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Abstract 

This thesis was carried out as part of the Horizon 2020 project CHASSY 

(http://chassy.eu/), funded by the European Union. The CHASSY project was a multi-

partner research collaboration focused on unlocking the potential of yeast as a 

microbial cell factory. The research scope of CHASSY included investigating the 

basis of stress adaptation response in various yeast species, including K. marxianus, 

in order to engineer robustness in industrial strains.  In fact, microbial cell factories 

face suboptimal growth conditions during the bioprocesses that cause stress on the cell 

and hinder productivity. Stress responses and adaptation mechanisms are a complex 

phenomenon and involve numerous genes and processes in yeast. Therefore, a better 

understanding of these is needed in order to design more robust yeast strains and 

broaden their application in industrial biotechnology. In this context, K. marxianus 

possesses valuable physiological traits: the yeast is thermotolerant, has a rapid growth 

rate and is able to utilise a wide range of substrates. Particularly promising for 

biotechnological applications, is its innate thermotolerance, with certain strains being 

able to grow up to 45 °C. Since thermotolerance is desirable from an industrial 

standpoint due to reduced cooling cost and contamination risk, K. marxianus 

thermotolerance mechanisms were investigated in this study. However, since a wide 

physiological variability is known between K. marxianus strains, and the physiological 

studies available focus on different strains and conditions, a systematic physiological 

comparison was needed in order to efficiently compare the data. Therefore, batch 

cultivations in bioreactors were carried out with three strains: the haploids CBS 6556 

and NBRC 1777 and the diploid CBS 397 in Chapter III. Growth characteristics of 

each strain were compared under two growth temperatures (30 °C and 40 °C) in order 

to investigate the physiological response of different K. marxianus strains to elevated 

temperature. NBRC 1777 was the fastest growing strain at 30 °C among the three 

compared, while both CBS 6556 and CBS 397 showed an almost doubled growth rate 

at 40 °C compared to 30 °C, indicating that higher growth temperatures are preferred 

by some K. marxianus strains. NBRC 1777 instead showed decreased biomass yield 

on substrate at 40°C and higher oxygen uptake rate, in addition to slower growth, 

suggesting that these parameters are linked to growth under high temperature.  
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inhibitors induced upregulation of genes involved in DNA damage repair as well as 

cell cycle progression (Fu et al., 2019). Moreover, environmental factors such as 

temperature and osmotic stress, or elevated ethanol concentrations, can damage the 

cell wall, essential for the integrity of the cell, and induce a cell wall stress response 

(Bermejo et al. 2008; García et al. 2017; Sanz et al. 2017). Accordingly, it has been 

reported that cell wall biogenesis process genes were found to be upregulated in K. 

marxianus after adaptive evolution to increasing concentrations of ethanol (Mo et al., 

2019), to repair the solvent induced damage. 

Finally, the accumulation of toxic free radical oxygen species (ROS) induces the 

peroxidation of several essential cell components, namely proteins, lipids, and nucleic 

acids (Herrero et al. 2008). K. marxianus is not immune to ROS accumulation under 

stressful conditions, ultimately resulting in disruption of homeostasis (Fu et al. 2019; 

Li et al. 2019). 
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pheromone and cell wall antagonists such as calcofluor white, and actin polarization 

defects (Levin, 2005; Sanz et al., 2017; Udom et al., 2019). This pathway is generally 

conserved in K. lactis, with minor differences given the lack of genome duplication. 

In factonly three intramembrane sensor proteins are known in K. lactis instead of five, 

and only one isozyme for the downstream effectors Rom2 and Mkk1 (Backhaus et al., 

2011; Rodicio et al., 2008).  

Another MAPK-type mechanism with a role in stress tolerance is represented by 

Fus3/Kss1. Although these two MAPK-type proteins have roles in cell wall 

remodelling and are sensitive to pheromone, participating in mating process (Saito, 

2010), a crosstalk between the two and the HOG-mediated pathways for osmostress 

resistance is known (Babazadeh et al., 2014). 

 

1.3.2 cAMP/PKA 

The cAMP/PKA pathway processes most of the yeast glucose-induced signalling 

(Conrad et al., 2014). Protein kinase A (PKA) is a heterotetramer that is catalytically 

inactive in the absence of glucose. In the presence of glucose, adenylate cyclase (AC) 

is activated and produces cAMP from ATP. In turn, cAMP binds and activates PKA. 

