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Abstract

Ethylene glycol (EG) is a versatile molecule produced in the petrochemical industry and is widely used to
manufacture plastic polymers, anti-freeze, and automotive fluids. Biotechnological production of EG from xylose,

a pentose present in lignocellulose biomass hydrolysates, has been achieved by the engineering of bacteria, such
as Escherichia coli and Enterobacter cloacae, and the yeast Saccharomyces cerevisiae with synthetic pathways. In the
present work, the Dahms pathway was employed to construct Komagataella phaffii strains capable of producing
EG from xylose. Different combinations of the four enzymes that compose the synthetic pathway, namely, xylose
dehydrogenase, xylonate dehydratase, dehydro-deoxy-xylonate aldolase, and glycolaldehyde reductase, were
successfully expressed in K. phaffii. Increased production of EG (1.31 g/L) was achieved by employing a newly
identified xylonate dehydratase (xy/D-HL). This xylonate dehydratase allowed 30% higher EG production than a
previously known xylonate dehydratase (xy/D-CC). Further strain engineering demonstrated that K. phaffii possesses
native glycolaldehyde reduction and oxidation activities, which lead to pathway deviation from EG to glycolic acid
(GA) production. Finally, cultivation conditions that favor the production of EG over GA were determined.
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Introduction

Ethylene glycol (EG) is a 2-carbon alcohol primarily
employed in the production of plastic polymers such as
polyethylene terephthalate (PET), polyurethane (PU), and
polyethylene succinate (PE) resins (Zhang et al. 2020). In
addition, it has several industrial applications, such as pro-
ducing antifreeze, hydraulic fluids, and surfactants. EG is
one of the most promising building block compounds that
can be produced from lignocellulosic biomass (de Jong et
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al. 2020). Lignocellulosic biomass use for bio-based prod-
ucts could reduce a significant amount of greenhouse gas
emissions (15-66%) per year compared with the current
value (de Jong et al. 2020). Thus, renewable production
of EG would help to reduce greenhouse gas emissions.
However, the current industrial production of EG occurs
mainly by chemical synthesis through the hydration of eth-
ylene oxide, a hazardous compound derived from the pet-
rochemical industry (Cabulong et al. 2017a; Zhang et al.
2020). A minimal fraction of the total EG produced glob-
ally is produced from bioethanol conversion (de Jong et al.
2020).

Synthetic metabolic pathways to produce EG from
biomass-derived xylose have been implemented in
bacteria and yeast (Cam et al. 2016; Choi et al. 2017;
Zhang et al. 2017; Valdehuesa et al. 2018). To date,
there are three known synthetic metabolic pathways
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to produce EG from xylose: (i) the Dahms pathway, (ii)
xylulose-1 phosphate pathway, and (iii) ribulose-1 phos-
phate pathway (Stephen Dahms 1974; Cam et al. 2016;
Salusjdrvi et al. 2019). EG production from xylose was
first achieved in E. coli using a modified Dahms pathway
(Stephen Dahms 1974; Cam et al. 2016). In this pathway
(Fig. 1), xylose is converted to xylonolactone (XLA) by a
xylose dehydrogenase (XDH). Then, xylonolactone opens
spontaneously or in a reaction catalyzed by lactonase into
xylonate. The xylonate is dehydrated into 2-keto-3-deoxy-
xylonate (KDX) with the action of a xylonate dehydratase
(XD) enzyme. KDX is cleaved into glycolaldehyde and
pyruvate by a dehydro-deoxy-xylonate aldolase (ALDO).
The production of EG occurs through a reaction cata-
lyzed by an aldehyde reductase (ALDR), which reduces
glycolaldehyde to EG. Among the different metabolically
engineered microorganisms, the highest EG production
titers reached 108 g/L in E. coli (Chae et al. 2018) through
the Dahms pathway. Saccharomyces cerevisiae was also
engineered to produce EG using this pathway, although
its production reached only 14 mg/L (Salusjarvi et al.
2017). The low efficiency of XD has been pointed out as
the cause of low EG production titers in microorganisms
converting the xylose via the Dahms pathway (Salusjarvi
et al. 2017).

Komagataella phaffii, previously known as Pichia
pastoris, is one of the yeasts with the most signifi-
cant biotechnological potential in recombinant pro-
tein production (Yamada et al. 1995; Zahrl et al. 2017;
Carneiro et al. 2022). More recently, K. phaffii has also
gained attention as a microbial platform for the pro-
duction of several chemical compounds of industrial
interest (Carneiro et al. 2022; Gasser and Mattanovich
2018; Yang and Zhang 2018). This yeast can reach high
cell biomass concentrations (40 g/L) with low nutrient
requirements (Rebnegger et al. 2016), is acid-tolerant,
has a Crabtree negative metabolism and genetic stabil-
ity, tools for genetic manipulation and information about
your physiology and metabolism (Carneiro et al. 2022).
Different Komagataella species can naturally assimilate
xylose but at different rates (Heistinger et al. 2022). Thus,
considering the glucose and xylose contents in lignocel-
lulosic hydrolysates, engineered K. phaffii strains should
metabolize glucose for growth and maintenance while
converting xylose to the desired metabolite. By imple-
menting a newly identified bacterial xylose dehydroge-
nase, Ramos and colleagues recently constructed a K.
Pphalffii strain, which produced up to 37 g/L xylonic acid
with yields above 0.9 g/g (Ramos et al. 2021). This strain
could also produce xylonic acid in sugarcane hydrolysate,
demonstrating its relative tolerance to the hydrolysate.
Previously, K. phaffii was engineered to assimilate xylose
using a reductive pathway composed of xylose isomerase
(Li et al. 2015). Another study also showed tolerance of
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K. phaffii to lignocellulose-derived inhibitors (Paes et al.
2021). Indeed, this yeast can grow on acetic acid, a com-
mon and abundant inhibitor in lignocellulosic hydroly-
sates. These results highlight a potential use of K. phaffii
for EG production through a synthetic pathway using
xylonic acid as an intermediate (Banares et al. 2021; Tri-
chez et al. 2022).

