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Abstract 

Our la borator y pr eviousl y esta b lished v ariants of the Sacchar om yces cer evisiae str ain CEN.PK113-1A a b le to gr ow in synthetic gl ycer ol 
medium. One approach focused on improving the endogenous l-glycerol-3-phosphate (G3P) pathway, while a second approach aimed 

to r e place the endogenous pathw a y with the dih ydr oxyacetone (DHA) pathw ay. The latter appr oach led to a significantl y higher max- 
imum specific growth rate ( μmax ) of 0.26 h 

−1 compared to 0.14 h 

−1 . The current study focused on combining all genetic modifications 
in one strain. Apart from the so-called “TWO pathway strain” (CEN TWO PW 

), two isogenic control strains, CEN G3P PW 

and CEN DHA PW 

, 
were constructed. The μmax of CEN TWO PW 

( ∼0.24 h 

−1 ) was virtually identical to that of CEN DHA PW 

. Remarkable c har acteristics of 
the strain CEN TWO PW 

compared to CEN DHA PW 

include a higher specific gl ycer ol consumption r ate , the capacity to de plete gl ycer ol 
completely, and a much higher ethanol and lower biomass formation during oxygen-limited shake flask culti v ations. The r esults ob- 
tained with different alleles of the GUT1 gene, encoding for gl ycer ol kinase, suggest that the phenotype of the strain CEN TWO PW 

is 
at least partly attributed to the particular point mutation in the GUT1 allele used from the strain JL1, which w as pr eviousl y generated 

thr ough adapti v e la borator y ev olution. 

Ke yw ords: baker’s yeast; metabolic engineering; glycerol; G3P pathway; DHA pathway; GUT1 
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Introduction 

Gl ycer ol offers se v er al adv anta ges as a feedstoc k for industrial 
biotechnology when compared to sugars. First, its liquid form 

minimizes dilution effects e v en when feeding at high concentra- 
tions throughout fermentation. Second, its higher degree of re- 
duction per carbon atom allows for higher maximum theoretical 
yields of target molecules whose formation requires additional 
electr ons (Clombur g and Gonzalez 2013 ). Mor eov er, gl ycer ol en- 
ables electr on-neutr al co-fermentation of oxidized substrates , e .g.
carbon dioxide (Steiger et al. 2017 ) and galacturonic acid (Perpelea 
et al. 2022 ). 

Gl ycer ol is an a gricultur al by-pr oduct mainl y gener ated in 

oil-plant biorefineries and in the biodiesel, oleochemical, and 

bioethanol industries (Russmayer et al. 2019 ). T he a v ailable gl yc- 
erol has mainly been generated due to the growth of the biodiesel 
industry (Yang et al. 2012 ). The potential application of engi- 
neer ed micr oor ganisms for lipid pr oduction in the biodiesel in- 
dustry could offer e v en mor e sustainable sources of gl ycer ol in 

the future (Hu et al. 2016 ). The latter is particularly interesting if 
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as mixtures of CO, CO 2 , and H 2 are used as microbial substrates
Takors et al. 2018 ). 

Gl ycer ol can natur all y be used by man y yeast species as the
ole source of carbon and energy (Kurtzman et al. 2011 ). How-
 v er, most str ains of Sacc harom yces cerevisiae ar e either unable to
row in synthetic glycerol medium (SMG) or show a r elativ el y low
axim um specific gr owth r ate ( μmax ) (Swinnen et al. 2013 , Ho et

l. 2017 ). Ne v ertheless, our labor atory has successfull y ov ercome
he complete inability of the popular laboratory S. cerevisiae strain
EN.PK113-1A to utilize gl ycer ol in synthetic medium. Differ ent
tr ain v ariants hav e been constructed, whic h can be gr ouped
nto two major classes. One group exclusively contains modifi- 
ations of endogenous genes, leading to gl ycer ol metabolism via
he endogenous flavin adenine din ucleotide (FAD)-de pendent l -
l ycer ol-3-phosphate pathway (“G3P pathwa y”). T he second group
as constructed under the premise of making gl ycer ol utilization
icotinamide adenine dinucleotide (NAD)-dependent via an alter- 
ative pathway, the dihydroxyacetone (DHA) pathway, by express- 

ng a heterologous glycerol dehydrogenase, increasing the activity 
 is an Open Access article distributed under the terms of the Cr eati v e 
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f the endogenous DHA kinase, and abolishing the endogenous
3P pathway . Notably , the DHA pathway a ppr oac h r esulted in sig-
ificantly higher specific growth rates . T he best-performing vari-
nts of each approach are shown in Fig. 1 A and B. The following
ar a gr a phs pr ovide mor e details about the genetic modifications
nd strain construction history since they are relevant for the cur-
ent study. 

Wild-type S. cerevisiae strains contain the genes required for the
 -gl ycer ol-3-phosphate (L-G3P) pathway. Gl ycer ol uptake is medi-
ted by a gl ycer ol/H 

+ symporter encoded by STL1 (Ferr eir a et al.
005 ), and gl ycer ol is phosphorylated by an ATP-dependent gl yc-
rol kinase encoded by GUT1 (Spr a gue and Cr onan 1977 , P avlik
t al. 1993 ) . The resulting L-G3P is then oxidized by an FAD-
ependent gl ycer ol dehydr ogenase encoded by GUT2 (Spr a gue
nd Cronan 1977 , Rønnow and Kielland-Brandt 1993 ) to the gly-
olytic intermediate dihydroxyacetone phosphate (DHAP). Gut2
s located at the outer surface of the inner mitochondrial mem-
r ane, c hanneling the electrons via FADH 2 to the ubiquinone pool
f the r espir atory c hain. Despite having the genes for the “G3P
athway”, many common laboratory wild-type S. cerevisiae strains

including the CEN.PK family) do not grow at all when glycerol is
he sole source of carbon in synthetic medium in which amino
cid/nucleic base supplements are omitted (Swinnen et al. 2013 ).
o w e v er, the same study r e v ealed a fe w natur al S. cerevisiae iso-

ates, including the strain CBS 6412, that can grow under these
onditions . T her efor e, one r oute to w ar d an impr ov ed v ariant of
he strain CEN.PK113-1A was to unr av el the crucial genetic deter-

inants for the superior growth phenotype of the strain CBS 6412,
or e pr ecisel y the ha ploid segr egant CBS 6412-13A. Successful

uantitativ e tr ait loci (QTL) ma pping and allele r eplacement iden-
ified superior mutations in GUT1 and UBR2 , and the r espectiv e
lleles wer e r eferr ed to as GUT1 CBS and UBR2 CBS (Swinnen et al.
016 ). The UBR2 gene encodes a ubiquitin ligase functioning in the
biquitin proteasome system of S. cerevisiae (Finley et al. 2012 ), but

ts r ele v ance for gl ycer ol utilization has r emained unclear. The r el-
 v ance of the GUT1 CBS and UBR2 CBS resulted in growth on glycerol
n synthetic medium. 

In par allel, ada ptiv e labor atory e v olution (ALE) w as used to ob-
ain CEN.PK113-1A variants that can grow in SMG as shown by
choa-Estopier et al. ( 2011 ). We analyzed the evolved strain JL1 by
hole-genome sequencing. Inter estingl y, the data r e v ealed single
ucleotide pol ymor phisms in GUT1 and UBR2 , although the SNPs
er e differ ent fr om those in CBS 6412-13A (Swinnen et al. 2016 ).
he alleles have been referred to as GUT1 JL1 and UBR2 JL1 , and the
ombination of the two allele replacements in the CEN.PK113-1A
ac kgr ound r esulted in a maxim um specific gr owth r ate of 0.13
 

−1 . Ho et al. ( 2017 ) also tested combinations between the superior
lleles obtained from CBS 6412-13A and JL1. The best-performing
train, showing a slightly higher μmax of 0.14 h 

1 , has been named
EN.PK113-1A UBR2 CBS GUT1 JL1 (Fig. 1 A). It is worth noting that

he coding sequence of GUT1 CBS carries multiple amino-acid ex-
 hanges compar ed to the wild-type GUT1 allele fr om CEN.PK113-
A, while the coding sequence of GUT1 JL1 only carries a single mu-
ation (Ser118Phe), which is different from the mutations detected
n GUT1 CBS (Ho et al. 2018 ). 

