilitated reaching oxygen-limited conditions), ii) pulsing the D- 
GalUA under conditions where ethanol formation from glycerol alone 
was observed and iii) increasing the D-GalUA concentration. When SMGly 
medium was inoculated with 1.7 gCDW L− 1, ethanol started to be formed 
from glycerol alone after about 24 h. At this point in time, i.e. when the 
biomass concentration had reached a value of 7.7 gCDW L− 1, D-GalUA 
was pulsed at a final concentration of 12 g L− 1. Notably, the latter D- 
GalUA concentration reflects the concentration present in our sugar beet 
pulp hydrolysate (Fig. 1a). Another reason for increasing D-GalUA con-
centration was our concern to obtain a significant difference between 
the amount of ethanol formed from glycerol plus D-GalUA versus glyc-
erol alone. The control experiment was conducted under identical con-
ditions with the same volume (2.5 mL) of water spiked to the glycerol- 
utilizing cells. Compared to the addition of water, the addition of D- 
GalUA under these conditions resulted in a significantly faster accu-
mulation of ethanol (Fig. 4). After 8 h of consuming the added D-GalUA, 
an ethanol titer of 4.4 ± 0.2 g L− 1 was detectable. In contrast, the 
ethanol titer at this time point under the control conditions (water 
addition) was only 1.3 ± 0.3 g L− 1. Biomass formation and the uptake of 
external glycerol were virtually the same in the water control and the D- 
GalUA pulse experiment. A control experiment was conducted also 

Fig. 2. Aerobic shake flask cultivations (10% filling volume) with the S. cerevisiae strain Gly/GalUA equipped with the fungal reductive pathway for D-galacturonic 
acid (D-GalUA) utilization and the corresponding baseline strain with a modified glycerol catabolism (Gly reference). Experiments were carried out in SMD-GalUA with 
and without glycerol at initial pH 5. Cells pre-grown in SMGlu were washed, inoculated at initial cell density of 1.7 gCDW L− 1 (corresponding to an OD600 of about 4) in 
flasks filled at 10% of their maximum filling volume and incubated at 200 rpm. Average values and standard deviations from three biological replicates are shown. 
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based on a D-GalUA pulse but using the Gly reference strain (Supple-
mentary Fig. 2). It showed that a strain not engineered for efficient D- 
GalUA utilization cannot produce ethanol when the uronic acid is 
pulsed. This result excludes that the mere presence of the weak acid D- 
GalUA at the tested concentration and in the reference strain caused by 
itself any switch of metabolism towards ethanol formation. The oxygen 
availability was obviously low enough to reduce respiratory capacity 
sufficiently to favor alcoholic fermentation. Still, ethanol seemed to be 
slowly consumed in a later phase of the cultivation indicating that the 
oxygen transfer into the culture was still sufficient to support ethanol 
metabolization. 

As a next step, it was of interest to test the Gly/GalUA strain under 
oxygenation levels that represent industrially relevant conditions. For 
this purpose, the spiking experiment was repeated in a different set-up 
by sealing the flasks with airlocks directly after D-GalUA addition. The 
airlocks allowed the release of carbon dioxide but prevented additional 
oxygen intake throughout the fermentation. However, virtually no 
additional biomass accumulation or glycerol consumption was observed 
under these conditions (Supplementary Fig. 3). A minimal amount (0.54 
g L− 1) of uronic acid was removed from the medium by the Gly/GalUA 
strain that contains the D-GalUA pathway. This amount was slightly 
higher when compared with the Gly reference strain under the same 
conditions and a slightly higher formation of ethanol was detected even 
though the absolute values were marginal. 

We also checked the performance of our strain under conditions in 
which the oxygen availability was reduced but the reduction was sup-
posed to be less severe compared to the use of air-locks. For this purpose, 
a relatively high initial biomass density (4.7 gCDW L− 1) was used. In the 
respective experiment, D-GalUA was added from the beginning in order 
to test whether this scenario could also result in significant ethanol 
formation as soon as the D-GalUA concentration is high which is in 

contrast to the experiment shown in Figs. 2 and 3. The results in Fig. 5 
clearly show that the strain Gly/GalUA, under these conditions, formed 
ethanol not only significantly faster, but reached a much higher titer 
compared to the Gly reference strain (6.8 ± 0.2 g L− 1 vs 0.8 ± 0.5 g L− 1 

after 19 h). The highest ethanol yields were achieved at the beginning of 
the D-GalUA consumption phase. The maximum yield that was obtained 
(at the basis of reliable ethanol titers) was 0.48 ± 0.06 C-mol C-mol-
substrates (D-GalUA+glycerol)

− 1 was calculated after 7 h of cultivation. This 
accounts for approximately 71% of the maximum theoretical yield for 
the co-fermentation of 2 mol glycerol and 1 mol D-GalUA which corre-
sponds to 0.67 C-molethanol per C-molsubstrates (Supplementary Eq. (3), 
Supplementary Fig. 1). The overall product yield of the first 19 h time 
period (D-GalUA was depleted at about 19 h) was 0.34 ± 0.01 C-molE-

thanol per C-molsubstrates which is 50.5% of the maximum theoretical 
yield. The ethanol yield declined over time, dropping significantly after 
D-GalUA was consumed,. After 48 h (i.e. when the maximum ethanol 
titer was achieved), the yield was reduced to 0.30 ± 0.01 C-molethanol 
per C-molsubstrates. 

