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Abstract 

Plastics have become an indispensa b le material in many fields of human activities, with production increasing every y ear; how ever, 
most of the plastic waste is still incinerated or landfilled, and only 10% of the new plastic is recycled even once. Among all plastics, 
pol yethylene ter e phthalate (PET) is the most pr oduced pol y ester w orld wide; eth ylene glycol (EG) is one of the two monomers released 

by the biorecycling of PET. While most resear c h focuses on bacterial EG metabolism, this work reports the ability of Sacchar om yces 
cerevisiae and nine other common la borator y yeast species not only to consume EG, but also to produce glycolic acid (GA) as the 
main by-pr oduct. A two-ste p bioconv ersion of EG to GA by S . cer evisiae was optimized by a design of experiment approach, obtaining 
4.51 ± 0.12 g l −1 of GA with a conversion of 94.25 ± 1.74% from 6.21 ± 0.04 g l −1 EG. To impr ov e the titer, scr eening of yeast biodi v ersity 
identified Scheffersomyces stipitis as the best GA producer, obtaining 23.79 ± 1.19 g l −1 of GA (yield 76.68%) in bioreactor fermentation, 
with a single-step bioprocess. Our findings contribute in laying the ground for EG upcycling str ate gies with yeasts. 

Ke yw ords: Sacc haromyces cerevisiae ; Scheffersomyces stipitis ; glycolic acid; ethylene glycol; biodiversity; polyethylene terephthalate 
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Introduction 

Since the first synthetic polymer development in 1907, plastics 
have become an everyday necessity in almost every aspect of our 
life . Indeed, plastics ha v e unique pr operties suc h as str ength, wa- 
ter resistance, and durability (Amalia et al. 2024 ) that make them 

exceptional for a wide variety of applications. Almost 400 Mt of 
new plastics were produced in 2020, and it is estimated that the 
pr oduction will r eac h 1000 Mt by 2050 (Hundertmark et al. 2018 ).
Ho w e v er, the pr operties that make plastic so widespr ead ar e the 
very same ones that make plastic recycling incredibly difficult. As 
an example, in 2020, less than 10% of the ne wl y pr oduced plastics 
w as rec ycled e v en once, and less than 1% was r ecycled twice (Tiso 
et al. 2022 ). Incineration (42%), landfilling (19%), and export (10%) 
are the most common fates of postconsumer plastic waste; about 
9% is dispersed or enters the environment due to waste misman- 
a gement; ov er all, onl y 20% of postconsumer plastic waste was 
recycled in 2016 (Orlando et al. 2023 ). Recycling remains a com- 
plex pr ocess, r equiring sorting, pr ocessing, and physical–c hemical 
treatments that ultimately results in a lo w er quality product (Lee 
et al. 2023 ). 

Among all plastics, polyethylene terephthalate (PET) is the 
most abundant polyester produced worldwide (Soong et al. 
2022 ) and it is one of the most used commodity plastics 
(Amalia et al. 2024 ). PET is a thermoplastic polymer obtained 

from the polycondensation of terephthalic acid (TPA) and ethy- 
lene glycol (EG), both mostly obtained from nonrenewable re- 
sources (Ren et al. 2024 ). It is widely used in the manufac- 
turing of water bottles, food pac ka ging, and textiles thanks to 
its ability to withstand high temper atur es, and its r esistance 
Recei v ed 17 June 2024; revised 26 July 2024; accepted 2 August 2024 
© The Author(s) 2024. Published by Oxford Uni v ersity Pr ess on behalf of FEMS. This
Commons Attribution-NonCommercial License ( https://cr eati v ecommons.org/licen
r e pr oduction in any medium, provided the original work is properly cited. For com
o chemical and physical degradation (Muringayil Joseph et al.
024 ). 

The majority of waste PET is landfilled, incinerated, or dis-
ersed in the envir onment; onl y about 30% is r ecycled, mostl y
y mechanical methods which create PET flakes to be melted in
e w pr oducts, gener all y with worse c har acteristics with r espect
o virgin PET (Muringayil Joseph et al. 2024 , Ren et al. 2024 ). Enzy-

atic recycling (or biorecycling) is an emerging strategy for PET
epolymerization, employing enzymes to break down products 

nto their monomers; the most studied enzymatic activities in- 
lude PETases , cutinases , lipases , and carboxylesterases (Weiland
t al. 2024 ). This a ppr oac h is still in its early stages, ho w ever the
r enc h compan y Carbios is proving the feasibility of this a ppr oac h
nd it is curr entl y building a bior ecycling plant with a 50k tons
ET feedstoc k ca pacity to pr oduce monomers of vir gin-like qual-
ty (Tournier et al. 2020 , Carbios 2024 ). Se v er al studies have been
ocusing on the upcycling of the monomers into more valuable
ommodity chemicals to enhance the economic viability of enzy- 
atic recycling (Lee et al. 2023 , Amalia et al. 2024 ); such an exam-

le is the upcycling of EG to glycolic acid (GA). 
GA is a small two-carbon α-hydroxy acid with a widespread

 pplication in v arious industries, suc h as personal car e, phar-
aceuticals, medical, and textiles (Salusjärvi et al. 2019 ). The

lobal GA market size is growing and it is expected to r eac h
SD 565.3 million by 2030, registering a CAGR of 9.1% from
023 to 2030, with the personal care segment holding the largest
 e v enue shar e (61.1%) in 2022 ( https://www.gr andvie wr esearc h.
om/pr ess-r elease/global-gl ycolic-acid-market ; accessed 25 April 
024). GA is curr entl y pr oduced c hemicall y fr om petr oc hemical
 is an Open Access article distributed under the terms of the Cr eati v e 
ses/by-nc/4.0/ ), which permits non-commercial re-use, distribution, and 
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esources, due to the relatively high price of EG (Salusjärvi et al.
019 ). Ho w e v er, with EG fr om waste PET becoming mor e av ailable,
iffer ent str ategies for the micr obial pr oduction of GA fr om EG
av e been pr oposed (Kataoka et al. 2001 , Deng et al. 2018 , Hua et
l. 2018 , Cabulong et al. 2019 , Carniel et al. 2023 , Yu et al. 2023 ). 

Two main EG assimilation pathwa ys ha ve been identified. In
erobic bacteria ( Pseudomonas spp., Escherichia coli ), EG is oxidized
o glycolaldehyde (GAH) and then to GA; GA is incor por ated in
he central carbon metabolism by further oxidation to glyoxy-
ate (GOX) and condensation to tartronate semialdehyde (Gao et
l. 2022 ). In the anaerobic acetogenic bacterium Acetobacterium
oodii , EG is dehydrated to acetaldehyde and then disproportion-
ted to ethanol and acetate; unfortunately, the dehydratase is
ery o xygen-sensiti ve (Trifunovi ́c et al. 2016 , Levin and Balskus
018 ). Some bacterial species, on the other hand, are able to me-
abolize EG only up to GA. This is the case for the most studied
A producer Gluconobacter oxydans , which is able to catalyse the
xidation of EG to GAH with Gox0313, a NAD 

+ -dependent alcohol
ehydrogenase (Zhang et al. 2015 ). To the best of our knowledge,
G oxidation to GA has been reported in yeast only by two works,
till the pathway remains putative, most likely involving nonspe-
ific dehydrogenases (Kataoka et al. 2001 , Carniel et al. 2023 ). No
ypotheses on assimilation are present. 