This par a gr a ph will summarize our ac hie v ements when using
he second a ppr oac h, i.e. establishing the synthetic DHA pathway
s the sole gl ycer ol catabolic pathway in CEN.PK113-1A. This ap-
r oac h included the heterologous expression of Ogataea parapoly-
orpha ’s gl ycer ol dehydr ogenase ( Opgdh ) pr e viousl y c har acterized
y Yamada-Onodera et al. ( 2002 ) and the overexpression of an en-
ogenous dihydroxyacetone kinase ( DAK1 oe ). Additionally, we ex-
ressed a heterologous aquaglyceroporin (Fps1 homolog) from Cy-
erlindnera jadinii (CjFPS1) , motivated by our pr e vious finding that
he individual expression of aqua gl ycer oporins fr om v arious non-
. cerevisiae yeast species significantl y impr ov ed the gr owth of the
train CBS 6412-13A in SMG (Klein et al. 2016b ). All expression cas-
ettes were integrated in the GUT1 locus, thereby abolishing the
etabolic flux through the endogenous G3P pathway and forc-

ng gl ycer ol catabolism via the DHA pathway, whic h gener ates
ADH (reduced form of NAD) (Fig. 1 B). The highest μmax ac hie v ed
ith this a ppr oac h in SMG has been 0.26 h 

−1 . As a side note, our
ab constructed se v er al DHA pathway str ains, onl y v arying in the
umber of DAK1 expression cassettes , promoters , and genomic in-
egration sites . T he μmax of all “DHA pathwa y str ains” on gl ycer ol
iffer ed onl y slightl y fr om the r ate measur ed with the str ain orig-

nally constructed by Klein et al. ( 2016a ). 
With regard to improving the utilization of glycerol of the strain

EN.PK113-1A, ther e still r emained the unanswer ed question of
hether the simultaneous presence of the established DHA path-
ay and the impr ov ed endogenous G3P pathway could bring
bout ad ditional ad v anta ges ov er str ains that onl y exhibit the
HA pathw ay. In fact, bioprocesses w ould pr ofit fr om a higher

max and/or gl ycer ol consumption rate . T he current study there-
ore aimed at constructing a “TWO pathway strain” in the CEN.PK
ac kgr ound by combining all genetic modifications that were pre-
iously used in the two approaches to separately optimize the G3P
nd the DHA pathwa ys . Figure 1 C shows the constitution of the
train CEN TWO PW 

as well as two ne wl y constructed r efer ence
trains, CEN G3P PW 

and CEN DHA PW 

, which only differ in the path-
ays fr om gl ycer ol to DHA but are otherwise isogenic to the strain
EN TWO PW 

. 

ethods 

trains and plasmids 

ll S. cerevisiae strains used and constructed in this study are listed
n Supplementary Table S1 . Yeast cells were routinely grown at
0 ◦C on solid (static incubator) or in liquid (orbital shaking in-
ubator, 200 rpm) yeast extract peptone dextrose (YPD) medium
ontaining 10 g/l yeast extract, 20 g/l peptone, and 20 g/l glucose
with the addition of 15 g/l agar for solid medium). When needed,
hleomycin (20 mg/l), nourseothricin (100 mg/l), or hygromycin B

300 mg/l) was added to the medium for selection purposes. 
Esc heric hia coli DH5 α was used for plasmid maintenance, prop-

gation, and isolation. All plasmids used (and constructed) in this
tudy are listed in Supplementary Table S2 . Bacterial cells were
 outinel y gr own at 37 ◦C on solid (static incubator) or in liquid (or-
ital shaking incubator, 250 r pm) l ysogen y br oth (LB) containing
 g/l yeast extract, 10 g/l peptone, and 10 g/l NaCl, pH 7.5 (with
he addition of 15 g/l agar for solid medium). Plasmids were main-
ained by the addition of 100 mg/l ampicillin to the medium. 

eneral molecular biology techniques 

ol ymer ase c hain r eaction (PCR) was performed either with
husion 

® High-Fidelity DNA Pol ymer ase (when PCR pr oducts wer e
sed for cloning and sequencing) or OneTaq 

® QuickLoad 

® DNA
ol ymer ase (for diagnostic PCR), both from New England Biolabs
Ipswich, MA, USA). All primers used in this study for strain con-
truction are listed in Supplementary Table S3 . The primers used
or plasmid construction are shown in Supplementary Table S4 .
CR was carried out following the manufacturer’s guidelines. Plas-
ids were isolated from E. coli with the GeneJET Plasmid Miniprep

it (Thermo Fisher Scientific Inc., Waltham, MA, USA) following
he manufacturer’s protocol. PCR products were purified using the

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
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Figure 1. Engineering of S. cerevisiae for impr ov ed utilization of gl ycer ol via the G3P and/or the DHA pathway. While the genetically modified 
deri vati ves of the CEN.PK113-1A strain background shown in (A) and (B) have been previously published, the CEN TWO PW 

strain (which allows glycerol 
catabolism via both pathways) and the two isogenic r efer ence str ains, CEN G3P PW 

and CEN DHAPW shown in (C), have been constructed in the current 
study. The difference of the latter two and the previously published strains regards the used promoters driving expression and the used integration 
sites. Genetic modifications that led to the best-performing strain on glycerol based on the G3P pathway are shown in green. Transport and enzymatic 
reactions that have previously been engineered to construct the best-performing DHA pathway strain are shown in red. GLY, glycerol; DHA, 
dihydr oxyacetone; G3P, l -gl ycer ol-3-phosphate; DHAP, dihydr oxyacetone phosphate; STL1 , gl ycer ol/H 

+ symporter; GUT1 , gl ycer ol kinase—the GUT1 JL1 

allele was derived from the ev olved, glycerol-gro wing strain JL1 as described by Ho et al. ( 2017 ); GUT2 , mitochondrial FAD-dependent 
l -gl ycer ol-3-phosphate dehydr ogenase; CjFPS1 , aqua gl ycer oporin (“gl ycer ol facilitator”); Opgdh , NAD-dependent gl ycer ol dehydr ogenase; DAK1/2 , 
endogenous dihydroxyacetone kinase; UBR2 , ubiquitin ligase functioning in the ubiquitin proteasome system—the UBR2 CBS allele was deriv ed fr om the 
strain CBS 6412-13A and used to replace the endogenous UBR2 allele of strain CEN.PK113-13A as described by Ho et al. ( 2017 ). 
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GeneJET PCR Purification Kit (Thermo Fisher Scientific Inc.) ac- 
cording to the manufacturer’s instructions. Transformation of S. 
cerevisiae with plasmids as well as linear DNA fr a gments for ge- 
nomic integration was performed according to the pr e viousl y de- 
scribed lithium acetate method (Gietz and Schiestl 2007 ). 