2.5. 13C labelling and intracellular pyruvate measurements confirmed co- 
fermentation of D-GalUA and glycerol to ethanol 

The results shown in Figs. 4 and 5 strongly suggest that a co- 
fermentation of D-GalUA and glycerol is actually occurring in our Gly/ 
GalUA strain. However, one could argue that addition of D-GalUA might 
have simply caused a metabolic shift in the strain Gly/GalUA as a 
response to acid stress. In order to unambiguously prove that the ethanol 
was indeed formed from both carbon sources and not only from glycerol, 
13C tracing was realized in strain Gly/GalUA by using labelled [U–13C3]- 
glycerol. The decision for using labelled glycerol (instead of labelled D- 
GalUA) was driven by cost effectiveness. For the same reason, we 

Fig. 3. Consumption of D-GalUA and glycerol as well as formation of biomass and ethanol by the S. cerevisiae baseline strain (Gly reference utilizing glycerol via the 
aquaglyceroporin/DHA pathway) and the corresponding strain Gly/GalUA additionally equipped with the fungal reductive pathway for D-galacturonic acid (D- 
GalUA) utilization. Cells were pre-grown in SMGlu, washed, and used to inoculate SMGly medium (initial pH of 5 and supplemented with D-GalUA as indicated) with a 
biomass density of 0.09 gCDW L− 1 (corresponding to an OD600 of about 0.2). Shake flasks (20% filling volume) were incubated at 200 rpm. Average values and 
standard deviations from four biological replicates are shown. 
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reduced the initial glycerol concentration to 25 g L− 1 even though this 
resulted in a lower ethanol titer (Supplementary Fig. 4). Before addition 
of labelled glycerol and non-labelled D-GalUA, the cells were pre-grown 
in [U–12C3]-glycerol and carefully washed to ensure the removal of any 
non-labelled glycerol. Labelling patterns in pyruvate are the conse-
quence of labelled glycerol uptake and served as a proxy for ethanol 
labelling (Supplementary Fig. 5). The latter was analytically not acces-
sible. The percentage of labelled intracellular pyruvate was significantly 
reduced in the presence of D-GalUA (Fig. 6a). As the increased portion of 
non-labelled pyruvate must have resulted from D-GalUA metabolism, the 
results confirm the glycerol/D-GalUA co-fermentation. 

Using biomass samples of the [U–13C3]-glycerol experiment (Sup-
plementary Fig. 4), we also determined the dynamics of the total 
intracellular pyruvate pools of cells growing in the presence and absence 
of D-GalUA. D-GalUA consumption clearly led to a strong accumulation 
of pyruvate, which was not visible in the control experiment with 
glycerol as the sole source of carbon (Fig. 6b). 

2.6. Aerobic co-consumption of D-GalUA and glycerol in a defined 
medium containing a mixture of metabolizable carbon sources mimicking 
the composition of SBP hydrolysate 

Although the Gly/GalUA strain obviously requires further genetic 
modifications for more efficient ethanol production (see discussion), it 
utilized D-GalUA in a relatively efficient manner compared to previous 
reports (Biz et al., 2016; Jeong et al., 2020; Protzko et al., 2018). It was 
therefore of interest to check the performance of substrate consumption 

in a mixture of carbon sources. In fact, hydrolysates of pectin-rich 
biomass represent mixtures of fermentable and non-fermentable car-
bon sources. We generated a hydrolysate of SBP by treating the latter 
with a mix of commercial enzymes, Viscozyme L and Celluclast (see 
Methods). This treatment resulted in a high degree of saccharification. 
About 30% of the SBP hydrolysate was D-GalUA; the concentrations of 
the detected carbon sources are depicted in Fig. 1a. 

A fundamental question arose regarding the extent to which the 
other carbon sources present in the concentrations obtained in SBP hy-
drolysate (Fig. 1a) can also support D-GalUA consumption under aerobic 
conditions. A YNB-based defined medium was prepared that contained 
similar concentrations of D-glucose, L-arabinose, D-GalUA, D-galactose 
and acetic acid as the SBP hydrolysate H13 shown in Fig. 1a. The pH was 
adjusted to 5 and the medium is referred to here as “synthetic hydro-
lysate” (Fig. 1a). The experiment revealed that the other carbon sources 
indeed support D-GalUA utilization. However, only about half of the D- 
GalUA was consumed without glycerol, while the addition of glycerol 
allowed the complete consumption of the 9 g L− 1 D-GalUA. As expected, 
D-glucose was consumed first and rapidly (Fig. 7). It seems that the major 
part of D-GalUA was used in parallel with D-galactose, and the non- 
fermentable carbon sources such as acetic acid and/or ethanol. It can 
be concluded that the other carbon sources alone, at least at their con-
centrations present in our SBP hydrolysate do not allow the complete 
consumption of the D-GalUA present. 