Active PKA influences a wide variety of targets in yeast cells. Globally, it positively 

regulates the cellular functions associated with fermentative growth and biomass 

accumulation and negatively regulates respirative growth, use of alternative carbon 

sources, stationary phase or stress response (Conrad et al., 2014). An intermediate 

component in the PKA-mediated regulation of gene expression is the Rim15 protein 

kinase, which is a regulator of four major transcription factors, including Msn2/Msn4, 

with a role in activating gene expression associated with stress response. In addition, 

the PKA pathway demonstrates a crosstalk with the CWI and the HOG-mediated 

pathways mentioned above (García et al., 2017; Gutin et al., 2015).  
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conditions. In response to thermal or other proteotoxic stress, the protein trimerizes 

and acquires the capacity for high-affinity DNA binding (Solís et al., 2016). It was 

shown that Hsp70 basally binds Hsf1, negatively regulating it. Hsp70 transiently 

releases Hsf1 in response to thermal stress and then rebinds it following exposure to 

sustained stress, thereby constituting a two-component feedback loop (Zheng et al., 

2016). Although overexpression of HSP90 recovered the thermosensitive phenotype 

of a partially inactivated Hsf1 in S. cerevisiae (Truman et al., 2007), there is no 

evidence in budding yeast of a physical association, and regulation mechanism, 

between the two proteins in non-stressed cells. Nonetheless, the Hsp70/Hsp90 

chaperone complex represses the transcriptional activation of Hsf1 under non-stress 

conditions. During heat shock, the accumulation of unfolded or damaged proteins may 

titrate the chaperone machinery from Hsf1, allowing the derepression of the 

transcription factor (Verghese et al., 2012). The transcription factors KmHsf1 

and KmMsn2 of K. marxianus promote both cell growth and ethanol fermentation 

when expressed in S. cerevisiae at high temperatures. Transcriptomic analysis 

revealed different regulatory mechanisms of KmHsf1 and KmMsn2 in S. cerevisiae, 

by regulating a different pool of genes compared to the S. cerevisiae native homolog 

transcription factors.  Based on these different genes upregulation profiles, the 

proposed mechanism is that KmHsf1 increased ethanol production at high 

temperatures in S. cerevisiae by limiting excessive ATP consumption via regulating 

transporter activity and promoting the uptake of glucose; while KmMsn2 may 

promote ethanol fermentation at high temperatures by regulating genes associated with 

glucose metabolism and glycolysis/gluconeogenesis. In addition, KmMsn2, may also 

regulate genes associated with lipid metabolism to improve membrane fluidity (Li et 

al., 2017). 

2.2 Chromatin reorganization and mRNA-processing for heat stress response 

An effective response to environmental changes requires rapid rearrangement of gene 

expression patterns, in order to adapt to the new conditions. Chromatin remodelling is 

critical for this process and allows for induction of genes involved in stress responses. 

Heat shock genes in particular undergo  extensive nucleosome rearrangements upon 

induction. Chromatin remodelling is carried out by a large class of ATP-dependent 

chromatin remodelling complexes, divided into families by homology of their protein 

subunits: SWI/SNF family (SWI/SNF and RSC), ISWI family (ISWI1 and ISWI2), 
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conditions. Chapters III, IV and V of this thesis will try to elucidate aspects of K. 

marxianus thermotolerance, taking an omic approach to investigate some of its high 

temperature adaptation mechanisms.  
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(ROCHA, ABRAHÃO-
NETO, AND 
GOMBERT 2011) 

CBS 6556 

CBS 397 

CBS 712 

Flask 

Glucose,Sucrose,Lactose 

30C, 37C 

Cbs 6556 shows max growth rate of all three at 37C on 
sucrose 

0.59 0.66 - 0.44 0.44 

0.55 0.52 0.40 0.34 

0.31 0.47 0.46 0.55 

(SIGNORI ET AL., 
2014) 

CBS 712 Chemostat 

Mixed glucose/xylose 

30C, 41C 

Various oxygen limiting 

Oxygen level influences xylose fermentation - - 0.17, 0.11 

 

(WANG ET AL., 2018) YHJ010 Flasks 

YPD+inhibitors 

42C 

Transcriptomic analysis of response to various 
inhibitors 

- - - 

(FU ET AL. 2019) DMKU3-4210 Flask 

YPD anaerobic 

45C 

Transcriptome and metabolimc analysis following a 
fermentatiojn arrest at elevated temperature 

- - - 

(LEHNEN, EBERT, 
AND BLANK 2019) 

