Indian J Microbiol (Oct—Dec 2023) 63(4):483-493
https://doi.org/10.1007/s12088-023-01102-8

o)

Check for
updates

ORIGINAL RESEARCH ARTICLE

Kluyveromyces marxianus MTCC 1389 Augments Multi-stress
Tolerance After Adaptation to Ethanol Stress

Upma Pal' - Sumit Pal® - Shilpa Vij'

Received: 1 February 2023 / Accepted: 30 August 2023 / Published online: 18 October 2023

© Association of Microbiologists of India 2023

Abstract During fermentation, yeast cells undergo vari-
ous stresses that inhibit cell growth and ethanol production.
Therefore, the ability to tolerate multiple stresses during fer-
mentation is one of the important characteristics for yeast
cells that can be used for commercial ethanol production.
In the present study, we evaluated the multi-stress tolerance
of parent and ethanol adapted Kluyveromyces marxianus
MTCC1389 and their relative gene expression analysis.
Multi-stress tolerance was confirmed by determining its cell
viability, growth, and spot assay under oxidative, osmotic,
thermal, and ethanol stress. During oxidative (0.8% H,0,)
and osmotic stress (2 M NaCl), there was significant cell
viability of 90% and 50%, respectively, by adapted strain. On
the other hand, under 45 °C of thermal stress, the adapted
strain was 80% viable while the parent strain was 60%. In
gene expression analysis, the ethanol stress responsive gene
ETP1 was significantly upregulated by 3.5 folds, the osmotic
stress gene SLN1 was expressed by 3 folds, and the ther-
mal stress responsive gene MSN2 was expressed by 7 folds.
This study shows adaptive evolution for ethanol stress can
develop other stress tolerances by changing relative gene
expression of osmotic, oxidative, and thermal stress respon-
sive genes.
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Introduction

During fermentation, yeast cells encounter various stresses
such as osmotic, oxidative, thermal, and ethanol (end-prod-
uct), which inhibit cell growth and lead to low production.
For economical ethanol production, yeast cells should be
able to resist fermentation stresses for the utmost ethanol
titer and cell viability. Therefore, a strain with improved
multi-stress tolerance is a prerequisite for commercial
application.

K. marxianus is a cell factory with several advantages,
including thermotolerance up to 52 °C, rapid doubling time,
and the ability to utilise several agricultural wastes contain-
ing sugars not used by traditional yeast, Saccharomyces cer-
evisiae [1]. Using non-conventional yeast with numerous
benefits for utilising agricultural waste is a lucrative option
which makes it a more suitable candidate for commercial
application. However, K. marxianus is less explored yeast
compared to S. cerevisiae due to low ethanol production, the
major bottleneck for using non-conventional yeast. There-
fore, a previous study was conducted using K. marxianus
MTCC1389 by Pal et al. [2], in which it was adapted to
improve its ethanol tolerance from 8 to 12% (v/v) ethanol
stress in 110 days that significantly increased its tolerance
to ethanol and its production. The ethanol titer was 7.9%
(v/v) by the parent strain, while the adapted strain was able
to produce 11.5%. Though, each transfer for adaptation pro-
cess improves strain tolerance not only for desirable trait,
also for other fermentation stress that improves yeast cell’s
overall stress resistance [3]. Also, fermentation stress, such
as osmotic, oxidative, thermal, and ethanol stress in yeast,
may share certain common anti-stress pathways according
to the stress cross-tolerance phenomenon. Therefore, genes
responsible for providing tolerance for a single stress also
change in expression during other stresses [4, 5].
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Few studies have been conducted to examine the multi-
stress tolerance of a strain after adaptation to a single
stress. Caspeta and Nielsen [6] reported that adaptive
evolution of S. cerevisiae for thermotolerance improved
its other stress tolerance that affects the cell during fer-
mentation. Kitichantaropas et al. [7] reported that isolated
thermotolerant S. cerevisiae C3253, C3752, and C4377
strains were resistant to multiple stresses (ethanol, heat,
oxidative, and osmotic stress) with significant higher
growth rate compared to control. Mo et al. [4] studied
the multi-stress tolerance of K. marxianus FIM1 after
adaptation for high ethanol tolerance (6% to 10% v/v),
and found that the strain became tolerant to oxidative,
osmotic, thermal, and ethanol stress, confirmed by cell
viability assay. Zhang et al. [8] conducted a study using
evolutionary adaptation of S. cerevisiae strain YF10-5 in
which the resistance to osmotic stress and end-product
inhibition (ethanol) was found to improve after 10 rounds
of freeze thaw treatment by liquid nitrogen, and signifi-
cantly improved ethanol titer by 16%.

