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Second generation bioethanol from lignocellulose is environmentally friendly al-
ternative to first generation bioethanol obtained from traditional feedstocks(corn starch and
sugarcane). Xylose is the second major fermentable sugar of lignocellulosic hydrolyzates,
however only several microorganisms are able to convert this monosaccharide to ethanol.
The methylotrophic yeast Ogataeca (Hansenula) polymorpha belongs to the most thermo-
tolerant yeast species known with ability to fermentxylose at elevated temperature up to
50 °C.However, the main drawbacks of the wild-type strains are very low ethanol yield
and productivity from xylose. In this work, we describe the evaluation of O. polymorpha
strains with increased ethanol production from xylose and glucose by overexpression of
PDCland ADH1 genes, coding for pyruvate decarboxylase andalcohol dehydrogenase, re-
spectively, that catalyzes the last reactions of ethanol fermentation pathway. Overexpression
of both genes in the background of wild-type strain resulted in 4-fold activation of xylose
and 1.5 times activation of glucose alcoholic fermentation in O. polymorpha. Therefore,
optimization of PDCI and ADH1 gene expression would be a promising approachfor further
improvement of ethanol production during xylose and glucose fermentation in the O. poly-
morpha.

Keywords: xylose, Ogataea (Hansenula) polymorpha, high-temperature fermenta-
tion, metabolic engineering.

One of the most promising alternatives to conventional petroleum-based transport fuels is
fuel ethanol produced from renewable feedstock. Lignocellulosic biomass, one of the most abun-
dant renewable resources on the planet, offers a high potential as a source for the production of
second-generation bioethanol [8]. Lignocellulose is a complex heteropolymer, therefore process
of conversion of lignocellulosic biomass to ethanol is much more complicated than that of starch-
or sucrose-based ethanol. Lignocellulosic biomass requires thermo- and / or chemical pretreat-
ment with subsequent hydrolysis of pretreated material by cellulolytic enzymes (temperature op-
tima around 55 °C) for liberation of monosaccharides, so-called saccharification process. By far
the most successful strategy for the production of bioethanol from lignocellulosic hydrolysates
has been the metabolic engineering of natural ethanologenic microorganisms to ferment sugars
liberated during lignocelluloses treatment [13]. The enzymatic hydrolysis and fermentation can
be performed in a combined process, known as Simultaneous Saccharification and Fermentation
(SSF) [4]. However, one of the bottlenecks in the SSF process is the absence of the microbi-
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al strains capable of efficient conversion of liberated sugars to ethanol at high temperatures.
Besides thermotolerance, efficient alcoholic fermentation of xylose, the second abundant after
glucose sugar of lignocellulosic hydrolysates, is one of the main unresolved problems [6, 10].
The methylotrophic yeast Hansenula (Ogataea) polymorpha belongs to the most thermotolerant
yeast species able to xylose alcoholic fermentation at elevated temperatures up to 50 °C [14].
Several metabolic engineering approaches have been successfully developed to improve ethanol
production from xylose in H. polymorpha. The positive cumulative effect for the overexpression
of engineered xylose reductase (XYLIm gene) along with native xylitol dehydrogenase (XYL2
gene) and xylulokinase (XYL3 gene) on ethanol production from xylose was previously demon-
strated onthe background of O. polymorpha wild-type strain and mutant ethanol non-utilizing
strain 2EtOH"[2, 11].

In yeast, alcoholic fermentation involves pyruvate decarboxylation toacetaldehyde by
pyruvate decarboxylase, followed by the acetaldehyde reduction to ethanol by alcoholdehydro-
genase [12, 16]. Overexpression of pyruvate decarboxylaseresulted in a 3-fold increase in ethanol
production from xylose in the wild-type strain and mutant strain 2EtOH-[7]. Moreover, overex-
pression of PDC1 on the background of XYL /m and XYL2 overexpressed strain increased ethanol
production. However, additional overexpression of PDC/ gene did not lead to further improve-
ment of ethanol synthesis from xylose in strain expressing XYL/Im, XYL2, XYL3 genes [11].