ATCC 748 

CBS 2080 

CBS 712 

Flask 

Airtight 

40C-47C 

Ideal growth temperature 40C, differences in metabolic 
flux between K mar and other species at high temp 

0.94 

 

- 0.55 
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carbohydrates called fructans and RFOs (Raffinose Family Oligosaccharides). The 

enzymatic digestion of such polymers generates the wide variety of monosaccharides 

that the yeast is able to metabolize. In fact, in addition to glucose, favoured by the cell 

because of the easy access into glycolysis, K. marxianus is able to metabolize the 

hexose sugars fructose and galactose, as well as the pentose sugars xylose and 

arabinose, major components of cellulosic material. In addition, K. marxianus possess 

the enzymatic activity necessary to access monomers of several disaccharide sugars, 

such as sucrose, cellobiose and lactose. However, unlike other baker yeasts, K. 

marxianus is not able to metabolize maltose, likely due to the lack of transporter 

activity. The metabolism and transport of the mentioned sugars are described in the 

following sections, and the process of carbon assimilation in K. marxianus is 

summarized in Figure 2.  

 

 

Figure 2 Carbon uptake and assimilation in K. marxianus. K. marxianus is able to access polymers 
deriving from plant materials and dairy products. Polysaccharides, disaccharides and monosaccharides 
are respectively shown in blue, green and yellow squares. Breakdown of polymers and disaccharides. 
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1. Abstract 

Microbial cell factories are often faced with suboptimal growth conditions during 

industrial bioprocesses, such as elevated temperatures, resulting in stress on the cell 

and reduced productivity. K. marxianus is a thermotolerant yeast with promising traits 

for biotechnological applications; therefore understanding the physiological and 

transcriptomic basis of its innate stress adaptation mechanisms allows for engineering 

of robust industrial strains. However, a wide physiological variability is known 

between K. marxianus strains, and the physiological studies available focus on 

different strains and conditions, not allowing for comparison of the data. In this study, 

a systematic physiological comparison during batch cultivation is provided for three 

strains: the haploids CBS 6556 and NBRC 1777 and the diploid CBS 397. The 

comparison of growth parameters of the strains during batch cultivations at 30 °C 

versus 40 °C revealed that, while NBRC 1777 showed the fastest growth rate at 30 °C, 

both CBS 6556 and CBS 397 showed an almost doubled growth rate at 40 °C 

compared to 30 °C, indicating higher temperatures are more suitable for some K. 

marxianus strains. Decreased biomass yield on substrate and high oxygen uptake rate 

of NBRC 1777 at 40 °C suggest that these parameters are related to slower growth at 

higher temperature. Since adaptation mechanisms are observed upon long-term 

exposure to stress, the haploid strain CBS 6556 was then employed to investigate K. 

marxianus adaptation to diverse stresses during chemostat cultivation, namely: high 

temperature, low pH and high osmolarity. The analysis of the transcriptional changes 

revealed that, while there is an overlap of biological processes involved in the response 

to all tested stresses, there are no genes upregulated under all three stress conditions; 

which suggests a stress-specific response. In particular, the study of the response to 

high temperature stress revealed that, while the sugar uptake rate is higher in CBS 

6556 under both high temperature and osmotic stress, likely to fulfil a higher energy 

demand, the respiratory activity is downregulated in order to reduce ROS 

accumulation. The opposite is observed during low pH stress. This study, in addition 

to laying out comparable physiological parameters for three K. marxianus strains 

during batch cultivation, also provides insights on some of the mechanisms 

responsible for K. marxianus stress adaptation.  
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2. Introduction 

The emerging bioeconomy sector relies on the development of robust microbial cell 

factories to efficiently carry out sustainable bioprocesses (Lange et al., 2021). 

Thermotolerance is an important trait in industrial settings as maintaining high 

temperatures during fermentation reduces contamination risk and cooling cost (Abdel-

Banat et al., 2010). It is particularly valuable during simultaneous saccharification and 

fermentation (SSF) as the optimal temperature for enzymes employed in the 

saccharification of biomasses is usually over 50 °C (Jugwanth et al., 2020). Some non-

saccharomyces yeasts are interesting microbial cell factories candidates, because of 

their innate robust traits including thermotolerance, acid tolerance and wide substrate 

range (Patra et al., 2021). K. marxianus, therefore, is a naturally strong candidate for 

bioethanol production, given its close to optimal growth temperature of 45°C (Lane et 

al., 2011; Rouwenhorst et al., 1990; Fonseca et al., 2008)  Moreover, K. marxianus 

presents additional advantageous traits such as: fast growth, low pH tolerance and 

capacity to metabolise lactose and pentose sugars (Karim et al., 2020).  

