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a b s t r a c t 

Industrial manufacturing of bioproducts, especially bioethanol, can benefit from high-temperature fermentation, 

which requires the use of thermotolerant yeast strains. Mitochondrial activity in yeast is closely related to its over- 

all metabolism. However, the mitochondrial respiratory changes in response to adaptive thermotolerance are still 

poorly understood and have been rarely utilized for developing thermotolerant yeast cell factories. Here, adap- 

tive evolution and transcriptional sequencing, as well as whole-genome-level gene knockout, were used to obtain 

a thermotolerant strain of Saccharomyces cerevisiae . Furthermore, thermotolerance and bioethanol production 

efficiency of the engineered strain were examined. Physiological evaluation showed the boosted fermentation ca- 

pacity and suppressed mitochondrial respiratory activity in the thermotolerant strain. The improved fermentation 

produced an increased supply of adenosine triphosphate required for more active energy-consuming pathways. 

Transcriptome analysis revealed significant changes in the expression of the genes involved in the mitochondrial 

respiratory chain. Evaluation of mitochondria-associated gene knockout confirmed that ADK1, DOC1, or MET7 

were the key factors for the adaptive evolution of thermotolerance in the engineered yeast strain. Intriguingly, 

overexpression of DOC1 with TEF1 promoter regulation led to a 10.1% increase in ethanol production at 42 °C. 

The relationships between thermotolerance, mitochondrial activity, and respiration were explored, and a ther- 

motolerant yeast strain was developed by altering the expression of mitochondrial respiration-related genes. This 

study provides a better understanding on the physiological mechanism of adaptive evolution of thermotolerance 

in yeast. 
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. Introduction 

Saccharomyces cerevisiae ( S. cerevisiae ) is widely used for produc-

ng various biofuels, biochemicals, and natural products, particularly

ioethanol [ 1 , 2 ]. Usually, yeast cells grow optimally within a relatively

arrow temperature range. However, even though deviations from this

emperature range interrupt the cell structure and function, cells can tol-

rate these deviations to some extent via rapid physiological responses

nd adaptations [3] . Similar to many other eukaryotes [4] , S. cerevisiae

as evolved overlapping yet distinct cellular responses and adaptations

o different aspects of high-temperature stress [ 5 , 6 ]. These responses

nclude innate thermotolerance, acquired thermotolerance, thermotol-

rance to moderately high temperatures, and adaptive evolved thermo-
Abbreviation: S. cerevisiae , Saccharomyces cerevisiae ; ATP, adenosine triphosphate

nockout; DEG, differential gene expression. 
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olerance. Adaptive laboratory evolution is garnering attention for the

evelopment of thermotolerant strains [7] that show elevated thermo-

olerance, which is one of the key desirable properties of S. cerevisiae for

ts industrial applications. High-temperature fermentation using ther-

otolerant S. cerevisiae can be advantageous for reducing the cost and

ncreasing the productivity of industrial processes [8] . However, ther-

otolerance is a complex trait that is regulated by many genes and the

omplex interactions among them [9–11] . 

Our previous proteomic analysis showed the up-regulated expres-

ion of most glycolytic enzymes in S. cerevisiae during prolonged ther-

al stress, whereas the enzymes involved in the Tricarboxylic Acid Cy-

le, glycogen and glycerol biosynthesis, and pentose phosphate path-

ay were largely down-regulated [ 12 , 13 ]. This implies that cellular
; GO, gene ontology; PCR, polymerase chain reaction; YP, yeast peptone; KO, 
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Table 1 

S. cerevisiae strains used in this study. 

Strains and plasmids Description Reference or source 

S. cerevisiae strains 

BY4743 knockout collection The knockout strain collection of heterozygous diploid strain BY4743 

( MAT a/ 𝛼 his3 Δ1/his3 Δ1 leu2 Δ0/leu2 Δ0 LYS2/lys2 Δ0 met15 Δ0/MET15 

ura3 Δ0/ura3 Δ0 ) 

EUROSCARF, 

Frankfurt, Germany 

ScY A diploid S. cerevisiae strain, Lab collection 

ScY01 Evolved thermotolerant strain from ScY, diploid This study 

ScYa MATa haploid strain derived from ScY This study 

ScY01a MATa haploid strain derived from ScY01 This study 

ScYa ( adk1 ∆) ScY01a, MATa, adk1 ::KanMX This study 

ScYa ( doc1 ∆) ScY01a, MATa, doc1 ::KanMX This study 

ScYa ( met7 ∆) ScY01a, MATa, met7 ::KanMX This study 

ScY01a ( adk1 ∆) ScY01a, MATa, adk1 ::KanMX This study 

ScY01a ( doc1 ∆) ScY01a, MATa, doc1 ::KanMX This study 

ScY01a ( met7 ∆) ScY01a, MATa, met7 ::KanMX This study 

ScY01a-CT ScY01a, MATa, harboring p315-KanMx-PTEF1 -T8 This study 

ADK1 -OE ScY01a, MATa, harboring p315-KanMx-PTEF1 -ADK1 This study 

DOC1 -OE ScY01a, MATa, harboring p315-KanMx-PTEF1 -DOC1 This study 

MET7 -OE ScY01a, MATa, harboring p315-KanMx-PTEF1 -MET7 This study 

Plasmid 

pCAS Kan+ , 2-micron, KanMX [59] 

p315-PTEF1 -T8 Amp + , LEU2, ARS/CEN origin, containing the TEF1 promoter and the 

Tsynth8 terminator 

[19] 

p315-KanMX-PTEF1 -T8 p315-PTEF1 -T8 containing KanMX cassette This study 

p315-KanMX-PTEF1 -ADK1 p315-KanMX-PTEF1 -T8 expressing ADK1 gene This study 

p315-KanMX- PTEF1 -DOC1 p315-KanMX-PTEF1 -T8 expressing DOC1 gene This study 

p315-KanMX-PTEF 1-MET7 p315-KanMX-PTEF1 -T8 expressing MET7 gene This study 
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c  
nd mitochondrial metabolism reprogramming may play a key role in

he thermotolerance exhibited by yeast during long-term thermal stress

14] . Sterol biosynthesis, cell periphery, and the cAMP-dependent pro-

ein kinase A signaling pathway were found to be crucial for the evolved

hermotolerant strains. Surprisingly, some of these strains showed de-

reased or no respiratory growth in the presence of non-fermentable

arbon sources, such as ethanol and glycerol [ 15 , 16 ]. These results im-

ly that mitochondrial metabolism may play an important role in the

daptive evolution of thermotolerance in yeast. Mitochondria produce

nergy to provide adenosine triphosphate (ATP) for various biological

rocesses and supply important metabolites for yeast cell growth and

roliferation, as well as for stress adaptation [ 17 , 18 ]. However, mito-

hondrial functions, especially mitochondrial respiration, involved in

he adaptive evolution of thermotolerance in yeast are not understood

ell. 