Fig. 4. Effect of pulsing D-GalUA to a glycerol-utilizing culture of the S. cerevisiae strain Gly/GalUA on glycerol consumption as well as the formation of ethanol and 
biomass. The 24 h sample was the last sample taken before the pulse. The biomass density at this time point was about 7.7 gCDW L− 1. The D-GalUA pulse (by adding 
2.5 mL of a concentrated D-GalUA solution) was realized at 24.7 h (red arrow), when the strain already started to form ethanol from glycerol alone. In a control 
experiment, the same volume of deionized water (dH2O) was added. Cells were incubated at 200 rpm. Average values and standard deviations of biological qua-
druplicates are shown. 
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2.7. D-GalUA can be efficiently consumed in glycerol-supplemented SBP 
hydrolysate 

After demonstrating D-GalUA consumption of our strain in synthetic 
hydrolysate, the strain was also tested in crude SBP hydrolysate sup-
plemented with glycerol and enriched with YNB. As the presence of 
acetic acid did not seem to have a major impact at an initial pH 5 in the 
synthetic hydrolysate, we tested lower pH values (3.5 and 4.5) in the 
crude hydrolysate. In fact, the toxic effect of weak acids such as acetic 
acid and D-GalUA is known to strongly increase at pH values around and 

below their pKa (4.75 and 3.51, respectively). At pH 3.5, biomass for-
mation and the consumption of all carbon sources was indeed severely 
compromised. The consumption of D-GalUA and glycerol appeared to be 
affected most. However, the metabolization of all carbon sources, 
including D-GalUA, was fairly efficient in crude hydrolysate at an initial 
of pH 4.5 even though this pH is below the pKa of acetic acid (4.75). 
Similar to the results in synthetic hydrolysate, the relatively small 
amount of D-glucose was consumed first accompanied by some ethanol 
formation (Fig. 8). After this phase, there was a rapid decline in D-GalUA 
concentration. The maximum specific D-GalUA consumption rate in the 

Fig. 5. High cell density batch shake flask cultivations with the S. cerevisiae strain Gly/GalUA and the Gly reference strain in SMGly supplemented with 1.4% (w v− 1) 
D-GalUA at an initial pH 5 and inoculated at a cell density of 4.7 gCDW L− 1. Cells were pre-grown in SMGly (to obtain sufficient biomass and pre-adapt the cells to 
growth on glycerol). The main cultures were incubated at 200 rpm. The experiment was performed in biological duplicates. Average values and mean absolute 
deviations are shown. 

Fig. 6. Total fraction of 13C-labelled intracellular pyruvate (a) and total intracellular pyruvate accumulation (b) in a cultivation of the strain Gly/GalUA with and 
without D-GalUA addition in SMGly medium containing 30 g L− 1 [U–13C3]-labelled glycerol instead of [U–12C3]-glycerol. Pyruvate labelling is used as a proxy for 
ethanol labelling. Labelled glycerol and unlabelled D-GalUA were added at t = 0 h. Mean values and standard deviations of biological triplicates are shown. The time 
courses for the concentration of extracellular glycerol, D-GalUA, biomass and ethanol are shown in Supplementary Fig. 4. More detailed information regarding the 13C 
labelling experiment can be extracted from Supplementary Fig. 5. 
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crude medium was 0.123 g gCDW
− 1 h− 1 (Supplementary Table 1). 

We also tested the strain Gly/GalUA in SBP hydrolysate in the 
presence of crude glycerol at a concentration of about 50 g L− 1 (Sup-
plementary Fig. 6). The experimental conditions were different from 
those used in the experiments shown in Fig. 8. However, the results show 
that D-GalUA was completely used as well. The calculated D-GalUA 
consumption rate in this experiment was 0.076 ± 0.001 g gCDW h− 1 

(Supplementary Table 1). Although we do not have a direct comparison 
to pure glycerol (tested under exactly the same conditions), the negative 
effect of using crude media instead of pure D-GalUA/glycerol mixtures 
seems to be relatively small. 

3. Discussion 

It has been a long-term challenge to successfully convert D-GalUA, an 
oxidized sugar derivative abundantly present in pectin-rich biomass 
residues to valuable products. The co-fermentation of the metabolizable 
carbon sources present in SBP or citrus peel waste hydrolysates to 
ethanol or other reduced chemicals has already been considered in the 

past (Rezicó et al., 2013). However, an efficient valorization via this 
route has to take into account the fact that, from a degree of reduction 
perspective, none of the carbon sources endogenously present in pecti-
nolytic waste allow for anaerobic, redox-neutral ethanol formation. In 
contrast, the reduced compound glycerol which is a by-product from 
different industries (Russmayer et al., 2019) represents an ideal 
co-substrate. Apart from this, the addition of glycerol to hydrolysates 
from pectin-rich biomass brings about an additional advantage. It will 
increase the carbon available in the feedstock that can be converted to 
ethanol. It is generally accepted that an economically viable ethanol 
production requires an ethanol concentration of at least 5% (v v− 1) for 
the distillation process, with higher titers being more beneficial. It can 
be easily calculated that the pectin-rich residues do not account for 
sufficiently high carbon availability. Here, we focused on equipping the 
popular yeast cell factory S. cerevisiae with the ability to ferment 
D-GalUA in the presence of glycerol. 