A number of physiological studies are available that compare K. marxianus strains 

under well-defined conditions (Bellaver et al., 2004; Fonseca et al., 2007; Signori et 

al., 2014); however, there is a considerable variability among these studies with 

regards to strains and growth conditions utilized. Moreover, the resulting growth 

parameters such as maximum growth rate and biomass yield are strongly dependent 

on the cultivation conditions even when comparing the same strain obtained from 

different collections (e.g. CBS 6556/ATCC 26548 in Rocha, Abrahão-Neto and 

Gombert, 2014; Hoekstra et al., 1994; Bellaver et al., 2004; Fonseca et al., 2007). 

Therefore, considering the known physiological and genotypic variability among K. 

marxianus strains (Lane et al., 2011; Lehnen et al., 20219; Ortiz-Merino et al., 2018), 

when studying particular strains there is a need for a preliminary comparison under 

similar conditions in order to establish the baseline physiological parameters to use as 

a reference.  

While initial studies mostly focused on the effect of aerobic batch cultivations on 

Crabtree effect and ethanol yield in different K. marxianus strains (Fleming et al., 

1993; Bellaver et al., 2004; Fonseca et al., 2007), more recent physiological studies 

report OMIC analysis of K. marxianus strains to evaluate their response to industrially 
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transcriptomic responses, supported by physiological data, allowed us to explore the 

mechanisms of high temperature adaptation in K. marxianus. 
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An integrated toolbox for analysis of RNAseq and proteomics data that incorporates 

GO terms annotation and gene orthology information (from OrthoFinder) has been 

generated in R programming language. The genes detected from RNA-seq were 

annotated with gene ontology (GO) terms (Biological process) using the Blast2GO 

software (Gö Tz et al., 2008). Gene set analysis and network-based plots of 

overlapping gene sets and their significance were generated with the Bioconductor R 

package Piano. 
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4. Results 

Comparison of K. marxianus strains during batch cultivation under different 

temperatures. 

Given the known physiological and genomic variability among K. marxianus strains, 

we wanted to perform a comparison of different strains from our collection (NBRC 

1777, CBS 6556 and CBS 397) under the same conditions, in order to physiologically 

characterize their growth. First, a preliminary screening of the three strains on solid 

media under stress conditions was carried out (Figure 1). CBS 397 showed equivalent 

tolerance to low pH and osmotic stress, but reduced thermotolerance, compared to the 

haploid strain NBRC 1777; while the haploid strain CBS 6556 appeared to be the least 

robust among the tested strains.  

 

 
Figure 1 K. marxianus strains show diverse level of tolerance to several stresses. The K. marxianus 
strains were pre-grown in MM-Glu. Serial dilutions were plated onto agar plates with the appropriate 
stress, before being incubated at 30°C for 24 hours (other than high temperature plates, a). In each case 
increasing intensity of the stressor were tested as described in material and methods, and the figure 
shows the most relevant conditions. The K. marxianus strains were tested for high temperature (a), high 
osmolarity (b) and low pH growth (c).  

 

All strains were then compared in batch under low (30°C) versus high temperature 

(40°C), in order to investigate the difference among the strains under these conditions. 

40°C was chosen as high temperature for batch fermentations since it allows for 

growth of all the strains (Figure 1).The kinetics of cell growth, glucose consumption 

and accumulation of extracellular metabolites are reported in Figure 2. During the 

batch fermentation at 30 °C, NBRC 1777 presented the highest growth rate, with a 

µmax of 1.03 h-1 (DT=43 min), and the highest yield of biomass per gram of glucose 

A 

C 

B 
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RQ was observed, accumulation of ethanol during fermentation was expected. 

However we only detected a negligible accumulation of ethanol and acetate 

(maximum of 0.39 g/l and 0.17 g/l respectively after 8 hours of fermentation) and no 

secreted pyruvate (Figure 2). Overall, the carbon recovery was lower at 40 °C 

compared to 30 °C for all strains, suggesting a loss of ethanol via evaporation 

(Agrawal, 2012), accentuated by the higher temperature. 

 

Table 1 Physiological parameters from biorector cultivation of K. marxianus strains. The main 
growth parameters obtained in this study from K. marxianus strains grown in batch and chemostat 
mode under different conditions are listed in the table. In particular: specific growth rate (µmax), 
substrate consumption rate (µS), duplication time (DT), yield of biomass per gram of sugar (Yx/s), 
oxygen uptake rate (OUR), CO2 emission rate (CER), respiratory quotient (RQ) and carbon recovery  
are reported, with relative units. 