This work aims to lay the ground for the physiology of EG
etabolism in yeast, focusing on the w ell-kno wn Sacc harom yces

erevisiae and nine other different yeasts. S. cerevisiae ’s ability to
etabolize EG was first investigated during growth in the pres-

nce of glucose; secondly, a two-step bioconversion of EG to GA
as optimized by a design of experiment (DoE) a ppr oac h, to un-
erstand the determining pr ocess par ameters. Despite the opti-
ization, EG consumption remains limited in S. cerevisiae , thus to

mpr ov e the pr ocess performance nine non- Sacc harom yces yeasts
er e scr eened for high EG consumption with high GA production.
his ultimately allo w ed the design of a single-step bioprocess in
 l bioreactors with the best producer. By design, the de v eloped
rocess does not rely on offline data for monitoring, thus avoiding
he need of specialized instruments and personnel to assess the
uality of the fermentation. 

The physiological data obtained in this work will pave the way
or further genetic and metabolic studies to impr ov e EG conv er-
ion to GA and to discover the genes involved in the pathway. 

aterials and methods 

trains and media composition 

acc harom yces cerevisiae CEN.PK 113–7D, Cutaneotrichosporon oleagi-
osus (ATCC 20509, pr e viousl y known as Tric hosporon oleaginosus ),
ryptococcus oleaginosus (DSM 70022, pr e viousl y known as Cryp-

ococcus curv atus ), Kluyverom yces lactis (CBS2359), Kluyverom yces
arxianus (NBRC1777), Komagataella phaffii X-33 (Invitrogen),
hodotorula toruloides (DSM 4444), Sc heffersom yces stipitis (CBS
054), Zygosacc harom yces bailii (ATCC 8766), and Zygosacc harom yces
arabailii (ATCC 60483) were maintained in 20% (v/v) glycerol at
80 ◦C after growth in YPD medium composed of (per liter): yeast
xtract 10 g, tryptone 20 g, and glucose 20 g. 

YP medium was composed of (per liter): yeast extract 10 g, tryp-
one 20 g. Unless differ entl y specified, EG was added to a final con-
entration of 150 mM (9.3 g l −1 ). 

Yeast extract was purchased from Biolife Italia S.r.l., Milan, Italy.
ll other r ea gents wer e purc hased fr om Merk Life Science S.r.l.,
ilan, Italy. 
Growth conditions for each experiment are described below
nd summarized in Table S1 . 

rowth conditions in 96-well microplate for EG 

oxicity assessment 
o test EG toxicity, S. cerevisiae w as gro wn in 96-w ell plates (flat
ottom) on YPD with increasing concentrations of EG (0, 3, 12, 48,
00, and 150 mM, corresponding to 0, 0.2, 0.8, 3, 6.2, and 9.3 g l −1 )
t pH 3.0, 3.5, 4.0, and 5.0; all combinations of EG concentrations
nd pH were tested; HCl 1 M was used to r eac h the desired pH. 

Seed cultures from YPD plates were grown in glass tubes filled
ith 2 ml YPD for 8 h; cells were then inoculated for the interme-
iate inoculum (starting OD = 0.01) in 50 ml glass tubes contain-

ng 10 ml of YPD, and grown for 16 h. Cells were then harvested,
ashed with dH 2 O and inoculated in the microplate wells (final
D = 0.5, calculated in a cuvette with a light path of 1 cm) each
lled with 200 μl of medium. Growth was performed at 30 ◦C under
onstant agitation (1000 rpm) in a microplate shaker. 

Gro wth w as monitor ed e v ery 1 h during the exponential phase
sing a multiscan spectrophotometer set at 600 nm (VICTOR 

TM 

3, P erkinElmer). Gro wth rate w as estimated by fitting a r egr es-
ion line on the logarithm of the OD measurements; the slope of
he line was used to r epr esent the growth rate. 

rowth conditions in shake flasks 

rowth conditions in 250 ml shake flasks with S . cer evisiae
G metabolism in the presence of glucose was studied with S. cere-
isiae in 250 ml shake flasks, in YPD + EG medium. 

Seed cultures from YPD plates were grown in glass tubes filled
ith 2 ml YPD for 8 h; cells were then inoculated for the interme-
iate inoculum (starting OD = 0.01) in 50 ml glass tubes contain-

ng 10 ml of YPD, and grown for 16 h. Cells were then harvested,
ashed with dH 2 O and inoculated in shake flasks (final OD = 0.5)
lled with 50 ml of medium under inv estigation. All gr o wths w ere
erformed in a rotary shaker at 160 rpm and 30 ◦C. Samples were
ollected at regular time intervals for OD and HPLC analysis. 

rowth conditions in 100 ml shake flasks for the screening
ith non-Sacchar om yces yeasts 

he ability to oxidize EG to GA of non- Sacc harom yces yeasts was
ssayed in 100 ml shake flasks, in YP + EG medium; S. cerevisiae
 as assay ed as a r efer ence condition. 
Seed cultur es fr om YPD plates wer e gr own in 50 ml glass tubes

lled with 10 ml YP for 24 h; cells were then harvested, washed
ith dH 2 O and inoculated in shake flasks (final OD = 1.0) filled
ith 20 ml of YP + EG. The higher initial cell density was cho-

en considering the fact that not all yeast species ( S. cerevisiae be-
ng an example) are able to gr ow efficientl y on YP. All growths
ere performed in a rotary shaker at 160 rpm and 30 ◦C. Sam-
les were collected at regular time intervals for OD measurement
nd HPLC analysis. Two independent replicates were performed
or each strain. 

w o-step biocon v ersion approac h: optimization 

y DoE 

rowth conditions in batch bioreactor for biomass accumu-
ation 

acc harom yces cerevisiae biomass was grown in 2 l stirred-tank
ioreactors (BIOST A T ® A plus, Sartorius Stedim Biotech GmbH,
oettingen, Germany) equipped with Visiferm DO ECS 225 for pO 2 

easurement and Easyferm Plus K8 200 for pH measurement
both from Hamilton Bonaduz A G , Bonaduz, Switzerland), with a

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
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w orking v olume of 1 l. The temper atur e was k e pt constant at 30 ◦C 

and pH was set to 5.5, maintained by automatic addition of 2 M 

KOH and 1 M HCl. The stirring rate was set to 300 rpm in cascade 
to maintain the oxygen concentr ation, whic h was set to 25% of 
satur ation, to guar antee a completel y aer obic condition to the cell 
cultur e. Filter ed air (por e size 0.2 μm) was continuousl y spar ged 

through the reactor at a flow rate of 1 vvm. Foam formation was 
controlled by the addition of pol ypr opylene gl ycol (PPG) at a con- 
centration of 1 ml l −1 . 

Seed cultur es fr om YPD plates wer e gr own for 8 h in glass tubes 
in 10 ml YPD; cells were then inoculated for the intermediate in- 
oculum (starting OD = 0.05) in 250 ml shake flasks containing 
50 ml of YPD and grown overnight (16 h). The preinocula were 
performed in a rotary shaker at 160 rpm and 30 ◦C. For the inocu- 
lum, cells were harvested, washed with sterile dH 2 O, and used to 
inoculate the bioreactor (starting OD = 0.5). 

Cells in exponential phase wer e harv ested after 8 h of cultiva- 
tion; cells in stationary phase were harvested after 48 h of cul- 
tivation; online data combined with HPLC analysis was used to 
determine the time of harvest. Prior to inoculation for the biocon- 
version experiments, cells were washed twice with dH 2 O. 