Strain construction 

Strains CEN G3P PW 

, CEN DHA PW 

, and CEN TWO PW 

Supplementary Fig. S1 depicts the process of constructing the 
strains CEN G3P PW 

, CEN DHA PW 

, and CEN TWO PW 

. The construc- 
tion of the strains CEN DHA PW 

and CEN TWO PW 

has already been 
escribed in Malubhoy et al. ( 2022 ) in which the strain CEN DHA PW 

erved as a baseline for establishing SA production. The strain
EN DHA PW 

was simply obtained by deleting GUT1 JL1 in strain
EN TWO PW. In the study of Malubhoy et al. ( 2022 ), the strain CEN
WO PW 

was called UBR2 CBS -GUT1 JL1 -DHA, while CEN DHA PW 

was
alled UBR2 CBS -DHA (2). In order to better understand the con-
truction history of the three strains mentioned as relevant in the
urrent study, a short description is included here as well. The
train CEN.PK113-1A UBR2 CBS GUT1 JL1 ( Supplementary Table S1 ) 
erved as a starting point in which the expression cassettes 
or CjFPS1 , Opgdh , and DAK1 wer e integr ated at the YGLC τ3 ge-
omic locus via CRISPR/Cas9-mediated genomic integration. The 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
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0  

0  
GLC τ3 locus has been described by Bai Flagfeldt et al. ( 2009 ).
 he abo v e str ain was first tr ansformed with the plasmid p414-
EF1p-Cas9-CYC1t-natMX. The Cas9-expr essing str ain was then
o-transformed with the plasmid p426-SNR52p-gRNA.YGLC τ3-
arget-SUP4t-hphMX (for gRNA expression) and the respective re-
air fr a gments for assembl y and integr ation at the YGLC τ3 locus
s shown in Supplementary Fig. S1 . The fr a gments to be assem-
led and integrated were obtained by PCR using primers carrying
 

′ -extensions that generated regions of 52–81 bp homology either
o the adjacent fr a gments or to the genomic sequences upstream
nd downstream of the double-strand break inserted by Cas9. All
sed primer sequences, the r espectiv e amplified DNA fr a gments,
nd the used templates are shown in Supplementary Table S3 .
he TDH3 promoter (used for the assembly of the CjFPS1 ex-
ression cassette) and the ADH2 promoter (used for the assem-
ly of the DAK1 expression cassette) were both amplified from
enomic DNA isolated from the strain CEN.PK113-7D UBR2 JL1 

UT1 JL1 ( Supplementary Table S1 ). All other fr a gments wer e am-
lified from the plasmids shown in Supplementary Table S2 . Pos-

tiv e tr ansformants wer e selected on YPD a gar containing both
ourseothricin and hygromycin B. The resulting strain only car-
ying the CjFPS1 cassette in the YGLC τ3 locus was named CEN
3P PW 

, while the strain additionally carrying the cassettes for
he expression of Opgdh and DAK1 was named CEN TWO PW 

. Fol-
owing the confirmation of transformants, both Cas9 and gRNA-
ontaining plasmids wer e r emov ed via serial cultivations in YPD
edium without any antibiotic. The strain CEN DHA PW 

was then
onstructed by deleting GUT1 JL1 in the strain CEN TWO PW 

by inte-
rating the ble cassette for phleomycin resistance ( Supplementary
ig. S1 ). 

train CEN TWO PW 

gut2 �

lternative to deleting GUT1 for abolishing the flux via the L-
3P pathway (CEN TWO PW 

gut1 JL1 � corresponding to strain CEN
HA PW 

), a strain was constructed in which GUT2 was deleted and
s r eferr ed to her e as CEN TWO PW 

gut2 �. In analogy to the dele-
ion of GUT1 , GUT2 was deleted using the ble cassette amplified
rom plasmid pUG66 ( Supplementary Table S2 ) and the r espectiv e
rimers as shown in Supplementary Table S3 . 

train CEN TW O PW 

carr ying differ ent alleles of GUT1 

n order to obtain CEN TWO PW 

variants carrying different alle-
es of GUT1 , the ble resistance cassette in strain CEN DHA PW 

was
eplaced by the respective coding sequences using CRISPR/Cas9-

ediated genome editing. Initially, a plasmid for the expression of
 gRNA targeting the ble disruption cassette was constructed. For
his purpose, the 20 nt sequence in p426-SNR52pgRNA.CAN1. Y-
UP4t-hphMX ( Supplementary Table S2 ) targeting the CAN1 gene
as replaced by 20 nt targeting the ble resistance marker. The tar-

et sequence within the ble coding sequence was selected using
he CRISPRdirect online tool developed by Naito et al. ( 2015 ). First,
wo ov erla pping PCR pr oducts of the gRNA expr ession cassette
er e gener ated using p426-SNR52p-gRNA.CAN1. Y-SUP4t-hphMX
s a template and the primers shown in Supplementary Table S4 .
he vector was cleaved using Pvu II to r emov e the original gRNA
xpression cassette, and the vector backbone was subsequently
urified from an agarose gel. The ov erla pping PCR fr a gments and
he purified vector backbone were subsequently assembled ac-
ording to Gibson et al. ( 2009 ). The one-step isothermal DNA as-
embl y r eaction was pr epar ed as described by Gibson et al. ( 2009 ),
ontaining 15 μl of the r ea gent-enzyme mix, 0.05 pmol of Pvu II-
inearized vector, and three-fold molar excess of the inserts (each
.15 pmol) in a final volume of 20 μl. The r eaction mixtur e was
ncubated at 50 ◦C for 1 h. Esc heric hia coli DH5 α cells were trans-
ormed with 5 μl of the reaction. The resulting vector was named
426-SNR52p-gRNA.ble-SUP4t-hphMX. 

For replacement of the ble resistance marker by the differ-
nt GUT1 alleles (i.e. different coding sequences), the strain
EN DHA PW 

was first transformed with p414-TEF1p-Cas9-CYC1t-
atMX. The GUT1 CBS coding sequence was amplified from ge-
omic DNA isolated from CBS 6412-13A, and the GUT1 JL1 cod-

ng sequence was amplified from strain CEN.PK113-1A UBR2 JL1 

UT1 JL1 . The used primers ( Supplementary Table S3 ) contained
 

′ -extensions generating 40–60 bp sequences homologous to re-
ions dir ectl y upstr eam and downstr eam of the inserted ble re-
istance marker. The hybrid variant ( GUT1 hybrid ) combining the
ingle point mutations from both GUT1 CBS and GUT1 JL1 was ob-
ained by generating two ov erla pping PCR pr oducts using genomic
NA from CBS 6412-13A as a template . T he used primers were de-

igned in a way that the ov erla p of the two PCR products contained
he nucleotide exc hange, intr oducing the single point mutation
rom GUT1 JL1 into the coding sequence after assembly and inte-
ration at the GUT1 locus and replacing the ble resistance marker
 Supplementary Fig. S2 ). The Cas9-expr essing CEN DHA PW 

str ain
as co-transformed with p426-SNR52p-gRNA.ble-SUP4t-hphMX

or gRNA expression and the fr a gments of the GUT1 coding se-
uences, r esulting in assembl y and integr ation at the target lo-
us, replacing the ble resistance marker, and restoring the GUT1
ene . P ositiv e tr ansformants wer e selected on YPD a gar contain-
ng both nourseothricin and hygromycin B. Both v ectors wer e sub-
equentl y r emov ed fr om the r esulting clones by serial transfers in
PD medium lacking the respective antibiotics. 

erification of genomic modifications 

ll modifications of c hr omosomal DN A w er e v erified by isolating
enomic DN A follo w ed b y diagnostic PCR. Yeast genomic DN A w as
solated using PCI (phenol-c hlor oform-isoamyl alcohol mixed in a
atio of 25:24:1) according to the protocol from Hoffman and Win-
ton ( 1987 ), which was slightly modified. Approximately 50 mg of
ells (w et w eight) w er e r esuspended in 200 μl of TE buffer (10 mM
ris, 1 mM EDTA, pH 8) together with 0.3 g of acid-washed beads
0.425–0.6 mm). To this mixture, 200 μl of PCI were added, and the
ubes w ere v ortexed at maximum speed for 2 min. The tubes were
entrifuged at 15,700 g for 10 min, and the upper phase contain-
ng the genomic DN A w as dir ectl y used for dia gnostic PCR. Specif-
cally, 1 μl of a 1:20 dilution (in ddH 2 O), served as a template for a
CR of a total volume of 25 μl. Primers were designed where one
inds outside the integration locus and the other one within the

ntegr ated fr a gments. When se v er al fr a gments wer e integr ated,
rimers were also designed to amplify across the junctions be-
ween the integrated fragments . T he relevant genetic modifica-
ions in all new constructs were also confirmed using Sanger se-
uencing. 

