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Abstract Lignocellulosic biomass is an attractive

sustainable platform for fuel ethanol production.

Xylose is a second after glucose most abounded sugar

in lignocellulosic hydrolysates. Effective conversion

of xylose to ethanol is one of key prerequisite for the

development of an efficient conversion of biomass to

ethanol. Engineered Saccharomyces cerevisiae strains

are able to xylose fermentation. However, the yield

and productivities of xylose fermentation remains

lower in comparison with glucose fermentation. In this

work, we studied impact of transcription factors Znf1,

Sip4, Adr1, Tup1, and Hap4 on xylose catabolism. We

have isolated znf1D, adr1D, tup1D and hap4D
mutants, and strains overexpressing SIP4, ADR1 and

HAP4 genes on the background of xylose-fermenting

strain of S. cerevisiae aiming to explore involvement

of these transcription factors in regulation of xylose

growth and fermentation. It was shown that hap4D

reveal 1.8-fold increase of ethanol production from

xylose as compared to that of parental strain. The

hap4D mutant accumulates 10.38 g l-1 of ethanol

with an overall ethanol yield reaching 0.41 g g-1 of

consumed xylose. While the other constructed strains

revealed a decrease in ethanol production from this

pentose.
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Introduction

An intensive search for alternative energy sources in

the world is conditioned by reduction of crude oil

reserves, fluctuations in its price and dependence on

energy suppliers. Despite current global drop in oil

price and hence in price gasoline, bioethanol remains

the most dominant biofuel employed in the trans-

portation sector. According to the Renewable Fuels

Association, global fuel ethanol production hit a new

record of 29 billion gallons in 2019 with tendency to

further increase (https://ethanolrfa.org/statistics/

annual-ethanol-production/). Ethanol integrates sev-

eral advantages: high octane number, ability to mix

with gasoline, relatively low prime cost, reduction

greenhouse gas emissions compared to conventional

gasoline and other (Wang et al. 2007).

Today fuel ethanol is mainly produced from corn

and sugarcane, racing competition with starch and

sucrose as a food resources. Non-edible lignocellu-

losic biomass (mainly agricultural and industrial by-

products) is an alternative, potentially valuable feed-

stock for fuel ethanol production. The pentose sugar

xylose is the second most abundant monosaccharide in

nature following glucose. Xylose is the main pentose

in lignocellulosic hydrolysates containing around 30%

of sugars released. Yeast Saccharomyces cerevisiae is

predominant organism for ethanol production due to

robustness under harsh industrial conditions. How-

ever, the great majority of S. cerevisiae wild-type

strains cannot utilize xylose owing to lacks pentose

assimilation pathways. Genetic engineering

approaches have been applied to introduce heterolo-

gous xylose utilization pathways and rational meta-

bolic engineering and evolutionary engineering have

been performed to develop xylose-fermenting S.

cerevisiae strains (reviewed by Kwak and Jin 2017;

Moysés et al. 2016). Even though significant progress

has been made in engineering of S. cerevisiae strains,

xylose fermentation rate remains lower than for

glucose. Thus, study the mechanisms of regulation

of xylose utilization and fermentation in engineered S.

cerevisiae strains is required.

Transcription factors play a central role in the

regulation of gene expression via interaction with

promoters of corresponding target genes. More than

200 transcription factors have been identified in yeast

(Harbison et al. 2004). Transcription factors are an

attractive target for studying the regulation of

catabolism of artificial substrates. For instance, dele-

tion of general corepressor Cyc8 increased uptake

rates of xylose in the presence of glucose in S.

cerevisiae due to upregulation of panel of HXTs

transporters (Nijland et al. 2017). Acetic acid-respon-

sive transcriptional activator, Haa1, was successfully

overexpressed to increase xylose fermentation in the

presence of acetic acid (Sakihama et al. 2015; Cunha

et al. 2018). Overexpression of transcription factor

Sut1 and deletion of Hap4 improved cellobiose

fermentation in recombinant S. cerevisiae (Lin et al.

2014a, b). Introduction of the mutations to the general

transcription factor Spt15 improved growth of recom-

binant S. cerevisiae on the corn cob acid hydrolysate

(Liu et al. 2011).