Among alcohol dehydrogenase isozymes Adhl seems to be primarily responsible for the
production of ethanol from acetaldehyde under fermentative conditions in different yeast spe-
cies, such as Saccharomyces cerevisiae, Pichiastipitis, O. polymorpha [1, 16]. Overexpression of
PDCI and ADH1 genes in S. cerevisiae is able to activate ethanol production from glycerol [17].
Moreover, co-expression of ADHI and TALI genes in recombinant xylose-fermenting S. cerevi-
siae resulted in increased ethanol production from lignocellulosic hydrolysates in the presence of
furfural [5]. Recently, it was reported that overexpression of ADH! gene in O. polymorpha led
to the improvement of ethanol production from glucose and glycerol [9, 16].The role of alcohol
dehydrogenase in xylose alcoholic fermentation in O. polymorpha remained unknown. In this
work, we describe the construction of the O. polymorpha strains with simultaneous overexpres-
sion of PDCI and ADH1 genes coding for pyruvate decarboxylase and alcohol dehydrogenase,
respectively. Overexpression of both genes in O. polymorpha resulted in 4-fold and 2-fold activa-
tion of xylose alcoholic fermentationas compared to the wild-type strain and strain, expressing
solelyPDC1, respectively.

Materials and methods

Strains and growth conditions

The following strains of O. polymorpha were used in this study: NCYC495 leul-1 (wild-
type strain), WT/PDCI1 overexpressing PDC1 gene [7], WT/PDC1/ADHI overexpressiong both
PDC1 and ADH1 genes [9]. Yeast cells were grown on YPD (10 g/L yeast extract, 10 g/L peptone,
20 g/L glucose) or mineral medium (1.7 g/L YNB without amino acids, 5 g/ ammonium sulfate,
20 g/L of glucose) at 37 °C. For the NCYC495 leul-1 strain, leucine (40 mg/L) was added to the
medium.

Ethanol production and sugar consumption assays

Alcoholic fermentation of yeast strains was fulfilled by cultivation in liquid mineral medi-
um at oxygen-limited conditions at 37 °C and 45 °C. The cells were pre-grown in 100 mL of liquid
YPX medium (10 g/L yeast extract, 20 g/L peptone and 20 g/L xylose) in 300 mL Erlenmeyer
flasks at 220 rpm till the mid-exponential growth phase. Than the cells were harvested by cen-
trifugation, washed by water and inoculated into 40 mL of the fermentation medium to the final
cell density 2 mg of dry weight/mL. 100 g/L xylose was added into the mineral medium used for
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the fermentation. For glucose fermentation cells were pre-grown in YPD medium following by
cultivation of harvested biomass in the mineral medium with 100 g/L glucose. The oxygen-limi-
ted conditions were provided by agitation at 140 rpm. Samples of medium for ethanol production
assay were taken daily.

The biomass was determined turbidimetrically with a Helios Gamma spectrophotometer
(OD, 590 nm; cuvette, 10 mm) with gravimetric calibration. Concentrations of xylose, glucose
and ethanol in medium broth were analyzed by HPLC (Perkin Elmer, Series 2000, USA) with an
Aminex HPX-87H ion-exchange column (Bio-Rad, Hercules, USA). A mobile phase of 4 mM
H,SO, was used at a flow rate 0.6 mL/min and the column temperature was 35 °C. Alternatively,
the concentration of ethanol in the medium was determined using the ‘Alcotest’ kit [3]. Fermen-
tation experiments were performed at least twice.

Results and discussion

Previously, strains of O. polymorpha overexpressing both genes involved in the final
stages of alcoholic fermentation (PDC1, ADHI) were constructed and characterized by improve-
ment of ethanol production of glycerol [9]. In this study, we compared the efficiency of ethanol
productionduring xylose alcoholic fermentation in constructed O. polymorpha recombinant and
wild-type strains.

The best selected transformant WT/PDC1/ADH1 accumulated higher amounts of ethanol
from xylose relative to the parental strain WT/PDC1, reaching ethanol concentration 2.3 g/L at
45°C (Table 1, Figure).

Table 1

Ethanol productionat the second day of xylose and glucose alcoholic fermentation

Strain Ethanol concentrations [g/L]
37°C \ 45°C
Xylose Glucose Xylose Glucose
WT 0.48 +0.05 12.75 +0.80 0.60 + 0.06 13.47+0.76
WT/PDC1 1.10£0.11 22.07 £1.24 1.20+£0.14 25.96 +1.28
WT/PDC1/ADHI 2.11+0.21 36.50 + 1.94 2.31+0.23 39.08 +1.51

Improvement of ethanol production in O. polymorpha was observed under cultivation
both at optimal growth temperature (37 °C) and elevated temperature (45 °C). Ethanol yield and
productivity during xylose fermentation at 45 °C by mentioned strains are represented in Table 2.
Strain WT/PDC1/ADH1 produced 0.062 g of ethanol per g of consumed xylose, which is 3-fold
higher than produced by WT strain (0.021 g/ g of xylose) and 1.77-fold more than that by recom-
binant strain with PDC/ overexpression (0.035 g/ g of xylose).