Experimental design 

Chemometric a ppr oac h was used to find the best bioconver- 
sion parameters using Statgraphic Centurion XVI 16.1 version 

(Rockville, USA.). 
For a first screening of the variables (Round 1), a Folded 

Plackett–Burman with an error of 14 degrees of freedom, for a to- 
tal of 24 randomized runs was used ( Table S2 ). Nine experimental 
factors were studied: shaking (160–280 rpm), growth phase (ex- 
ponential or stationary), medium (100 mM potassium phosphate 
buffer or YP), pH (6–8), EG concentration (20–100 mM), volume of 
medium to volume of flask ration (m/f ratio) (5–15), flask type (reg- 
ular or baffled), biomass (10–50 OD ml −1 ), and time (1–7 days).
Shaking, m/f ratio and flask type were chosen to study the in- 
fluence of oxygenation and mass transfer. The amount of time,
biomass and the growth phase at which cells were collected were 
chosen to study the influence of these factors on process effi- 
ciency and pr oductivity: fe wer cells r equir e less substr ate to ob- 
tain the biomass and cells in exponential phase allow a shorter 
biomass production phase (8 h versus 72 h). Medium was cho- 
sen to e v aluate the possibility to use a buffer of known composi- 
tion (as opposed to YP) to make a potential purification step more 
straight-forw ar d. EG concentration and pH were chosen to study 
whether the bioconversion would benefit from a lo w er starting 
EG concentration and if maintenance of an adequate pH (acid 

or basic) was fundamental for the pr ocess. GA concentr ation (g 
l −1 ) and molar conversion of consumed EG to GA (% mol mol −1 ) 
were used as response variables. Table S2 reports the experimen- 
tal matrix design of Round 1, with the experimental le v els of the 
independent variables (factors) and the results obtained for the 
anal ysed r esponse v ariables. Results fr om the bioconv ersion ex- 
periments were subjected to regression analysis using linear re- 
gression methodology to obtain the parameters of the mathemat- 
ical models. Analysis of variance (ANOVA) was applied to evalu- 
ate the statistical significance of independent variable contribu- 
tions and their first order interaction. The effect of each factor on 

the r esponse v ariables was anal ysed fr om the standardized P ar eto 
chart and a first mathematical model was obtained. The extrap- 
olated optimized conditions were as follows: shaking (280 rpm),
growth phase (stationary), medium (YP), pH (8), EG concentration 

(100 mM), m/f ratio (15), flask type (baffled), biomass (50 OD ml −1 ),
nd time (7 days), with shaking, growth phase, medium, and pH
aving a P -value < 0.05. 

From this first screening, a new experimental design (Round 2)
as set up. Growth phase (stationary), EG concentration (100 mM),
/f ratio (15), flask type (baffled), biomass (50 OD ml −1 ), and time

7 days) were fixed, and a Bo x–Behnk en design with four center
oints, an error of 6 degrees of freedom, for a total of 16 ran-
omized runs was used (Table 1 ). Three experimental factors were
tudied: shaking (220, 250, or 280 rpm), YP dilution (1:1, 1:3, and
:5), potassium phosphate buffer pH 8 concentration (100, 200,
nd 300 mM). GA concentration (g l −1 ) and molar conversion of
onsumed EG to GA (% mol mol −1 ) were used as response vari-
bles. Table 1 reports the experimental matrix design of Round 2,
ith the experimental le v els of the independent variables (fac-

ors) and the results obtained for the anal ysed r esponse v ari-
bles. Results from the bioconversion experiments were subjected 

o r egr ession anal ysis using least squar es r egr ession methodol-
gy to obtain the parameters of the mathematical model. ANOVA
as applied to evaluate the statistical significance of independent 
ariable contributions and their first order interaction. The effect 
f each factor on the response variables was analysed from the
tandardized P ar eto c hart, and r esponse surfaces of the mathe-
atical models were obtained. Finally, the optimized conditions 

xtr a polated by Bo x–Behnk en design were as follows: shaking
280 rpm), YP dilution (1:1), buffer concentration (100 mM), with
nly shaking having a P -value < 0.05. 

rowth conditions in 6-deepwell microplates 

ioconversion of EG to GA by S. stipitis and C. oleaginosus ATCC
0509 was assayed more in detail in 6-deepwell microplates 
CR1406, manufactur ed by Enzyscr een, Heemstede , T he Nether-
ands), providing better mixing and aeration than traditional 
hake flasks . Biocon version was performed in buffered YP + EG
edium pH 7; the buffer used was 100 mM potassium hydrogen

hthalate. Contr ol conditions wer e performed without adding EG
o the growth medium. 

Seed cultures from YPD plates were grown in glass tubes filled
ith 2 ml YPD for 8 h; cells were then inoculated for the interme-
iate inoculum (starting OD = 0.1) in 50 ml glass tubes contain-

ng 10 ml of YPD, and grown for 16 h. Cells were then harvested,
ashed with dH 2 O and inoculated in the 6-deepwell microplate
ells (final OD = 0.5) each filled with 30 ml of medium under in-
 estigation. All gr o wths w er e performed in a r otary shaker (19 mm
troke) at 300 rpm and 30 ◦C (as per manufacturer indications).
amples were collected at regular time intervals for OD and pH
easurement, and HPLC analysis. 
Gr owth r ate was estimated by fitting a r egr ession line on the

ogarithm of the OD measurements; the slope of the line was used
o r epr esent the gr owth r ate. 

roduction of GA in 2 l bioreactors 

rowth conditions in bioreactor 
c heffersom yces stipitis was grown in 2 l stirred tank bioreactors
BIOST A T ® A plus, Sartorius Stedim Biotech GmbH) equipped with
isiferm DO ECS 225 for pO 2 measurement and Easyferm Plus K8
00 for pH measurement (both from Hamilton Bonaduz AG) with
 w orking v olume of 800 ml. The temper atur e was k e pt constant
t 30 ◦C and pH was set to 6.0, maintained by automatic addition
f 2 M KOH and 1 M HCl. The stirring rate was set to 300 rpm in
ascade to maintain the oxygen concentr ation, whic h was set to
5% of saturation, to guarantee a completely aerobic condition to
he cell cultur e. Filter ed air (por e size 0.2 μm) was continuousl y

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
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Table 1. Experimental conditions of the response surface design (Bo x–Behnk en) and experimental values of the response variables for 
Round 2. Values are the mean of three independent experiments. 

Independent variables Response variables 

Run Shaking (rpm) YP dilution Buffer concentr a tion (mM) [GA] (g l −1 ) Conversion (% mol mol −1 ) 

1 220 1:5 200 2 .17 55 .02 
2 250 1:1 300 3 .15 57 .41 
3 280 1:3 100 4 .46 67 .51 
4 250 1:5 100 3 .23 57 .95 
5 280 1:1 200 4 .95 79 .63 
6 250 1:3 200 3 .51 57 .62 
7 250 1:1 100 3 .93 71 .25 
8 220 1:3 300 4 .17 57 .78 
9 250 1:5 300 3 .54 59 .05 
10 250 1:3 200 3 .54 58 .76 
11 280 1:5 200 4 .84 66 .30 
12 250 1:3 200 3 .29 55 .55 
13 220 1:3 100 2 .74 35 .42 
14 250 1:3 200 4 .11 61 .47 
15 220 1:1 200 2 .34 60 .23 
16 280 1:3 300 4 .32 69 .67 
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par ged thr ough the r eactor at a flow r ate of 1–4 vvm. Foam for-
ation was controlled by the addition of PPG at a concentration

f 1 ml l −1 . Gas analysers (BlueVery, BlueSens gas sensor GmbH)
er e attac hed to the outgas for online measur ement of %CO 2 and
O 2 in the air. 
Seed cultur es fr om YPD plates wer e gr own for 8 h in glass tubes

n 10 ml YPD; cells were then inoculated for the intermediate in-
culum (starting OD 0.05) in 250 ml baffled shake flasks contain-
ng 50 ml of YPD and grown overnight (16 h). The preinocula were
erformed in a rotary shaker at 250 rpm and 30 ◦C. For the inocu-

um, cells were harvested, washed with sterile dH 2 O, and used to
noculate the bioreactor (starting OD = 0.5). 