Several transcription factors that could potentially

be involved in the regulation of xylose alcoholic

fermentation by engineered strain of S. cerevisiae

were selected for the study. Znf1 is involved in

regulation of cellular respiration, gluconeogenesis,

tricarboxylic acid cycle, glyoxylate shunt; Sip4 acti-

vates the transcription of gluconeogenesis genes; Adr1

activates expression of genes involved in peroxisome

organization, ethanol, glycerol, and fatty acid utiliza-

tion; Tup1 is general repressor of transcription; Hap4

is global regulator of respiratory gene expression, are

among them. The impact of Znf1, Sip4, Adr1, Tup1 on

xylose alcoholic fermentation was not studied. We

have isolated znf1D, adr1D, tup1D and hap4D
mutants, and strains overexpressing SIP4, ADR1 and

HAP4 genes on the background of xylose-fermenting

strain of S. cerevisiae aiming to explore involvement

of these transcription factors in regulation of xylose

growth and fermentation. It was shown that hap4D
reveal 1.8-fold increase of ethanol production from

xylose as compared to that of parental strain.While the

other constructed strains revealed a decrease in

ethanol production from this pentose.

Materials and methods

Strains and cultivation conditions

The reference S. cerevisiae strain S288C and engi-

neered xylose-utilizing S. cerevisiae strain

CMB.GS010 (GS010) (Scalcinati et al. 2012) were

used through this study. Yeast cells of S. cerevisiae

were cultured on YPD (10 g yeast extract l-1, 10 g
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peptone l-1, 20 g glucose l-1), YPX (10 g yeast

extract l-1, 10 g peptone l-1, 20 g xylose l-1) or

mineral medium (6.7 g YNB without amino acids l-1,

20 g xylose l-1) at 30 �C. The strain Escherichia coli

DH5a (U80dlacZDM15, recA1, endA1, gyrA96, thi-1,

hsdR17(rK-, mK ?), supE44, relA1, deoR, D(lac-
ZYA-argF) U169) was used as a host for plasmid

propagation. The bacterial strain was grown at 37 �C
in LBmedium as described by (Sambrook et al. 1989).

The transformed E. coli cells were grown on medium

containing 0.1 g ampicillin l-1.

Alcoholic fermentation of S. cerevisiae was per-

formed as described previously (Dzanaeva et al.

2020a) with slight modifications. The cells were pre-

grown in 50 ml of liquid YPX or YPD media in

100 ml Erlenmeyer flasks at 220 rpm during 24 h with

initial biomass 0.03 g l-1. Then the cells were

precipitated by centrifugation, washed by water and

inoculated into 25 ml of the YNB medium supple-

mented with 40 g l-1 xylose or 80 g l-1 glucose in

50 ml Erlenmeyer flasks covered with cotton plugs.

The initial biomass concentrations for xylose and

glucose fermentation experiments were 0.3 and

0.1 g l-1, respectively. Fermentations were per-

formed at 30 �C and 100 rpm. Alternatively, aerobic

alcoholic fermentation was performed as described by

(Matsushika and Hoshino 2015). Fermentations were

repeated at least in three independent experiments,

each performed in triplicate. The bars in the fig-

ures indicate the ranges of the standard deviation.

Molecular biology techniques

Standard cloning techniques were carried out as

described (Sambrook et al. 1989). Genomic DNA of

S. cerevisiaewas isolated using theWizard�Genomic

DNA Purification Kit (Promega, Madison, WI, USA).

Restriction endonucleases, DNA ligase (Fermentas,

Vilnius, Lithuania) and Gibson Assembly master mix

(New England Biolabs, Warsaw, Poland) were used

according to the manufacturer specifications. Plasmid

isolation from E. coli was performed with the

Wizard� Plus SV Minipreps DNA Purification Sys-

tem (Promega, Madison, WI, USA). DNA fragments

were separated on a 0.8% agarose (Fisher Scientific,

Fair Lawn, NJ, USA) gel. Isolation of fragments from

the gel was carried out with a DNA Gel Extraction Kit

(Millipore, Bedford, MA, USA). PCR-amplification

of the fragments of interest was done with Phusion

High-Fidelity DNA Polymerase (Thermo Scientific,

USA) according to the manufacturer specification.

PCRs were performed in GeneAmp� PCR System

9700 thermocycler (Applied Biosystems, Foster City,

CA, USA). Transformation of the yeast S. cerevisiae

was carried out as described previously (Gietz and

Woods 2002). Yeast transformants were selected on

the solid YPX medium supplemented with 0.2 g

geneticin l-1.