Here, an evolved thermotolerant ScY01 strain was obtained through

daptive laboratory evolution. In previous studies, we investigated and

ompared the mechanisms of prolonged thermotolerance and transient

eat shock response in the evolved ScY01 and the parental ScY by con-

ucting proteomic analysis [ 12 , 13 ]. In this study, the underlying mech-

nisms controlling the physiological adaptations of the mitochondria

ere investigated. We further explored novel genes to develop more

hermotolerant strains of yeast for industrial applications. Transcrip-

ome analysis was used to determine the transcriptional variations be-

ween the evolved strain and the parent strain. The results of this study

rovide novel insights into mitochondrial functions, especially respira-

ion, in response to adaptive evolution of thermotolerance in yeast. 

. Materials and methods 

.1. Plasmid construction 

All the plasmids and primers used in the study are listed in Table 1

nd Table S1, respectively. The ClonExpress® II One Step Cloning Kit

Vazyme Biotech Co., Ltd, Nanjing, China) based on the homologous re-

ombination technology was used to construct the plasmids by follow-

ng the instruction manual. The constructed plasmids were sequenced

y the Beijing Genomics Institute (Beijing, China). 
2

First, the KanMX cassette was amplified using the pCAS plasmid and

ubcloned into the p315-TEF1-T8 plasmid to finally generate the p315-

anMX-PTEF1 -T8 plasmid. To determine the effects of ADK1, DOC1, and

ET7 on the high-temperature fermentation efficiency, the open read-

ng boxes of ADK1, DOC1 , and MET7 were amplified from S. cerevisia e

288c genomic DNA and inserted into the p315-KanMX-PTEF1-T8 plas-

id [19] to produce p315-KanMX-PTEF1 -ADK1, p315-KanMX-DOC1,

nd p315-KanMX-PTEF1 -MET7, respectively. The four constructed plas-

ids (p315-KanMX-PTEF1- T8, p315-KanMX-PTEF1 -ADK1, p315-KanMX-

TEF1 -DOC1, and p315-KanMX-PTEF1 -MET7) were transferred into the

volved ScY01 strain using the standard lithium acetate method [20] . 

.2. S. cerevisiae strains, adaptive laboratory evolution, and culture 

onditions 

All the S. cerevisiae strains used in this study are listed in Table 1 .

he diploid strain, ScY, was used as the parent strain for the adaptive

volution of thermotolerance in the laboratory. The evolution experi-

ent was conducted in 50-mL shake flasks containing a yeast peptone

YP) medium (10 mL) with 200 g/L glucose at 200 rpm. The YP medium

pH 5.5) consisted of yeast extract (10 g/L) and peptone (20 g/L). The

ulture temperature was gradually increased from 37 to 39 °C and fi-

ally to 40 °C over the course of the evolution experiment. The cultured

east cells were transferred into a fresh medium every 24 h, with 0.5

nitial optical density at 600 nm (OD600 ). The OD600 of the culture was

ecorded before each serial transfer. After every five transfers, culture

amples were collected and stored at − 80 °C in a 15% (v/v) glycerol

olution. The strain obtained from the last culture at 40 °C was named

cY01. The ScY01 strain was then assessed for fermentation efficiency

nd thermal stability at 40 °C and for other analyses. For RNA sequenc-

ng and real-time quantitative polymerase chain reaction (PCR), ScY and

cY01 cells were grown in the YP medium containing 200 g/L glucose

t 40 °C and 200 rpm for 14–16 h (up to the early-log phase). After in-

ubation, the yeast cells were harvested by applying centrifugation in

alcon tubes precooled in liquid N2 (5 min, 3220 × g ) . The supernatants

ere discarded and the pellets were stored at − 80 °C until further use. 

BY4743 and its knockout (KO) strains ( Table 1 ), annotated for in-

reased, decreased, or no respiratory growth in the Saccharomyces
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enome Database (SGD, http://www.yeastgenome.org/ ), were pur-

hased from EUROSCARF (Frankfurt, Germany) [21] . Strains ScYa and

cY01a were haploids of mating-type a, derived from ScY and ScY01,

espectively. The KO method used for the key genes in ScYa and ScY01a

as based on PCR amplification and one-step gene replacement [22] .

he primers used for KO and detection are listed in Table S1. 

.3. RNA sequencing and differential gene expression (DEG) analysis 

RNA libraries were prepared and sequenced with an Illumina

enome Analyzer IIx (Majorbio, Shanghai, China) using 36-bp single-

nd sequencing. Approximately 16 million clean reads corresponding to

pproximately 48-fold coverage of the reference genome were gener-

ted for each library. DEG in the evolved strain, ScY01, with respect to

he parental strain, ScY, was analyzed by using a downstream analysis

ipeline based on the reference genome of strain S288c (sequence as-

embly version R64) [23] . The clean reads were aligned to the reference

ranscriptome by using the Bowtie (version 1.1.1) software [24] . Subse-

uently, transcript quantification was carried out from RSEM mappings

25] . The MARS method implemented in the DEGseq R package was

sed for the DEG analysis [26] . Significant DEGs were then sorted by

pplying a p -value cutoff of 0.001 or less and an absolute fold-change

hreshold of 2.0 or more. Significantly upregulated and downregulated

enes (Dataset S1) were analyzed for enrichment in gene ontology (GO)

erms using DAVID Bioinformatics Resources 6.7 [27] (Dataset S2). En-

ichment maps of ontology categories (clustering with significance of

 -values < 0.05 and Benjamini FDR < 0.5) were generated by using the

nrichment Map 2.0.1 software plug-in of Cytoscape 3.4.0 [28] . Tran-

cription profile data and significant DEGs are provided in the supple-

entary material (Dataset S1) and the Gene Expression Omnibus (ac-

ession no. GSE96829). 