In this work, K. phaffii strains were engineered to pro-
duce EG from xylose by implementing a synthetic Dahms
pathway. The pathway comprises the enzymes XDH, XD,
ALDO, and ALDR, which were inserted into K. phaffii
X-33 by expressing the respective bacterial genes. Since
the conversion of xylonate into KDX by an XD enzyme
was assumed to be rate-controlling for the synthetic EG
production pathway, three new bacterial isogenes encod-
ing XD enzymes were identified and evaluated. In addi-
tion, cultivation conditions that influence EG production
were determined.

Materials and methods

Strains and growth media

The strain E. coli TOP10 (Invitrogen) was employed for
cloning experiments, and the strain K. phaffii X-33 (Invi-
trogen) was selected as the host yeast strain for EG pro-
duction (Table 2). E. coli strains were grown in low salt
LB (1% tryptone, 0.5% NaCl, 0.5% yeast extract) supple-
mented with zeocin (25 pg/mL), kanamycin (50 pg/mL)
or hygromycin B (50 pg/mL) when appropriate. The yeast
strains were grown in YP (1% yeast extract, 2% peptone)
supplemented with glucose (YPD) and/or xylose (YPX) at
different concentrations. Zeocin (100 pg/mL), Geneticin
(200 pg/mL), and hygromycin B (200 pg/mL) were added
to the media used to cultivate K. phaffii when appropri-
ate. LB or YP solidified with 2% agar was used to grow
E. coli of K. phaffii on agar plates; the respective antibi-
otic was added as mentioned above. E. coli cultures were
incubated at 37 °C and 220 rpm, and K. phaffii cultures
were incubated at 30 °C and 200 rpm.

K. phaffii engineering for EG production

Vector construction

The gene xylD from Halomonas lutea (xylB-HL) encod-
ing the first enzyme of the EG pathway (XDH) was pre-
viously cloned under the control of the Pg,p promoter
(pGAP-HL vector) (Ramos et al. 2021). The three gene
sequences encoding putative XDs (xy/D-HL, xylD-AM,
and xy/D-BS) were codon optimized for expression in K.
phalffii, synthesized by GenOne LTDA/SA, and inserted
into the pKLD vector (Betancur et al. 2017). The coding
sequences (Supplementary file) were cloned under the
control of the Py K. phaffii promoter using the restric-
tion sites BamHI and Notl. The two previously known
XDs, encoded by yjhG-EC and xylD-CC, were used as
controls in the experiments, so the same expression
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Fig. 1 Metabolic pathway overview for ethylene glycol (EG) production from xylose through the modified Dahms pathway, its enzymatic steps and
pathway deviation to produce glycolic acid (GA). The numbers in purple represent each reaction that leads to EG production, and gray to GA: 1—xylose
dehydrogenase (XDH); 2—xylonolactonase (XLA); 3—xylonate dehydratase (XD); 4—aldolase (ALDO); 5—aldehyde reductase (ALDR); 6—aldehyde de-
hydrogenase (ALDH). The names in italics describe the genes overexpressed in K. phaffii in this study
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procedures were adopted for them. The plasmids were
named pKLD-xylD-Xx, where Xx means the microorgan-
ism of origin (Table 1).

The two final enzymes of the EG-forming pathway
(ALDO and ALDR) were expressed in the B3-036 vec-
tor (Prielhofer et al. 2017). For this purpose, two gene
expression cassettes (named MOD1) were designed in
silico and chemically synthesized (Supplementary file).
For MODI1 construction, the yjizH gene encoding ALDO
from E. coli was cloned under the control of the P, and
CYC1 terminator using Xhol and Sacl sites. The same
procedure was adopted for fucO, encoding ALDR from
E. coli, but the Py;pp; and TDH3 terminator regulated its
expression. MOD1 was chemically synthesized, cloned
and inserted into the pBSK vector by GenOne LTDA/SA.
MOD1 has at the restriction site BamHI on both sides.
To be expressed in K. phaffii, MOD1 was removed from
the plasmid pBSK with the restriction enzyme BamHI
and inserted into the B3-036 vector (Prielhofer et al.
2017), previously digested with the same enzyme, result-
ing in the plasmid pB3Hyg YjhH + FucO. To obtain
MOD]1, the B3-036 vector was first digested with the
enzymes Xhol and Sacl; this reaction generated three
nucleotide fragments with different sizes, 1973, 2310,
and 4262 base pairs (bp). After the restriction reaction,
the fragment with 4262 bp was purified with the Promega
DNA purification kit. This fragment contains the cassette
with the hygromycin B resistance gene (iphR) and the
replication origin (PucOri). Then, the purified fragment
was digested with BamHI and ligated to MOD1, resulting
in the plasmid pB3Hyg_MOD1. All plasmids constructed
and employed in this study are listed in Table 1.