Li et al. [9] reported that P. kudriavzevii was exposed
to salt stress that improved its stress tolerance for osmotic,
thermal, and high sugar and its 3.9-times bioethanol pro-
duction by cross protection. Pattanakittivorakul et al. [1]
reported the adaptation of K. marxianus DMKU 3-1042
for improving thermotolerance after adaptation of a strain
that was able to produce ethanol at a high temperature and
enhanced its resistance to acetic acid and formic acid. To
date, there are few studies investigating the multi-stress
tolerance of K. marxianus after adaptation for a desir-
able trait. Therefore, in the present study, we aimed to
analyse pre-adaptation to multi-stress (such as osmotic,
oxidative, thermal, and ethanol) with adapted K. marxi-
anus MTCC1389 and its parent strain by determining
their viability of cell, growth curve, and spot assay under
multi-stress conditions and differential gene expression
analysis of stress related genes using RTPCR.

Material and Methods
Microorganism and Media

K. marxianus MTCC 1389 yeast strain primarily precured
from Microbial Type Culture Collection (MTCC) Chan-
digarh, India. This strain thrives at 37 °C and was kept in
a yeast extract-peptone-lactose medium (YPL) medium:
peptone, yeast extract (Hi-media Pvt. limited Mumbai,
India), lactose (Sigma). The cultures were preserved in
50% glycerol at —20 °C.
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Analysis of Multi-stress

To estimate tolerance to oxidative stress (H,0,), an over-
night culture at 37 °C with an ODg, of 1 was transferred
to different concentrations of H,O, broth medium (0.7%,
0.8%, 0.9%, and 1%), and incubated at 37 °C. For osmotic
stress, overnight grown cultures were transferred to NaCl
concentrations in broth medium were varied (1 M, 1.5 M,
2 M, and 2.5 M) and incubated at 37 °C. To check the etha-
nol tolerance improvement, an overnight grown culture was
transferred to an ethanol containing medium (8-12% v/v).
Thermal stress tolerance was analysed by transferring over-
night culture to broth tubes and incubating at 30°, 37°, 40°,
and 45 °C temperatures.

Cell Viability Under Stress

Cell viability was determined by the growing parent and
adapted strain under multi-stress conditions (mentioned in
“Analysis of Multi-stress” section) and serial dilution with
plating was performed at 0 h, 24 h, and 48 h.

Cell Growth Under Multi-stress

Cell growth of parent and adapted strain was determined by
taking ODg at 6 h intervals for 48 h under the multi-stress
conditions mentioned in “Analysis of Multi-stress” section.

Spot Assay

The spot assay was performed as proposed by Ogawa et al.
[10] and Kwolek-Mirek and Zadrag-Tecza [11] with some
modification. Spot assays were carried out at different time
intervals under multi-stress conditions, 5 uL of cell suspen-
sion was taken at 6 h of time interval and spotted on YPD
(yeast extract-peptone-dextrose) agar plates and incubated
at 37 °C for 24 h.