Our current study unambiguously proves for the first time that 
ethanol formation from co-fermenting D-GalUA and glycerol is a realistic 
opportunity. In synthetic medium containing these two carbon sources 

Fig. 7. Aerobic shake flask cultivations with the S. cerevisiae strain Gly/GalUA in a defined medium mimicking the composition of sugar beet pulp (SBP) hydrolysate 
with and without the addition of glycerol. This medium is referred to as ‘synthetic SBP hydrolysate’ and contains YNBwaa and a mixture of the main carbon sources 
generally present in SBP hydrolysates such as D-glucose, D-galactose, L-arabinose, D-GalUA and acetic acid. Cells were pre-grown in YNBw/oaaGlu, inoculated at initial 
cell density of 1.82 gCDW L− 1 and incubated at 250 rpm. 

Fig. 8. Batch shake flask cultivations with the S. cerevisiae strain Gly/GalUA in crude SBP hydrolysate (endogenously containing 30 mM acetic acid) at initial pH of 
4.5 and 3.5. The SBP hydrolysate was enriched with YNBwaa. Cells were pre-grown in YNBGlu, inoculated at initial cell density of 1.82 gCDW L− 1 and incubated at 
250 rpm. 
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and by applying oxygen-limiting conditions, an ethanol yield of 0.48 ±
0.06 C-mol C-molsubstrate

− 1 was realized which is 71% of the maximum 
theoretical yield. Another important achievement of the current study is 
the remarkably high specific D-GalUA consumption rate (up to 0.23 g 
gCDW

− 1 h− 1). Compared to the previous attempts aiming at D-GalUA 
utilization by engineered S. cerevisiae, the genetic modifications sup-
porting glycerol catabolism (Ho et al., 2017, 2018) brought about by our 
baseline strain have certainly been a major prerequisite for the efficient 
D-GalUA utilization in the strain Gly/GalUA. As already mentioned, 
glycerol is one of the two central metabolites formed via the fungal 
D-GalUA pathway which need to be converted to ethanol. The modifi-
cations also allow efficient co-feeding of glycerol. 

Due to its performance, the strain constructed in the current work 
has quite interesting characteristics for the development of aerobic 
processes and the production of biomass-related products such as pro-
teins or lipids. It might also be used as a starting point to address 
fermentative processes. However, its inability to co-ferment D-GalUA 
and glycerol to high ethanol titers and yields is a major limitation of the 
current strain for ethanol production from pectin-rich residues using the 
traditional ethanol production conditions. 

Although neutral with regard to electrons, it is obvious that our Gly/ 
GalUA strain is not yet balanced in terms of co-factors. In fact, there is a 
lack of efficient enzyme variants for D-galacturonate and L-glyceralde-
hyde reductases with a preference for NADH over NADPH. It should also 
be noted that we did not consider the current scenario completely un-
promising. In fact, we do not exactly know whether i) the co-catabolism 
of glycerol and D-GalUA provides additional sources of cytosolic 
NADPH, ii) the D-galacturonate reductase (GaaA) consumes NADH or 
NADPH in vivo under the thermodynamic constraints in the current 
strain (the rate of cytosolic NADH generation is supposed to be relatively 
high in a DHA pathway strain), and iii) the multiple genetic modifica-
tions in the strain Gly/GalUA create the possibility of metabolic re-
actions that lead to the net conversion of NAD+/NADH to NADP+/ 
NADPH. Unlike bacteria, baker’s yeast does not exhibit a trans-
hydrogenase (Bakker et al., 2001). During growth on D-glucose, the 
oxidative pentose phosphate pathway (oxPPP) and the aldehyde dehy-
drogenase Ald6 are known to be the major routes of NADPH regenera-
tion in S. cerevisiae. Conversely, cells have been shown to switch to 
isocitrate dehydrogenase (Idp2) and Ald6 during growth on acetate or 
ethanol since oxPPP is the energetically unfavorable on C2 carbon 
sources (Grabowska and Chelstowska, 2003; Meaden et al., 1997; Min-
ard and McAlister-Henn, 2005). In contrast, there is virtually no infor-
mation in the literature about the major sources of cytosolic NADPH 
during growth on glycerol as the sole carbon source. Regardless, because 
the D-GalUA consumption rate was fairly high, it seems that NADPH 
must have been efficiently regenerated in our strain. We hypothesized 
the oxPPP to be the most likely route of NADPH regeneration in our 
Gly/GalUA strain when co-utilizing glycerol and D-GalUA. Indeed, 
feeding 13C glycerol allowed us to confirm this theory because it also led 
to significant labeling in the P5P (pentose 5-phosphate) m+4 pool, i.e. in 
the lumped pentose phosphate pool (see Supplementary Fig. 7). 
Together with the fact that a strain with a disrupted glucose 6-phosphate 
dehydrogenase (zwf1Δ) was not able to grow on glycerol and D-GalUA 
(data not shown), we qualify these findings as strong hints for active 
gluconeogenesis while growing on glycerol. It is plausible that the strong 
expression of the heterologous D-GalUA transporter caused a rapid up-
take of the sugar acid so that cells had to deal with a high influx of both 
glycerol and D-GalUA concomitantly. The assumed high rate of NADH 
generation in the cytosol by the DHA pathway could be a strong driving 
force for rapidly reducing the D-GalUA into L-GalA, the first intermediate 
of the fungal GalUA pathway. Nonetheless, the second reductase in the 
pathway (GaaD) is strictly NADPH dependent (Fig. 1b). If the NADPH 
was mainly generated via the oxPPP, this would require gluconeogenesis 
and a net loss of carbon due to carbon dioxide formation. Moreover, the 
net ATP gain would be lower. A more detailed metabolic flux analysis is 
required to verify this assumption. In any case, it might be a promising 

future endeavor to create a fungal D-GalUA pathway with two reductases 
that can utilize/prefer NADH as electron donor. Thus, the work of Harth 
et al. (2020) who used protein engineering to switch co-factor prefer-
ence of the first reductase in the pathway can be considered as a 
promising step in the right direction. 