Table 1 Plasmids used in this study
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Strain construction

The first EG pathway enzyme (XDH) was previously
expressed in K. phaffii by integrating the pGAP vec-
tor carrying the xy/D-HL gene (Ramos et al. 2021). For
the present work, the K. phaffii strain P1HL2, already
expressing XDH, was chosen to host the enzymes of the
complete EG metabolic pathway. The five pKLD-xylD
plasmids (Table 1) were linearized with Sacl and intro-
duced into the K. phaffii PIHL2 strain through electro-
poration (Invitrogen 2010). Transformants were first
selected by growth on YPD plates supplemented with sor-
bitol (18.2%) and geneticin (200 ug/puL) at 30 °C. To fur-
ther confirm the integration of the plasmid, colony PCR
was carried out with the primers pPGK-D7(F) (5'-GTT
CTCATCCATGAGTGAGTC-3’) and 3’AOX1(R) (5'-G
CAAATGGCATTCTGACATCC-3'), resulting in ampli-
fication of the total length of the XD gene (~2000 bp). In
addition to the 5 strains carrying the same XDH and dif-
ferent XDs, a control strain was also obtained by trans-
formation with pKLD-empty (without xyID).

To construct the K. phaffii strain with the complete
EG pathway, the K. phaffii strains that already had the
XDH and XD integrated into the genome were trans-
formed with the plasmid pB3Hyg_YjhH + FucO. For
this, the transformation followed the same protocol
described for the pKLD. After the completion of the
transformation steps, the cells were spread on solid YPD
plates supplemented with sorbitol (18.2%) and hygromy-
cin B (200 pug/mL) and incubated at 30 °C until colony
appearance. For confirmation, the replicative plasmid
pB3Hyg YjhH + FucO was extracted from the strains and
PCR was performed with the primers PucOri(F) (5'-GA

Plasmids Characteristics References
pGAPZB Promoter GAP, Zeo® Invitrogen (2010)
pGAPZB_xyIB-HL Express XDH-HL, Zeo® Ramos et al. (2021)
pKGFP-Id Express green fluorescent protein under control of pPGK1, Kan® Betancur et al.
(2017)
pKLD PKGFP-Id without the gene EGFP, Gen®, This work
pKLD_xylD-AM Express XD-AM Genf This work
pKLD_xyID-BS Express XD-BS Gen® This work
pKLD_xyID-HL Express XD-HL Gen® This work
pKLD_YhjG-EC Express XD-YhjG Gen® This work
pKLD_XyID-CC Express XD-XyID Gen® This work
pBSK Amp® derived from pBluescript Il SK (+) Agilent Technolo-
gies (2008)
pBSK_MOD_1 Contain the expression cassetes pTEF-ALDO-CYCtt and pMDH3-ALDR-TDH3tt, This work
derived from pBSK carrying the genes YjhH and FucO, Amp®
B3-036 Carrying Ca9 gene, Hyg" Prielhofer et al.

pB3Hyg_YjhH + FucO
pB3Hyg_YjhH

Derived from B3-036 carrying the genes YjhH and FucO, Hyg®
Derived from B3-036 carrying the genes YjhH, Hyg"

(2017)
This work
This work

*Promoter for heterologous gene expression in K. phaffii

RAntibiotic resistance
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TCCGGCAAACAAACCACC-3') and CyctR (5'-CGT
ACACGCGTCTGTACAGA-3’). These primers ampli-
fied the first gene of MOD1 (ALDO), with a length of
approximately 1900 bp. All positive clones from each
construct were cryopreserved in a — 80 °C freezer. One
clone of each combination of enzymes was selected for
the experiments.

To construct K. phaffii strains without the heterolo-
gous fucO encoding the ALDR enzyme, digestion of the
plasmid pB3Hyg YjhH + FucO was carried out with the
restriction enzyme Pvull. The enzyme cleaves the fucO
protein-encoding sequence together with the MDH3
promoter and the TDH3 terminator from the plasmid
pB3Hyg_YjhH + FucO. After digestion, the plasmid back-
bone without the fucO expression cassette was puri-
fied and joined using the T4 ligase enzyme. Once the
accurate construct configuration was confirmed, the
pB3Hyg_ YjhH plasmid was inserted into E. coli, puri-
fied and subsequently introduced into K. phaffii through
cloning. Table 2 lists all the strains selected and used in
this work.

Cultivation experiments

To evaluate the functionality of the new XD, the strains
expressing XDH and one of the five XDs were incubated
in YPDX medium. Initially, strains were recovered from
cryogenic glycerol stocks (30%) and transferred to Petri
dishes with YPD agar medium supplemented with zeocin
(100 pug/mL) and geneticin (200 pg/mL). Precultures were
initiated by inoculating each strain grown in solid media
in 10 mL YPD medium in 50 mL conical tubes for 48 h in
a shaker at 30 °C and 200 rpm. After 48 h, the preculture

Table 2 List of strains used in this study
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was transferred to 100 mL of YPD medium in 500 mL
flasks for overnight growth under the same conditions of
precultures. Then, cultivations were initiated by inoculat-
ing each strain to an optical density (ODgg,,) equal to
10 in 30 mL YP supplemented with glucose (2 g/L) and
xylose (40 g/L) in 250 mL flasks. Samples were collected
at 0, 24, and 48 h of cultivation and analyzed for OD¢yy,1m
substrate consumption, and metabolite production by
high-performance liquid chromatography (HPLC) and
liquid chromatography coupled with mass spectrometry
(LC-MS).

To evaluate the capacity of engineered K. phaffii strains
to produce EG under different experimental conditions,
these were cultivated as previously mentioned, except for
the initial OD600nm, glucose and xylose concentrations,
which varied in some experiments. The values employed
are specified where appropriate. Cultivations with EG
and GA as carbon sources were performed for 72 h in
YP supplemented with 5 g/L EG or AG and antibiotics.
Samples for ODgy,,, analysis, substrate consumption,
and metabolite production were collected and evaluated
as in previous cultivations.