Gene Expression Analysis

The differential gene expression for multiple stresses, i.e.,
ethanol, osmotic, oxidative, and thermal, was analysed
by Real Time Polymerase Chain Reaction (CFX96 Touch
™ thermal cycler Bio-Rad). Primers used for genes were
enlisted in Table 1. The yeast cell RNA was extracted from
both the strains of K. marxianus MTCC1389, parent and
adapted in stress conditions, for control in YPD medium,
for sugar stress YPL (Lactose 20%) and under stress of
ethanol of 6% and 8% (v/v). A RNA extraction kit (Zymo
research—mini yeast) was used, and total RNA was quanti-
fied by nanodrop (BIOTEK TEK3). cDNA was synthesised
by the solis-biodyne cDNA preparation kit, Estonia. Reverse
transcriptase was done at 55 °C for 30 min, then 85 °C for
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Table 1 Gene primers used in
the study

Gene Primer

Function

ETP1

Forward AGCGGTACTTTGGGGAATGG

Cytoplasmic retention protein

Reverse ATCCAAGCGCTCAAGACACA

ADH6

Forward GCCAAGAAGTTCGGTCCTCA

Oxidize acetaldehyde to acetic acid

Reverse TTACCCCAGTTACCGTTGGC

SKN7

Forward CTACCTCGCGGTTTCCATGT

ROS scavenger

Reverse GTCACGACTTCCACTGAGCA

HYRI1

Forward TTCGGTCACCAAGAACCAGG

Detoxify phospholipid peroxidase

Reverse AGTTGTACACTGGGTCAGCG

SSK1

Forward CAAGGTTGCAAAAGACGGGG

Response regulator

Reverse CAAGCCCAGAGAGTTTCGGT

SLN1

Forward TAACCAAAATGCTGGCGGGT

Osmo-sensor of plasma membrane

Reverse TGACATGCGCACAGATCCAT

HSF1

Forward GGATGTCAAGAGTGGCAGCA

Ensure protein folding under ethanol stress

Reverse ACTTCGTCGTTTCCGCCT

MSN2

GAPDH

Forward ATTGGGGCTGGGAGTCCTAT
Reverse GCCAGGCTCTGGTTCAGAAT

Forward GAACATCGAAGTTGTCGCCATCAA

Transcription factor, regulate gene related
to multi-stress

Housekeeping gene (control)

Reverse ATGATCAAAGCCTTACCGTCGTGG

TEF1

Forward ATCGTCTTGAACCACCCAGG

Housekeeping gene (control)

Reverse TAACCAAAGCAGCGTCACCA

5 min. RTPCR was performed using qPCR master mix
solis-biodyne, Estonia. Two housekeeping genes taken for
normalisation were TEF1 (translation elongation factor 1)
and GAPDH (glyceraldehyde-3-phosphate dehydrogenase).

Statistical Analysis

The experiments were performed three times of 5 biologi-
cal/technical replicates. Data shown in graphs are average
from triplicates and error bar represents standard deviation.
The percentage of cell viability was calculated by
Treated — Control

Cellviability (%) = Control x 100

Growth curves were performed in 96—well plate. 2-way
ANOVA was used for RTPCR data analysis. All graphs and
calculations were performed with GraphPad Prism 5.

Results and Discussion
Oxidative Stress Response

In order to investigate the osmotic stress tolerance of par-
ent and adapted strain, the broth was supplemented with by
H,0, concentration ranging from 0.7%, 0.8%, 0.9%, and
1% (v/v). The viability was checked by plating at O h, 24 h,
and 48 h as shown in Fig. 1a. It represents that viability
was 100% in 0.7% of H,O, after 48 h in both the strains,
whereas in 0.8% of H,0,, the viability of the cell was
20% in parent strain and 30% in adapted strain after 24 h