Plasmids and strains construction

For knock out of ZNF1, ADR1, TUP1 andHAP4 genes

two linear fragments with a homologous overlap

region were used (Wenning et al. 2017). The first

linear fragment contained a 50 first nucleotides of the

target gene ORF and part of the KanMX4marker. First

fragment was amplified from deletion cassette 1 using

Ko865/Ko808 (ZNF1); Ko861/Ko808 (ADR1);

Ko930/Ko808 (TUP1) and Ko853/Ko808 (HAP4)

pair of primers (Sequences of all primers represented

in Table S1, Fig. 1a). The second linear fragment

contained part of the KanMX4 marker, the Cre

recombinase gene under control of the S. cerevisiae

GAL1 promoter and a 50 last nucleotides of the target

gene ORF was amplified from deletion cassette 2 with

a pair of primers Ko866/Ko809 (ZNF1); Ko862/

Ko809 (ADR1); Ko931/Ko809 (TUP1) and Ko854/

Ko809 (HAP4) (Fig. 1a). Both fragments were co-

transformed into GS010. Selected strains znf1D;
adr1D; tup1D and hap4D were examined by PCR.

Fragments with predicted size were amplified using

pairs of primers Ko867/Ko811 (601 bp) and Ko873/

Ko868 (420 bp) for znf1D; Ko863/Ko811 (643 bp)

and Ko873/Ko864 (420 bp) for adr1D; Ko932/Ko811
(640 bp) and Ko873/Ko933 (450 bp not shown) for

tup1D; Ko855/Ko811 (613 bp) and Ko873/Ko856

(420 bp) for hap4D homologous to the sequence of

KanMX4marker and the Cre recombinase and regions

outside from the 50 and 30 parts from the target gene

ORF used for recombination, respectively (Fig. 1b).

TheHAP4 ORF with own terminator was amplified

with primers Ko912/Ko913 from the genomic DNA of

S. cerevisiae S288C. After that, HAP4 gene was NdeI

digested and cloned into NdeI treated, gel purified and

dephosphorylated vector pX-2-Lox-KanMX-pADH1-

ZNF1 (Dzanaeva et al. 2020b) instead of ZNF1 ORF

with own terminator. As a result, recombinant plasmid

pADH1-HAP4 was constructed (Fig. 2a). Genomic
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Fig. 1 a Scheme of two component ZNF1, TUP1, ADR1 and

HAP4 deletion cassette integrated into the genome of S.
cerevisiae with primers for PCR verification of the correct

cassette integration, lox sequences indicated by black boxes, the

Cre recombinase under control of the GAL1 promoter indicated

by white narrow. b PCR products with pairs of primers (Ko867/

Ko811 and Ko873/Ko868 and genomic DNA of znf1D strain as a

template); (Ko863/Ko811 and Ko873/Ko864 and genomic

DNA of adr1D strain as a template); (Ko932/Ko811 and

genomic DNA of tup1D strain as a template) and (Ko855/Ko811

and Ko873/Ko856 and genomic DNA of hap4D strain as a

template) confirming correct deletion of the genes ZNF1; ADR1;
TUP1 and HAP4; L–1 kb ladder
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DNA of S. cerevisiae S288C strain was used as

template for isolation of SIP4 and ADR1 ORF‘s with

own terminators by PCR amplifications using primers

Ko922/Ko923 and Ko927/Ko928 respectively. Back-

bone plasmid was amplified with primers Ko924/

Ko925 from the plasmid pADH1-HAP4. Fragments

were then Gibson Assembled generating plasmids

pADH1-SIP4; pADH1-ADR1 (Fig. 2a). All con-

structed plasmids were validated by sequencing.

Constructed plasmid with the ADH1 promotor driving

expression of SIP4, ADR1 and HAP4 were digested

with NotI and integrated into the neutral locus on

chromosome X of GS010. Transformants were

selected on the solid YPX medium supplemented

with 0.2 g l-1 of geneticin. Selected strains SIP4,

ADR1 and HAP4 were confirmed by PCR using pair

of primers Ko914/Ko926, Ko914/Ko929 and Ko914/

Ko915, respectively (Fig. 2b). Overexpression of

SIP4, ADR1 and HAP4 was proved by qRT-PCR. It

was found that indeed, the analyzed strains SIP4,

ADR1 and HAP4 showed increase in expression of

corresponding genes for 3.65, 2.70 and 1.75 times,

respectively (Table S2). Constructed strains were

subjected for further analysis.