Analytical methods

Quantification of glucose, EG, and glycolic acid was per-
formed as described by Vieira (2018) and Costa et al.
(2019). In brief, samples were injected in an Ultra-High-
Performance Liquid Chromatography (UHPLC) system
(Waters AcQuity UPLC H-Class RID) equipped with an
Aminex HPX87H (Bio-Rad) column. The flow rate was
adjusted to 0.6 mL/min with a mobile phase of 5 mM
H,SO,. The injection sample volume was 10 pL, and the

Strain Genotype Phenotype Refs.
E. coliTOP10 F-mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 recAl - Invitrogen
araD139 A(ara-leu) 7697 galU galK rpsL (StrR) endAT nupG A (2006a)
K. phaffiiX-33 Prototrophic - Invitrogen
(2006b)
K. phaffii PTHL2 PGAP_ xyIB-HL ZeoR + XDH Ramos et al.
(2021)

K. phaffi JA120 pGAP-xylB-HL + pKLD-xyID-AM+ pB3Hyg-MOD1 (yjhH+fuc0) ~ Zeo" + Gen® + Hyg" This work
XDH+XD+ALDO+ALDR

K. phaffii JA121 PGAP-xyIB-HL + pKLD-xyID-bs + pB3Hyg-MOD1 (yjhH + fuc0) Zeo" + Gen® + HygR XDH + XD+ ALDO + ALDR This work

K. phaffii JA122 PGAP-xyIB-HL + pKLD-xyID-HL + pB3Hyg-MOD1 (yjhH + fuc0) Zeo® + Gen® + Hyg" XDH +XD+ALDO +ALDR This work

K, phaffii JA123 PGAP-xyIB-HL + pKLD-yhjG-EC+ pB3Hyg-MOD1 (yjhH + fuc0) ZeoR + Gen® + Hyg® XDH+XD+ALDO + ALDR This work

K, phaffii JA124 PGAP-xyIB-HL + pKLD-xyID-CC + pB3Hyg-MOD1 (yjhH + fuc0) Zeo® + Gen® + Hyg" XDH+XD+ALDO + ALDR This work

K, phaffi JA125  pGAP-xyIB-HL+ pKLD-empty Zeo" + Gen® This work
XDH

K phaffi JA126 ~ pGAP-xylB-HL+ pKLD-empty+ pB3Hyg-empty Zeo® + Gen® + Hyg" This work
XDH

K, phaffii JA128 pPGAP-xyIB-HL + pKLD-xylID + pB3Hyg-empty Zeo® + Gen® + Hygh This work
XDH+XD

K. phaffii JA131 PGAP-xyIB-HL + pKLD-xyID-HL + pB3Hyg-yjhH ZeoR + Gen® + Hyg" XDH+XD+ALDO This work

K phaffi JA133  pGAP-xyIB-HL + pKLD-xylD-CC + pB3Hyg-yjhH Zeo® + Gen® + Hyg® XDH + XD+ ALDO This work
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column was kept at 45 °C. The analytical run was carried
out for 24 min.

Quantification of xylose, xylonic acid, xylitol, and arabi-
tol was achieved by coupling liquid chromatography
(VanquishTM, Thermo FisherTM, USA) with a mass spec-
trometer (Q ExactiveTM Focus orbitrap, Thermo Fish-
erTM, USA). The samples were prepared by centrifugation
at 13.800xg for 10 min. Then, the supernatant was indi-
vidually filtered with a 0.2 pm filter. Subsequently, sam-
ples were injected, and metabolites were separated using
a Rezex™ ROA-Organic Acid H+column (300x7.8 mm,
8%, Phenomenex) protected by a SecurityGuard™ Carbo
H+precolumn (4x3 mm, Phenomenex). The analytes were
eluted with 0.1% formic acid at a constant flow rate of 0.4
mL/min and a column temperature of 80 °C. Monoisotopic
mass and retention time of individually injected standards
were used for analyte identification and quantification.

The qualitative analysis of KDX was performed in a Nex-
era X2 UHPLC system (Shimadzu, Kyoto, Japan) equipped
with an Acquity UPLC HSS T3 column (2.1 mm % 100 mm,
1.8 um) (Waters Technologies, Milford, USA) coupled to a
high-resolution MaXis 4G™ Q-TOF MS analyzer (Bruker
Daltonics, Germany) through an electrospray ionization
source. The chromatographic run parameters were iso-
cratic from 0.0 to 1.0 min (0% B), linear gradient from 1.0
to 3.0 min (0-5% B), linear gradient from 3.0 to 10.0 min
(5-50% B), linear gradient from 10.0 to 13.0 min (50-100%
B), isocratic from 13.0 to 15.0 min (100% B) and isocratic
from 15.0 to 20.0 min (0% B). Eluent A was 0.1% v/v for-
mic acid in water, and eluent B was 0.1% v/v formic acid in
methanol. The flow rate, oven temperature and injection
volume were 0.4 mL/min, 40 °C, and 1 pL of sample, respec-
tively. Fermentation samples were diluted 30x before injec-
tion. Standards were injected at 30 ug/mL.