edia and growth conditions 

ll experiments conducted for the physiological c har acteriza-
ion of the constructed S. cerevisiae strains were performed in
ynthetic medium pr epar ed according to Verduyn et al. ( 1992 ).
o w e v er, ther e hav e been v ariations with r egards to the carbon

ource, the nitrogen source, and the pH as indicated. Synthetic
edium with glucose as a carbon source and ammonium sul-

ate as a nitrogen source (SMD) contained per liter: 5 g (NH 4 ) 2 SO 4 ,
 g KH 2 PO 4 , 0.5 g MgSO 4 ·7H 2 O , 15 mg EDT A, 4.5 mg ZnSO 4 ·7H 2 O,
.84 mg MnCl 2 ·2H 2 O, 0.3 mg CoCl 2 ·6H 2 O, 0.3 mg CuSO 4 ·5H 2 O,
.4 mg NaMoO 4 ·2H 2 O, 4.5 mg CaCl 2 ·2H 2 O, 3 mg FeSO 4 ·7H 2 O, 1 mg

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data


Perpelea et al. | 5 

 

 

 

 

 

 

(  

i  

T  

m

M
C  

M
s  

a  

e
r  

(  

a  

1
(  

g  

r  

(  

i  

a

R
V  

l  

d  

a
i  

t  

s  

a

R
C
C
p
c
T
S  

s  

g
r  

I  

U  

s  

c  

O
w  

G

M
G
T  

T
i  

a  

μ
a  

a
o  
H 3 BO 3 , and 0.1 mg KI. The pH of the resulting solution was set to 
6.5 using 4 M KOH. After heat sterilization, stock solutions for glu- 
cose and vitamins were added, resulting in final concentrations of 
20 g/l for glucose and 0.05 mg/l d -( + )-biotin, 1 mg/l d -pantothenic 
acid hemicalcium salt, 1 mg/l nicotinic acid, 25 mg/myo-inositol,
1 mg/l thiamine chloride hydrochloride, 1 mg/l pyridoxine hy- 
dr oc hloride, and 0.2 mg/l 4-aminobenzoic acid. Synthetic medium 

with gl ycer ol (7.5% w/v pur e gl ycer ol) contained 2.27 g/l of ur ea 
(SMG) as the sole nitrogen source . T he pH of gl ycer ol-containing 
media was set to either 4 or 5 using 2 M H 3 PO 4 or 4 M KOH, re- 
spectiv el y. 

Determination of maximum specific growth rates was carried 

out b y gro wing the strains in the Growth Profiler CR9001 (En- 
zyscreen, Haarlem, The Netherlands) using a protocol adapted 

from Swinnen et al. ( 2013 ). Single colonies were used to inoculate 
3 ml SMD in 10 ml glass tubes . T he tubes were placed at an in- 
cline (30 ◦) into an orbital shaker, and cells were grown at 200 rpm 

and 30 ◦C overnight. A 4 ml intermediate culture in SMD was in- 
oculated to an initial OD 600 of 0.2 and cultivated for 24 h under 
the same conditions. Of the r esulting cultur e, 1 ml was harv ested 

and washed once in the main culture medium (SMG, pH 5). One 
washing step consisted of centrifuging 1 ml of culture (854 × g 
for 5 min), removing the supernatant, and resuspending the cells 
in an equivalent volume of main culture medium. After an ad- 
ditional centrifugation step (854 × g for 7 min), the washed cells 
wer e r esuspended in 1 ml SMG, and an a ppr opriate amount was 
used to inoculate a 4 ml main culture to an OD 600 of 0.2. From this 
culture, two 750 μl aliquots were transferred into 24-well plates 
(White Krystal 24-Well clear bottom microplate , P orvair Sciences ,
Leatherhead, UK) and allo w ed to gro w in the Gr owth Pr ofiler at 
30 ◦C and 200 r pm, wher e the plates wer e scanned at 30-min in- 
tervals . T he Green Values (G-value) automatically extracted from 

the scans were correlated to OD 600 values (Analytik Jena SPECORD 

200 UV/VIS spectrophotometer) using the calibration curve 
below. 

OD 600 = 0 . 0144926245902538 × G − value 

+0 . 000148778009435622 × G − valu e 2 . 17758952130659 

Pre- and intermediate cultures for the experiments conducted 

in shake flasks follo w ed the pr ecultiv ation str ategy described for 
the Gr owth Pr ofiler, with the mention that the volumes of the pre- 
and intermediate cultures were increased to 5 and 15 ml, respec- 
tiv el y. The main cultur es wer e carried out in 500 ml Erlenmeyer 
flasks filled with 100 ml SMG pH 4 inoculated at an OD 600 of 0.2.
Cultur es wer e incubated on an orbital shaker at 30 ◦C, 200 r pm.
Samples (1 ml) were taken for OD 600 measurement and high- 
performance liquid c hr omatogr a phy (HPLC) anal ysis at r egular in- 
tervals. 

All experiments for str ain c har acterization in bioreactors were 
performed in a 2-l bioreactor (BIOST A T 

® A plus, Sartorius Stedim 

Biotec h GmbH, Goettingen, German y) equipped with a Visiferm 

DO ECS 225 probe for pO 2 measurement (Hamilton Bonaduz A G ,
Bonaduz, Switzerland). The pr ecultur es wer e pr epar ed using 5 ml 
of SMD following the aforementioned procedure, while interme- 
diate cultures were prepared in 50 ml of SMG (pH 4). Cells from 

the intermediate culture were harvested during the exponential 
growth phase and used to inoculate 1 l of SMG in the bioreac- 
tors at an initial OD of 1.0. To support the formation of higher 
biomass concentrations, the concentrations of vitamins and trace 
elements were doubled. The culture pH was maintained at 4.0,
and the temper atur e was contr olled at 30 ◦C. Dissolv ed oxygen 
DO) le v els wer e maintained abov e 30% satur ation by modulat-
ng the air flow rate and stirring speed to avoid oxygen limitation.
he cell dry weight was determined at regular intervals using a
ethod adapted from Signori et al. ( 2016 ). 

etabolite analysis 

ulture samples of 1 ml volume were filtered using a 0.22 μm
iniSart RC membrane filter (Sartorius, Göttingen, Germany) and 

ubjected to HPLC to determine the concentrations of gl ycer ol
nd ethanol. The Waters HPLC system (Esc hborn, German y) was
quipped with an Aminex HPX-87H cation exchange column (Bio- 
 ad, Munic h, German y) linked to a r efr activ e index (RI) detector
Waters 2412). The column and detector were maintained at 45 ◦C
nd 30 ◦C, r espectiv el y. During the anal ysis, samples wer e k e pt at
5 ◦C and 20 μl aliquots were run for 30 min using 5 mM H 2 SO 4 

0.6 ml/min) as mobile phase. Under the described conditions,
l ycer ol and ethanol sho w ed a retention time of ∼14 and 21 min,
 espectiv el y. The data wer e pr ocessed using the Breeze 2 software
Waters). Quantitativ e anal ysis was based on standards contain-
ng gl ycer ol and ethanol in incr easing concentr ations (1–100 g/l
nd 0.3–30 g/l). 

ate and yield calculations 

olumetric and specific gl ycer ol consumption rates were calcu-
ated for 1-h time intervals, based on a curve fit to the available
ata in a way that minimizes the discrepanc y betw een calculated
nd determined values. Biomass yields were calculated by divid- 
ng the biomass formed (in Cmol) by the gl ycer ol consumed up
o the r espectiv e time point. For shake flask experiments, mea-
ur ed OD 600 v alues wer e conv erted to cell dry weight (CDW) using
 standard curve. 