Table 2

Ethanol yield, specific production rate and productivity duringxylose alcoholic fermentation by
the O. polymorpha strains at 45 °C under semi-anaerobic conditions

Strain Ethanol yield Ethanol speciﬁc production rate | Ethanol productivity
(g/g consumed xylose) (g/g biomass/h) (g/L/h)
WT 0.021 +0.005 0.010 +0.001 0.020 +0.002
WT/PDC1 0.035 +0.007 0.013 +0.002 0.025 +0.001
WT/PDC1/ADHI 0.062 +0.011 0.018 +0.001 0.048 +0.003

Representative profiles of ethanol synthesis, biomass accumulation and xylose consump-
tion for all studied strains under high-temperature xylose fermentation are shown in Figure.
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The ethanol production, xylose consumption and biomass accumulation during xylose fermentation at 45 °C
of H. polymorpha strains: A - WT, B - WT/PDC1, C - WT/PDC1/ADHI1. The data represent means
of typical single cultivation

Overexpression of PDCI gene on the background of the wild-type strainled to significant
improvement of glucose conversion to ethanol. Strain WT/PDC1produced almost 2-fold more etha-
nol relative to the parental strain during fermentation at 37 °C and 45 °C (Table 1).The ethanol pro-
duction during glucose fermentation was also increasedin WT/PDC1/ADHI strain as compared to
strain, expressing only PDC1. Overexpression of ADHIgene in WT/PDCI1 strain resulted in about
1.5-fold increase in ethanol production during glucose fermentation at 37 °C and 45 °C (Table 1).

In the current study, the impact of simultaneous overexpression of PDCI and ADHI
genes, coding for enzymes involved in the final metabolic steps of alcoholic fermentation, on
xylose conversion to ethanol in O. polymorpha was investigated. Change of expression of the
mentioned genes on the background of the wild-type strain led to significant increase in ethanol
production from xylose. It is worth to be mentioned that the overexpression of PDC/ and ADH!
genes also led to substantial activation of glucose alcoholic fermentation.

The O. polymorpha is regarded as a promising yeast species for second generation ethanol
production due to its thermotolerance and native ability to metabolize and ferment xylose. Using
the combination of methods of metabolic engineering and classical selection the best ethanol
producing strain of O. polymorpha was constructed accumulating up to 12.5 g/l of ethanol at
45 °C [11; Ruchala et al., under preparation]. However, to be industrially feasible, ethanol yield
in H. polymorpha has to be further increased. Identification of rate-limiting enzymes for xylose
conversion to ethanol is necessary for rational strain modification to improve the fermenting
efficiency. Therefore, optimization of PDCI and ADH1 gene expression is a promising approach
for further improvement of ethanol production from xylose and glucose in the O. polymorpha.
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AJKOTOJIBHOI ®EPMEHTAIIII KCAJO3M TA IVTIOKO3U Y
METUJTOTPO®HUX APIKIKIB OGATAEA (HANSENULA) POLYMORPHA
IJISIXOM NOCWJIEHHSI EKCITPECIi TEHIB PDCI TA ADHI
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AJIBTEpHATHBOIO €TAHOJy MEPIIOTO MOKOMIHHS 3 XapyoBOi CUPOBUHU (KyKYpyA3s-
HUI KpOXMaJib i I[yKpOBa TPOCTHUHA) € €TAHOJ APYTOro MOKOIIHHS 3 HEXap4OBOI POCIHMHHOT
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Olomacu (irHonemtonos3n). Kcunosa € npyrum 3a BMICTOM IIyKpOM y CKJIaJi TiApoi3aTiB
JIITHOLIGNIONO3H, MPOTE JIMIIE He3HaYHA KUIBKICTh MIKpOOPraHi3MiB 37aTHI 30pOmKyBaTu
et mykop 1o eranoiy. Merunotpodi npixmki Ogataea (Hansenula) polymorpha nane-
JKaTh 10 HaOIIBII TEPMOTOJIEPAHTHOTO BUAY APLKIDKIB, IO 31aTHI 30pOKYBaTH KCHIIO3Y
JI0 €TaHOTy MpH HiaBuIeHuX Temneparypax (1o 50 °C). IIpote 0CHOBHUM HEAOIIKOM MpHU-
POAHUX IITaMiB IMX APDKIKIB € HU3BKUH BHUXiJA 1 MPOAYKTHBHICT €TaHOIY Npu (hepMeH-
Tarii keuao3u. Y AaHii poOoTi BU3HAaUYeHO e()eKTUBHICTH AIKOTONBHOT (epMeHTaIll KCH-
11031 pekoMOiHaHTHUMH mTamamu O. polymorpha 3 mocuneHor excrpeciero reHis PDCI
Ta ADH1, 110 KOIyIOTh MipyBaTAekapOOKCHIasy i anbaeriaaeriaporeHasy, siki Kataai3yoTh
KIiHIIeBI peakiii Ha NULIXy ankoroibHOi GepmenTanii. Ko-ekcrpecist 000X reHiB y reHomi
IITaMy JAUKOTO THITY TIPUBOJIMIIA 0 4-KpaTHOTO 3pOCTaHHs MPOJYKIii €TaHoMy i3 KCHIO03H
Ta 1,5-KpaTHOTO 3pOCTaHHS YTBOPEHHS eTaHoIy 3 Toko3u y O. polymorpha. Otxe, onTh-
Mi3artist piBHs excnpecii ADHI ta PDCI TeHiB € NepCcrieKTUBHUAM ITiIX0JJ0M JI0 TOAABIIOr0
MOKPAIIEHHS [TapaMeTpPiB aJIKoroNibHOT (hepMeHTallii KCuito3u Ta mioko3u y O. polymorpha.