Data were acquired in negative ion mode. The MS param-
eters were end plate offset=500 V, capillary voltage=4000 V,
nebulizer pressure=4.0 Bar, dry gas flow=9.0 L/min, dry
temperature=200 °C, spectra rate=3.00 Hz, and detec-
tion range=m/z 75-1000. Sodium formate (2 mM) in iso-
propanol: water (1:1 v/v) was directly injected through a
6-port valve at the beginning of each chromatographic run
for external calibration. The MS/MS parameters were col-
lision energy, 20-50 V using a basic stepping program;
cycle time of precursor ion acquisition, 3.0 s; mass range,
75-1000 m/z; spectra rate, 3 Hz; pre-pulse storage, 7.0 ys;
funnel 1 RF, 300.0 Vpp. UHPLC-MS/MS data were acquired
with otofControl (Bruker Daltonics) and HyStar version 3.2
(Shimadzu) and visualized with DataAnalysis 4.2 (Bruker
Daltonics). The ion extraction tool was used to manually
search the m/z values of different ionization forms of some
expected fermentation products in the chromatograms.

Cell growth was monitored by absorbance at ODg,
with a spectrophotometer (SpectraMax M2, Molecular
Devices). 5 mL aliquots were withdrawn from the starting
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and the last fermentation point for the cell-dry weight
measurements. The aliquots were centrifuged at 3000xg
for 25 min. The supernatant was discarded, and the pel-
let was washed in deionized water and centrifuged again.
The supernatant was discarded, and the pellet was dried in
a glass tube at 60 °C (approximately 96 h). Finally, the cell
mass was measured with an analytical balance.

Results

Identification and validation of new xylonate dehydratases
(XD)

The synthetic EG production pathway implemented
in this work involves four enzymatic steps (Fig. 1). In
the first reaction, xylose is converted by XDH to xylo-
nolactone, which can spontaneously open to xylonic
acid. Then, XD dehydrates xylonic acid into KDX. The
best-characterized known XDs are those encoded by
xyID  from Caulobacter crescentus (xyID-CC) (Ste-
phens et al. 2007) and ykhjG from E. coli (YhjG-EC)
(Jiang et al. 2015). Previously, XDH from the bacteria
Halomonas lutea, Azospirillum amazonense, and Bre-
vundimonas subvibrioides were successfully identified
and successfully expressed in K. phaffii (Ramos et al.
2021); thus, the putative XD of the same bacterial spe-
cies were chosen for evaluation in this study. This strat-
egy was employed to increase the chance of identifying
functional enzymes that can be properly expressed by
K. phaffii. The xyID sequences, which putatively encode
XD, from (A) amazonense (xylD-AM—accession number
WP_013269499.1), (B) subvibrioides (xylD-bs—acces-
sion number WP_019016838.1), and H. lutea (xylD-HL—
accession number WP_019016838.1) showed identities
0f 79.9, 61.38, and 64.31% to xyID from (C) crescentus.

To validate the in vivo functionality of the three
selected enzymes, integrative plasmids for the expression
of five coding sequences (3 putative XDs and the con-
trols xy/D-CC and yhjG-EC known to encode functional
XDs) were constructed and transformed into a K. phaffii
strain already overexpressing the gene xy/B from H.
lutea (Ramos et al. 2021). Transformants were selected
on a solid YPD medium with zeocin and geneticin, and
plasmid integration was verified by PCR amplification
of the XD-encoding gene, generating strains expressing
XDH along with one of the five XDs. To evaluate the XD
functionality in vivo, the five strains carrying XDH+XD,
as well as the two control strains (K. phaffii X33 and K.
phaffii-XDH) were cultivated in a YPDX medium con-
taining 40 g/L of xylose and 2 g/L of glucose. After 48 h
of incubation, culture supernatants were collected and
qualitatively evaluated by LC-MS for xylonic acid and
KDX production. As expected, K. phaffii X33 did not
produce xylonic acid or KDX, whereas K. phaffii-XDH
did. The strains expressing XDH and XD produced KDX,
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confirming the functional expression of the respective
dehydratase (data not shown).

Construction of K. phaffii EG-producing strains

To complete the EG synthetic pathway, the enzymes
ALDO and ALDR, which are responsible for the cleavage
of KDX into glycolaldehyde and pyruvate, and the con-
version of glycolaldehyde into EG, respectively (Fig. 1),
were also expressed in the yeast. For this, the coding
sequences for ALDO (yjhH) and ALDR (fucO) from E.
coli (Liu et al. 2013; Alkim et al. 2015) were cloned under
the control of the K. phaffii promoters TEF2 and MDH3,
respectively. The expression cassettes were inserted into
the plasmid pB3-036, resulting in the vector pB3Hyg
MOD_1 (Table 2). The plasmid was transformed into the
strains of K. phaffii harboring the XDH and one of the
five XDs. The resulting transformants were confirmed
by growth on selective medium and colony PCR for the
inserted genes. Thus, five strains were obtained, each
expressing a different XD but exhibiting the same expres-
sion cassettes for XDH, ALDO, and ALDR. The resulting
strains, which are differentiated by XD, were named K.
phaffii JA120 (xyID-AM), JA121 (xylD-bs), JA122 (xylD-
HL), JA123 (xylD-EC), and JA124 (xyID-CC) (Table 2).
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To confirm the functionality of the pathway, the five
strains with the complete pathway and two controls
(expressing only XDH and XDH+ XD, respectively JA125
and JA126 (Table 2) were cultivated in YP supplemented
with 40 g/L xylose and 2 g/L glucose for 48 h. All strains
expressing the complete pathway were able to produce
EG (Fig. 2). The K. phaffii strains JA123 and JA124 carry-
ing the genes that encode the XDs already characterized
in the literature (yjhG-EC and xyID-CC, respectively)
produced 0.39 and 0.51 g/L EG in the first 24 h, whereas
the strains harboring the newly identified XD, JA122
(XD-HL), JA121 (XD-BS), and JA120 (XD-AM) pro-
duced 0.84, 0.26 and 0.41 g/L EG, respectively (Fig. 2).
It is worth noting that one of the three tested new XD
enzymes (i.e., xy/D-HL) allowed better EG production
under the evaluated conditions than the previously stud-
ied enzymes in K. phaffii.