esults 

onstruction of three isogenic S. cerevisiae 
EN.PK113-1A deriv a tives containing the G3P 

athway, the DHA pathway, or both for glycerol 
atabolism 

he strain CEN.PK113-1A UBR2 CBS GUT1 JL1 ( Supplementary Table 
1 ) was used as the parental strain for constructing the three
trains shown in Fig. 1 C. The detailed construction history and
enetic constitution of the strains are explained in the “Mate- 
ial and Methods” section and shown in Supplementary Fig. S1 .
n brief, the first step was to equip the strain CEN.PK113-1A
BR2 CBS GUT1 JL1 with a CjFPS1 expression cassette, resulting in the
train CEN G3P PW 

. In parallel, the isogenic strain CEN TWO PW 

was
onstructed by integrating the expression cassettes for CjFPS1 ,
pgdh , and DAK1 into the parental strain. The strain CEN DHA PW 

as constructed by deleting the GUT1 gene (more precisely, the
UT1 JL1 allele) in the strain CEN TWO PW 

. 

aximum specific growth rates measured in the 

r owth Pr ofiler 
he three constructed strains, CEN G3P PW 

, CEN DHA PW 

, and CEN
WO PW 

(Fig. 1 C), wer e first c har acterized with r egard to their μmax 

n SMG using the Growth Profiler as described in the “Material
nd Methods” section. The data shown in Fig. 2 r e v eal that a high

max around 0.25 h 

−1 was only observed in the strains CEN DHA PW 

nd CEN TWO PW 

, i.e. when the DHA pathway was present either
lone or together with the G3P pathwa y. T he strain CEN G3P PW 

nly sho w ed a μmax of about 0.05 h 

−1 . One has to consider that

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
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Figure 2. Maximum specific growth rates ( μmax ) of three isogenic S. 
cerevisiae strains exhibiting different glycerol catabolic pathwa ys . T he 
CEN TWO PW 

strain contains all genetic modifications leading to (i) an 
optimized version of the endogenous G3P pathway, (ii) the synthetic 
NADH-delivering DHA pathway, and (iii) the aqua gl ycer oporin fr om C. 
jadinii ( CjFPS1 ). The two isogenic control strains both contain CjFPS1 and 
the optimized version of the endogenous G3P pathway (CEN G3P PW 

) or 
the synthetic NADH-delivering DHA pathway (CEN DHA PW 

). The 
experiments were conducted in synthetic medium with glycerol as the 
carbon source (SMG) and urea as the nitrogen source (pH 5). The 
depicted data are average values and standard deviations derived from 

four biological replicates. 
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he specific growth rates measured in the Growth Profiler reached
heir maximum at the very beginning of exponential growth, i.e.
hen cell densities were low and oxygenation was supposed to be
ptimal. 

har acteriza tion of the strains CEN DHA PW 

and 

EN TWO PW 

in shake flask cultiv a tions 

s a next step, the two fast-gr owing str ains, CEN DHA PW 

and
EN TWO PW 

, were tested in conventional shake flasks in which
xygen is known to become a growth-limiting factor as soon
s higher cell densities are reached. We used 20% filling vol-
me (see Material and Methods) since this condition has been
nown to cause a switch from respiratory to respiro-fermentative
etabolism in our S. cerevisiae str ains, whic h exclusiv el y use

he DHA pathway for gl ycer ol catabolism (Aßkamp et al. 2019 ).
ndeed, a r espectiv e CEN.PK113-1A deriv ativ e pr oduced up to
bout 5 g/l ethanol from glycerol under these conditions (Per-
elea et al. 2022 ). Accordingl y, the str ain CEN DHA PW 

con-
tructed in the current study also reached a maximum ethanol
iter of 3.6 g/l (Fig. 3 A). Inter estingl y, the ethanol formation
f the strain CEN TWO PW 

was considerably higher; the maxi-
um ethanol titer reached about 19 g/l (Fig. 3 A). The maximum

thanol yield was increased more than four-fold (0.468 ± 0.008
n CEN TWO PW 

versus 0.113 ± 0.006 Cmol ethanol /Cmol gl ycer ol in
EN DHA PW 

). The high ethanol production in the strain CEN
WO PW 

w as accompanied b y a significantly lo w er biomass titer
Fig. 3 A) and yield ( Supplementary Fig. S3 ) when compared to
EN DHA PW. When calculating the biomass yield at the time
oint where ethanol titers peaked in the shake flask experi-
ents (120 h), the value was 0.329 ± 0.026 Cmol CDW 

/Cmol gl ycer ol 

or CEN DHA PW 

and 0.102 ± 0.009 Cmol CDW 

/Cmol gl ycer ol for
EN TWO PW 

. 
Notabl y, the str ain CEN TWO PW 

sho w ed a significantly faster
etabolic flux of gl ycer ol utilization, as can be seen by the 2.3-fold

igher specific gl ycer ol consumption rate compared to the strain
EN DHA PW 

(Fig. 3 B). The specific gl ycer ol consumption r ates for
his comparison were taken from the time points when volumetric
onsumption r eac hed its maxim um (Fig. 3 B) since we consider ed
hese values most reliable. While the strain CEN DHA PW 

reached
.083 ± 0.006 g gl ycer ol /g CDW 

h during the time interval of 43–51 h
a range is given here since each replicate reached its maximum
olumetric gl ycer ol consumption r ate at a slightl y differ ent time
oint), the value for the TWO PW 

strain was 0.188 ± 0.003 (between
9 and 52 h). 

Another r ele v ant r esult obtained with the str ain CEN TWO PW

s the impr ov ed ability to deplete the gl ycer ol in the medium
o w ar d the end of the batch cultivation. While the strain CEN
HA PW 

slo w ed do wn v olumetric substrate consumption when
l ycer ol concentr ations dr opped below 20 g/l and left ∼3 g/l glyc-
r ol unconsumed, the str ain CEN TWO PW 

used gl ycer ol in an al-
ost linear manner and completely depleted it (Fig. 3 A). More-

ver, it seems that the faster biomass accumulation of strain CEN
HA PW 

is associated with an earlier and faster decrease of the
ulture pH (Fig. 3 A). In both cultures, the initial pH of 4 first in-
r eases to neutr al v alues, whic h is common for “DHA pathway
tr ains” when ur ea is used as the source of nitr ogen in the SMG
Malubho y et al. 2022 ). Ho w e v er, while the pH for strain CEN
WO PW 

decr eased slowl y after 48 h, the culture pH for CEN DHA PW

hows a sudden drop to a value of 3 between 48 and 72 h of
ultivation. 

har acteriza tion of the strains CEN DHA PW 

and 

EN TWO PW 

in fully aerated batch cultiv a tions in 

H-controlled bioreactors 

he strains CEN DHA PW 

and CEN TWO PW 

were also character-
zed in batch cultivations in bioreactors in order to investigate
he phenotypes under full oxygenation. The use of bioreactors
lso allo w ed us to contr ol the pH thr oughout the cultiv ation (pH
). The gl ycer ol concentr ation at the beginning was the same as
n the pr e vious experiments. First, it m ust be noted that no de-
ectable amount of ethanol was observed at any time point in the
ermentation broth of both strains. Similar to the shake flask ex-
eriments, the strain CEN TWO PW 

consumed the gl ycer ol m uc h
aster, and there was no gl ycer ol left at the end of the experiment
Fig. 4 A). Ho w e v er, it was surprising that the leftover glycerol for
he strain CEN DHA PW 

(34 g/l) was consider abl y higher compar ed
o the shake flask experiment. 