Although an NADH-dependent D-GalUA catabolic pathway might 
overcome metabolic imbalances and the assumed forced detour via the 
oxPPP accompanied by net ATP loss, one still has to consider that both 
glycerol and D-GalUA are ‘non-fermentable’ as far as is known for all 
wild-type fungal organisms, i.e. central carbon metabolism is fully res-
piratory. Efficient ethanol production requires high glycolytic rates that 
result in ethanol formation. This naturally occurs in the Crabtree- 
positive yeast S. cerevisiae (even under aerobic conditions) when it 
grows on excess D-glucose (Crabtree, 1929; Thiere and Penninckx, 
2010). However, significantly decreased activities of pyruvate decar-
boxylase and alcohol dehydrogenase have been reported when 
S. cerevisiae grows on non-fermentable carbon sources (Boles and Zim-
mermann, 1993; Denis et al., 1983). The fact that these two enzymes are 
not upregulated during co-catabolism of D-GalUA/glycerol might 
explain pyruvate accumulation in the Gly/GalUA strain (Fig. 6b). 

We want to mention that we expected significantly higher ethanol 
titers and yields based on the values obtained from glycerol alone in the 
study of Aβkamp et al. (2019). However, a different strain background 
(CBS 6412-13A) was used in the respective study for the construction of 
the ‘DHA pathway strains’, and we have good reasons to believe that the 
genetic background strongly influenced the manifestation of ethanol 
formation in DHA pathway strains (unpublished data). This fact has 
been unknown at the beginning of the current study when we decided to 
use the CEN.PK derivative due to its high specific growth rate in syn-
thetic glycerol medium (Ho et al., 2018; Klein et al., 2016a). The 
establishment of the GalUA pathway in the latter baseline strain is 
pending due to a much lower transformation efficiency. 

In conclusion, the D-GalUA/(crude) glycerol co-utlization and co- 
fermentation concept presented here and the knowledge gained from 
our constructed S. cerevisiae strain Gly/GalUA holds great potential for 
developing future industrial processes using hydrolysates of pectin–rich 
agricultural residues as feedstock. The strain seems to be robust in crude 
substrate and a pH of 4.5. Apart from equipping the strain with a 
functional catabolic pathway for arabinose utilization, metabolic engi-
neering that support the switch from respiration to fermentation com-
bined with the establishment of an NADH-dependent GalUA catabolic 
pathway are suggested to be promising next steps towards the envisaged 
long-term goal of co-fermenting the carbon sources to valuable 
fermentation products. Apart from its robustness to inhibitors present in 
crude substrates, the fact that S. cerevisiae is naturally prone to 
fermentative metabolism and can grow under anaerobic conditions 
makes it a promising future endeavor. 

4. Methods 

4.1. Strains, plasmids and strain maintenance 

All strains and plasmids used in this study are listed in Supplemen-
tary Tables 2 and 3, respectively. S. cerevisiae strains were routinely 
maintained in YPD medium containing 10 g L− 1 yeast extract, 20 g L− 1 

peptone, 20 g L− 1 dextrose (15 g L− 1 agar was added for solid medium). 
If required, the medium was supplemented with nourseothricin (100 mg 
mL− 1) or hygromycin B (300 mg mL− 1) for selection purposes. E. coli 
DH5α was used for plasmid propagation; cells were routinely grown in 
lysogeny broth (LB) containing 10 g L− 1 peptone, 5 g L− 1 yeast extract 
and 10 g L− 1 NaCl (pH 7.0) supplemented with 15 g L− 1 agar for solid 
medium. For selection and maintenance of plasmid-containing cells, the 
medium was supplemented with 100 mg mL− 1 ampicillin. Cultivations 
of S. cerevisiae and E. coli were performed at 30 ֯C and 37 ֯C, respectively. 
Cultivations in liquid media were carried out using an orbital shaker at 
200 rpm unless otherwise specified. Plasmids were isolated from E. coli 
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using the GeneJET Plasmid Miniprep Kit (Thermo Fisher Scientific, 
Massachusetts, USA). 

4.2. General molecular biology techniques 

PCR primers used in the current study can be found in Supplemen-
tary Tables 4 and 5 Preparative PCRs for cloning were performed using 
Phusion® High-Fidelity DNA Polymerase (New England Biolabs, 
Frankfurt am Main, Germany) or Kappa HiFi DNA Polymerase (Roche 
Sequencing Solutions, California, USA) according to the manufacturer’s 
instructions. PCR products were purified using the GeneJET PCR puri-
fication Kit (Thermo Fisher Scientific, Massachusetts, USA). 