Glycolic acid (GA) production was also observed in all
strains harboring the synthetic Dahms pathway and var-
ied considerably over time (Fig. 2). The GA concentration
was lower than that of EG in the first 24 h of cultivation;
however, it increased considerably (by more than 100%)
after 48 h of cultivation. The highest value detected at this
time was 1.69 g/L for strain JA122 (Fig. 2). The amount of
GA produced by this strain is two times higher than the

2,0
48 h

1,5

e !
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<1,0
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Fig. 2 Ethylene glycol (EG) and glycolic acid (GA) production through co-fermentation of glucose and xylose by the engineered strains. The five strains
with the complete pathway express (XDH+ XD +ALDO + ALDR) and differ by the XD employed. Positive controls: JA124 (XD-Cc) and JA123 (XD-EC); new
XD: JA122 (XD-HL), JA121 (XD-Bs) and JA120 (XD-AM). Negative controls: JA126 (expresses only XDH-HL) and JA125 (XDH-HL + XD-EC+ ALDR). Strains were
inoculated to ODgygm 5 in 250 mL shake flasks filled with 20 mL of YP supplemented with 2 g/L glucose and 20 g/L xylose and antibiotics (zeocin, gene-
ticin and hygromycin). Samples were taken after 24 h and 48 h of cultivation and supernatants were analyzed for EG and GA concentration. The results
shown are mean values and standard deviations of three biological replicates. The standard deviation values represent 95% of the confidence interval in

a normal curve (z=1.96)
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EG concentration at the same time point. The fact that
the GA concentration was higher than the EG production
after 48 h was also valid for the other strains (Fig. 2).

Native glycolaldehyde reductase (ALDR) activities in K.
phaffii

The production of GA by the engineered strains indi-
cates that K. phaffii possesses endogenous ALDH activ-
ity since part of the carbon flux was directed away from
the pathway at the level of glycolaldehyde toward GA
production (Fig. 2). To confirm the native ALDH and to
evaluate possible native ALDR activity, strains express-
ing only the first three enzymes of the synthetic path-
way (XDH+XD+ALDO; without heterologous ALDR
were constructed). For this, ALDO was expressed in the
strains K. phaffii-XDH-XD-CC) and K. phaffii-XDH-
XD-HL) to evaluate the effect of different dehydratases.
The two resulting K. phaffii strains expressing XDH-XD-
ALDO (JA133 xylD-CC and JA131 xy/D-HL) were culti-
vated as previously described in the presence of 40 g/L
xylose and 2 g/L glucose. After 48 h of cultivation, the
presence of EG and GA was evaluated. The strains could
produce both compounds, confirming that K. phaffii pos-
sesses native ALDR and ALDH activities that can convert
glycolaldehyde to the corresponding products (Fig. 3).
The strains carrying heterologous ALDR (JA124 and
JA122) produced 0.61 and 0.79 and without heterologous
ALDR (JA133 and JA 131) produced 0.35 and 0.46 g/L
EG, respectively (Fig. 3). EG production increased on
average 1.71 times when the heterologous ALDR enzyme
was present (Fig. 3). These results indicate that the native
ALDR of K. phaffii converts glycolaldehyde to EG under
the evaluated conditions, although heterologous ALDR
expression increases EG production.

Conversion of EG and GA by K. phaffii

As K. phaffii can reduce and oxidize glycolaldehyde to
EG and GA, and the EG concentration is slightly reduced
over time (Fig. 2), it was also evaluated whether it pos-
sesses EG and GA conversion activities. Thus, K. phaffii
X-33, K. phaffii JA122 (XDH+XD+ALDO+ALDR), and
K. phaffii JA131 (XDH+XD+ALDO) were incubated
in the presence of 5 g/l EG or GA as substrates. The 3
strains could convert more than 50% of the EG into GA
(Fig. 4). The expression of the E. coli ALDR did not sig-
nificantly change the conversion rate of EG to GA among
strains. In addition, no GA conversion was observed
when the yeast strains were incubated in the presence of
the acid (data not shown).

Effects of glucose and xylose ratio in EG production

The K. phaffii EG-producing strains showed an increased
production of GA by the end of cultivation experiments
when glucose in the medium was low or finished. In
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addition, variable glucose concentrations in the medium
were shown to inhibit or favor xylose consumption and
modify product formation in S. cerevisiae (Hahn-Hég-
erdal et al. 2007; Hou et al. 2017). Thus, the effects of dif-
ferent sugar ratios on K. phaffii JA122 metabolism were
evaluated to better understand how glucose and xylose
can influence EG and GA production. For this, the strain
JA122 was incubated in YP supplemented with 20:20 g/L
(1:1), 10:20 g/L (1:2), 10:40 g/L (1:4), and 2:40 g/L (1:20)
glucose and xylose.

The results demonstrate that the strain JA122 produced
EG and GA in all conditions evaluated but at different lev-
els (Fig. 5). GA production has been commonly reported in
bacteria and yeast strains engineered to produce EG. For K.
phaffii, higher glucose concentrations in the medium favor
EG production while inhibiting GA production through
an unknown mechanism (Fig. 5A—C). Indeed, GA was not
produced until glucose was practically depleted from the
medium (Fig. 5). The maximum production of EG (1.31 g/L)
was achieved when the glucose and xylose were in an initial
proportion of 1:2 (Fig. 5B). In contrast, more GA (1.4 g/L)
was produced when the medium’s initial glucose concentra-
tion was below 2 g/L (Fig. 5D).