.4. Detection of ATP concentration in whole cells and mitochondria 

ScY and ScY01 strains were grown in a YP medium containing

00 g/L glucose at 40 °C and 200 rpm for 16 h to the early log phase. The

TP levels in whole cells and mitochondria were quantified by using a

ethod described in a previous study [29] , with some minor modifica-

ions. To determine the ATP concentrations from whole cells and mito-

hondria, 10 OD600 and 50 OD600 cells were harvested, respectively, in

alcon tubes by performing centrifugation (5 min, at 3220 × g ) . The har-

ested cells were subsequently digested with zymolyase 20T (SilGreen),

ccording to the protocol described in the manual. To separate mito-

hondria, the homogenized spheroplasts were subjected to differential

entrifugation as described in an earlier study [30] . ATP concentration

as measured using an ATP assay kit (Beyotime) in SpectraMax M5

Molecular Devices) against ATP standard solutions, according to the

anufacturer’s protocol. 

.5. Assessing mutant respiratory growth and thermotolerance of 

itochondria-associated single gene KO strains 

The correlations among cell thermotolerance, mitochondrial func-

ion, and mutant respiratory growth was further examined. To achieve

his objective, BY4743 and its KO strains were verified and evaluated for

heir growth capacities on a YP plate using 2% (v/v) glycerol as a single

arbon source at 30 °C by setting up spot assays. The growth of strains

as also evaluated in a liquid YP medium containing 100 g/L glucose at

0 °C using 96-well plates. The whole procedure is illustrated in Fig. 4 .

he cell growth of the KO mutants on the glycerol plates was confirmed

y spot assays (Fig. S3). The dot density was measured by employing the

IH ImageJ software ( https://imagej.nih.gov/ij/ ) according to the pro-

ided instructions (Dataset S3). The gene candidates whose KO mutants

ere verified for differential respiratory growth and thermotolerance

ere further selected as the mitochondria-associated genes (GO Term:

itochondrion, Cellular Component, GO: 0005739, SGD). The effects of
3

hese genes on the fermentation capacities of the mutants at the elevated

emperature (40 °C) were evaluated. The fermentation capacities of the

ast selected KO mutants and their equivalent ScYa and ScY01a mutants

ere tested at the normal (30 °C and 35 °C) and elevated (40 °C) tem-

eratures. Fermentation experiments were conducted using a 100-mL

P medium containing 100 g/L glucose in 250-mL flasks at 200 rpm.

he thermotolerance and fermentation capacities of the ADK1-, DOC1- ,

nd MET 7-overexpressing mutants were evaluated at 40 °C. 

.6. Analytical methods and calculation of fermentation parameters 

Cell growth was indirectly measured by recording OD600 using a

pectraMax M2 (Molecular Devices, USA). Glucose and ethanol concen-

rations were monitored by using high-performance liquid chromatog-

aphy (Agilent Technologies, USA) with a refractive index detector and

 BioRad Aminex HPX–87H Column (300 mm × 7.8 mm) (Bio–Rad Lab-

ratories Inc., USA). The column was eluted with 0.01 N of H2 SO4 at a

ow rate of 0.6 mL/min at 63 °C. The fermentation parameters, includ-

ng the maximum growth rate ( μmax ), maximum glucose consumption

ate ( qs max), and ethanol productivity (PEtOH ), corresponding to the fer-

entation profiles were calculated using Origin 8 (Originlab®, USA) as

reviously reported [31] . 

. Results 

.1. Development of thermotolerant ScY01 via adaptive evolution 

To improve the thermotolerance of S. cerevisiae and understand its

rigin, a diploid strain ScY was chosen for adaptive laboratory evolu-

ion by gradually increasing the temperature ( Fig. 1 (A)). The ScY strain

s a derivative of the Ethanol Red industrial yeast [13] . During the serial

ransfers of the cultures grown at 37 °C for 15 d, no dramatic changes

ere observed in the cell growth. However, for the increased growth

emperature of 39 °C, decreased cell growth was observed for the strains

uring earlier few transfers. The lowest OD600 of 5.39 was measured on

he 20th day. Afterwards, cell growth gradually increased, with the in-

reased OD600 of more than 8.00. On the 36th day, the growth tempera-

ure was increased to 40 °C. Although the culture showed similar growth

OD600 of 7.73) during the first transfer, severe growth inhibition was

bserved for the second and third transfers, with the lowest OD600 of

.62. Afterwards, cell growth of the serial transfer cultures slowly in-

reased and required a longer time (approximately 29 d) to surpass the

D600 of 10.00, which was similar to the cell growth at 37 °C. These

bservations suggested the possible enrichment of the cells adapted to

he high growth temperature in the evolving cultures. Therefore, after

ontinuous serial transfers for another 7 d at 40 °C, a strain was isolated

rom the last serial transfer culture on the 74th day and named ScY01.

he thermal stability of the isolated ScY01 strain was then evaluated.

cY01 cell populations were serially transferred every 24 h for 20 d

t normal temperature. Afterwards, the maximum glucose consumption

ate (qs max) and the fermentation capacity (PEtOH ) were evaluated in

he culture samples collected every five transfers. As expected, qs max

nd PEtOH were found to be similar among the serially transferred cell

opulations of ScY01. However, the qs max and PEtOH were clearly dif-

erent from the corresponding parameters of the parent ScY strain (Fig.