4.3. Genetic modifications of Saccharomyces cerevisiae 

In order to integrate the expression cassettes for the fungal GalUA 
pathway into the Gly reference strain (Supplementary Table 2) via 
CRISPR/Cas9, the strain was first transformed with the plasmid p414- 
TEF1p-Cas9-CYC1t-nat1. Eight of the nine repair fragments (I to IV 
and VI to VIIII) shown in Fig. 1c were PCR-amplified from plasmids 
shown in Supplementary Table 3 using the respective primers. Solely 
fragment V was PCR-amplified (primer pair 1328/1329) from genomic 
DNA isolated from strain CEN.PK113-7D UBR2JL1 GUT1JL1 (Supple-
mentary Table S1). All primers were provided with 5′ overhangs 
generating 40–60 bp homologous arms to sequences up and downstream 
of YPRCτ3 genomic region or to the respective adjacent fragment(s). The 
nine fragments were transferred together with the plasmid p426- 
SNR52p-gRNA.YPRCτ3-SUP4t-hphMX (Xiberras et al., 2020) into the 
S. cerevisiae strain Gly reference equipped with the plasmid-based Cas9 
expression. Transformation of S. cerevisiae with plasmids or linear 
integration cassettes was performed according to the lithium acetate – 
carrier DNA method (Gietz et al., 1995). Correct integration of all 
fragments was verified by isolating genomic DNA from transformants 
and applying diagnostic PCR using OneTaq® QuickLoad® DNA Poly-
merase and buffer according to the manufacturer’s guidelines (New 
England Biolabs, Frankfurt am Main, Germany). PCR primers were 
designed to bind upstream and downstream of the genomic integration 
site as well as within the integrated fragments/expression cassettes. Due 
to the presence of multiple cassettes, additional primers were designed 
to produce amplicons covering the junctions between the individual 
integrated fragments. 

4.4. Isolation of genomic DNA from S. cerevisiae 

Single colonies on YPD agar plates were used to isolate genomic DNA 
used as template for PCR. Approximately 50 mg of cells were suspended 
in 200 μL of TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0). Subsequently, 
300 mg of acid-washed glass beads with a diameter of 0.425–0.6 mm 
and 200 μL of a mix containing phenol, chloroform and isoamyl alcohol 
in a ratio of 25:24:1 were added. The tubes were vortexed at maximum 
speed for 2 min and centrifuged at 15700 g for 10 min according to a 
protocol modified from Hoffman and Winston (1987). For 25 µl PCR 
reactions, 1 μL of a 1:10 dilution (in dH2O) of the resulting aqueous 
phase was used as template. 

4.5. Media used for physiological characterization of engineered 
S. cerevisiae 

Three different types of media were used in the current study: i) 
defined synthetic medium according to Verduyn et al. (1992), ii) com-
plex medium based on real SBP hydrolysate and iii) defined synthetic 
medium based on YNB and mimicking the carbon source composition of 
SBP hydrolysates. The defined synthetic Verduyn medium was used with 
D-glucose (SMGlu), D-GalUA (SMD-GalUA) or with glycerol (SMGly) as the 
sole carbon source. SMGlu contained 5 g L− 1 (NH4)2SO4, 3 g L− 1 KH2PO4, 
0.5 g L− 1 MgSO4⋅7H2O, 15 mg L− 1 EDTA, 4.5 mg L− 1 ZnSO4⋅7H2O, 0.84 

mg L− 1 MnCl2⋅2H2O, 0.3 mg L− 1 CoCl2⋅6H2O, 0.3 mg L− 1 CuSO4⋅5H2O, 
0.4 mg L− 1 NaMoO4⋅2H2O, 4.5 mg L− 1 CaCl2⋅2H2O, 3 mg L− 1 FeS-
O4⋅7H2O, 1 mg L− 1 H3BO3, and 0.1 mg L− 1 KI. After heat sterilization the 
following vitamins were added: 0.05 mg L− 1 D-(+)-biotin, 1 mg L− 1 

D-pantothenic acid hemicalcium salt, 1 mg L− 1 nicotinic acid, 25 mg L− 1 

myo-inositol, 1 mg L− 1 thiamine chloride hydrochloride, 1 mg L− 1 

pyridoxine hydro-chloride, and 0.2 mg L− 1 4-aminobenzoic acid. For 
preparing SMGlu medium, 20 g L− 1 D-glucose was added and the pH was 
adjusted to 6.5 with 4 M KOH. For preparing SMGly, the (NH4)2SO4 was 
replaced with 2.27 g L− 1 of urea (CH4N2O), which contains an equiva-
lent amount of nitrogen. Moreover, D-glucose was replaced by 75 g L− 1 

(equivalent to 6% v v− 1) pure glycerol. The pH of the latter medium was 
set to 5.0 using 4 M KOH. D-GalUA was added to SMGly medium at the 
indicated concentration. For the spiking experiment, 2.5 mL D-GalUA 
was added from a filter-sterilized stock solution of 440 g L− 1 D-GalUA to 
the cultures grown in 100 mL SMGly. 

Defined media based on 6.7 g L− 1 Yeast Nitrogen Base (YNB) con-
tained amino acids (10 mg L− 1 of L-histidine, 20 mg L− 1 of DL-methionine 
and 20 mg L− 1 of DL-tryptophan) and ammonium sulfate. The defined 
synthetic hydrolysate that mimicked the carbon source composition of 
SBP hydrolysate was prepared with YNBwaa and contained D-GalUA (9 g 
L− 1), D-glucose (5 g L− 1), D-galactose (2 g L− 1), L-arabinose (9 g L− 1) and 
acetic acid (30 mM). Unless otherwise specified, the pre-cultivation 
medium for the experiments in synthetic hydrolysates contained 
YNBw/oaa supplemented with D-glucose (e.g. YNBw/oaaGlu). 