Fermentative profile of the K. phaffii EG-producing strain
The fermentative profile of strains was compared to
analyze the functionality of the EG synthetic pathway
further and better understand the metabolism of the
engineered K. phaffii. For this, strains JA122, which
expresses the complete EG pathway and showed the
best EG production (Fig. 2), and JA128 (control strain
that expresses only XDH and XD) were cultivated in YP
medium supplemented with 20 g/L glucose and 20 g/L
xylose. As expected, EG production was detected in
the cultivation with JA122 but not in the control strain
(Fig. 6). The fermentative profile of the K. phaffii JA122
strain was very similar to that of JA128. The main differ-
ence between these strains was the presence of 0.18 g/L
EG and 0.45 g/L GA in JA122 and none for the control
strain (Fig. 6). The strain K. phaffii JA122 assimilated
almost 9 g/L of xylose until 48 h of cultivation and then
stopped, correlating with the complete assimilation of
glucose (Fig. 6). The strain JA128 expressing only XDH
and XD consumed 6 g/L xylose and stopped at 48 h. The
xylonic acid (4 g/L) and xylitol (~1 g/L) production fol-
lowed almost the exact pattern for the two strains. Both
strains also produced arabitol while glucose was present
in the medium, reaching its maximum of approximately
5g/Lin 24 h (Fig. 6).

Discussion

This is the first time that a complete pathway enabling
EG production is functionally expressed in K. phaffii.
The ability to engineer K. phaffii to metabolize xylose—a
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Fig. 3 Ethylene glycol (EG) and glycolic acid (GA) production through co-fermentation of glucose and xylose by the engineered strains, harboring the
genes encoding for a heterologous aldehyde reductase (ALDR) (JA124 and JA122) or not (JA133 and JA131). Strains were cultivated in shake flasks with
an initial ODggonm ©f 10N 250 mL shake flasks with 50 mL of YP supplemented with 40 g/L xylose, 2 g/L glucose and hygromycin. The results shown are
mean values and standard deviations of two biological replicates. *Statistical significance in a standard deviation confidence interval of 63% (z=1) when
comparing the correlation of the EG production values between JA124 and JA133 and JA122 and JA131. Heterologous expression: JA124 (xylB-HL + xyID-
CC+yjhH+ fucO), JA133 (xyIB-HL +xyID-CC+yjhH), JA122 (xylB-HL +xylD-HL + yjhH +fucO), JA131 (xyIB-HL +xylD-HL +yjhH). XDH: xylose dehydrogenase,
XD: xylonate dehydratase, ALDO: aldolase, ALDR: aldehyde reductase. “+"indicate the presence of the heterologous enzyme

major component of lignocellulosic biomass - broadens
its potential for use in bio-based processes. Previously,
EG production in yeasts was only evaluated using S. cere-
visiae (Table 3). The highest EG concentrations achieved
were 14 mg/L through the Dahms pathway and 4 g/L in
a strain harboring the xylose 1-P pathway, but only when
fed-batch cultivations with glucose and xylose were car-
ried out (Table 3). Thus, the 1.31 g/L of EG produced

with K. phaffii under unoptimized cultivation condi-
tions demonstrates this yeast’s potential. K. phaffii is
well-established as a robust platform for heterologous
protein production due to its ability to grow at high cell
densities, tolerate stressful environmental conditions,
like low pH; exhibit fast growth rates, has genetic stabil-
ity and is a Crabtree negative yeast (Carneiro et al. 2022).
The successful engineering of K. phaffii to produce EG
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Table 3 A brief review of microorganisms able to produce ethylene glycol (EG) from xylose through engineered synthetic pathways

Strain EG (g/L) Y (9/9) Y (mol/mol) Bioprocess  Substrate Pathway Refs.

Bacteria

E. coliWL3110 108.2 0.36 0.87 Fed batch Xylose Dahms Chae et al. (2018)

E. coli BL21(DE3) 72.0 0.40 0.97 Fed batch Xylose Dahms Wang et al. (2018)

E. coli MG1655 40.0 0.35 0.85 Fed batch Xylose Ribulose-1P  Pereira et al. (2016)

E. coli MG1655 20.0 0.38 091 Fed batch Xylose Xylulose-1P Alkim et al. (2015)

E. coliW3110(DE3) 1.7 0.29 0.70 Batch Xylose Dahms Liuetal. (2013)
E.coliw3110 7.7 0.39 0.95 Batch Xylose Dahms Cabulong et al. (2017b)
E. cloacae S1 34.1 0.28 0.99 Fed batch Xylonic acid Dahms Zhang et al. (2020)

C. glutamicum SL-1 A pIEARKT 58 031 0.75 Batch Xylose Ru1pP Lee et al. (2019)

Yeasts

K. phaffii JA122 1.31 - - Batch Xylose+Glucose ~ Dahms This work

S. cerevisiae D452-2 05 0.01 0.03 Batch Xylose Xylulose-1P Chomvong et al. (2016)
S. cerevisiae H4099 0014 - - Batch Xylose+Glucose ~ Dahms Salusjérvi et al. 2017)
S. cerevisiae H131-A3CS 40 - - Fed batch Xylose+Glucose  Xylulose-1P  Uranukul et al. (2019)

demonstrates its potential as a microbial factory for high-
value chemical synthesis, adding to the range of mole-
cules that can be produced biotechnologically.