When compared to the shake flask experiments, the conditions
n the bioreactor led to an in verse beha vior of the two strains in
erms of biomass accumulation. In fact, the strain CEN TWO PW 

r e w faster compared to strain CEN DHA PW 

, but both strains
 eac hed a similar final biomass titer (Fig. 4 A). Supplementary Fig.
3 shows that the biomass yields for both str ains c hange ov er
ime . Moreo ver, we do not have data for time points before 24 h
or the shake flask experiments, which impedes a direct compari-
on between the two conditions. Still, the conditions in the biore-
ctor resulted in generally higher biomass yields compared to our
hake flask setup. Despite the fact that we cannot exclude that a
inor ethanol e v a por ation might occur for cultivation with strain

EN TWO PW 

, it seems unlikely that this can justify the difference
n biomass yield. It is important to note that the biomass yields of
he two strains in the bioreactor experiment r esemble eac h other
t two early time points: 12 and 16 h. Only afterw ar d, the strain
EN TWO PW 

sho w ed a significantly lo w er biomass yield compared
o strain CEN DHA PW 

. So far, we do not have an explanation for
hese results. 

We were also interested in whether the strain CEN TWO PW 

lso exhibits a higher metabolic flux of gl ycer ol utilization under
he controlled conditions in the bioreactor. T herefore , we plotted

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
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Figur e 3. (A) F ermentation pr ofile comparison between CEN DHA PW 

and CEN TWO PW 

. Str ains ar e r epr esented as filled symbols (CEN DHA PW 

) and 
half-filled for CEN TWO PW 

. Batch cultivation was performed in 500 ml Erlenmeyer flasks filled at 20% of capacity with SMG with urea at initial pH 4. 
Cultur es wer e inoculated, adjusting an OD 600 of 0.2 (corr esponding to a ppr oximatel y 0.09 g CDW 

/l). Av er a ge v alues and standard de viations ar e deriv ed 
from biological triplicates. (B) Specific (black bars) and volumetric (white squares) glycerol consumption rates for CEN DHA PW 

and CEN TWO PW 

in the 
first 91 h of cultivation. The arrows indicate the time interval where the maximum volumetric consumption rate was achieved for each of the three 
biological replicates. 
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the calculated values for the specific gl ycer ol consumption r ates 
over time for both strains (Fig. 4 B). The values for the volumet- 
ric consumption rates were also included in the figure. Although 

we treat the absolute values with care (due to the low number 
of actual data points and the measurement uncertainties at high 

gl ycer ol concentr ations), the r esults r e v eal a gain a clear differ ence 
betw een the tw o str ains, confirming a significantl y (r oughl y 1.6- 
fold) faster flux of gl ycer ol consumption in strain CEN TWO PW 

compar ed to str ain CEN DHA PW 

. When we consider a gain the v al- 
ues for the specific rates at the time points when the volumetric 
r ates r eac hed their maxim um, we obtain 0.159 ( ±0.01) and 0.252 
( ±0.01) g gl ycer ol /g CDW 

h for the DHA PW 

and TWO PW 

str ains, r espec- 
tiv el y. 
G
he abolishment of the G3P pathway by deletion 

f GUT2 in the strain CEN TWO PW 

resulted in a 

ifferent phenotype compared to the deletion of 
UT1 

he question arose whether the remarkable phenotype of strain 

EN TWO PW 

(faster gl ycer ol consumption and higher ethanol
ield in shake flask experiments) can be attributed to the ad-
itional carbon flux via the G3P pathwa y. T her efor e, we tested
hether the deletion of GUT2 in the CEN TWO PW 

bac kgr ound
esults in a similar phenotype as observed for the strain CEN
HA PW 

. Gut2p catalyzes the second step within the G3P path-
ay (Fig. 1 ). We constructed the r espectiv e str ain by deleting
UT2 in strain CEN TWO PW 

, resulting in strain CEN TWO PW 

gut2 �
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Figure 4. (A) Gl ycer ol consumption and biomass pr oduction for the str ains CEN DHA PW 

and CEN TWO PW 

in aer obic, pH-contr olled (pH 4.0) bior eactor 
cultiv ations. Av er a ge v alues and absolute de viations ar e deriv ed fr om biological duplicates. Absolute de viations for biomass and gl ycer ol 
measur ements wer e too small to be visible ov er the symbols. (B) Volumetric (white squar es) and specific (blac k bars) gl ycer ol consumption r ates 
determined for 1-h intervals . T he arrows indicate the time point(s) where the maximum volumetric glycerol consumption rate was reached. 
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 Supplementary Fig. S4 ), i.e. another deri vati ve whose glycerol
atabolism solel y r elies on the DHA pathw ay. Ho w e v er, it is im-
ortant to note that unlike deleting GUT1 (strictly speaking, the
utant allele GUT1 JL1 ), which completely prevents glycerol from

ntering the G3P pathway, deleting GUT2 still allows gl ycer ol phos-
horylation to G3P (via the mutant allele GUT1 JL1 ) at the expense
f ATP. Ther efor e, the metabolic impact of GUT2 deletion may not
irror that of GUT1 deletion. Ho w ever, deleting GUT2 is supposed

o also disable any flux of carbon fr om gl ycer ol via the G3P path-
ay into gl ycol ysis. We tested the performance of this strain under
xygen-limited conditions in shake flasks (Fig. 5 ). The strains CEN
WO PW 

( GUT1 JL1 ; GUT2 ) and CEN DHA PW 

( gut1 JL1 �; GUT2 ) served
s controls in this experiment. 

Similar to the strain CEN DHA PW 

( gut1 JL1 �; GUT2 ), the isogenic
train CEN DHA PW 

( GUT1 JL1 ; gut2 �) did also not show the high gly-
ol ytic flux/ethanol pr oduction that could onl y be observ ed when
oth pathways were present in CEN TWO PW 

( GUT1 JL1 , GUT2 ). How-
 v er, the behavior of CEN DHA PW 

( GUT1 JL1 ; gut2 �) did not fully
atch that of strain CEN DHA PW 

( gut1 JL1 �; GUT2 ). In fact, the ki-
etics of biomass formation differed significantly. The gut2 � dele-
ion str ain r ather r esembled str ain CEN TWO PW 

in this context. It
ight be that the latter strain formed a by-product that was di-

 ectl y co-used for biomass production, but we do not hav e an y
roof for this assumption. 

he difference between the phenotypes of the 

train CEN TWO PW 

and CEN DHA PW 

seems to be 

ttributed to the particular point mutation in the 

UT1 JL1 allele 

t is important to highlight that the only difference between the
train CEN TWO PW 

and CEN DHA PW 

( gut1 JL1 �; GUT2 ) is the deleted
UT1 JL1 in the latter strain as shown in Fig. 1 C. This brought
s  
s to the hypothesis that the presence of an activ e gl ycer ol ki-
ase might have contributed to the phenotype of CEN TWO PW.

hile the results obtained with the isogenic strain CEN DHA PW 

 GUT1 JL1 ; gut2 �) suggest that a fully functional G3P pathway (i.e.
ut1 and Gut2 both functional) is r equir ed for the phenotype ob-
erv ed in str ain CEN TWO PW 

, it did not clarify the specific role
f GUT1 Jl1 . We further speculated that the particular mutant al-
ele of GUT1 ( GUT1 Jl1 ), which is present in the strain CEN TWO PW 

,
ould influence not only the glycerol kinase activity but also po-
entially modify any potential regulatory functions of the en-
yme. Notabl y, the GUT1 JL1 allele pr esent in the str ain CEN TWO PW

s a mutant allele originating from the strain JL1, a strain pre-
iously obtained by ALE (Ochoa-Estopier et al. 2011 ) and eluci-
ated by Ho et al. ( 2017 ). In fact, GUT1 JL1 contains a single amino
cid exchange in comparison to the CEN.PK wild-type enzyme
Ser118Phe). 