of incubation. However, in 48 h, the viability was signifi-
cantly increased, 80% viability was observed in adapted
strain and 50% in parent strain. Whereas in a higher
concentration (0.9%), adapted strain was viable at more
than 30% while parent was less than 20%. Similarly, in
1% of H,0,, the viability was less than 20%. This clearly
indicated adapted strain was significantly more viable
in oxidative stress conditions compared to parent strain.
Furthermore, in the growth analysis of both the strains
under the same stress conditions (Fig. 2a), there was a
significant increase in growth after 24 h of incubation in
0.7% and 0.8% of H,0, by both the strains, while in 0.9%
of stress the growth was found sluggish. However, in 1%
of H,0, stress, there was a decline in growth by both the
strains which shows 0.7%, 0.8% of stress was less affect-
ing to the strains, as yeast cells were able to grow while
higher concentrations were disrupting cells. A spot assay
was performed simultaneously and it shows comparable
results between parent and adapted strain (Fig. 3a). Alike,
to cell viability and growth analysis, adapted strain found
to have more colonies than parent strain under all the oxi-
dative stress conditions. Therefore, it may be concluded
that in a high concentration of oxidative stress (> 0.8%),
there was a decreasing of cell growth and viability. Bhur-
phen et al. [12] reported that during fermentation, yeast
cells undergo several stresses such as hyperosmolarity,
high ethanol, and high temperature, which induces oxida-
tive stress that leads to increased production of ROS and
O, —by mitochondrial independent pathways. Arellano-
Plaza et al. [13] studied that by inducing the oxidative
stress (H,O,) in S. cerevisiae and K. marxianus enhanced
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Fig.1 Comparative cell viability of parent and adapted strain in multi-stress condition. a Oxidative stress, b osmotic stress, ¢ thermal stress, d

ethanol stress. The values are mean + SD

its ethanol productivity and yield with other aromatic com-
pounds such as ethyl lactate and esters which were not
detected in control strains.

Osmotic Stress Response

In order to determine the osmotic stress tolerance of parent
and adapted strain, the liquid media was supplemented with
NaCl concentrations ranging from 1 M, 1.5 M, 2 M, and
2.5 M. The viability under osmotic stress shown in Fig. 1b.
represents that parent strain under stress of 1 M was 100%
viable in 24 h and 48 h. However, in further concentrations,
the viability of the cell sharply decreased. On the contrary,
in adapted strain, the viability of the cell was more than
90% in 1 M, 1.5 M, and in 2 M, 2.5 M of osmotic stress,
was more than 50% at 0 h while in 24, 48 h of time interval,
it was less than 50%. Growth under osmotic stress was also
determined as shown in Fig. 2b, which represents growth
under 1 M NaCl concentration was increasing with respect
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to time in both the strains, whereas, in higher concentrations,
it was not significantly increased. Therefore, it can be stated
that the yeast cell was viable under osmotic stress but not
growing at a higher concentration (1.5 M). The Spot assay
was performed using the same sample and the results shown
in Fig. 3b represent viability at different time intervals. As
a result, the viability of both strains was highest at 1 M con-
centration. While under increasing stress, the cell colonies
were decreased subsequently, which clearly indicates that
with increasing time of incubation, cell viability decreases.
However, the adapted strain was found with more colonies
under all the concentration than the parent strain. Ahmad
et al. [14] reported that NaCl was used as a stress inducer
in S. cerevisiae as it was less toxic to cells than KCI and
induced more cytoprotective pathways in growth medium
and adapted the strain for higher salt stress, which improved
its production rate by 50%. Illarionov et al. [15] studied the
common salt stress response in S. cerevisiae and K. marxi-
anus and found that in S. cerevisiae, the high concentration



Indian J Microbiol (Oct—Dec 2023) 63(4):483-493

487

a
o - 0.7% (P)
0447 = 0.7% (A)
£ 042, - 0.8% (P)
8 0.101 —+ 0.8% (A)
« 0.081 - 0.9% (P)
o 0.064 - 0.9% (A)
© 0.04- - 1% (P)
0.02- -+ 1% (A)
w0 lr—osr————
Q&\‘ b\\‘ 0\\‘ '\P“\‘ h§<\" “’b\\‘ @\\‘
Time (hr)
&
0.8-
- 30°(P)
= 30°(A)
£ 061 -+ 37 (P)
§ -+ 37°(A)
e VA - 40° (P)
a - 40° (A)
© 0.2 - 45 (P)
-4 45° (A)
1