The medium for the production was YPD40 medium composed
f (per liter): yeast extract 10 g, tryptone 20 g, and glucose 40 g. Af-
er the exhaustion of glucose and the YP nutrients (at 24 h), a pulse
f EG (11 ml, corresponding to 200 mmol, corresponding to a con-
entration of about 250 mM) was performed and GA production
onitoring started. Samples were collected at regular time inter-

als for OD and cell dry weight (CDW) measurement, and HPLC
nalysis. Two independent replicates were performed. 

ownstr eam pr ocessing 

fter the fermentation was stopped (144 h), the fermentation
roth was pelleted at 4000 × g for 1 h at 4 ◦C; the supernatant was
lter-sterilized for stor a ge at 4 ◦C. 

nline process monitoring 

onsumption of glucose can be indir ectl y monitor ed by the pO 2 

rofile and by the online %CO 2 in the outgas; thus, the time of
ddition of EG is easy to determine, as no offline measurements
e.g. HPLC) ar e r equir ed. Mor eov er, the pr oduction of GA (and thus
he consumption of EG) can be follo w ed b y the addition of KOH to

aintain the desired pH; as the concentration of base is known,
s well as how m uc h volume of base is added at any time, the total
mount of GA produced can be easily estimated (1 mol of base =
 mol of GA) with Eq. ( 1 ) as follows: 

G A ti ≈ ( K O H ti − K O H EG ) · 10 −3 [ l ] · 2 [ mol l −1 ] ·76 . 05 [ g mol −1 ] , 

(1) 
here GA ti is the estimated quantity of GA in grams at time t i ,
 OH ti and K OH EG are the volumes of K OH added at time t i and
t the time of the EG pulse (in ml), r espectiv el y, 2 mol l −1 is the
oncentration of KOH, and 76.06 g mol −1 is the molecular weight
f GA. The general assumption is that GA is the only acid produced
n this phase, and thus the moles of added KOH correspond to the

oles of GA produced. 

alculation of fermentation parameters 
ield of EG conversion to GA was calculated as the ratio of the
oles of GA at the end of the fermentation and the moles of EG;

he maximum yield is 100%, as one mole of EG can at most be
onverted to one mole of GA. 

etabolites quantification by HPLC 

PLC analysis was performed to quantify the amount of glu-
ose, EG and GA; production of fermentation by-products such as
thanol, acetate, and gl ycer ol was also monitored. Prior to analy-
is, all samples were centrifuged (21 000 × g , 5’) and diluted when
ecessary. The HPLC was equipped with a Rezex ROA-Organic
cid H 

+ (8%) Ion Exclusion column 300 mm × 7.8 mm, 8 μm (Phe-
omenex); 10 μl of samples were injected in the column. The
obile phase was H 2 SO 4 0.005 N, at a flow of 0.8 ml min 

−1 ; col-
mn temper atur e was set to 80 ◦C. Separated components were
etected by a r efr activ e index detector, and by a variable wave-

ength detector set at 210 nm. Peaks were identified by comparison
ith r efer ence standards dissolv ed in ultr a pur e H 2 O (18 M �). Cal-

br ation curv es for peak quantification wer e pr epar ed in a r ange
etween 0.625 and 40.0 g l −1 . 

ta tistical anal ysis 

nless differ entl y stated, the experiments wer e performed with
hr ee independent r eplicates. Gr a phP ad PRISM 10.1.0 was used for
he statistical analysis of fermentation parameters. For the toxi-
ity test, a tw o-w ay ANOVA w as performed to analyse the effect
f EG concentration and growth medium pH on growth rate, fol-
o w ed b y a post hoc Tuk e y–Kr amer test for m ultiple comparisons.
he remaining statistical analyses were performed using a two-
ailed, unpaired, heteroscedastic Student’s t -test. 
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F igure 1. Gro wth of S. cerevisiae on YPD + EG. The figure shows the 
fermentation profile of S. cerevisiae on YPD + EG in 250 ml shake flasks. 
The left y -axis shows OD (blue, circles), and glucose (r ed, squar es), 
ethanol (green, triangles), and EG (dark blue, hollow squares) 
concentration in g l −1 ; the right y -axis shows glycerol (pink, diamonds), 
acetate (orange, triangles), and GA (y ello w, hollo w triangles) 
concentration in g l −1 . Values are the mean ± standard deviation of 
three independent experiments. 
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Results and discussion 

EG toxicity test and nati v e meta bolism in S. 
cerevisiae 
With the aim to investigate EG metabolism with S. cerevisiae , an 

assessment on EG toxicity and its metabolism was r equir ed, as to 
the best of our knowledge, such information is not available in the 
scientific liter atur e r egar ding this y east. 

First, EG toxicity was e v aluated by gr owing S. cerevisiae in 96- 
wells microplates and by measuring differences in the growth rate 
( Fig. S1 ). To sample the toxicity around low concentrations of EG,
the interval 0–150 mM was divided into six intervals using a log- 
arithmic scale; at the same time, the effect of pH was e v aluated,
too. The range of EG concentrations was selected by taking into ac- 
count that PET might be the source of EG: if this were the case, a 
release of 150 mM EG (9.3 g l −1 ) would correspond to a similar TPA 

concentration (150 mM, 25 g l −1 ). In terms of weak organic stress,
150 mM is a high amount, thus we decided to limit our study to 
this concentration, despite some yeast species are reported to tol- 
er ate m uc h higher EG concentr ations (Kataoka et al. 2001 , Carniel 
et al. 2023 ). Figure S1 shows the gr owth r ates in the 24 conditions 
tested and OD raw data for eac h condition. Statistical r esults fr om 

the ANOVA analysis on the measured growth rates sho w ed no 
significant differences in the class “[EG]”, while it did show a P - 
value < .05 for the class pH (which is expected, but independently 
fr om EG pr esence). Multiple comparisons between eac h condition 

couple sho w ed no significant difference. F rom these results, w e 
concluded that EG is not toxic for S. cerevisiae in the tested con- 
ditions and concentrations, and therefore 150 mM EG was used 

in the following experiments . Nonetheless , a recent investigation 

sho w ed that Yarrowia lipolytic a can tolerate up to 2 M EG (Carniel 
et al. 2023 ), suggesting that S. cerevisiae tolerance might be actu- 
ally higher than 150 mM. 

As HPLC analysis of the supernatants at 48 h sho w ed a de- 
crease in the concentration of EG (data not sho wn), w e decided 

to better c har acterize the EG metabolism of S. cerevisiae in the 
presence of glucose . T hus , we grew S. cerevisiae in YPD + EG to 
understand when EG uptake happens and if by-products (GA,
specificall y) ar e pr oduced (Fig. 1 ). Indeed, S. cerevisiae is able to 
consume EG and to produce GA as a by-product. Most impor- 
tantl y, EG consumption onl y starts after the depletion of all the 
other carbon sources (glucose , acetate , and ethanol), in a very 
late stage of the fermentation process. No differences of fermen- 
tation profiles were observed with the control condition, where 
EG was not provided in the growth medium (data not shown). A 

very similar behavior was observed in buffered defined minimal 
medium (Delft; Verduyn et al. 1992 ) with 150 mM EG (data not 
shown). 