Our results offer three novel functional XD isoenzymes
that can be used to construct synthetic pathways for
converting xylose to valuable chemicals. The previously
characterized XD from C. crescentus (Xy/D-CC) and yhjG
from E. coli (YhjG-EC) showed low enzymatic activity in
S. cerevisiae and, therefore, represented a bottleneck for
EG production via the synthetic Dahms pathway (Salus-
jarvi et al. 2017). The strain carrying a newly identified
XD (XD-HL) showed a 30% increase in EG production
compared to the control strains carrying the previously
characterized dehydratases under the conditions tested.
Even if a direct comparison of enzyme performances can-
not be made due to experimental limitations (enzyme
kinetics and expression levels were not determined),
these results reinforce the observations the XD activity

limits xylonate conversion to KDX (Andberg et al. 2016).
The next step in optimizing EG production in K. phaffii
involves the XDs kinetic characterization and optimiza-
tion of expression levels, as these steps have already been
shown to improve EG and/or GA production in E. coli
(Chae et al. 2018).

The engineered K. phaffii strains produced both EG
and GA, with maximum EG production of 1.31 g/L
and GA reaching 1.69 g/L after 48 h of cultivation. The
native ALDR of K. phaffii converts glycolaldehyde to EG,
although heterologous ALDR expression increases EG
production. This dual production of EG and GA occurs
because K. phaffii possesses native enzymatic activi-
ties that convert glycolaldehyde into both compounds
(Fig. 4). The reduction of glycolaldehyde to EG by endog-
enous enzymes was previously observed in S. cerevisiae
(Salusjarvi et al. 2017). Similar findings have also been
reported in engineered E. coli strains, where native
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enzymatic activities affect product formation (Cabu-
long et al. 2017a). In addition, K. phaffii can convert EG
into GA, but not the reverse (Fig. 4), indicating that other
enzymes may be involved in EG metabolism in vivo. It
was shown that the purified K. phaffii alcohol oxidase
could oxidize EG to glycolaldehyde in vitro, but the in
vivo activity was not evaluated (Isobe et al. 2012). Since
AOX1 expression is repressed by glucose and requires
induction by methanol (Wang et al. 2017), the results
obtained here indicate that EG could act as an inductor
of AOX1 and that other enzymes may be involved in EG
conversion to GA via glycolaldehyde in vivo. Indeed, for
other yeasts, such as S. cerevisiae and Yarrowia lipolytica,
it has been suggested that the conversion of EG is likely
driven by promiscuous enzymes, most probably dehydro-
genases, which may be upregulated during the stationary
phase. However, details on the reaction directionality are
unavailable (Carniel et al. 2024; Senatore et al. 2024). The
identification of native glycolaldehyde reduction (ALDR)
and oxidation (ALDH) activities and EG oxidation to GA
in this yeast is essential to elaborate further strategies of
strain improvement, allowing the deletion of competitive
pathways or overexpression of particular genes to drive
the carbon flux to a specific product.

A higher glucose concentration in the culture medium
favors EG production, while GA production increases
when glucose is depleted (Fig. 5). This may suggest a
regulatory effect of glucose on the pathways involved in
GA formation. Glucose may downregulate the activity of
K. phaffii native ALDH, which converts glycolaldehyde
into GA (Senatore et al. 2024). Similarly, it is known that
the transcription factors that regulate the AOX genes
in K. phaffii are inhibited by the presence of glucose
(Wang et al. 2017). Alternatively, glucose consumption is
known to increase glycolytic fluxes in engineered xylose-
consuming S. cerevisiae strains, indirectly increasing
xylose consumption by improving energy and oxidative
balance in the cell (Hahn-Hégerdal et al. 2007). Finally,
fast glucose consumption may reduce oxygen availabil-
ity in the medium and modify the cofactor balance in the
cell. Thus, optimizing the balance between glucose and
xylose in the medium and evaluating different cultiva-
tion conditions on EG and GA formation are required to
enhance EG production in K. phaffii further. Indeed, the
best EG production reported in the literature (108 g/L)
was obtained in E. coli only after extensive metabolic
engineering (deletion of competitive pathways and over-
expression of several target genes) and bioprocess opti-
mization with fed-batch cultivation (Table 3).

A characteristic shared between the EG-producing and
control strains was the production of xylitol and arabitol
(Fig. 6), metabolites usually accumulated during yeast
cultivations due to redox imbalance. Xylitol is known
to be produced from the reduction of xylose through
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the enzyme xylose reductase (XR), and its production is
well-studied in several microorganisms (Qi et al. 2016;
Carneiro et al. 2019; Xu et al. 2019). To date, xylitol pro-
duction in native K. phaffii strains has been reported
only by Heistinger et al. (2022). Arabitol was produced
during the glucose assimilation phase (Fig. 6). Arabitol
formation in a K. phaffii strain engineered for lactic acid
production from glycerol was linked to cofactor regener-
ation (Melo et al. 2018). The cell requirement for NADH
oxidation under limited oxygen situations leads the gly-
colytic flux to the pentose phosphate pathway, deviat-
ing the carbon flux to the ribulose or xylulose reduction
into arabitol, resulting in NAD +regeneration (Melo et al.
2018). Similarly, the oxidation/reduction reactions in the
EG pathway might lead to disturbances in the cell’s redox
state, leading to arabitol production.

In conclusion, this work represents a significant
advance in the engineering of K. phaffii for biotechno-
logical EG production from xylose, marking the first
time this non-conventional yeast has been employed for
this purpose. The introduction of more efficient xylonate
dehydratases and the identification of challenges related
to EG production are valuable insights. Future strategies
should focus on eliminating competitive pathways and
optimizing cultivation conditions to further improve EG
yields. This study lays the groundwork for further optimi-
zation of K. phaffii as a microbial platform for industrial
EG production.
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