\} \ \S \S s \S \
> A A A A > A
Q © ,\'\ D o W

Time (hr)

b
0.54
-« 1M (P)
0.4 = 1M (A)
£ -+ 1.5M (P)
S 031 -+ 1.5M (A)
%] -+ 2M(P)
o -+ 2M (A)
& e & 25M(P)
-4 25M (A
0.04— T T T T T T
Q‘\‘ b‘é 'Q:Qk ,»b:‘\‘ "9‘\& .-56‘\‘ &b\\‘
Time (hr)
d
g:i - 8% (P)
ol & 8% (A)
E %1 -+ 9% (P)
8 0191 -+ 9% (A)
« 0081 -+ 10% (P)
o 0.6 -+ 10% (A)
© 0.041 - 11% (P)
0.02- -4 1% (A)
ool ——— — ¥ 12%(P)
Q‘é %‘6 »Or‘\‘ f\.\:& ﬂ_&‘(\ s"ov‘ @‘6 SN

Time (hr)

Fig. 2 Comparative cell growth of parent and adapted strain in multi-stress condition. a Oxidative stress, b osmotic stress, ¢ thermal stress, d

ethanol stress. The values are mean + SD

of Na*, K* impaired ethanol and acetate production, but
their specific growth rate was increased by fourfold. In K.
marxianus the vacuole to cell size ratio was increased under
osmotic stress.

Thermal Stress Response

In order to measure the thermal stress tolerance of parent
and adapted strain, the inoculated broth was incubated at
30°, 37°,40°, and 45 °C. The viability was checked by plat-
ing at 0 h, 24 h, and 48 h. Under low temperature stress, the
viability was increased to 70% in parent strain and 80% in
adapted strain in 48 h of incubation compared to control, i.e.,
37 °C (Fig. 1c). As aresult, 37 °C was determined to be the
optimum temperature for both strains, as they demonstrated
100% viability at that temperature, whereas, at 40 °C, viabil-
ity was higher in adapted strain than in parent strain by 20%.
Similarly, at 45°C, adapted strain was more surviving with
80% viability and parent strain was 60% viable. The adapted

strain shows notable thermotolerance in the cell viability
assay, with maximum viability during stress conditions. Cor-
responding to the viability test, the growth assay represents
similar results as adapted strain shows maximum growth at
37 °C and at other temperatures such as 40 °C and 45 °C,
adapted strain has rampant growth. However, compared to
parent strain, which also shows slow growth at the same tem-
peratures (Fig. 2¢). The spot assay was also performed along
with the cell viability and growth assay shown in Fig. 3c,
and that shows colonies by both the strains due to the pres-
ence of notable growth at all the temperatures. K. marxianus
MTCC1389 was a thermotolerant yeast that could grow at
temperatures as high as 52 °C, but efficient yeast growth was
optimised at 37 °C [16]. Matsumoto et al. [17] studied the
comparison in S. cerevisiae and K. marxianus respectively,
and found that K. marxianus grew at 45 °C and survived heat
shock at 50 °C, whereas S. cerevisiae was not able to grow at
45 °C while at 50 °C heat shock damage of cell membrane
was not appeared however, at 60 °C K. marxianus recovered
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from shock and its metabolic activity was preserved compare
to S. cerevisiae which was disrupted.