To the best of our knowledge, EG metabolism in yeasts has not 
been described in detail. Few works are available in literature re- 
gar ding EG transformation b y y easts and the majority of the stud- 
ies focuses on Y. lipolytica (Kataoka et al. 2001 , Da Costa et al. 2020 ,
Kosiorowska et al. 2022a , 2022b , Sales et al. 2022 , 2023 , Carniel 
et al. 2023 ). Both Da Costa et al. ( 2020 ) and Kosiorowska et al.
( 2022b ) reported that Y. lipolytica (strain IMUFRJ 50682 and a strain 

deriv ed fr om the A101 str ain, r espectiv el y) is able to coconsume 
EG with glucose in rich medium (YPD); ho w e v er, no mention of 
by-product(s) is present. Saccharomyces cerevisiae , ho w ever, seems 
to behav e differ entl y. Mor eov er, in the latest work of Kosiorowska 
et al. ( 2022b ), EG seems to str ongl y r educe glucose uptake r ate; 
ho w e v er, no explanation for the behavior is hypothesized. This 
is in contrast with the results obtained with S. cerevisiae , where 
he presence of EG does not affect growth rate and glucose con-
umption, as described by the abov ementioned r esults (Fig. 1 ). It
s worth mentioning that in the most recent study listed abo ve ,
arniel et al. ( 2023 ) r eported GA pr oduction fr om EG in Y. lipol yt-

ca IMUFRJ 50682, hypothesizing the contribution of endogenous 
lcohol and aldehyde dehydrogenases. 

Taken together, our results suggest that the conversion of EG by
. cerevisiae is also very likely due to the activity of promiscuous
nzymes, most pr obabl y dehydr ogenases, possibl y upr egulated in
he stationary phase. Based on the available literature, we propose
he following EG oxidation pathway, outlined in Fig. 2 . The first re-
ction might be catalysed by YLL056C , a NADH-dependent alde-
yde r eductase, whic h catal yses the oxidation of EG to GAH; the
eaction; ho w ever, is fav ored to w ar d the formation of EG (Wang
t al. 2017 ). Other proteins were reported to be active on GAH,
uch as the products of genes ADH1 (J ay akody et al. 2013 ), GRE2
J ay akody et al. 2018 , J ay akody and Jin 2021 ), and others ( ADH7 ,
FA1 , YML131W , YNL134C , and YKL107W ) (J ay akody et al. 2013 ,
 ay akody and Jin 2021 , Wang et al. 2019 ); ho w ever, no informa-
ion on the directionality of the reaction to w ar d the formation of
he aldehyde is gener all y mentioned, as these works focus on GAH
etoxification. Indeed, these aldehyde reductases are involved in 

ldehyde str ess r esponse, while YLL056C r ole still has not been
lucidated. The subsequent oxidation of GAH to GA is reported to
e catalysed by ALD2 , ALD3 , ALD4 , and ALD5 (metacyc.org). ALD2
nd ALD3 encode tw o c ytoplasmic stress-inducible isoforms, and
re induced by a variety of stresses, among which o xidati ve stress
nd glucose exhaustion; ALD4 and ALD5 encode the mitochon- 
rial isoforms. In the case of this oxidation reaction, the equilib-
ium is favored toward the formation of GA, rather than to w ar ds
he reduction of GA to GAH. 

All the reported genes are expressed in stress/limiting condi- 
ions, which is consistent with our observations: EG starts be-
ng consumed only after the exhaustion of the carbon sources
n the growth medium (glucose , acetate , and ethanol). Fur-
her studies, ho w e v er, ar e needed to confirm the suggested
athway. 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
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F igure 2. Proposed pathw ay for the oxidation of EG to GA in S. cerevisiae . EG is first oxidized to GAH by YLL056C , using NAD 

+ as cofactor; the reaction 
equilibrium; ho w e v er, is shifted to w ar d EG. No information about the r e v ersibility of the r eaction catal ysed by ADH1 and GRE2 is av ailable. GAH is 
further oxidized to GA by the action of nonspecific aldehyde dehydrogenases ( ALD2 –6, ARI1 ) using NAD(P) + as cofactor. 
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rocess conditions optimization: DoE-aided 

iotr ansforma tion approach 

ince S. cerevisiae sho w ed the natural ability to oxidize EG to GA,
e decided to de v elop a pr ocess for the pr oduction of GA. Carniel

t al. ( 2023 ) de v eloped a single-step process with Y. lipolytica for
he production of GA from EG in YP medium. Y. lipolytica , indeed,
s able to grow on YP efficiently and thus accumulate enough
iomass for a viable conversion process. On the other hand, S. cere-
isiae is not able to grow efficiently on YP alone, and addition of
lucose in the medium to obtain the desired amount of biomass
ould cause a long delay in the oxidation of EG. Because of these

easons, we opted for a two-step bioconv ersion a ppr oac h: first,
iomass is produced on YPD in a 2-l bioreactor, then it is resus-
ended in the reaction mixture in lo w er v olume (therefore at a
igher concentration) in shake flasks . T his approach also has the
dv anta ge of conducting the bioconversion in the desired buffer,
s growth and production are separated; this aspect is very inter-
sting when considering downstream purification, as less com-
lex solutions can facilitate GA r ecov ery. 

Due to the lack of systematic information in liter atur e about
A pr oduction fr om EG b y y east, a DoE a ppr oac h was used to
nd the best bioconversion parameters for the second step of
he process, to optimize production (final concentration of GA)
nd EG conversion; indeed, the use of an experimental design
llows to e v aluate the interaction among the variables, mini-
izing the experimental error and the number of experiments

P a gliari et al. 2022 ). The statistical model was de v eloped in two
tages: the first round had the objective to screen numerous pa-
ameters, to set up the base conditions and identify the fac-
ors that significantly influence EG conversion to GA; the sec-
nd round was developed to refine the model using a lo w er
umber of factors, but with a better exploration of the response
urface. 

esults from Round 1 

ine different parameters were considered in the first round (see
he section “Materials and methods”); shaking, m/f ratio and flask
ype wer e consider ed to study the effect of oxygenation and mass
r ansfer; two EG concentr ations and two r eaction times (1 or 7
ays) were tested. As previous experiments suggested that the EG
xidation machinery is expressed in late stationary phase (Fig. 1 ),
e decided to test whether this aspect was crucial for this ap-
r oac h as well: thus, cells harvested during the exponential phase
nd cells in late stationary phase were compared for bioconver-
ion efficiency; the initial amount of biomass for the bioconver-
ion step was also taken into consider ation. Finall y, two differ-
nt reaction media were tested: the rich medium YP and 100 mM
otassium phosphate buffer. The effect of the initial pH was con-
idered too, as the production of GA is expected to cause a de-
rease of the pH over time. Table S2 reports the experimental ma-
rix design of Round 1, with the experimental le v els of the se-
ected parameters and the results obtained for the analysed re-
ponse v ariables, GA concentr ation (g l −1 ) and molar conv ersion
f consumed EG to GA (% mol mol −1 ). The statistical significance
f the response variables is reported in Table S3 . Medium com-
osition resulted to be the most important factor, as it makes a
ositive contribution to both response variables. Shaking, growth
hase and pH also sho w ed a positive influence ( P < .05) on con-
 ersion. Ov er all, the c hemometric anal ysis suggested the follow-
ng parameters in the optimized conditions: shaking (280 rpm),
rowth phase (stationary), medium (YP), pH (8), EG concentration
100 mM), m/f ratio (15), flask type (baffled), biomass (50 OD ml −1 ),
nd time (7 days). 