Condition µmax 

(h-1) 

µS 

[g(gDWh
-1)] 

DT 
(h) 

Yx/s 

(gDW
g-1) 

OUR (mmol 
h-1) 

CER (mmol 
h-1) 

R
Q 

 carbo
n 
recov
ery 
(%) 

NBRC 1777 30C 1.03 1.83 0.71 0.55 48.1 40.7 0.8
5 

100 

CBS 397 30C 0.45 1.16 1.57 0.39 30 32.08 1.0
7 

96.6 

CBS 6656 30C 0.24 0.94 2.95 0.26 21.24 17.56 0.8
3 

78.22 

Batch 
cultivation 40C 

        

Nbrc 1777 40C 0.82 2.76 0.85 0.30 58.8 53.56 0.9
1 

76 

CBS 397 40C 0.92 2.43 0.75 0.38 2.85 7.95 2.7
9 

82 

CBS 6556 40C 0.4 1.48 1.73 0.27 7.12 6.44 0.9
0 

85 

Chemostat 
cultivation 

        

CBS 6556 Std D = 
0.1 

0.29 6.93 0.34 - - - - 

CBS 6556 HiT D = 
0.1 

0.35 6.93 0.28 - - - - 

CBS 6556 Osm D = 
0.1 

0.29 6.93 0.35 - - - - 
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Table 2 Number of significantly DE genes under each stress condition. The table summarizes the 
number of DE genes when the trascriptome from cells growing under Standard condition was compared 
to the one under high temperature (Hit), osmotic strss (Osm) and Low pH conditions. Genes with a 
FRD <0.01 and  -1>logFC >1  were considered differentially expressed. 

Condition DE genes Upregulated Downregulated 

Hit 232 127 105 

Osm 63 41 21 

Low pH 191 61 130 

 

 

Details of the pairwise DE analysis are reported in Figure 4. No gene was found 

significantly upregulated in all three stresses (Figure 4) while 3 genes were found 

significantly downregulated in all three conditions, and these are: KMXK_0C03250, 

KMXK_0H02920 and KMXK_0B01120, which upon BlastX analysis showed 

similarity for, respectively: Spo23p, a protein with unknown function associated with 

meiosis-specific Spo1p, KLTH0G19426p, an orthologous of an uncharacterized K. 

lactis protein with dimerization function and DNA-binding activity, and Ady2p 

acetate transporter. High temperature and low pH are the two stress conditions that 

show the higher number of common up and downregulated genes (14 and 35 

respectively, Figure 4), and have the highest number of DE genes amongst the three 

stresses (Table 2), indicating that the osmotic stress condition is either triggered by a 

smaller number of genes compared to high temperature and osmotic stress, or it is not 

as challenging for strain growth. Overall, the low number of common DE genes 

amongst all three stress conditions, suggests that transcriptional rearrangements due 

to long-term stress adaptation are stress-specific.  
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biosynthetic process, protein refolding and de-novo protein folding (Table 3). These 

processes have been found upregulated in the yeast S. cerevisiae under high 

temperature stress before (Conlin & Nelson, 2007; Imazu & Sakurai, 2005; Leach et 

al., 2012; Lesage & Bussey, 2006; Magalhães et al., 2018; Mühlhofer et al., 2019). 

Among the significantly upregulated gene is UTH1, encoding for a mitochondrial 

protein known to have pleiotropic effects including cell wall biogenesis and 

mitochondrial stability (Ritch et al., 2010), indicating its role in different stress-

tolerance mechanisms. A group of genes known to be under the control of STRE 

elements are found highly upregulated in S. cerevisiae; these are: SSA3 and HSP26 

(both heat shock response related genes, known to code for chaperone proteins (Lee 

et al., 2001; Amoros et al., 2001)), PGM2 and ALD6. The significantly upregulated 

genes for each mentioned GO-term are listed in Table 3. Notably, autophagy of 

mitochondrion was found to be significantly upregulated under the high temperature 

condition (p value=0.0017), while ATP synthesis-coupled proton transport (p 

value=1.00E-04) and mitochondrial electron transport (p value=1.00E-04) processes 

were found to be downregulated (Supplementary Table 2), suggesting a substantial 

rearrangement of the energetic status of K. marxianus under high temperature. The 

upregulated genes involved in autophagy of mitochondria are the homologues of the 

genes: ATG3 (p value=7.8E-06),  ATG20 (p value=5.17E-08) and UTH1 (p 

value=4.36E-11), each known to be involved in yeast mitophagy (Kanki et al., 2011). 