Ethanol Stress Response

To assess the enhancement in ethanol tolerance of parent
and adapted strain, it was carried out by growing yeast cells
in YPL broth containing ethanol (8—12% v/v) as shown in
Fig. 1d. It was found that parent strain was 50% viable in
8% of ethanol stress after 48 h. In comparison to adapted
strain, which shows 100% survivability in 24 h and 48 h
under 8% ethanol stress, in a higher concentration of etha-
nol, parent strain survivability was negligible compared to
adapted strain. However, adapted strain was 100% viable in
up to 10% (v/v) ethanol stress after 48 h. Further increasing
ethanol concentration, the cell viability in 11% ethanol was
60% after 24 h and 80% after 48 h. Under 12% stress, the
viability of the cell was 60%. A growth assay was performed
in similar stress conditions, and it was found that adapted
strain started growing after 6 h of incubation and was in
progress up to 48 h under all the concentrations of ethanol
stress. However, parent strain was found to grow only in
8% of stress after 24 h of incubation, and in further higher
concentrations the growth was sluggish (Fig. 2d). Similarly
in spot assay analysis, it was found that adapted strain was
having a higher number of colonies under stress of ethanol in
all the concentrations after 24 h, while parent strain was hav-
ing colonies up to 12 h, and later there was a lower number
of colonies may be due to stress; cell growth was sluggish
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(Fig. 3d). Sostric et al. [18] reported that an ethanol adapted
strain produces energy mainly from glycolysis and ethanol
fermentation and found that increased gluconeogenesis flow
and large levels of high-affinity hexose transporters are likely
to counteract ethanol stress-induced pseudo-starvation.

Multi-stress Tolerance Gene Expression Analysis

We examined relative gene expression of multi-stress toler-
ance genes, i.e., ethanol (ETP1, ADH6), osmotic (SLN1,
SSK1), oxidative (SKN7, HYR1), and thermal (HSFI,
MSN?2) by real-time polymerase chain reaction under sugar
stress (20%) and ethanol stress of 6% and 8% (v/v) as shown
in Table 2.

Relative Gene Expression Analysis of Oxidative Stress
Tolerance Gene

SKN7 and HYRI1 genes mainly expressed under oxidative
stress caused by ethanol. SKN7 (Suppressor of Kre Null)
function as transcription factor and HYR1 (Hydroperoxide
Resistance) function as developing resistance under oxida-
tive stress. Figure 4a represents the relative gene expres-
sion of the SKN7 gene under high sugar and ethanol stress.
Under high sugar stress, parent strain was significantly
(***P <0.001) upregulated by 1.75 folds while adapted
strain was 1.5-fold upregulated, whilst under 6% ethanol
stress, parent strain was upregulated by 1.75 folds and
adapted strain was upregulated by twofold. However, under
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Table 2 Overall gene

YPL (parent) YPL (adapted) 6% (parent) 6% (adapted) 8% (parent) 8% (adapted)

. Gene Control

expression under sugar and (no

ethangl stress (6%, and 8%) stress)

conditions
ETP1 1 1.2
ADH6 1 1.5
SLN1 1 1.5
SSK1 1 1
SKN7 1 1.75
HYR1 1 0.5
HSF1 1 0.8
MSN2 1 2

2 1 2.6 1.3 3.5
75 1.2 0.5 1.5 0.5
3 2 2 1.2 1.5
1 0.5 0.8 1 1.4
1.5 1.75 2 1.25 1.5
0.5 1 1 1.75 1

0.8 1.25 1.75 0.5 1.5
2 3 7 4.8 7

8% ethanol stress, the parent and adapted strain was upregu-
lated by 1.3 and 1.6 folds respectively. The data shows that
under fermentation stress (osmotic, end-product), both the
strains upregulated SKN7 expression, which shows SKN7
was an important gene in managing cellular stress. Fassler
et al. [19] studied S. cerevisiae gene SKN7, and observed
that it plays a major role in oxidative stress response, func-
tion as conserved transcription factor gene and its activity
depends on SLN1 gene phosphorylation and under stressful
condition, SKN7 maintains cell wall integrity and plays an
important role in thermal stress. Figure 4b shows expression
of HYRI1 gene under sugar and ethanol stress conditions.
Under sugar stress both the strains expressed by 0.5 folds.
Whereas under 6% of ethanol stress both the strains were
expressed by onefold which was also non-significant in com-
pare to control. However, under 8% of ethanol stress, the par-
ent strain was upregulated by 1.75 folds (***P <0.001) and
the adapted strain showed non-significant (onefold) expres-
sion. Therefore, under stress conditions, a similar trend of
gene expression was found in both the strains without much
alteration. Fu et al. [20] reported the stress response of K.
marxianus under high temperature and found that expression
of HYR1 was downregulated, which led to a reduction in
ROS resistance, resulted in fermentation arrest.