1). This suggested that the ScY01 strain acquired robust physiological

raits of adaptive thermotolerance. 

The fermentation efficiencies of the evolved thermotolerant ScY01

nd the parent ScY strain were compared at different temperatures

 Fig. 1 (B)). The difference between the two strains was more pro-

ounced at 40 °C than at the other temperatures (30 °C and 35 °C).

t 40 °C, ScY01 exhibited approximately 2.2- and 1.6-fold increases in

he glucose consumption rate and ethanol productivities, respectively,

ompared to the ScY strain. These results indicated that the thermotol-

rance and the fermentation capacity of the evolved ScY01 strain were

onsiderably improved compared with those of its parent strain. 

http://www.yeastgenome.org/
https://imagej.nih.gov/ij/
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Fig. 1. Adaptive laboratory evolution and characterization of thermotolerant cell populations. (A) Cell growth (OD600 ) records of the evolving cultures during the 

adaptive laboratory evolution process. ScY strain was used for serial transfers every 24 h at increasing growth temperatures. The cultures showing the lowest OD600 at 

each temperature and reaching the average high OD600 are indicated by arrows. Data represent the mean and standard error of duplicate cultures at each condition. 

(B) Fermentation properties of the parental strain, ScY, and the evolved thermotolerant strain, ScY01, at different temperatures (30 °C, 35 °C, and 40 °C) using a 

YP medium with 200 g/L glucose. Maximum glucose consumption rates and ethanol productivities were calculated according to the fermentation profiles at each 

condition described in the Methods section. Data represent the mean and standard error of duplicate cultures at each condition. An initial OD600 of 0.5 was used. 

Statistical analysis was performed using one-way ANOVA (with strains as the factor) followed by Tukey’s multiple-comparison posttest (∗ ∗ ∗ p < 0.001). (C) Growth 

profiles of ScY and ScY01 on 2% (v/v) glycerol (upper panel) or ethanol (bottom panel) at 40 °C. Data represent the mean and standard error of triplicate cultures 

at each condition. An initial OD600 of 0.2 was used. 
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Furthermore, compared with ScY, the evolved ScY01 showed de-

reased respiratory growth in the presence of a non-fermentable car-

on source ( Fig. 1 (C)). This observation is consistent with the findings

eported by a previous study [16] . Overall, the adaptive evolution of

hermotolerance was confirmed to contribute to the improved fermen-

ation capacity and the decreased respiratory growth of yeast. 

.2. Mitochondrial function-related transcriptional changes in the evolved 

train 

To identify the mitochondrial function-related transcriptional

hanges, transcriptome analysis was performed using RNA-seq on the

arental strain ScY and the evolved strain ScY01 grown at 40 °C.

ranscription profiling revealed that compared with ScY, 294 genes

ere significantly up-regulated in ScY01, while 91 genes were signifi-

antly down-regulated (absolute fold changes ≥ 2.0 or more; p ≤ 0.001)

Dataset S1). 
4

These differentially expressed genes were further used for functional

lustering analysis to predict the changes in the metabolic activity, es-

ecially the mitochondrial activity in the evolved thermotolerant yeast

ells ( Fig. 2 ). A major cluster of the up-regulated genes in ScY01 were

ound to be involved in cytoplasmic translation, mainly including ribo-

ome biogenesis, rRNA processing and translation regulation ( Fig. 2 , Fig.

2, Dataset S2). The remaining up-regulated enrichment gene clusters

ncluded the genes associated with cell wall and cell periphery function,

nd three transcription factors (i.e., SUT1, SUT2 and UPC2 ) involved

n sterol biosynthesis regulation. By contrast, fewer genes were found

o be down-regulated in ScY01, and were enriched in two main dis-

inct clusters. The first cluster was associated with mitochondrial func-

ion, including mitochondrial translation and respiration, implying re-

uced mitochondria-dependent ATP production in ScY01 ( Fig. 2 ). Inter-

stingly, the second cluster was related to cellular responses to nutri-

nt levels. This cluster included: (i) chaperone-encoding genes, such as

SP32, HSP33 and SNO4 , required for transcriptional reprogramming
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Fig. 2. Enrichment clustering of differentially expressed genes from RNA-seq analysis. Evolved strain ScY01 and wild-type strain ScY were compared for differential 

expression of genes when grown at 40 °C. Gene lists were compiled for significantly ( p < 0.001) upregulated > 2-fold or significantly downregulated < 2-fold differen- 

tially expressed genes. The red color represents upregulation, whereas the blue color represents downregulation. For each enriched GO term with permissive p -value 

( < 0.05) and FDR Q -value ( < 0.5) cutoffs, the following information is displayed: the ontology to which the GO term belongs (P = Biological Process; C = Cellular 

Component; F = Molecular Function). The GO term number was noted next to its GO term. Darker shades represent a relatively higher confidence of the enrichment 

score. Larger node sizes represent relatively larger numbers of the differentially regulated genes associated with the given ontology category as compared to the full 

gene. A smaller distance between the nodes denotes a higher degree of relationship between ontology categories, whereas thicker edge lines denote a relatively higher 

degree of similarity between the category nodes in terms of the degree of overlap between the specific gene sets that they are associated with. (For interpretation of 

the references to color in this figure legend, the reader is referred to the web version of this article.) 
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s  
uring the diauxic shift and for survival during the stationary growth

hase [32] ; and (ii) genes that are repressed by glucose and induced

rior to diauxic shift, such as ICL1, SNZ2, SNZ3 and ARO10 [33] . These

esults indicated that ScY01 may have altered its transcriptional func-

ions to suppress the mitochondrial activity and gene expressions in re-

ponse to glucose depletion, which resulted in the decreased respiratory

rowth ( Fig. 1 (C)) and impaired diauxic shift. This phenomenon has also

een observed previously for other evolved thermotolerant strains [34] .