Quantitative real-time PCR (qRT-PCR)

Expression of the ICL1, ACO1, MAE1, FBP1, PCK1,

CIT1, FUM1, MDH1, PYC1, ADH1, PDC1, TAL1,

TKL1, RKI1 and RPE1 genes was analysed by qRT-

PCR. Total RNA was extracted from yeast cells using

the GeneMATRIX Universal RNA Purification Kit

with DNAseI (EURx Ltd., Gdansk, Poland). The qRT-

PCR was performed by 7500 Fast Real-Time PCR

System (The Applied Biosystems, USA) with SG

OneStep qRT-PCR kit (EURx Ltd., Gdansk, Poland)

using gene-specific pairs of primers (Table S1), RNA

as a template and ROX reference passive dye accord-

ing to the manufacturer’s instructions as previously

described (Ruchala et al. 2017). Sequences of tested

genes were taken from S. cerevisiae genome database

(www.yeastgenome.org).

Analyses

The biomass was determined turbidimetrically with a

Helios Gamma spectrophotometer (OD, 600 nm;

cuvette, 10 mm) with gravimetric calibration. Con-

centrations of analytes from fermentation in medium

broth were analysed by HPLC (PerkinElmer, Series

2000, USA) with an Aminex HPX-87H ion-exchange

a ORI bla lacZ

HAP4_ScprADH1KanMX4lox lox

ChX ChX NotINotI

pADH1-HAP4

Ko914 Ko926

555bp

NdeI

SIP4_ScprADH1

Ko914 Ko915

610bp

Ko914 Ko929

547bp

ADR1_ScprADH1

Kо914/Kо915

1 kb

L

Kо914/
Kо929

Kо914/
Kо926

L

1 kb

pADH1-SIP4

pADH1-ADR1
1 2 3

b

Fig. 2 aCircular schemes of plasmids pADH1-HAP4; pADH1-

SIP4; pADH1-ADR1, (KanMX4–gene conferring resistance to

geneticin), lox sequences indicated by black boxes, HAP4;
SIP4; ADR1 under control of the TEF1 promoter indicated by

orange; gray; violet and white boxes respectively, ChX—neutral

locus on chromosome X for integration indicated by dotted

boxes, origin of replication (ORI) and ampicillin resistance gene

(bla) are shown as arrows. b PCR verification of HAP4 strain

using pair of primers Ko914/Ko915 (Line 1; 2; 3); SIP4—

Ko914/Ko926 (Lines 4); ADR1—Ko914/Ko929 (Line 5); L–

1 kb ladder
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column (Bio-Rad, Hercules, USA). A mobile phase of

4 mM H2SO4 was used at a flow rate 0.6 ml/min and

the column temperature was 35 �C. Experiments were

performed at least twice.

Statistical analysis

All the experimental data shown in this manuscript

were collected from three independent samples to

ensure reproducibility of the trends and relationships

observed in the cultures. Each error bar indicates the

standard deviation (SD) from the mean obtained from

triplicate samples. The significance level 5% were

used in the statistical analyses.

Results and discussion

Deletion strains znf1D, adr1D, tup1D, hap4D and

strains overexpressing SIP4, ADR1 and HAP4 were

constructed on the background of xylose-fermenting

strain of S. cerevisiaeGS010. Constructed strains were

subjected to the growth and fermentation experiments.

The growth of znf1D mutant was tested on xylose

containing medium. We observed no difference in

growth between znf1D and parental strain during

aerobic flask cultivation (Fig. 3a), however the mutant

revealed slight increase in biomass accumulation

according to the results of growth drop test (Fig. 3b).

Deletion of ZNF1 did not affect ethanol production

from xylose (Fig. 4, Table 1) and glucose (Fig. 5).

Mutant znf1D revealed twofold reduction of ICL1

expression, while the expression of other tested genes

remains on the similar level as that of parental strain

(Table S3). It is important to note that overexpression

of ZNF1 on the background of GS010 also did not

affect both xylose and glucose fermentation (Dza-

naeva et al. 2020b).

Znf1 belongs to transcription activator from the

zinc cluster regulator super-family (MacPherson et al.

2006; Soontorngun 2017). Znf1 regulates expression

of genes, involved in gluconeogenesis, the glyoxylate

shunt, the TCA cycle (Tangsombatvichit et al. 2015),

glycolysis, pyruvate metabolism, and alcoholic fer-

mentation (Songdech et al. 2020). It was shown that

overexpression of ZNF1 under control of strong

constitutive TPI1 promoter increased ethanol produc-

tion by 14–24% under fermentation condition with

high glucose concentration (Songdech et al. 2020),

more probably due to involvement in tolerance to

osmotic stress. In our experiments, we did not noticed

impact of ZNF1 deletion on xylose and glucose

alcoholic fermentation in engineered xylose metabo-

lizing strain of S. cerevisiae.