For the experiments using crude SBP hydrolysate obtained by 
enzymatic treatment (see below) and pure glycerol, the SBP hydrolysate 
was supplemented with 6.7 g L− 1 of Yeast Nitrogen Base (YNB) with 
amino acids (i.e. 10 mg L− 1 of L-histidine, 20 mg L− 1 of DL-methionine 
and 20 mg L− 1 of DL-tryptophan). In the experiments using SBP hydro-
lysate and crude glycerol, the SBP hydrolysate was supplemented with 
2.7 g L− 1 urea and crude glycerol. The crude glycerol containing 82% (w 
v− 1) glycerol was kindly provided by a biodiesel company and added to 
the medium to obtain a glycerol concentration of 50 g L− 1. The pH was 
adjusted to the indicated value using 5 M NaOH or 4 M KOH 
respectively. 

4.6. Preparation of hydrolysate from SBP 

Pressed sugar beet pulp from the 2017 sugar beet campaign was a 
kind gift from Tiense Suikerraffinadarij N.V. Raffinerie Tirlemontoise S. 
A. (Belgium). For preparation of SBP hydrolysate, a 10 L fermenter re-
action vessel was filled with 2.67 kg (wet weight) of SBP and water was 
added to a volume of 9 L. This corresponds to approximately 5.5% (w 
v− 1) total solid density. The vessel with the SBP was autoclaved (20 min, 
121 ◦C) and connected to the controller of a Biostat B fermenter 
(Sartorius, Göttingen, Germany). Enzymatic hydrolysis was started by 
addition of 5 mL Viscozyme L and 5 mL Celluclast (Sigma-Aldrich, 
Missouri, USA) and continuous stirring at 4000 rpm at 40 ◦C. Prior to 
use, the commercial enzyme preparations were deprived of low molec-
ular mass solutes by gel filtration chromatography with a PD-10 
desalting column (GE Healthcare, Chicago, USA) using 25 mM sodium 
phosphate buffer pH 6.0 as the eluent, resulting in a 1.4-fold dilution of 
the original enzyme cocktails, and were filtered with a FiltropurS PES 
0.45 μm syringe filter (Sarstedt, Nümbrecht, Germany). After 24 h, 
another 5 mL each of the Viscozyme L and Celluclast preparations was 
added followed by further incubation (40 ◦C, 4000 rpm) after which 
most of the particulate material was degraded. After centrifugation (20 
min, 5400 g) the supernatant was filtered using Whatman Folded Filters 
597½ (GE Healthcare, Chicago, USA) followed by filter-sterilization 
with a 0.2 μm Flow Bottle Top Filter (Thermo Fisher Scientific, Massa-
chusetts, USA). 

The various sugar components present in the SBP hydrolysate were 
determined after appropriate dilution with water by high performance 
anion exchange chromatography with pulsed amperometric detection 
(HPAEC-PAD) using a Dionex ICS-3000 ion chromatography system 
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equipped with a CarboPacTM PA1 column (Thermo Fisher Scientific) as 
described (Mechelke et al., 2017). Chromatography was performed at a 
constant temperature of 30 ◦C, using a linear 7.5–100 mM sodium ac-
etate gradient in 100 mM sodium hydroxide at a flow rate of 1 mL min− 1. 
Quantification of monosaccharides was done by calibration curves 
generated via separation of defined amounts of analytical grade stan-
dards purchased from Sigma-Aldrich except for L-(+)-arabinose (Carl 
Roth GmbH & Co KG, Karlsruhe, Germany) and D-(+)-GalUA (Merck 
Millipore GmbH, Düsseldorf, Germany). The concentrations of acetate, 
methanol and ethanol were measured via gas chromatography with a 
GC-2010 apparatus (Shimadzu) with flame ionization detection 
(GC-FID). The samples (1 μL) were separated using a temperature 
gradient from 50 to 250 ◦C with a Stabilwax capillary column (60 m 
length, 0.32 mm inner diameter, 0.5 μm film thickness; Restek, Penn-
sylvania, USA) and nitrogen as carrier gas. 1-propanol (0.05%) was used 
as an internal standard. The composition of the hydrolysate SBP4H13 
which was used in this study is shown in Fig. 1a. The pH of the hydro-
lysate (before adjustment) was 2.3. 

4.7. Batch shake flask cultivations 

Unless otherwise stated, the filling volume of the Erlenmeyer flasks 
was 20% and the cultures were incubated at 30 ◦C at the indicated 
shaking speed. Pre-cultivated cells were harvested by centrifugation at 
800g for 5 min and (if indicated) washed once in the main culture me-
dium or in distilled water and inoculated at the indicated initial cell 
density. 