Transcriptome analysis revealed that the energy-consuming path-

ays were more active in ScY01 than in ScY, whereas ATP produc-

ion relying on mitochondrial activity was found to be hampered in

he ScY01 strain. This suggests that decreased respiration may result

n the shortage of ATP and enhance other energy metabolism pathways.

herefore, significantly differentially expressed genes involved in mito-

hondrial respiration and glycolysis were evaluated ( Fig. 3 (A)). First,

ompared with ScY, increased expressions of the mitochondrial genes

OX2 and COX3 encoding subunits of the respiratory chain complex

V were observed in ScY01. By contrast, decreased expressions of the

uclear genes COX6 and COX7 encoding another two subunits of the

espiratory chain complex IV were observed in ScY01. Furthermore, ex-

ressions of the nuclear genes QCR6 and CYC1 encoding mitochondrial

espiratory chain enzymes as well as ATP15 and FMC1 involved in the

iosynthesis and assembly of mitochondrial F1F0 ATP synthase also de-
reased in ScY01. a  

5

To further investigate the mitochondria-function-related changes,

e measured the ATP concentrations in a mitochondrion and in whole

ells. Indeed, on the one hand, mitochondrial ATP concentration in ScY

as 147.91% higher than that of ScY01. On the other hand, ATP con-

entration in whole cells was only 9.07% higher in ScY than in ScY01

 Fig. 3 (B)). In addition, transcriptome analysis revealed that the ex-

ression of glycolytic enzyme genes, such as HXT2 (glucose transporter

ene), HXK2 (predominant hexokinase gene), PFK27 (6-phosphofructo-

-kinase gene), ENO1 and ENO2 (enolase genes), increased in ScY01

 Fig. 3 (A)). Additionally, PCK1 encoding a key enzyme in gluconeoge-

esis, GND1 and TKL1 involved in pentose phosphate pathway, GPP1

nvolved in glycerol biosynthesis, and ADH6 encoding alcohol dehydro-

enase were also found to be up-regulated in ScY01, in contrast with ScY

 Fig. 3 (A)). These results preliminarily suggest that the evolved ScY01

ay adjust the activities of mitochondrial respiration and boost other

athways, such as the glycolytic pathway. However, further research is

equired to confirm this hypothesis. 

.3. Correlations of ADK1, DOC1, and MET7 to adaptive thermotolerance 

The evolved ScY01 exhibited decreased respiratory growth in the

resence of non-fermentable carbon sources. Moreover, the evolved

train was found to be capable of resisting high-temperature stress by

djusting mitochondrial function. Therefore, the genes related to respi-
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Fig. 3. (A) RNA-seq analysis of gene expres- 

sion involved in mitochondrial respiration and 

glycolysis, and (B) ATP content in mitochon- 

dria and whole cells of ScY and ScY01. Fold 

changes were calculated by comparing gene ex- 

pression levels in ScY01 with those in ScY. Er- 

ror bars represent the standard deviation ob- 

tained from the six biological replicates. 
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atory defects and mitochondrial function were further evaluated. The

O collections of laboratory strain BY4743 were employed. In this li-

rary, 781 gene null strains (Dataset S3, Gene list 1) showing mutated

espiratory growth have been annotated in Yeast Phenotype Ontology

n SGD ( Fig. 4 ). After their growth on glycerol plates at 40 °C was ver-

fied, respiratory growth of KO mutants were evaluated and compared

ith the wild type strain BY4743. 316 KOs (Dataset S3, Gene list 2)

howed a decrease of approximately 50% in the respiratory growth on

lycerol relative to the wild type strain BY4743 (Fig. S3, Dataset S3).

mong these KOs, 197 KOs were annotated in Yeast Phenotype Ontol-

gy in SGD, and contained mitochondria-associated genes (Dataset S3,

ene list 4). In parallel, the thermotolerance of 781 respiratory growth

utant strains were evaluated at 40 °C (Dataset S3). Compared with

he wild type strain BY4743, 144 KOs (Dataset S3, Gene list 5) showed

0% increase in the cell growth at 40 °C, whereas 58 KOs showed 50%

ecrease in the cell growth. Among these KOs, 42 KOs ( Fig. 4 ) were

ound to be mitochondria-associated KOs with verified decreased respi-

atory cell growth and differential thermotolerance. These 42 KOs were

urther subjected to shake-flask fermentation at 40 °C. However, none

f these KOs exhibited significant improvement in the fermentation ca-

acity at high temperature ( Fig. 5 ). Nevertheless, the results confirmed

hat the KO of ADK1, DOC1, and MET7 genes resulted in a significant

uppression of cell growth at 40 °C. In addition, DOC1 KO led to a sig-

ificant decrease in the fermentation rates (qs max and PEtOH ). All of

hese observations suggested that the decreased respiratory growth of

hermotolerant strains might be the effect of adaptive thermotolerance.

ADK1, DOC1, and MET7 KOs showed obvious inhibitory effects on

he growth of BY4743 at high temperature. This suggests that these three
6

enes may be required for thermotolerant cell growth of yeast. Thus,

hese three genes were also knocked out in the haploid strains of ScY

nd ScY01. This allowed a comprehensive comparison of the effects of

hese genes on the fermentation capacities of different strains at differ-

nt temperatures ( Fig. 6 ). 

ADK1 encodes the adenylate kinase enzyme required for purine

etabolism [35] . The KO of this gene resulted in reduced cell growth of

Y4743 at high temperature (40 °C), but not at the mild (35 °C) and nor-

al (30 °C) temperatures ( Fig. 6 (A)). Notably, ADK1 KO stimulated glu-

ose consumption and ethanol accumulation at 35 °C and 30 °C, which

as consistent with the results of a previously reported study [36] . For

aploid ScYa (MATa) derived from ScY, ADK1 KO surprisingly exhibited

ositive effects on cell growth, glucose consumption and ethanol accu-

ulation at all studied temperatures ( Fig. 6 (B)). However, the effects at

0 °C were less favorable than those at 35 °C and 30 °C. Interestingly,

or ScY01a (MATa) i.e., haploid derived from ScY01, ADK1 KO resulted

n the loss of cell growth at 40 °C, along with severely decreased glucose

onsumption and ethanol production ( Fig. 6 (C)). Furthermore, ADK1 KO

lso inhibited the fermentation capacity of ScY01a at 35 °C and 30 °C.

owever, the inhibitory effects of ADK1 KO were considerably less se-

ere at 30 °C and 35 °C than that at 40 °C. These results indicated the

reater dependence of strain ScY01a (compared to strain ScYa) on the

unction of ADK1 , especially at high temperature. 