Sip4 is zinc cluster protein mediating reprogram-

ming of gluconeogenic gene expression. Strain over-

expressing gene SIP4 possessed insignificant decrease

in biomass accumulation during aerobic flask cultiva-

tion, drop test on plates and fermentation cultivation in

xylose containing medium (Figs. 3a and b and 4).

Ethanol production by SIP4 strain was 2.1-fold

reduced as compared to that of parental strain

(Fig. 4, Table 1). Ethanol yield decrease was less

pronounced (1.6-fold) since SIP4 consumed less

xylose than GS010 (16.4 g l-1 for SIP4 versus

21 g l-1 for GS010). The SIP4 produced 1.3-fold less

glycerol and 1.25-fold more xylitol than GS010

(Fig. 4), while acetate production remained on the

same level. Decrease of ethanol production correlated

with reduced substrate consumption and increased

accumulation of xylitol. Expressions of ACO1 and

FBP1 were increased in 1.9- and 3.2-fold while the

expression of other genes altered insignificantly

(Table S3). Activation the expression of TCA gene

ACO1 and gluconeogenic gene FBP1 can somehow

explain decrease in ethanol production due to xylose

redirection to respiratory metabolism and gluconeo-

genesis. At the same time, no difference in biomass

accumulation and ethanol production was detected

between SIP4 and parental strain during glucose

fermentation (Fig. 5). Deletion of SIP4 described in

our previous work (Dzanaeva et al. 2020b) also did not

affect glucose fermentation. The sip4D possessed 1.4-

fold decrease in ethanol production from xylose

(Dzanaeva et al. 2020b), while overexpression of the

gene resulted in more pronounced (2.1-fold) reduction

of ethanol production during xylose alcoholic

fermentation.

The role of transcription activator Adr1 on xylose

metabolism and fermentation was studied. Biomass

accumulation by adr1D was slightly reduced accord-

ing to the results of aerobic cultivation and growth

drop test on xylose (Fig. 3a and b). The adr1D
displayed decreased growth on glycerol (Fig. 3c).

Overexpression of ADR1 did not affect growth on both

xylose and glycerol containing media (Fig. 3a–c).

During xylose fermentation, the biomass for adr1D
and ADR1 did not differ from the parental strain
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(Fig. 4). Ethanol production from xylose by adr1D
and ADR1 was 1.3- and 1.4-fold decreased relative to

the parental strain (Fig. 4). Decrease in ethanol

production is concomitant with decrease in xylose

consumption; since both strains consumed 1.3-fold

less substrate as compared to that of parental strain

(Fig. 4). The adr1D and ADR1 possessed slight

decrease in glycerol production, while adr1D and

ADR1 produced 1.4- and 1.15-fold higher amount of

acetate and xylitol, respectively (Fig. 4). Glucose

fermentation of the adr1D strains was the same as in

the parental strain, while ethanol production by ADR1

was 1.1-fold reduced as compared to that of parental

strain (Fig. 5). The adr1D revealed 2.4-time increase

in expression of FBP1 suggesting regulatory effect on

gluconeogenesis (Table S3). We suppose that activa-

tion of key enzyme of gluconeogenesis Fbp1 may

reduce ethanol production.

Despite slight increase of ethanol production from

glucose reach medium in double deletion strain adr1D
cat8D of sake yeast, single deletion of ADR1 gene did

not improve glucose fermentation (Watanabe et al.

2013) similar to that described in work presented here.

In contrast to that, both deletion and overexpression of

ADR1 gene significantly decrease ethanol production

from xylose.

Tup1 is general transcription repressor. Tup1 is

involved in repression of gene families responsible for

DNA damage repair, mating type, stress response,

glucose utilization and other (Malavé and Dent 2006).

We studied the role of Tup1 in xylose and glucose

alcoholic fermentation. Biomass accumulation for

tup1D was 3.6-fold reduced under condition of full

aeration in xylose-containing medium (Fig. 3a). The

tup1D mutant was impaired in growth on xylose and

glycerol containing media according to the drop test

analysis (Fig. 3b and c). The ethanol production from

xylose was 1.6-fold decreased (Table 1), while xylitol

production revealed 1.7-fold increase as compared to

parental strain (Fig. 4). Biomass for tup1D was 1.2-

fold decreased during xylose fermentation, which is

consistent with slight decrease in xylose consumption

Fig. 3 a Time course of biomass accumulation by S. cerevisiae
GS010, znf1D, SIP4, adr1D, ADR1, tup1D, hap4D and HAP4