Relative Gene Expression Analysis of Osmotic Stress
Tolerance Gene

SLN1 (Synthetic Lethal of N-end rule) osmotic histidine
kinase gene is a plasma membrane osmotic sensor, SSK1
(Suppressor of Sensor Kinase) involved in downstream.
Medium containing high sugar and ethanol imposes osmotic
stress on yeast cells. Under the 20% sugar stress, there was
significant (***P <0.001) upregulation of adapted strain
by 3 folds while parent strain was expressed by 1.5 folds
(Fig. 4c). Moreover, under ethanol stress of 6%, both the
strain was upregulated by 1.8-2 folds, similar trend was
found, in 8% of ethanol stress, where expression was 1.2,
1.8 folds by parent and adapted strain respectively. Hohman

[21] reported that mutation of the SLN1 gene affects activity
of the HOG (high osmolarity glycerol) pathway, by affecting
the plasma membrane of yeast cells. Figure 4d represents the
relative gene expression of SSK1, and it showed that under
high sugar stress, the expression was non-significant in both
the strains compared to control. Under the 6% ethanol stress,
expression of SSK1 was 0.5 folds in the parent strain and
0.8 folds in the adapted strain while under 8% ethanol stress,
the parent strain showed insignificant expression however,
the adapted strain was expressed by 1.4 folds, which clearly
indicated that under high ethanol stress, SSK1 was more
expressed, whereas in sugar stress and low ethanol stress
there was insignificant expression of it compared to control.
Parmar et al. [22] studied the roles of signalling pathways
under osmotic stress, which are SHO1, SLNI1, and it was
found that SLN1 plays a major role in the stress response
cascade, while SHO1 was downregulated because of inhibi-
tion by HOG1P2, and concluded that both stress-response
pathways sense osmotic shock in different way.

Relative Gene Expression Analysis of Thermal Stress
Tolerance Gene

HSF1 (Heat Shock transcription Factor) and MSN2 (Multi-
copy suppressor of SNF1 mutation) are transcription factors
that regulate cell gene expression and are expressed under
thermal stress conditions. Figure 4e represents the relative
gene expression of HSF1, under sugar stress of 20%, both
the strains were expressed by 0.8 folds, which was insignifi-
cant in expression compared to control. Moreover, under 6%
ethanol stress, parent strain was upregulated by 1.25 folds
while adapted strain was 1.75 folds and in 8% ethanol stress,
parent strain was expressed by 0.5 folds and adapted strain
was upregulated by 1.5 folds (***P <0.001). This clearly
indicated that under sugar stress, there was a trivial differ-
ence in the expression of HSF1 by both the strains while
under ethanol stress there was significantly higher expres-
sion in adapted strain than in parent strain, which gives
better survivability to strain. Nurcholis et al. [23] reported
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«Fig. 4 Relative gene expression (folds) under sugar stress (YPL
20%) and ethanol stress (6%, 8% v/v) of parent and adapted strain.
Expression of gene associated with oxidative stress a SKN7, b
HYRI. Gene associated with osmotic stress ¢ SLN1, d SSK1. Gene
associated with thermal stress e HSF1, f MSN2. Gene associated with
ethanol stress g ETP1, h ADH6. Experiment was conducted in trip-
licate manner, and two repetition. Differential fold expression was
determined by 274 A%Y method using GAPDH as reference gene.
Value represent means + SD. *P <0.05; **P <0.01; ***P <0.001