Kuouosi cnosa: xeunosa, Ogataea (Hansenula) polymorpha, BucokotemneparypHa
(bepmeHTallist, MeTaboiuHa 1HXKEHEPis.
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AJIBTEpHATHBON OJTAHOJNY IIEPBOTO MOKOJICHHUS, MOJIy4aeMOro M3 IHIIEBOrO
ChIpbsl (KyKypy3HBIIl Kpaxman M CaXapHbIi TPOCTHHK), SIBIISIETCSl DTaHOJ BTOPOTO
MOKOJICHUSI M3 HEMHUIICBOW PACTUTENBHON Ouomacchl (JMrHONETIONO03bI). Kennosa
SIBJISIETCSL BTOPBIM IO COJIEPIKAHUIO CaXxapoM B COCTaBe I'MAPOIIM3ATOB JIMTHOLEIUIIONO3EI,
OJIHAKO JIMIIb HE3HAYNUTEIbHOE KOJIWYECTBO MHKPOOPIaHM3MOB CIIOCOOHBI COpa)KMBaTh
3TOT caxap 1o 3TaHona. Metwiorpodubsie apoxoku Ogataea (Hansenula) polymorpha
OTHOCSITCSI K Hanbojee TepMOTOIICPAHTHOMY BUJLY JPOXIKEH, CIIOCOOHOMY OCYIIECTBIATh
aJIKOTOJIbHYI0 (DEpPMEHTAIIMIO KCHJIO3bI TPH TOBBIIICHHBIX Temmeparypax (mo 50 °C).
OnHaKO OCHOBHBIM HEJOCTATKOM IPUPOAHBIX ITAMMOB ITHUX JPOXIKEHl SBISICTCS HU3KUI
BBIXOZ U TIPOM3BOJMTEIBHOCTh JTAHOJNA IIPHU AJIKOTOJIBHOM ()epMEeHTAlMu KCHIO3bl. B
JAHHOU paboTe MmpoBeeHa OleHKa 3()(HEKTUBHOCTH aIKOTONBHOU ()epMEHTALUK KCHIIO3bI
pexomOuHaHTHBIMU TamMmaMu O. polymorpha ¢ ycuneHHoi skcnpeccueit renos PDCI
u ADHI, xomypyroumyx NHpyBaTAeKapOOKCHIa3y M albJeTHJIeTHPOreHasy, KOTOpbIe
KaTaJIN3UPYIOT KOHEYHBIE PEaKIMU CIUPTOBOro Opokenus. Ko-skcrpeccusi 000MX I'eHOB
B TEHOME MLITaMMa JUKOTO THIA INPUBOAWIA K 4-KPaTHOMY YBEIHYCHHIO MPOIYKIIHU
9TaHOJIa M3 KCHJIO3BI M 1,5-KpaTHOTO yBEIMYCHUS MPOAYKLMH STaHOJIA U3 IIIOKO3El y O.
polymorpha. CnenoBaTenbHO, ONTHMU3ALMs YypoBHs dkcnpeccun renoB PDCI w ADHI
SIBJISICTCSI IEPCHEKTUBHBIM CIIOCOOOM JaIbHEHIIIEro YIIyUIIeHHs TapaMeTPOB aJIKOTOJIbHON
(epMeHTaIMU KCUIT03bI U ITEF0K03bI B O. polymorpha.

Kniouesvie crosa: xcunosa, Ogataea (Hansenula) polymorpha, BBICOKOTEMITe-
patypHas pepMeHTaLHs, MeTabOIMYeCKasi HHKCHEPHSI.