strains during aerobic cultivation (200 rpm) on YNB medium

with xylose (1%), initial biomass 0.009 g l-1 at 30 �C. Data are
shown as mean of three independent experiments. b Growth of

the strains on YNBmedium with xylose (1%) on the third day of

cultivation. c Growth of the strains on YNB medium with

glycerol (1%) on the third day of cultivation. d Growth of the

strains on YNB medium with ethanol (5%) on the fifth day of

cultivation. e Growth of the strains on YP medium with xylose

(1%) and 1 mMH2O2, glucose (1%) and 1 mMH2O2 f, glucose
(1%) and 2 mM H2O2 g on the third day of cultivation
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(Fig. 4). Glycerol production for tup1D was 2.4-fold

reduced as compared to GS010 (Fig. 4). During

glucose fermentation, ethanol production and biomass

accumulation for tup1D was 1.3-fold decreased, while

glycerol and acetate production increased in the same

order of magnitude over parental strain (Fig. 5).

Glucose consumption remained unimpaired (Fig. 5).

The obtained results suggest that the deletion of TUP1
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Fig. 4 Time courses of biomass accumulation, ethanol, acetate,

xylitol, glycerol production and xylose consumption by S.
cerevisiae GS010, znf1D, SIP4, adr1D, ADR1, tup1D, hap4D

and HAP4 strains during xylose fermentation. Data are shown as

mean of three independent experiments

Table 1 Main parameters of xylose alcoholic fermentation of S. cerevisiae GS010, znf1D, SIP4, ADR1, adr1D, tup1D, HAP4 and

hap4D strains under oxygen-limited conditions at 30 �C

Strain Ethanol (g

l-1)*

Ethanol yield (g g-1

consumed xylose)*

Rate of ethanol production (g g-1

biomass h-1)**

Productivity of ethanol synthesis

(g l-1 h-1)**

GS010 5.85 ± 0.17 0.278 ± 0.004 0.222 ± 0.008 0.128 ± 0.005

znf1D 5.62 ± 0.18 0.311 ± 0.005 0.171 ± 0.009 0.097 ± 0.006

SIP4 2.8 ± 0.17 0.170 ± 0.004 0.110 ± 0.008 0.063 ± 0.005

ADR1 4.25 ± 0.17 0.256 ± 0.004 0.128 ± 0.008 0.070 ± 0.005

adr1D 4.32 ± 0.17 0.272 ± 0.004 0.137 ± 0.0 08 0.079 ± 0.005

tup1D 3.70 ± 0.17 0.194 ± 0.004 0.137 ± 0.008 0.070 ± 0.005

HAP4 5.20 ± 0.17 0.272 ± 0.004 0.126 ± 0.008 0.074 ± 0.005

hap4D 10.38 ± 0.17 0.414 ± 0.004 0.341 ± 0.008 0.200 ± 0.005

*Data are represented on the 62 h of fermentation; **14 h of fermentation
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has negative effect on xylose and glucose alcoholic

fermentation.

It was previously shown that the deletion of TUP1

of S. cerevisiae did not facilitate the maltose

metabolism during co-fermentation glucose and mal-

tose (Lin et al. 2014a, b). The tup1D did not enhance

galactose fermentation from hydrolysates of the red

seaweed (Sunwoo et al. 2020). However, overexpres-

sion of the truncated TUP1 gene (without C-terminal

repression domain), resulting in 2.5-fold increase of

ethanol productivity from galactose compared to the

control strain (Lee et al. 2011). Last approach can be

used to study regulation of xylose metabolism in

xylose-fermenting strains of S. cerevisiae.

Hap4 is well studied transcription factor playing

pivotal role in balancing between respiration and

fermentation metabolism of glucose through activa-

tion of respiratory gene expression (Forsburg and

Guarente 1989; vanMaris et al. 2001). In this work, we

studied the impacts of HAP4 gene overexpression and

deletion on ethanol production by a xylose-utilizing S.