The results suggest that YP is a better reaction medium,
r obabl y because the nutrients present can sustain basal cell
etabolism; mor eov er, YP also has a buffering capacity suggest-

ng that higher and more stable pH can favor GA accumulation.
inally, the phase of growth in which cells are collected had a sig-
ificant effect, suggesting that cells in late stationary phase might
e pr eada pted and expr essing the k e y genes for EG conversion.
hile the other variables did not show any significant effect, a

rend can still be observed in the main effects plots ( Fig. S2 ). Baf-
ed shake flasks and higher m/f ratios increase mass transfer and
xygenation; a higher concentration of biomass improves the pro-
ess, as well as a higher concentration of the reagent (EG); finally,
he process proved to be relatively slow, with 7 days being the op-
imal bioconversion time. 

esults from Round 2 

or the next round of optimization, we decided to focus on shak-
ng, medium composition and pH, while k ee ping the other param-
ters to the optimum conditions identified in the pr e vious r ound.
or the shaking, we decided to sample lo w er a gitations to e v aluate
f a lo w er oxygenation w ould still allo w for efficient EG conversion.

hile this aspect might be trivial at lab scale, it might cause issues
hen scaling up. In Round 1 the “medium” factor was designed as

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
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a categorical variable: with the aim of reducing the amount of YP 
in the final product to facilitate GA purification, we transformed 

“medium” into a numerical variable, by considering different dilu- 
tions of the medium (1:1, 1:3, and 1:5). As pH cannot be increased 

above a certain threshold for toxicity reasons, we decided to di- 
lute the YP medium with potassium phosphate buffer, and pro- 
vide higher buffering capacity by modulating the concentration 

of the buffer (100, 200, or 300 mM); indeed, k ee ping a pH com- 
patible with yeast growth and metabolism is k e y for an efficient 
pr ocess. Table 1 r eports the experimental matrix design of Round 

2, with the experimental le v els of the independent variables (fac- 
tors) and the results obtained for the analysed response variables,
GA concentration (g l −1 ) and molar conversion of consumed EG to 
GA (% mol mol −1 ). 

The statistical significance of the r esponse v ariables studied 

can be observ ed fr om the standardized pareto chart for each ex- 
perimental factor (Fig. 3 ). The significance of the effects at 95% 

confidence le v el is highlighted by the vertical line in the chart 
wher eas positiv e (gr een) and negativ e (r ed) effects in the r esponse 
v ariables wer e indicated by different bar colors. Shaking resulted 

to be the only significant factor for both response variables, sug- 
gesting once again the importance of an efficient oxygenation and 

mass transfer. This aspect was also hypothesized by Kataoka et 
al. ( 2001 ) and Carniel et al. ( 2023 ), who reported that oxygena- 
tion might be an issue in the bioconv ersion pr ocess; mor eov er,
from a metabolic point of view, sufficient oxygenation might be 
necessary to r egener ate the NAD(P) + r equir ed for EG oxidation in 

the electr on tr ansport c hain according to the proposed pathway 
(Fig. 2 ). 

Inter estingl y, dilution of the reaction medium YP and buffer 
concentration do not affect the r esponse v ariables signifi- 
cantly, meaning that it is feasible to use the lo w est concentra- 
tion of buffer and a diluted medium to ease the purification 

process. 
Ov er all, the c hemometric anal ysis suggested the following pa- 

rameters in the optimized conditions: shaking (280 rpm), YP di- 
lution (1:1), and buffer concentration (100 mM), predicting 5.19 g 
l −1 of GA (3.48–6.94 g l −1 , 95% limits) and a conversion of 85.42% 

(68.10%–100.00%, 95% limits). It is worth mentioning that these 
optimized conditions refer specifically to S. cerevisiae, as other 
yeast species may respond differently. 

The result was experimentally validated by performing the bio- 
conversion in the optimized conditions, obtaining a production of 
4.51 ± 0.12 g l −1 and a conversion of 94.25 ± 1.74%, reaching the 
optim um after onl y 4 days ( Fig. S3 ). While we were not able to sig- 
nificantl y incr ease the pr oduction with r espect to other conditions 
(e.g. conditions 13, 14, and 15; see Table 1 ), we were able to in- 
cr ease the conv ersion to almost 95%, whic h is the highest conver- 
sion obtained in this set of experiments, and the pr oductivity, r e- 
ducing process time from 7 days to only 4 da ys . Most importantly,
these r esults ar e in line with the ones predicted by the model,
falling in the range of the predicted lo w er and upper bounds. Of 
note, we observed GA consumption after the peak of production 

( Fig. S3 ); to the best of our knowledge, this aspect has not been 

reported in literature: we speculate that GA might be consumed 

by further oxidation to GOX by GOR1 (Rintala et al. 2007 ), with a 
N AD 

+ -dependent gly oxylate reductase activity usually reported 

to catalyse the reduction of GOX to GA (Koivistoinen et al. 2013 ,
Salusjärvi et al. 2017 ). Indeed, no peaks r elativ e to GAH or GOX 

wer e observ ed in the HPLC c hr omatogr ams, suggesting that GOX 

is metabolized through the glyoxilate cycle. Further studies are 
needed to confirm the role of GOR1 and the destiny of GOX in the 
pathway. 
creening of yeast biodi v ersity for better 
A-producing species 

creening of different yeast species 
he results obtained with the bioconversion experiments were 
romising; ho w ever, S. cerevisiae sho w ed different do wnsides, such
s the inability to coconsume EG with glucose and the necessity
f a two-step process, combined with the gener all y low biomass
ield as it is a Cr abtr ee-positiv e yeast, and the poor uptake of EG.
or these reasons we decided to explore yeast biodiversity for bet-
er GA-pr oducing str ains, as well as to elucidate whether the abil-
ty to oxidize EG is a shared trait among yeasts. Indeed, only a few
easts ar e r eported to be able to metabolize EG, namely Y. lipoly-
ica , Pichia naganishii , Rhodotorula sp., and Hansenula sp. (Carniel et
l. 2024 ). 

With this in mind, we screened nine yeasts in our library. In
articular, among the phylum Ascomycota we considered K. lactis ,
he thermotolerant K. marxianus , the methylotrophic yeast K. phaf-
i , the robust S. stipitis , and the acid-tolerant yeasts Z. bailii and Z.
arabailii . As man y r eports with the olea ginous yeast Y. lipol ytica
Ascomycota) ar e av ailable in liter atur e, we decided to focus on
leag inous yeasts belong ing to the phylum Basidiomycota and we
ncluded C. oleaginosus ATCC 20509, C. oleaginosus DSM 70022, and
. toruloides . 