DOC1 encodes a processivity factor required for the ubiquitous ac-

ivity of the anaphase promoting complex [37] . The KO of DOC1 led

o significant inhibition of cell growth and glucose fermentation capac-

ty of BY4743 at 40 °C, but not at 35 °C and 30 °C ( Fig. 6 (A)). Similar

rends were also observed for the ScYa ( Fig. 6 (B)) and ScY01a ( Fig. 6 (C))
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Fig. 4. Scheme of screening mitochondrion-associated gene knockout (KO) strains with mutant respiratory growth and differential thermotolerant cell growth in 

BY4743 background. All the genes used in Venn Diagrams were detailed in Dataset S3. Gene list 1 includes 781 genes whose KOs are annotated to lead to mutant 

respiratory growth (Yeast Phenotype Ontology, Observable: respiratory growth, SGD). After respiratory growth on YPG plates was verfied (YP medium containing 

2% glycerol, Fig. S3), gene list 2 was generated from 316 KOs showing 50% decreased respiratory growth. Gene list 3 includes 1187 genes, which are annotated as 

mitochondrion-associated genes at SGD (GO: 0005739). Thus, gene list 4 includes those mitochondrion-associated gene whose KOs were confirmed to have decreased 

respiratory growth. In parallel, these 781 KOs were evaluated for thermotolerant cell growth in a liquid YP medium containing 20 g/L glucose at 40 °C. Gene lists 5 

and 6 were generated from 144 KOs showing 50% increased cell growth and 58 KOs showing 50% decreased cell growth at 40 °C in contrast to the BY4743 wild-type 

strain, respectively. Finally, the mitochondrion-associated KOs with verified decreased respiratory cell growth and differential thermotolerant cell growth (35 KOs 

plus 7 KOs, gene names were listed on the right) were subjected to flask fermentation at high temperatures for further verification and evaluation. The 42 mutants 

were divided into three batches randomly, and BY4743 was used as the control strain in each batch. 
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trains. Certainly, with the increase in temperature, the inhibitory ef-

ects of DOC1 KO in ScY01a became stronger than those in ScYa. This

uggests that DOC1 function might be more crucial for the evolved

cY01a strain than for ScYa. Furthermore, DOC1 might be essential for

hermotolerant glucose fermentation, regardless of the employed yeast

train. 

MET7 encodes the folylpolyglutamate synthetase enzyme required

or methionine synthesis and for maintenance of mitochondrial DNA

38] . The KO of this gene caused a significant decrease in the cell growth

nd glucose fermentation capacities of BY4743 at 30 °C relative to those

t 35 °C and 40 °C ( Fig. 6 (A)). MET7 KO in ScYa led to severe inhibition

f cell growth and glucose fermentation at all temperatures, resulting in

nly 37–44% glucose consumption at 48 h and similar inhibitory extents

 Fig. 6 (B)). In contrast with BY4743, MET7 KO in ScY01a led to a more

evere inhibition of cell growth and glucose fermentation at 40 °C than

t normal temperatures ( Fig. 6 (C)). Furthermore, the glucose consump-

ion at 48 h was 81%, 59%, and 15% at 30 °C, 35 °C, and 40 °C, respec-

ively. The contrasting results for ScYa and ScY01a suggested that MET7

unction was more crucial for the evolved thermotolerant strain ScY01a.

.4. Effects of ADK1, DOC1, and MET7 overexpression on the 

hermotolerance of ScY01 

As the deletion of ADK1, DOC1 , and MET7 resulted in reduced ther-

otolerance of ScY01a, these genes were overexpressed in the evolved

cY01a to confirm their impact on high-temperature fermentation. The

trong promoter TEF1 and synthetic terminator T8 were employed for

ontinuous overexpression of ADK1, DOC1 , and MET7 and generation

f ADK1 -OE, DOC1 -OE, MET7 -OE mutants, correspondingly. ScY01a

trains containing p315-KanMx-TEF1-T8 were used as negative control

nd named ScY01a-CT. 

Compared to ScY01a-CT, the fermentation capacity of ADK1 -OE,

OC1 -OE, and MET7 -OE mutants at 40 °C increased to varying ex-
7

ents. The cell growth and ethanol production of ADK1 -OE were in-

reased by 4.2% and 5.7%, respectively, whereas for MET7 -OE, the cell

rowth and ethanol production increased by 5.0%, and 4.0%, respec-

ively ( Fig. 7 ). Similarly, overexpression of DOC1 significantly improved

he high-temperature fermentation performance of ScY01a. In partic-

lar, the DOC1 -OE mutant displayed a 10.1% increase in the ethanol

roduction ( Fig. 7 ). These results confirmed that overexpression of the

verexpressing mitochondrial respiratory-related genes identified in this

tudy can successfully improve ethanol production. 

Overall, this study indicated that mitochondrial respiration might be

 response to the adaptive evolution of thermotolerance, and engineer-

ng of mitochondrial respiration-related genes is an effective strategy for

mproving high-temperature fermentation capacity and ethanol produc-

ion. 