This indicates that mitochondrial abundance, as well as a change in activity under high 

temperature. 

Among the processes downregulated at high temperature, we find translation (Figure 

5B), including 89 genes belonging to the cytoplasmic translation GO-term (p 

value=1.00E-04, Supplementary table 2). In addition, many chaperone-coding genes 

are upregulated to aid protein folding, including: HSC82, ROT1, MDJ1, YDJ1 HSP60, 

HSP42 and HSP10, SSA3. Biosynthesis of amino acids lysine, cysteine, methionine 

and isoleucine is also downregulated. Downregulation of translation, together with the 

many chaperone genes found to be upregulated, indicates a considerable protein 

turnover at high temperature, probably to counteract the toxic accumulation of 

unfolded protein in the cell (Mühlhofer et al., 2019). Moreover, during steady-state 

cultivation of S. cerevisiae, a reduction in biomass protein content has been measured 

in concomitance with increasing temperatures (Lip et al., 2020). Therefore, we can 



107 
 

assume that the downregulation of some amino acid biosynthetic pathways, is the 

result of this rearrangement in biomass composition. Finally, the chromatin 

organization and histone acetylation processes, were found to be downregulated in this 

study (p-value=0.0003). Accordingly, chromatin remodelling and histone 

deacetylation allows for heat stress gene expression under stress (Alejandro-Osorio et 

al., 2009; Morano et al., 2012).  
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Table 3 Gene Sets enriched (p-value<0.01) in upregulated genes under high temperature stress 
growth in chemostat. Fold changes of comparative expression (in form of log2 FC) including gene-
level p-values of differentially expressed genes for each functional category is provided. Only 
significantly upregulated genes are presented in the table (log2FC>0.5, gene-level p-value<0.05).  

Biological 
process 

Enrichm
ent (p-
value) 

Genes* Gene ID Functional 
annotation 

Gene-level p-
value 

Log2FC 

Protein 
refolding 

0.0005 12 KMXK0B02970 

KMXK0B07830 

KMXK0E03480 

KMXK0F00530 

KMXK0F04730 

KMXK0G00960 

HSP60 

MDJ1 

HSC82 

CPR6 

HSP78 

HSP10 

7.920E-03 

7.597E-04 

1.409E-04 

2.982E-13 

5.892E-06 

2.900E-04 

0.55 

0.59 

0.67 

1.12 

1.17 

0.61 

Negative 
regulation 
of 
gluconeoge
nesis 

1.00E-
04 

6 KMXK0C06920  

KMXK0G02940  

VID30 

VID24 

1.275E-04 

3.089E-05 

0.50 

0.68 

Trehalose 
biosynthetic 
process 

0.0002 5 KMXK0B00330 

KMXK0B00860 

KMXK0C01060 

TPS2 

TSL1 

PGM2 

1.013E-02 

8.229E-04 

1.897E-05 

0.88 

0.77 

2.23 

'de novo' 
protein 
folding 

0.0006 5 KMXK0B02970 

KMXK0B04330 

KMXK0B07830 

KMXK0E03480 

SCS3 

ROT1 

MDJ1 

HSC82 

7.920E-03 

1.060E-04 

7.597E-04 

1.409E-04 

0.55 

0.64 

0.59 

0.67 

(1->6)-beta-
D-glucan 
biosynthetic 
process 

0.0008 5 KMXK0A04840 KRE9 1.108E-08 1.71 

Iron ion 
transmembr
ane 
transport 

0.0008 5 KMXK_0C06160 

KMXK_0E06210 

KMXK_0F03820 

FTR1 

FET4 

FET3 

0.015 

0.049 

0.0091 

0.65 

2.1 

0.74 

Ubiquitin 
dependednt 
ERAD 
pathway 

0.0011 28 KMXK_0F05730 

KMXK_0G03540 

HUL5 

SHP1 

2.99E-05 

4.28E-06 

0.70 

0.51 

Proteasome-
mediated 
ubiquitin-
dependent 
protein 
catabolic 
process 

0.0012 30 KMXK_0C06920   

KMXK_0D06320  
KMXK_0G02940   

NA 

Ubx domain cont  

VID24 

1.77E-04 

2.04E-04 

3.56E-05 

0.50 

0.55 

0.70 

Ubiquitin 
dependent 

0.0012 30 KMXK_0A05550 UBP8 7.90E-05 0.62 
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catabolic 
process 