As described in the introduction, our laboratory also identified
UT1 CBS as a superior allele of GUT1 . In fact, the GUT1 CBS allele
as also able to allow growth rates up to 0.13 h 

−1 when combined
ith a superior UBR2 allele (Swinnen et al. 2016 , Ho et al. 2017 ).
 he a vailability of the two different superior GUT1 alleles having
iffer ent single-point m utations pr ompted us to compare both al-

eles in the CEN TWO PW 

strain scenario. For this purpose, we re-
laced the GUT1 JL1 allele with the GUT1 allele from CBS 6412-13A
 GUT1 CBS ). We also constructed an isogenic strain that contains
he wild-type GUT1 allele ( GUT1 CEN ) from the strain CEN.PK113-
A. Supplementary Fig. S2 shows how the GUT1 alleles differ in
heir deduced amino acid sequence. To our surprise, the “TWO
athway strain” ( GUT1; GUT2 ) with the GUT1 CBS allele did not be-
ave at all as our above-described strain CEN TWO PW 

contain-
ng the GUT1 JL1 allele (Fig. 6 ). Despite showing similar gl ycer ol
onsumption patterns, the other three physiological parameters,
uch as the kinetics of biomass and ethanol formation as well as

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
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Figure 5. Shake flask fermentative profile comparison between CEN TWO PW 

, CEN DHA PW 

( gut1 �), and CEN DHA PW 

( gut2 �). The three analyzed strains 
all carried a functional DHA pathway but differed with regard to the G3P pathway: (i) fully functional G3P pathway (TWO PW 

strain = GUT1 JL1 ; GUT2 ), 
(ii) inactive G3P pathway by deletion of GUT1 (CEN DHA PW 

= gut1 JL1 �; GUT2 ), and (iii) inactive G3P pathway by deletion of GUT2 (CEN 

DHA PW 

= GUT1 JL1 ; gut2 �). Av er a ge v alues and standard de viations ar e deriv ed fr om biological triplicates. 

Figure 6. Shake flask fermentative profile comparison between CEN TWO PW 

( GUT1 JL1 allele ), CEN TWO PW 

( GUT1 CBS allele ), and CEN TWO PW 

( GUT1 hybrid allele ). Av er a ge v alues and standard de viations ar e deriv ed fr om biological triplicates. Data for CEN TWO PW 

( GUT1 CEN wild-type allele ) ar e not 
shown; the strain exhibits the same phenotype as the strain CEN TWO PW 

( GUT1 CBS allele ). 
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f pH, differed. In fact, its behavior resembled that of the strain
EN DHA PW 

( gut1 �; GUT2 ) (compare to Fig. 3 A) and the strain CEN
WO PW 

, which carried the GUT1 CEN allele (data not shown). The
esults suggested that particularly the different amino acid at po-
ition 118 (phenylalanine in GUT1 JL1 and serine in GUT1 CBS ) has a
ajor impact on the phenotype. 
To further substantiate our hypothesis, we also created a strain

arrying a hybrid variant of the two alleles by introducing the sin-
le point mutation from the GUT1 JL1 allele into the GUT1 CBS allele,
eading to the replacement of serine at position 118 by phenylala-
ine ( Supplementary Fig. S2 ). The CEN TWO PW 

deri vati ve carrying
he resulting GUT1 hybrid allele sho w ed the same phenotype as the
sogenic deri vati ve carrying the GUT1 JL1 allele (Fig. 6 ). This result
r ovides str ong e vidence that the amino acid exchange at posi-
ion 118 of the Gut1 of JL1 plays a pivotal role in the phenotypic
 har acteristics of the CEN TWO PW 

strain. 

iscussion 

s described in the intr oduction, our gr oup engineer ed S. cere-
isiae for gl ycer ol utilization by either modifying the endogenous
AD-dependent G3P pathway or by implementing the synthetic
 AD-dependent DHA pathw ay. One major motivation for estab-

ishing gl ycer ol utilization in the popular yeast cell factory S.
erevisiae was the fact that gl ycer ol can deliver more electrons
er carbon compared to sugars in the biotechnological produc-
ion of small molecules from glycerol, such as 1,2-propanediol
Islam et al. 2017 ) and succinic acid (SA) (Xiberras et al. 2020 ,

alubhoy et al. 2022 , Renduli ́c et al. 2024 ). In all these applica-
ions of gl ycer ol-utilizing S. cerevisiae str ains, we exclusiv el y used
he N ADH-delivering “DHA pathw ay” and abolished the endoge-
ous G3P pathway by GUT1 deletion. The current study has been
ainl y motiv ated by the question of whether the existence of

he endogenous G3P pathway pr ovides adv anta ges for gl ycer ol
tilization when it is present in parallel to our synthetic DHA
athway. 

The construction of the strain carrying the two glycerol utiliza-
ion pathways (CEN TWO PW 

) was guided by our state-of-the-art
nowledge on how to individually optimize each pathway in the
enetic bac kgr ound of the str ain CEN.PK113-1A. The two, other-
ise isogenic, control strains (CEN G3P PW 

and CEN DHA PW 

) were
onstructed here in a way to be isogenic to the strain CEN TWO PW 

n any aspect apart from the metabolic route(s) from intracellu-
ar gl ycer ol to DHAP. Befor e discussing the r esults in detail, we
ant to highlight that the results obtained in the current study
ight be specific for the CEN.PK bac kgr ound and pr obabl y cannot

e generalized. 
The construction of the strain CEN G3P PW 

allo w ed us to con-
lude that the presence of CjFPS1 did not impr ov e the μmax of the
aseline str ain CEN.PK113-1A UBR2 CBS GUT1 JL1 , whic h did not hav e
 heterologous glycerol transporter. This result suggests that the
ow maximum growth rate of the baseline strain explicitly using
he G3P pathway was not caused by a suboptimal import of glyc-
rol due to the lack of CjFPS1 expression. It was not in the scope
f the current study to further impr ov e the flux in the strain CEN
3P PW 

. 
While the maximum specific growth rate of the strain CEN

3P PW 

was around 0.050 h 

−1 , the values for the strains CEN
HA PW 

and CEN TWO PW 

were about 5 times higher, i.e. 0.244 h 

−1 

nd 0.245 h 

−1 . These r esults r e v eal that the additional presence of
ur G3P pathway did not provide a significant adv anta ge for the
axim um r ate of biomass formation under optimal gr owth con-

itions (i.e. aerobic and low cell density). It seems that the max-
mal gr owth r ate under these conditions is limited by metabolic
eactions other than the conversion of glycerol to DHAP, such as
he downstream metabolic network, or by thermodynamic con-
traints (Niebel et al. 2019 ). In general, it would be interesting to
now the carbon flux distributions between the two pathways
nd whether there is flux through the G3P pathway at all un-
er the conditions that allow maximum growth rate. Ho w ever,
o the best of our knowledge, there is no method available to
uantify these two parallel fluxes from glycerol to DHAP. Based
n the data obtained, we cannot exclude that the presence of
he gl ycer ol kinase v ariant fr om JL1 in the CEN TWO PW 

incr eased
he flux through the DHA pathway and gl ycol ysis, but not the
ux through the G3P pathway (see below). Despite their similar

max in the Gr owth Pr ofiler (Fig. 2 ), the two fast-growing strains,
EN DHA PW 

and CEN TWO PW 

, exhibited strikingl y differ ent phe-
otypes when their physiology was studied over time in batch
ultivations. 