cerevisiae strain. Overexpression of HAP4 did not

influence the growth of the strain in xylose containing

medium under condition of full aeration as well as on

the plates with xylose and glycerol as sole carbon

sources (Fig. 3). Deletion ofHAP4 resulted in 1.2-fold

reduce of biomass accumulation in flasks. It was

shown significant growth retardation on xylose and

glycerol according results of drop test (Fig. 3). Growth

deficient on glycerol is additional confirmation of

HAP4 deletion which is in agreement with previously

published data (Dudley et al. 2005). The growth drop

test of hap4D was performed on medium supple-

mented with 5% of ethanol. It was shown that hap4D is

unable to growth on ethanol as compared to parental

strain (Fig. 3), which is in line with results described

by (Raghevendran et al. 2006), since Hap4 is required

for activation of genes essential for ethanol catabo-

lism. It was shown that deletion of HAP4 leads to

increased sensitivity to oxidative stress, which is
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Fig. 5 Time courses of biomass accumulation, ethanol,

glycerol, acetate, production and glucose consumption by S.
cerevisiae GS010, znf1D, SIP4, adr1D, ADR1, tup1D, hap4D

and HAP4 strains during glucose fermentation. Data are shown

as mean of three independent experiments
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connected with down-regulation of SOD2 encoding a

superoxide dismutase (Raghevendran et al. 2006). In

similar way hap4D display increased sensitivity to

hydrogen peroxide (Fig. 3). It is important to empha-

size that sensitivity was more pronounced on xylose

than that on glucose. Such phenomenon can be

explained by increased production of endogenous

ROS during cultivation on xylose containing medium

(Dzanaeva et al. 2020a). The HAP4 overexpression

1.1-fold decreased ethanol production and xylose

consumption and 1.15-fold increased xylitol accumu-

lation relative to that of parental strain (Fig. 4). HAP4

revealed 1.8- and 1.7-fold decrease of rate of ethanol

production and productivity of ethanol synthesis than

GS010, respectively (Table 1). Reduction of ethanol

production from xylose by HAP4 is similar to that for

decrease of ethanol production from glucose by HAP4

overexpressing S. cerevisiae strains described else-

where (van Maris et al. 2001). The HAP4 strain

characterised with 2.1- and 1.5-fold increased expres-

sion of FBP1 and RKI1, respectively (Table S3).

Notably, deletion of HAP4 improved xylose alcoholic

fermentation by 1.8-fold. The hap4D mutant accumu-

lates 10.38 g l-1 of ethanol with an overall ethanol

yield reaching 0.41 g g-1 of consumed xylose

(Table 1, Fig. 4). The ethanol yield by hap4D showed

a 1.5-fold increase, since xylose consumption by this

strain was 1.2-fold increased compared to its parental

strain (Table 1, Fig. 4). The rate of ethanol production

and productivity of ethanol synthesis by hap4D were

1.5–1.6-fold increased versus parental strain (Table 1).

The hap4D revealed 1.7-fold increase in glycerol

accumulation and significant (12-fold) decrease in

acetate production during xylose fermentation with

respect to the GS010 strain (Fig. 4). Acetate generated

from acetaldehyde by oxidation reaction catalyzed by

acetaldehyde dehydrogenases, Ald4. This enzyme

plays a major role in generating mitochondrial

NADPH (Miyagi et al. 2009). Decrease in acetate

generation in hap4D during fermentation can be

explained by deregulation the expression of genes

involved in mitochondrial respiration and reductive

pathways (Raghevendran et al. 2006). Despite the

hap4D growth retardation during xylose aerobic

cultivation and plate assay, biomass accumulation

was not affected under fermentation conditions, more

probably due to high initial biomass inoculation

(Fig. 4).

The hap4D possessed reduced expression level of

key genes of TCA, e.g. ICL1 (3.8-fold), CIT1 (2.2-

fold), FUM1 (fivefold), MDH1 (2.5-fold) confirming

deletion of HAP4. Expression of PDC1 was also 2.3-

fold reduced under conditions of xylose fermentation

(Table S3).

The HAP4 produced 1.1-fold less ethanol from

glucose relative to that of GS010 (Fig. 5). There were

no significant differences between hap4D and parental

strain in biomass accumulation, and ethanol produc-

tion during glucose fermentation. Both hap4D and

HAP4 produced 1.2- and 1.3-fold lower amount of

glycerol and acetate than GS010, respectively (Fig. 5).

It is wildly accepted that xylose in xylose-consum-

ing strains of S. cerevisiae is recognized as more

respiratory substrate rather than fermentative substrate

(Jin et al. 2004; Souto-Maior et al. 2009). It was shown

that natural xylose-fermenting yeast strains of Schef-

fersomyces stipitis and Ogataea polymorpha with

reduced respiration produce increased amount of

ethanol from xylose (Shi et al. 1999; Ruchala et al.

2017). Xylose consumption and ethanol yield was

improved in respiratory-deficient xylose-consuming

strain of S. cerevisiae after the adaptive evolution

(Peng et al. 2012). Therefore, reduction of respiratory

metabolism to increase xylose alcoholic fermentation

appears to be useful and logic approach.