KMXK_0A00310 

KMXK_0E00600 

NPL4 

UBX7 

8.70E-05 

2.35E-06 

0.54 

0.57 

Autophagy 
of 
mitochondri
on 

0.0017 13 KMXK_0F01090 

KMXK_0F05620 

KMXK_0G01020 

KMXK_0A04590 

ATG3 

UTH1 

ATG20 

STL1 

7.80E-06 

4.36E-11 

5.17E-08 

2.10E-07 

0.64 

1.17 

0.72 

0.86 

Nicotinate 
nucleotide 
salvage 

0.0041 5 KMXK_0D02920  NA 4.74E-07 0.84 

cAMP-
mediated 
signalling 

0.0047 5 KMXK_0A02830  

KMXK_0C02570  

RHB1 

STG1 

8.56E-07 

1.24E-08 

0.75 

0.86 

 

mRNA 
catabolic 
process 

0.005 5 KMXK_0A02030 

KMXK_0H03260  

CNB1 

SLT2 

7E-04 

7.5E-04 

0.55 

0.59 

Biotin 
biosynthetic 
process 

0.006 7 KMXK_0A05070   

KMXK_0E06300   

 

BIO2 

BIO3 

2.66E-11 

8.80E-04 

1.56 

1.30 

Protein 
stabilization 

0.007 7 KMXK_0B02970   

KMXK_0D04330   

KMXK_0E05300  
KMXK_0F04730   

HSP60 

yer078c-like 

CDC37 

HSP78 

8.06E-03 

1.8E-04 

3.65E-04 

3.5E-08 

0.56 

0.50 

0.58 

1.63 

Protein 
targeting to 
vacuole 

0.007 31 KMXK_0B05460   

KMXK_0G02940   

 

SRN2 

VID24 

 

5.80E-03 

3.65E-05 

 

0.52 

0.71 

 

Response to 
stress 

0.0079 32 KMXK_0A06710 

KMXK_0B02970 

KMXK_0E05410 

KMXK_0F00610 

KMXK_0F03300 

KMXK_0F05620 

KMXK_0G00960 

KMXK_0G03730 

mannosyltransferase 

HSP60 

HSP42 

PUG1 

UTH1 

HSP10 

SSA3 

1.87E-08 

0.00806 

3.44E-08 

3.21E-09 

4.36E-11 

0.000342 

4.35E-12 

0.82 

0.56 

1.41 

0.78 

1.17 

0.62 

1.47 

Positive 
regulation 
of ATPase 
activity 

0.0072 5 KMXK_0D00250 

KMXK_0E01320 

ESF2 

AHA1 

0.000706 

0.000366 

0.54 

0.84 

Catabolic 
process 

0.009 3 KMXK_0B07250  ATG14 1.43E-04 0.93 
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Figure 5 Gene-set analysis (GSA) of enriched biological processes during growth under high 

temperature condition in chemostat. Panel A shows the gene ontology (GO) terms corresponding to 

the biological processes found enriched in the upregulated genes, panel B the enriched GO terms for 

the downregulated genes. Gene sets were defined by GO terms that show significant (p-value <0.01) 

enrichment among the up or downregulated genes. 
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GSA of chemostat growth under osmotic stress 

The response to the osmotic stress applied in this study triggered a mild transcriptional 

response compared to the other stress conditions, with logFC of DE genes between 

3.14 and -4.77. Only KMXK_0G04250, a transmembrane gene encoding for a sexual 

differentiation protein was strongly overexpressed (logFC= 8.20). A graphic 

representation of the GSA results under the low pH condition is provided in Figure 6. 

The processes: protein transport, fungal type cell wall organization, protein targeting 

to vacuole, protein N-linked glycosylation, cellular response to drugs and glycerol 

transport were found significantly upregulated during growth under osmotic stress 

(Table 4). The main processes downregulated during growth under osmotic stress 

were: histone acetylation, protein import into mitochondrial matrix, mitochondrial 

translation, regulation of transcription and cytoplasmic translation. This indicates the 

osmotic stress triggers a reorganization of both transcriptional and translational 

activities, as well as a rearrangement in the mitochondrial apparatus, possibly for 

energy optimization purposes (Crawford & Pavitt, 2019). 