4.8. Quantification of extracellular metabolites 

Batch cultivation derived samples were centrifuged in a micro-
centrifuge MiniSpin Plus (Eppendorf) (6700 g 3 min) and 100 μL of the 
supernatant was pipetted into high-performance liquid chromatography 
(HPLC) vials and diluted with 900 μL 50 mM H2SO4 solution. The con-
centration of D-GalUA, D-glucose, D-galactose, L-arabinose, glycerol, 
acetic acid and ethanol in each sample was determined by HPLC 
(Hitachi LabChrom Elite), using a column Aminex HPX-87H (Bio-Rad 
München, Germany) coupled with UV/visible detector (for organic 
acids) and refractive index detector (for sugars and ethanol). The 
retention times for D-GalUA, D-glucose, D-galactose, L-arabinose, glyc-
erol, acetic acid and ethanol were 8.2, 9, 9.6, 10.3, 13.4, 14.4 and 21.3 
min respectively. Elution of the compounds was performed with 5 mM 
H2SO4 at a flow rate of 0.6 mL min− 1 for 30 min. Column temperature 
was set to 65 ◦C. Concentrations of metabolites were calculated using 
calibration curves for each compound. 

4.9. 13C labelling experiment and sample processing for intracellular 
metabolome analysis 

S. cerevisiae Gly/GalUA was grown in SMGly medium. Pre-cultures 
were expanded in shake flask at 30 ◦C, 200 rpm and a starting pH of 
5.0 with initial biomass density of 0.9–1 gCDW L− 1 from 5 mL working 
volume to 100 mL working volume. Before performing the isotopic 
tracer study, cells were cultivated with initial glycerol concentration 
(non-labelled) of 75 g L− 1. Cells were harvested by centrifugation (5 
min, 4 ◦C, and 8000 g) and subsequently washed with isotonic 0.9% (w 
v− 1) sodium chloride solution to remove residual non-labelled glycerol. 
Next, defined cell amounts were resuspended in a modified minimal 
media with 30 g L− 1 [U–13C3]-glycerol (Euroisotope, Saarbrücken, 
Germany) only (reference culture) or 30 g L− 1 [U–13C3]-glycerol and 12 
g L− 1 [U–12C6]-ᴅ-GalUA as carbon source(s). After the transfer, the 
cultures yielded an initial biomass concentration of 5.5–6.5 gDW L− 1. 
The cultivation conditions for carbon labelling experiments are exactly 
the same as the precultures: 30 ◦C temperature, 200 rpm shaking speed, 
and 20% of cultures working volume. 

Samples for intracellular pyruvate quantification (2 mL cell 

suspension, 10–15 mg of total CDW) were drawn aseptically from three 
biological replicates (n = 3) and quenched immediately by injection in 5 
mL precooled methanol (− 70 ◦C) according to Canelas et al. (2009). 
Sampling intervals were successively prolonged from 15 min within the 
first hour to 1 h, 2 h, and 24 h to capture the fast 13C labelling dynamics. 
Cell pellets were collected by centrifugation (1000 g at − 11 ◦C for 10 
min) and quenching supernatants were carefully discarded. Remaining 
pellets were washed again with 5 mL precooled methanol (− 70 ◦C). 
After addition of L-Norvaline as internal standard, the cell pellets were 
temporarily stored at − 70 ◦C. The enzymatic inactivation of samples and 
preparation of intracellular extracts were performed using a cold 
extraction approach according to the methodology by Patil et al. (2021). 
Prior to extraction, a certain amount of 50% (v v− 1) MeOH/H2O pre-
cooled at − 20 ◦C was added to each sample to achieve a constant 
biomass concentration (50 gCDW L− 1) in the final extraction suspension. 
Cell pellets were resuspended by rotational vortexing (~1 min) and 
chilling in a cooled cryostat (− 40 ◦C) to achieve homogenous suspen-
sions with a temperature below − 20 ◦C. Next, an equivoluminal amount 
of chloroform (precooled at − 20 ◦C) was added and the extraction was 
performed with rotary overhead-shaker for 1 h at − 20 ◦C and 1 h at 
room temperature. The remaining cell debris and chloroform were 
separated via centrifugation (1000 g at 4 ◦C for 10 min). and the upper 
aqueous methanol phase (polar metabolites) was isolated and stored at 
− 70 ◦C for further analysis. 

4.10. LC-MS based quantification and 13C labelling analysis of 
intracellular pyruvate pools 

Targeted metabolome analyses of intracellular extracts were based 
on former HILIC-ESI-MS/MS studies (Feith et al., 2019; Teleki et al., 
2015) using an Agilent 6410B Triple-Quad LC-MS/MS platform with an 
electrospray ion (ESI) source. System control, acquisition and analysis of 
data were performed by usage of commercial MassHunter B.06.00 
software. Measurement of pyruvate isotopologues was performed using 
a protocol established by Junghans et al. (2019). Cell extracts containing 
pyruvate were derivatized with phenylhydrazine as described by Zim-
mermann et al. (2014). Mass isotopomers were analyzed using an Agi-
lent 1200 HPLC system based on a bicratic ion-pair RPLC method 
(Hypersil™ BDS C18 column 15 cm × 4.6 mm, 3 μm equipped with a 
Hypersil™ BDS guard column 10 × 4 mm, 5 μm). Analysis was con-
ducted with selected ion monitoring (SIM) mode using pre-optimized 
precursor ion transition (0.3 u) with adapted MS parameters and ESI 
conditions (Feith et al., 2019). Absolute quantification of pyruvate pools 
was performed using a spiking method for selected samples with 
external standards. 
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