Hap4 is global regulator of respiratory gene

expression. Hap4 is therefore very attractive target to

study redirection of metabolic flux between respira-

tion and fermentation metabolism. Transcript level of

HAP4, was around sevenfold higher with xylose than

with glucose (Matsushika et al. 2014). This data

additionally supports the thesis regarding the xylose as

respiratory substrate in recombinant xylose-consum-

ing S. cerevisiae strain. The effects of HAP4 deletion

was previously examined on the background of

xylose-utilizing strain of S. cerevisiae. It was shown,

that ethanol yield for hap4D reached 0.23 g g-1 of

consumed xylose, while the parental strain was unable

to produce ethanol from xylose at all under aerobic

conditions (Matsushika and Hoshino 2015). We were

able to achieve higher ethanol yield reaching

0.41 g g-1 under oxygen-limited conditions using

higher initial concentration of xylose (40 g l-1)

(Table 1). Approximately 40% of xylose remained

unconsumed, which is similar to that described by

(Matsushika and Hoshino 2015). The hap4D produced

1.3-fold more xylitol than that of GS010, reaching
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2 g l-1 which can be explained by excess of NADH

due to blocking of oxidation of this cofactor by

respiration. The higher ethanol production by hap4D is

apparently directly correlated with dramatic decrease

of acetate production (Fig. 4). We have performed

series of xylose and glucose fermentations by hap4D
and parental strain GS010 under aerobic conditions

described by (Matsushika and Hoshino 2015). Fer-

mentation profiles on xylose and glucose revealed no

significant difference in biomass accumulation, etha-

nol production, and substrate consumption between

analyzed strains (Fig. 1S, Fig. 2S). At the same time,

it was shown increase of acetate production during

xylose fermentation by hap4D similar to that

described by (Matsushika and Hoshino 2015). Acetate

production also increased during fermentation of

glucose (Fig. 2S) in contrast to the data presented in

(Matsushika and Hoshino 2015). Glycerol production

by hap4D during aerobic xylose fermentation was 1.6-

fold increased as compared to GS010 (Fig. 1S)

opposing to the data from (Matsushika and Hoshino

2015). Glycerol production by both strains under

aerobic glucose fermentation was the same (Fig. 2S),

which is in agreement with Matsushika and Hoshino

2015. Taking together we can conclude that the

obtained results are strain-specific, since parental

strain MA-B42 (Matsushika and Hoshino 2015) was

unable to ferment xylose at all in contrast to the

GS010. In addition, ethanol production largely

depends on the fermentation conditions, including

the medium composition, the amount of carbon

source, aeration, and the initial biomass.

A S. cerevisiae strain overexpressing HAP4 has

been reported to display a 17% reduction in ethanol

production and a 10% increase in biomass production

compared to the wild type in glucose containing

medium (van Maris et al. 2001; Raghevendran et al.

2006). According our results, we also observed

decrease in ethanol production; however, biomass

accumulation was not statistically distinguishable

between HAP4 and GS010 (Fig. 5). In contrast, the

hap4D mutant of S. cerevisiae revealed increased

ethanol production and decrease of biomass accumu-

lation during microaerated cultivation in chemostats

with glucose as sole carbon source (Dikicioglu et al.

2008). Similarly, the lower biomass yield and 10%

higher ethanol yield were observed on glucose with

hap4D strain of S. cerevisiae under aerobic batch

cultivation conditions (Matsushika and Hoshino

2015). Disruption of HAP4 in Meyerozyma guillier-

mondii threefold increased the ethanol yield under

conditions of aerobic glucose fermentation (Qi et al.

2014). However, in this work deletion of hap4 had no

effect on biomass and ethanol yields during glucose

fermentation under conditions used here.

Here, for the first time we have studied impact of

deletion (ZNF1, ADR1, TUP1, HAP4) and overex-

pression (SIP4, ADR1, HAP4) a set of genes coding for

transcription factors on xylose alcoholic fermentation

by the engineered xylose-utilizing S. cerevisiae strain.

Among all tested strains only hap4D revealed increase

of ethanol production with ethanol yield 0.41 g g-1,

while the other strains characterised with reduced

ethanol production to varying degrees. Therefore,

manipulation with Hap4 that is one of the key

regulator of respiration could be used for further

improve of xylose alcoholic fermentation perfor-

mance of xylose-fermenting S. cerevisiae strains.
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