The ability to metabolize EG was e v aluated in rich medium
P + EG 150 mM (9.3 g l −1 ); as a control, S. cerevisiae was included

n the experiment. The r esults ar e shown in Fig. 4 . Inter estingl y, all
he assay ed y east species not only were able to metabolize EG, but
hey were also all able to accumulate GA as a by-product. These
esults suggest that the ability to metabolize EG might be a com-

on trait among yeasts, even from different phyla. Three yeast 
pecies stood out with particularly elevated GA productions: K.
haffii produced 76.7 ± 0.4 mM (5.83 ± 0.03 g l −1 ), C. oleaginosus
TCC 20509 produced 83.0 ± 1.1 mM (6.31 ± 0.08 g l −1 ), and S.
tipitis produced 112.0 ± 0.4 mM (8.53 ± 0.03 g l −1 ); in comparison,
. cerevisiae was only able to produce 34.2 ± 0.8 mM (2.60 ± 0.06 g
 

−1 ) of GA in these conditions. From these pr eliminary r esults, we
ecided to better c har acterize GA pr oduction with the top two per-
ormers. It is worth mentioning that K. phaffii remains a very in-
eresting yeast for the oxidation of EG: indeed, an in vitro study
Isobe and Nishise 1994 ) demonstrated that the alcohol oxidase
OX1 is able to oxidize EG to GAH (and GAH to the undesired prod-
ct glyoxal) in a nonreversible wa y. T hus , addition of methanol to
tr ongl y induce AOX1 might impr ov e EG conversion to GA. 

haracterization of GA production by S. stipitis and C.
leaginosus ATCC 20509 

o better understand EG metabolism by S. stipitis and C. oleaginosus
TCC 20509, the two yeasts wer e gr own in YP + EG in 6-deepwell
icr oplates; as a contr ol, the y easts w er e also gr own in YP with-

ut the addition of EG. To account for the drop in pH due to the
roduction of GA, the medium was buffered to pH 7. Enzyscreen
icr oplates wer e selected as they guar antee high oxygenation of

he cultures (30–40 mmol O 2 l −1 h 

−1 ) while also limiting the evap-
r ation (enzyscr een.com), as oxygenation and mass tr ansfer r e-
ealed to be the k e y parameter in the bioconversion experiments
ith S. cerevisiae . 
The presence of EG did not cause any differences in the growth

f the tw o y easts, which sho w ed the same maximum specific
r owth r ate with the contr ol condition (0.28 ± 0.01 h 

−1 and
.26 ± 0.02 h 

−1 for S. stipitis , and 0.37 ± 0.05 h 

−1 and 0.36 ± 0.05
 

−1 for C. oleaginosus ) (Fig. 5 C). 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
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F igure 3. Standar dized P ar eto Charts and Estimated Response Surfaces for GA pr oduction (top) and Conv ersion (bottom) fr om Round 2. The 
standardized P ar eto Charts show the estimated positiv e (gr een) and negativ e (r ed) effects of eac h term in the Bo x–Behnk en design model in decreasing 
order of significance. Bars beyond the red vertical line are statistically significant with a confidence level of 95%. The Estimated Response Surface plots 
r epr esent the predicted value of GA production (g l −1 ) and Conversion (% mol mol −1 ) over the space of shaking (220–280 rpm) and medium (1.1–1.5); 
buffer concentration was held constant at 100 mM, which is the value in the optimized condition. 
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Figure 4. GA production from EG by non- Saccharomyces yeasts. Bars are the mean of two independent experiments; the value of each replicate is 
r epr esented by a circle; the value of the mean is expressed on top of the bars. Sc , S. cerevisiae ; Kl , K. lactis ; Km , K. marxianus ; Kp , K. phaffii ; Ss , S. stipitis ; Zb , 
Z. bailii ; Zp , Z. parabailii ; Co 1 , C. oleaginosus (ATCC 20509); Co 2 , C. oleaginosus (DSM 70022); and Rt , R. toruloides . 
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In the case of S. stipitis , EG consumption and GA production
ost pr obabl y start at the beginning of the fermentation; how-

 v er, quantification of GA was possible only from 6 h. The pro-
uction of GA shows a linear trend, slowing down towards the
nd of the fermentation (56 h). The slo w er rate might be due to
he decrease of the pH to 5 (Fig. 5 A). In the case of C. oleaginosus ,
wo distinct phases of EG consumption and GA production can
e observ ed. Initiall y (0–24 h), EG consumption is slo w; betw een
4 and 72 h, a faster rate is observed, resulting in the maximum
A production at 72 h. Interestingly, a third phase is observed be-
ween 72 and 144 h, where EG and GA are coconsumed; no by-
roducts could be observed in the chromatograms (Fig. 5 B). Schef-
ersomyces stipitis and C. oleaginosus seem to behave differently
ith respect to EG con version. Moreo ver, their beha vior is also
iffer ent fr om what Carniel et al. ( 2023 ) r eported for Y. lipol ytica
rown in similar conditions. Y. lipolytica shows an initial fast con-
umption of EG related to a low GA production; a second phase
s c har acterized b y a lo w er consumption rate of EG, ho w e v er, r e-
ated to a higher GA production rate. No GA consumption was
bserved. 
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(A) (B)

(C) (D)

Figur e 5. F ermentation profiles , gr owth r ate, and GA production by S. stipitis and C. oleaginosus (ATCC 20509) in 6-deepwell micr oplates. P anels (A) and 
(B) show the fermentation profiles of S. stipitis and C. oleaginosus , r espectiv el y; lighter shades of the color refer to the control conditions. Panel (C) shows 
the maximum specific growth rate in the exponential phase for S. stipitis and C. oleaginosus ; lighter shades of the color refer to the control conditions. 
Panel (D) shows EG consumption, GA production and conversion at 72 h and 144 h for S. stipitis ( Ss ) and C. oleaginosus ( Co ). The left y -axis shows EG at 
the beginning of the fermentation (dark blue bars), EG at 72 h (blue bars) and GA at 72 h (dark y ello w bars), and EG at 144 h (light blue bars) and GA at 
144 h (light y ello w bars), in g l −1 ; the right y -axis shows EG conversion into GA at 72 h (dark red bars) and 144 h (light red bars); the percentage is 
expressed on the consumed EG; the value of the means is expressed inside each bar. Ss , S. stipitis ; Co , C. oleaginosus (ATCC 20509). Values are the 
mean ± standard deviation of three independent experiments. 
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The highest GA production was obtained with S. stipitis , r eac h- 
ing 122.0 ± 1.7 mM (9.29 ± 0.13 g l −1 ) after 144 h, with a conver- 
sion yield of the consumed EG of 99%. This suggests that S. stipi- 
tis does not r eadil y consume GA after the production. C. oleagi- 
nosus produced 81.5 ± 6.7 mM (6.20 ± 0.51 g l −1 ) after 72 h,
with a conversion around 60%, suggesting that 40% of the con- 
sumed EG is metabolized either via another pathway, or further 
oxidized to GOX, as suggested for S. cerevisiae . The r esults ar e 
summarized in Fig. 5 (D). Compared with the results obtained in 

the bioconversion experiment with S. cerevisiae , both yeasts were 
able to produce a higher amount of GA, in a m uc h simpler pro- 
cess with a r elativ el y low cell density, with S. stipitis producing 
twice as m uc h as S. cerevisiae , with a higher conversion rate. Be- 
cause of this, S. stipitis was selected for the process scale-up to 2 l 
bioreactors. 

Production of GA with S. stipitis in 2 l bioreactors 
Giv en the pr omising r esults fr om the pr e vious experiments, GA 

pr oduction was e v aluated with S. stipitis in stirr ed tank r eactors.
The process starts with biomass accumulation; after the exhaus- 
tion of the carbon source, EG is added for the conversion. As some- 
times working with defined media with S. stipitis is tricky (Mastella 
t al. 2022 ) and to maximize biomass yield, we decided to grow
he yeast on YPD, with 40 g l −1 of glucose . T his a ppr oac h also en-
ured a similar medium composition (YP) as in the pr e vious exper-
ments, at the time of addition of EG at the end of growth phase
24 h). 