The fact that strains exhibiting the synthetic DHA pathway
witch to fermentation in shake flasks has already been observed
n the past and assumed to be caused by an overflow metabolism
ue to the excess of cytosolic NADH during oxygen limitation at
igher cell densities (Aßkamp et al. 2019 , Xiberras et al. 2020 , Per-
elea et al. 2022 ). We originally assumed that the phenotype of the
train CEN TWO PW 

would resemble that of strain CEN DHA PW 

in
he oxygen-limited shake flask experiments. In fact, the G3P path-
ay does not result in NADH formation on the way from glycerol

o DHAP. Instead, the activity of Gut2 (catalyzing the second step
f the G3P pathway) depends on the oxidation of enzyme-bound
ADH 2 by the r espir atory c hain. Ther efor e, we expected that the
atter would become a bottleneck when oxygen supply is limited.
o w e v er, the str ain CEN TWO PW 

sho w ed a gener all y faster gl y-
olytic flux (postulated based on the higher specific gl ycer ol con-
umption rate), a by far higher overflow metabolism to ethanol,
nd produced less biomass in the shake flasks compared to the
train CEN DHA PW 

. 
Notabl y, the onl y differ ence between the str ain CEN TWO PW

nd the strain CEN DHA PW 

is a lack of glycerol kinase activity in
he latter, caused by a deletion of GUT1 JL1 . The latter is the only
llele of GUT1 present in the strain CEN TWO PW 

and represents
 mutated allele. Based on our results, it seems that, for the fast
l ycer ol consumption and the strong overflow metabolism of the
train CEN TWO PW 

in the shake flasks, at least the following pre-
 equisites hav e to be pr esent: (i) the DHA pathway and (ii) the op-
imized G3P pathway based on the JL1-specific mutation in the
sed GUT1 allele. 

The single point mutation in the GUT1 allele originating from
he e volv ed str ain JL1 clearl y contributes to the phenotype of our
EN TWO PW 

strain. This conclusion is based on the following
acts: (i) The replacement of GUT1 Jl1 with GUT1 CBS in an other-
ise isogenic bac kgr ound r esulted in a phenotype similar to CEN
HA PW 

(Fig. 3 A, Fig. 6 ), which does not have any GUT1 gene in
ts genome, and (ii) the introduction of the JL1 mutation into the
llele from GUT1 CBS in the first strain restored the fast glycerol
onsumption and high ethanol production characteristic of CEN
WO PW 

. We attempted to measure the in vitro glycerol kinase ac-
ivities in crude extracts of the constructed isogenic strains with
he different GUT1 . Ho w ever, the standar d assay pr e viousl y used
 y others (Hay ashi and Lin 1967 , Ho et al. 2017 ) resulted in a high
ac kgr ound activity in an isogenic gut1 deletion mutant. We as-
ume that the presence of the synthetic DHA pathway in this
train and those carrying the different GUT1 alleles complicated
he data inter pr etation since the DHA pathway involves high cel-
ular activities of gl ycer ol dehydr ogenase and DHA kinase . T his

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foaf015#supplementary-data
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pathway also consumes gl ycer ol and can produce NADH as well 
as consume ATP, the same substrate/cofactors used in the stan- 
dard gl ycer ol kinase assa y (Ha yashi and Lin 1967 , Ho et al. 2017 ).
Apart from the high background activity, we did not find any corre- 
lation between the measured activity and the strain’s phenotype 
(data not shown). Ne v ertheless, we would like to emphasize that 
in vitro enzyme measur ements gener all y do not provide sufficient 
information about the actual in vivo activity. It might well be that 
the m utation r esults in a differ ent in vivo flux due to a different 
regulation by intracellular metabolites. It can also not be excluded 

that the gl ycer ol kinase fr om S. cerevisiae has mor e functions in the 
cell than solely converting glycerol into L-G3P. Several studies con- 
ducted in bacteria or in human cells have already demonstrated 

that m utant v ersions of gl ycer ol kinase cause pleiotropic effects 
(Yeh et al. 2009 , Sriram et al. 2010 ). It will be the scope of futur e r e-
search to understand the impact of the mutation at the molecular 
le v el. 

An interesting observation when comparing the strains CEN 

TWO PW 

and CEN DHA PW 

w as the decelerated v olumetric gl ycer ol 
consumption of the latter strain to w ar d the end of the cultiva- 
tion and that growth ceased well before glycerol in the culture 
medium was depleted. We alr eady r ealized this behavior of “DHA 

pathway strains” in bioreactor experiments conducted in previ- 
ous studies, but the final gl ycer ol concentr ation was m uc h lo w er 
(Xiberras et al. 2020 , Malubhoy et al. 2022 ). It must be mentioned 

that the strains analyzed in these two studies have been equipped 

with a pathway for SA production (i.e. a strong sink for NADH).
This is a major differ ence fr om the current study. An incomplete 
gl ycer ol utilization by the strain CEN DHA PW 

was also visible in 

the shake flask experiments conducted in our current work, even 

though the final gl ycer ol concentr ation was r elativ el y low. This be- 
havior of “DHA pathway strains” could have been caused by the 
kinetic properties of the first enzyme of the DHA pathway (the 
gl ycer ol dehydr ogenase fr om O. parapol ymorpha —Opgdh) catal yz- 
ing the NAD 

+ -dependent oxidation of gl ycer ol to DHA. Yamada- 
Onodera et al. ( 2002 ) reported K m 

values ( in vitro ) of 118 mM for 
gl ycer ol and of 4.87 μM for DHA. Mor eov er, the pH optim um for 
gl ycer ol oxidation was determined to be 10. This data indicates 
that intracellular glycerol concentration must be relatively high 

to allow sufficient in vivo flux through Opgdh. Decreasing glyc- 
er ol concentr ations in the medium to w ar d the end of the cultiva- 
tion may result in decreased glycerol influx. Consequently, glyc- 
erol oxidation may become the r ate-contr olling step in gl ycer ol 
catabolism, particularly when the pull by the downstream flux is 
not strong enough. 

Ho w e v er, the question remains why the downstream metabolic 
pull is m uc h higher in the strain CEN TWO PW 

compared to CEN 

DHA PW 

. This question is indeed difficult to answer. In pr e vious 
studies we observed that the gl ycol ytic flux in str ains (exclusiv el y) 
using the DHA pathway for gl ycer ol catabolism was significantly 
increased when a pathway toward the production of SA was es- 
tablished (Malubhoy et al. 2022 , Renduli ́c et al. 2024 ). We con- 
cluded that the engineered NADH-consuming SA pathway (re- 
ductive TC A pathwa y) resulted in a v ery str ong pull to w ar d the 
tar get pr oduct, causing an incr eased gl ycol ytic flux (visible by 
an increased specific glycerol consumption rate). The data pre- 
sented in the current study show that the establishment of the 
G3P pathway based on Gut1 JL1 also increased the gl ycol ytic flux 
e v en without the SA production pathway. So far, we lack sufficient 
data to understand the regulatory function of Gut1 JL1 on central 
carbon metabolism and the particular consequences of exchang- 
ing the single amino acid at position 118 (Ser118Phe). Serine is 
the amino acid residue in proteins most commonly phosphory- 
ated (Schwartz and Murray 2011 ). We speculated that the serine
n the GUT1 wild-type allele in CEN.PK113-1A and the allele iso-
ated from CBS 6412-13A could be a phosphorylation site that was
 emov ed in the JL1 allele. Ho w e v er, according to the information
rovided by UniProt, this amino acid position in Gut1 does not be-

ong to the known binding sites for gl ycer ol or ATP. 

onclusions 

lthough the molecular basis for the results obtained here with
he strain CEN TWO PW 

are not yet completely clear, it can be
oncluded that this strain has several attractive features for S.
erevisiae- based bioprocesses applying glycerol as a substrate . T he
ast gl ycer ol consumption r ate is certainl y an asset in all types
f processes . T he strain sho w ed the highest gr owth r ate of all
trains under full aeration, which is particularly relevant for the
roduction of growth-associated products such as proteins or for 
iomass production per se. Under oxygen-limited conditions, the 
train can switch to fermentation, which is attractive for the pro-
uction of reduced small molecules. Notably, the strain seems to
ffer itself as a system to decouple growth and product formation
ince a limitation of oxygen could switc h fr om biomass forma-
ion to fermentation or biotransformation. Apart from its biotech- 
ological r ele v ance, the pr esented data suggests the existence of
 egulatory mec hanisms in centr al carbon metabolism caused by
l ycer ol kinase that have been uncov er ed so far. 

upplementary data 

upplementary data is available at FEMSYR Journal online. 
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