. Discussion 

Much evidence has been found for the distinct adaptation mecha-

isms of S. cerevisiae in response to long-term thermal stress that differ

rom the mechanisms of heat shock response to short-term thermal stress

 6 , 39 , 40 ]. Recently, adaptive laboratory evolution experiments have

een conducted to enhance the thermotolerance of S. cerevisiae , which is

 desired property for its industrial applications [ 7 , 41 , 42 ]. Meanwhile,

he underlying mechanisms of adaptive evolved thermotolerance are

radually being uncovered. Interestingly, cellular adjustments and re-

rogramming in the evolved thermotolerant strains were found to be

ssociated with mitochondrial functions and respiratory growth capac-

ty [ 16 , 43 , 44 ]. These reports suggested that the adjustment of mito-

hondrial functions might be one of the driving forces for the long-term

daptation of yeast strains to high-temperature stress. In this work, the

hysiological and transcriptomic changes in the evolved thermotolerant

train relative to the parent strain were systematically evaluated. This

tudy provided more detailed information about the molecular changes
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Fig. 5. Shake-flask fermentation evaluation of the mitochondrion-associated KOs with verified decreased respiratory cell growth and differential thermotolerant 

cell growth. Fermentations were performed using a YP medium containing 100 g/L glucose at 40 °C. An initial OD of 0.2 was used. Maximum glucose consumption 

rates and ethanol productivities were calculated according to the fermentation profiles at each condition described in the Methods section. Data represent the mean 

and standard error of duplicate cultures at each condition. Statistical analysis was performed using one-way ANOVA (with strains as the factor) followed by Tukey’s 

multiple-comparison posttest (∗ ∗ ∗ p < 0.001). 
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hat determine the mitochondrial function and revealed the key factors

nvolved in the regulation of mitochondrial functions during the adap-

ive evolution of thermotolerance in the evolved strain. 

Compared to the parent strain, the evolved thermotolerant strain

btained in this study showed significant physiological changes, includ-

ng increased glucose fermentation capacity and decreased respiratory

rowth ( Fig. 1 (B) and (C)), and these changes were consistent with the

esults obtained in the previous studies [ 16 , 34 ]. Similarly, some pre-

iously reported transcriptomic changes in the evolved stress tolerant

trains were also observed in the thermotolerant strain evolved in this

tudy. For instance, the previously found up-regulated expression of the

ene involved in sterol biosynthesis [34] and up-regulated expressions

f the translation-related and amino acid biosynthetic genes were con-

istent with the results of this study [45] ( Fig. 2 ). In addition, some

nique mitochondria-associated transcriptome changes were revealed

n the evolved thermotolerant strain examined in this study. The expres-

ion levels of the genes associated with mitochondrial translation and

espiration significantly decreased in the evolved thermotolerant strain

n contrast with the parent strain. This suggested that mitochondrial ac-

ivity might be strongly suppressed in the evolved thermotolerant strain.

An earlier study reported that thermotolerance of yeast depends

trongly on the ATP metabolism [46] . The ability of yeast to with-

tand high temperatures is significantly influenced by mitochondrial
8

etabolism, particularly by the state of the electron transport chain

43] . Li et al. [44] found that mitochondria-related genes contribute to

he evolution of thermotolerance in yeast. Caspeta and Nielsen [47] re-

orted that evolution of thermotolerance is associated with the loss of

he respiration capacity of yeast. Rikhvanov et al. [48] reported higher

olerance of the respiration-deficient yeast mutant to high temperature,

ompared to the wild-type strain. Previous studies have mainly focused

n transient heat shock. However, in this study, the changes in the mi-

ochondrial function-related genes in response to adaptive thermotol-

rance were investigated. While no novel relationships were observed

etween thermotolerance and reduced mitochondrial electron transport

hain functions, the results of this study confirmed the previous findings

o some extent. 

Previous studies have reported an increase in the reactive oxygen

pecies (ROS) during growth at non-optimal temperatures [ 49 , 50 ]. Res-

iration is known to generate considerably more ROS than the fermenta-

ive metabolism in yeasts. Therefore, the decreased respiration activity

n the evolved strain is speculated to be a protective mechanism for

reventing excessive generation of ROS, thereby avoiding excessive ox-

dative stress. In addition, the evolved ScY01 strain may boost other

etabolic pathways, such as glycolysis, to generate abundant ATP as a

esponse against high-temperature stress. We preliminarily found that

lycolytic-associated genes showed increased expression in the evolved
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Fig. 6. Different effects of ADK1, DOC1, and MET7 KO on fermentation capacities of (A) BY4743, (B) ScYa, and (C) ScY01a. Fermentations were performed using 

a YP medium containing 100 g/L glucose at 40 °C, 35 °C, and 30 °C. An initial OD of 0.2 was used. Maximum glucose consumption rates and ethanol productivities 

were calculated according to the fermentation profiles at each condition described in the Methods section and compared with those of the corresponding wild type 

strains. Data represent the mean and standard error of duplicate cultures at each condition. 
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train, which was consistent with its increased glucose fermentation ca-

acity ( Fig. 4 ). However, the evolved strain seemed to require more

TPs to fuel amino acid and protein biosynthesis and to maintain high

hermotolerance. The inability of the cells to obtain enough ATP from

itochondria promoted greater production of ATP by glycolytic flux.

o further confirm the changes in the Embden-Meyerhof-Parnas path-

ay fluxes in the evolved ScY01, flux balance analysis or the use 13C
9

abelled fluxes are required. Mitochondria are known to regulate the ex-

ressions of nuclear genes as well as the cellular functions [51] . Remark-

bly, the significant impacts of genomic and transcriptomic changes as-

ociated with mitochondrial functions were inversely related to the reg-

lation of the cytochrome c oxidase genes. Up-regulated expressions of

itochondrial genes (i.e., COX2 and COX3 ) were accompanied by the

own-regulated expressions of nuclear genes. These contradictory reg-
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Fig. 7. Different effects of ADK1, DOC1 , and MET7 overexpression on fermentation capacities of ScY01a. (A) The cell growth, (B) glucose consumption, and (C) 

ethanol production of ADK1, DOC1, and MET7 overexpressed mutants and the control strains were evaluated. Fermentations were performed using a YP medium 

containing 100 g/L glucose at 40 °C. An initial OD of 0.2 was used. ScY01a-CT: ScY01a containing blank plasmid. ADK1 -OE, DOC1 -OE, and MET7 -OE: overexpressing 

ADK1, DOC1, or MET7 gene in ScY01a. Blue column: cell growth; yellow column: ethanol production; gray column: glucose consumption. Data represent the mean 

and standard error of duplicate cultures at each condition. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 

of this article.) 
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lation trends may be related to mitochondrial retrograde regulation.

owever, the detailed mechanism remains unclear and requires further

xploration. 