the differential gene expression by string database analysis,
and found that HSF1 gene regulated genes responsible for
transporting glucose in glycolysis and gluconeogenesis path-
ways, while MSN2 controlled the genes in lipid metabolism
and in glycolysis. Figure 4f shows the relative gene expres-
sion of MSN2 and it was found that under sugar stress, both
strains were found upregulated by 2 folds, while under etha-
nol stress of 6%, parent strain was upregulated by 3 folds,
whereas adapted strain was significantly (***P <0.001)
expressed by 7 folds. However, under 8% ethanol stress,
the gene was expressed by 4.8 folds in parent strain and
7 folds in adapted strain. The results presented here show
that MSN2 was an important gene for increasing ethanol
stress resistance. Watanabe et al. [24] reported that over-
expression of the MSN2 strain was more tolerant than the
control strain of sake yeast and the expression of MSN2
was sevenfolds higher in the tolerant strain in comparison to
control and without ethanol stress. Li et al. [25] studied the
role of MSN2 genes of K. marxianus and reported KmMsn2
improved ethanol fermentation by regulating genes related to
sugar metabolism and glycolysis/gluconeogenesis.

Relative Gene Expression Analysis of Ethanol Stress
Tolerance Gene

Genes associated with ethanol stress includes ETP1 (etha-
nol tolerance protein) and ADH6 (alcohol dehydrogenase
6), which primarily aid in ethanol tolerance by regulating
genes in various pathways. The expression of ETP1 was
significantly (**P <0.01) increased by 2 folds in adapted
strain in sugar stress as shown in Fig. 4g. It also shows that
under ethanol stress of 6%, the adapted strain was signifi-
cantly increased by 2.6 folds, and found insignificant in par-
ent strain compared to control whereas, in 8% of ethanol
stress, adapted strain expression was 3.5 folds, while in par-
ent strain was 1.2-folds. Hiller [26] investigated the role of
ETP1 in wine fermentation and found that etp1l/etpl mutants
ferment sugar poorly, which results in incomplete fermen-
tation due to genes involved in sugar transport. Figure 4h
represents the expression of ADH6, under high sugar stress
was expressed by 1.5 folds in parent strain, whereas it was
expressed only by 0.75 folds in the adapted strain. However,
under ethanol stress of 6% and 8%, in the adapted strain,
there was significant expression (***P <(.001) by 0.5 folds,

while in the parent strain, it was expressed by 1.2—1.5 folds,
it indicated that under stress condition, ADH6 was more
expressed in parent strain than in adapted strain as the yeast
cell reduces expression for reducing ethanol toxicity. Feng
et al. [27] studied the micro-aeration effect on growth of K.
marxianus using lignocellulosic hydrolysate and found the
upregulation of genes related to the acetic acid pathway, i.e.,
ADH?2, ADH4, and ADHG6, increased significantly by 2.54,
2, and 1.75 folds after transcriptomic analysis. Zhang et al.
[28] reported the transcriptomic analysis of K. marxianus in
apple cider fermentation and found that alcohol dehydroge-
nase genes such as ADHI, ADH2, ADH6 were significantly
overexpressed in K. marxianus.

Conclusion

Based on the results and discussion, it can be concluded
that the multi-stress tolerance of the adapted K. marxianus
MTCC1389 strain was significantly increased after evolu-
tionary adaptation for single stress (ethanol). The viability
of the cell was comparatively higher than its control strain
under stress conditions, which shows greater survivability.
Moreover, the relative gene expression was also changed
under the stress conditions of sugar and (end-product) etha-
nol. Genes such as ETP1, SLN1, and MSN2 were found with
significant upregulation under stress condition hence can be
used in further studies of stress tolerance. As a result, the
adapted strain was also multi-stress tolerant and can be used
commercially for whey-based ethanol production.
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