Sc heffersom yces stipitis was able to completely convert 11 ml of
G (197 mmol, 250 mM, and 12.2 g) into 151 mmol (11.5 g) of GA; all
he EG was consumed (100% consumption), and the yield of GA (%

ol mol −1 ) accounting for volume loss due to e v a por ation during
ermentation was 76.68%. The concentration of GA in the super-
atant was 313 ± 16 mM (23.79 ± 1.19 g l −1 ), with a productivity of
90.41 mg GA l −1 h 

−1 . Figure 6 shows the fermentation profile and
rocess statistics. 

It is interesting to note that over the time of EG consump-
ion, about 80 mmol of CO 2 were produced; considering that
bout 46 mmol of EG were not converted to GA, we can es-
imate the amount of CO 2 that would be produced if EG was
ompletely oxidized, e .g. by con version to GOX and further ox-
dation to CO 2 via the TCA cycle; this process would produce
 moles of CO 2 for e v ery mole of EG (Franden et al. 2018 ), for
 total of 92 mmol of CO 2 , which is particularly close to the
easured experimental value . T hese results suggest that EG
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Figur e 6. F ermentation profile and process statistics of GA production from EG in 2 l bioreactors by S. stipitis . The left panel shows the fermentation 
profile of S. stipitis ; the left y -axis shows CDW (bro wn, cir cles), and glucose (r ed, squar es), concentr ation in g l −1 ; the right y -axis shows EG (dark blue, 
hollow squares) and GA (yellow, hollow triangles) concentration in g l −1 . The right panel shows EG conversion, yield of GA (left y -axis), and productivity 
(right y -axis). Values are the mean ± standard error of two independent experiments. 

i  

m  

t  

a
 

c  

c  

m  

a  

m  

t  

e  

i  

p  

b  

d
 

r  

b  

t  

b  

i  

r  

w  

v  

e  

a  

w  

a  

p  

E  

t
 

b  

e  

C  

t  

o  

Y  

t  

R  

w

C
T  

p  

m  

t
 

g  

t  

w  

t  

s  

a  

p  

y  

m  

n  

a  

a  

m  

o  

d
 

m  

a  

S  

f  

f  

s
 

i  

s  

p  

s  

i  

m  

G  

e  

c  

a  

a  

f

D
ow

nloaded from
 https://academ

ic.oup.com
/fem

syr/article/doi/10.1093/fem
syr/foae024/7727800 by U

niversity of M
ilan-Bicocca user on 10 Septem

ber 2024
s oxidized completely to GA; ho w e v er, a small fr action of it
ight be further metabolized to GOX and ultimatel y r espir ed

o CO 2 . More in depth studies are needed to confirm this
spect. 

For the economics of the pr ocess, it m ust be noted that glu-
ose is r equir ed to obtain the initial biomass. As a proof of con-
ept, we utilized pure glucose, ho w e v er, S. stipitis is a robust
icrobial cell factory capable of utilizing both C6 and C5 sug-

rs (Mastella et al. 2022 ). T hus , a lignocellulose-deriv ed gr owth
edium could be used to produce the biomass in a more sus-

ainable wa y; moreo ver, the presence of other sugars and nutri-
nts might impr ov e EG conv ersion to GA, sustaining growth dur-
ng the production phase. More studies are needed to impr ov e the
r oposed pr ocess: as an example, one of the main points would
e to understand if C5 sugars inhibit EG oxidation as glucose
oes. 

Finally, the goal was also to develop a process, which did not
 el y on offline data. Growth and glucose consumption phase can
e estimated by the online profile of the pO 2 , clearly indicating
he time of addition of EG. Mor eov er, as GA is the only by-product,
y separating growth and production phase it is possible to mon-

tor the conversion of EG to GA by the addition of base, without
 equiring an y special equipment (e.g. HPLC). To confirm that this
 as possible, w e estimated the final amount of GA based on the

olume of added KOH and compared it to the actual value. At the
nd of EG consumption, 86 ml of base had been added after the
ddition of EG, and using Equation ( 1 ), an estimate of 13 g of GA
as obtained; this value is close to the value measured by HPLC
t the end of the fermentation (11.5 g). We conclude that the base
rofile can be used for online monitoring of GA production from
G. Figure S4 shows a visual r epr esentation of the process moni-
oring described abo ve . 

Taken together, our findings r e v eal yeasts as an interesting
iorefinery for the upcycling of EG to GA. To the best of our knowl-
dge, only two other works studied EG conversion to GA by yeast.
arniel et al. ( 2023 ) obtained similar results to ours; they were able

o obtain 429 mM (32.6 g l −1 ) of GA with a yield on consumed EG
f 74% (35% when considering total EG) by growing Y. lipolytica in
P + EG 1 M in a bioreactor setting; Kataoka et al. ( 2001 ) were able

o obtain up to 1.45 M (110 g l −1 ) with a yield of 92% by growing
hodotorula sp. in high density bioconversions (10.7 g of wet cell
eight for a 100 ml reaction). 
onclusions 

he scope of this work was to lay the foundations to study the
hysiology of EG metabolism in different yeasts, as their specific
etabolic traits can offer advantages in different process condi-

ions and with different media compositions. 
Firstl y, we demonstr ated that EG consumption in S. cerevisiae

rowing in the presence of glucose only starts after the deple-
ion of other carbon sources (glucose , acetate , and ethanol), unlike
hat happens in Y. lipolytica ; a DoE approach allo w ed to pinpoint

he most important parameters to optimize a two-step bioconver-
ion and to de v elop a pr edictiv e model for S. cerevisiae ; mor eov er,
 putative pathway for the metabolism of EG by S. cerevisiae was
r oposed. Secondl y, scr eening of ascomycete and basidiomycete
easts r e v ealed that the ability to oxidize EG to GA is a pr etty com-
on trait among yeasts. Since EG is not generally found in their

atur al nic hes, yeasts most likel y did not e volv e specific enzymes
ctive on this molecule. From a structural point of view, EG can be
ssociated to 1,2-propanediol (as often reported for bacteria), or
ost likely ethanol or gl ycer ol; ther efor e, we can speculate that

xidation of EG is catalysed by promiscuous endogenous alcohol
ehydr ogenases e volv ed for other (pol y)alcohols. 

Further studies are required to better understand the genes and
etabolic pathwa ys in volved in EG oxidation, including deletion

nd/or ov er expr ession of the identified genes; pr ecision editing in
. cerevisiae can confirm or deny our initial hypotheses. In parallel,
urther efforts might be directed to the identification of more per-
orming yeast species, or strains with different EG consumption
trategies. 

One last remark should be made about the economic feasibil-
ty of the process. Indeed, the added value generated by conver-
ion of EG to GA might not be sufficient to cover the cost of a
rocess encompassing the enzymatic hydr ol ysis of PET and the
ubsequent production of GA. Most probably, yield and productiv-
ty will need to be impr ov ed, together with the identification of a

or e economic substr ate for the gr owth of S. stipitis and a viable
A purification system. Ho w e v er, it m ust be taken into consid-
ration that the TPA released by the PET hydrolysis can also be
onverted by bacteria to the m uc h mor e v aluable pr otocatec huic
cid, as many examples are present in literature. Taken together,
 techno-economic analysis will be necessary to understand the
easibility of such a complex process. 

https://academic.oup.com/femsyr/article-lookup/doi/10.1093/femsyr/foae024#supplementary-data
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