Based on the assessment of thermotolerance of mitochondria-

ssociated KO strains, three mitochondria-associated genes, which may

lay critical roles in determining the yeast cell response and adapta-

ion to long-term thermal stress, were identified. Adenylate kinase, en-

oded by ADK1 , is a pivotal enzyme involved in energetic and adenylic

ucleotide metabolisms. In previous work, an ADK1 KO strain derived

rom the BY4742 laboratory strain showed increased glucose consump-

ion and ethanol accumulation [36] . This finding was consistent with

he observations related to the wild type strain ScYa and the labora-

ory strain BY4743 examined in this study ( Fig. 6 (A) and (B)). How-

ver, ADK1 KO resulted in a significant decrease in the glucose fermen-

ation capacity of the evolved thermotolerant strain ScY01a, especially

t high temperature ( Fig. 6 (C)). Several previous studies have indicated

hat ADK1 null mutants showed increased heat sensitivity [ 52 , 53 ]. In

 previous study, an ADK1 null mutant displayed slow growth and in-

bility to utilize non-fermentable carbon sources, such as glycerol [54] .

n the ADK1 KO mutant of BY4742 [36] , ATP and ADP accumulations

ecreased, while AMP accumulation increased, inducing further glucose

onsumption to sustain ATP levels. Furthermore, genes encoding mito-

hondrial enzymes were also found to be up-regulated in the ADK1 KO

utant strain of BY4742, resulting in the improved respiration capacity

nd higher oxygen consumption. These findings suggest that ADK1 may

lay an important role in the long-term thermal response of the evolved

hermotolerant strain by maintaining the adenine nucleotide pools of

TP, ADP, and AMP, as well as by reducing the oxygen consumption to

void cell damage caused by ROS. However, the detailed mechanism of

hese functions remains to be determined. Both DOC1 and MET7 have

een found to be essential for the maintenance of mitochondrial DNA

 38 , 55 ]. A large-scale survey showed that DOC1 deletion may lead to

ncreased heat sensitivity [ 52 , 56 ]. The DOC1 and MET7 null mutants

howed no respiratory growth in presence of a non-fermentable carbon

ource, especially when glycerol was the sole carbon source [ 54 , 55 , 57 ].

ccording to the results of this study ( Fig. 6 ), both DOC1 and MET7 KOs

everely decreased the cell growth and glucose fermentation capacities

f the BY4743, ScYa, and ScY01a strains. This implies that mitochon-

rial genome maintenance is essential for the cellular response of yeast

trains to long-term thermal stress. Notably, MET7 KO resulted in a more

evere inhibition of cell growth and glucose fermentation capacity of the

volved strain ScY01a ( Fig. 6 (C)), compared to the wild type strain ScYa
10
 Fig. 6 (B)). Altogether, these observations indicate that MET7 may play

 vital role in the adaptation of yeast cells to long-term thermal stress. 

Mitochondrial fusion was previously reported to increase the

opy number of mitochondrial DNA by facilitating ROS-triggered,

ecombination-mediated DNA replication [58] . Furthermore, mitochon-

rial fusion causes the dissociation of respiratory complex III–IV, fol-

owed by disassembly of complex IV [58] . This suggests that mitochon-

rial fusion may induce mitochondrial retrograde signaling to down-

egulate the gene expression of complex IV during adaptation to high

emperature. The underlying mechanisms of the roles of the mitochon-

rial morphology and complex IV in mitochondrial retrograde regula-

ion of evolved thermotolerant strains need to be explored further. 

In this study, the respiratory growth of the thermotolerant ScY01

nd its parent strain ScY was initially assessed at 40 °C using a non-

ermentable carbon source. In the presence of glycerol or ethanol, ScY01

xhibited slower cell growth than ScY, indicating low respiratory growth

f ScY01. Thus, decreased respiratory growth was preliminarily as-

umed to contribute to the adaptive evolution of thermotolerance in the

volved ScY01 strain. Subsequently, transcriptional analysis was per-

ormed for the thermotolerant ScY01 and its parent strain ScY, cultured

n a very sugary medium. Both strains were subjected to the same culture

onditions. To better understand the impact of respiration on the ther-

otolerance of the yeast strain, RNA sequencing must be carried out in

uture work under non-fermentable conditions. In this study, the respi-

atory growth capacity of the KO collection of laboratory strains BY4743

with mutated respiratory-associated genes) were further evaluated on

lycerol plates and in a YP medium with a lower glucose concentration

100 g/L) at 40 °C. In particular, the KO of ADK1, DOC1, and MET7 low-

red the cell growth and fermentation rates at 40 °C. Overall, this study

onfirms that adjusting the respiratory activity in yeast strains may be

dvantageous for the adaptive evolution of thermotolerance. However,

he relationship between thermotolerance, mitochondrial activity, and

espiration requires further investigation. 

Although adaptive laboratory evolution has been effectively used to

evelop thermotolerant S. cerevisiae strains, the driving force for the

daptive evolution of thermotolerance has not been well understood. In

he present study, the transcriptomic changes in the evolved thermotol-

rant strain were systematically evaluated and compared with the wild

ype strain. The results of the RNA sequencing analysis revealed that the

volved strain activated energy-consuming pathways including amino

cid and protein biosynthetic pathways, and suppressed mitochondrial

ctivities including translation and respiration. As a result, glucose fer-
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entation produced more energy to meet the energy demands due to

nhanced amino acid and protein biosynthesis. Overall, the results sug-

est that functional adjustment of mitochondrial respiration may be the

riving force of adaptive evolution of thermotolerance in S. cerevisiae

train, thus allowing the evolved strain to maintain improved fermenta-

ion performance during prolonged thermal stress. This study provided

 better understanding on the adaptive evolution of thermotolerance,

hich may be helpful for developing novel S. cerevisiae strains with im-

roved thermotolerance for industrial applications. 
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