Table 4 Gene Sets enriched (p-value<0.05) in upregulated genes under low pH growth in 
chemostat. Fold changes of comparative expression (in form of log2 FC) including gene-level p-values 
of differentially expressed genes for each functional category is provided. Only significantly 
upregulated genes are presented in the table (log2FC>0.5, gene-level p-value<0.05).  

Biological process Enrichment 
(p-value) 

Genes Gene ID Functional 
annotation 

Gene-
level 
p-
value 

Log2FC 

Siderophore 
transport 

0.0007  6 KMXK_0A03220  

KMXK_0A08370  

KMXK_0A08390 
KMXK_0D01050  

KMXK_0D06600  

ARN1 

ARN2 

ARN2 

ARN2 

ARN1 

8.25E-
03 

1.74E-
21 

1.01E-
07 

2.8E-
24 

4.5E-
05 

1.6 

7.9 

5.09 

6.23 

3.3 

Protein 
stabilisation 

0.0009 7  KMXK_0D04330  

KMXK_0F04730  

yer078c-like 

HSP78 

1.5E-
08 

4.3E-
03 

0.69 

0.77 

Ubiquinone 
biosynthetic 
process 

0.0009  12 KMXK_0A06920   

KMXK_0E03190   

COQ3 

COQ9 

2.7E-
05 

0.55 

0.60 
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1.23E-
06 

Ubiquitin 
dependednt 
catabolic process 

0.0018 56 KMXK_0D01310   UBP14 1.15E-
04 

0.65 

Iron ion transport 0.0021  5 KMXK_0C06160  

KMXK_0D03850 
KMXK_0F03820  

KMXK_0F05380  

FTR1 

FTH1 

FET3 

MRS4 

7.6E-
10 

5.6E-
09 

8.06E-
04 

1.09E-
08 

1.15 

1 

0.87 

0.77 

Protein folding in 
ER 

0.0056 8 KMXK_0C01360   yer140w-like 0.002 0.56 

Cellular Heat 
acclimatation 

0.007 4 KMXK_0D01210  HSP104 0.039 0.51 

Protein folding 0.008 59 KMXK_0G00760  PDX1 0.003 0.58 

lysine biosynthetic 
process via 
aminoadipic acid 

0.009 7 KMXK_0A00680  LYS20 7.74E-
05 

0.75 

RNA polymerase II 
transcriptional 
preinitiation 
complex assembly 

0.01  25 KMXK_0B06830   

KMXK_0B08180   

KMXK_0F01520   

TAF1 

TAF14 

HOT1 

2.43E-
03 

2.82E-
05 

5.24E-
06 

0.6 

0.5 

0.51 

mitochondrial 
respiratory chain 
complex IV 
assembly 

0.012  16 KMXK_0B03280   

KMXK_0H01890   

ymr244c-a-
like 

PET117 

2.04E-
06 

8.32E-
05 

0.74 

0.56 

Biosynthetic 
process 

0.014 5 KMXK_0B04440 
KMXK_0F01450  

yer152c-lik 

ARO9 

1.13E-
09 

4.25E-
03 

0.68 

0.59 

Proteasome 
assembly 

0.02 11 KMXK_0C04640   RPT4 1.2E-
05 

0.54 

Mitochondrial 
genome 
maintenance 

0.025  30 KMXK_0B01500   

KMXK_0D02580   

KMXK_0E03710   

PROB.MITO 

MDV1 

PROB. 
MITO 

1.82E-
06 

2.8E-
06 

1.9E-
03 

0.61 

0.70 

0.70 

Cellular metabolic 
process 

0.032 9 KMXK_0C00200   ygl157w-like 0.003 0.83 
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Ubiquitin 
dependent ERAD 
pathway 

0.033 28 KMXK_0C04640   RPT4 1.2E-
05 

0.54 

proteolysis 0.04 75 KMXK_0A06510  
KMXK_0B00950  
KMXK_0D04330   

yol073c-like 

DAP2 

yer078c-like 

2.6E-
06 

2.5E-
03 

1.54E-
08 

0.57 

0.67 

0.69 

Pantothenate 
biosynthetic 
process 

0.046 11 KMXK_0H04340   MT2649 2E-04 1.5 

Cell polarity 0.05 3 KMXK_0F00770  NA 7.1E-
03 

0.53 

 

 



114 
 

 

Figure 6 Gene-set analysis (GSA) of enriched biological processes during growth under low pH 
stress condition in chemostat. Panel A shows the gene ontology (GO) terms corresponding to the 
biological processes found enriched in the upregulated genes, panel B the enriched GO terms for the 
downregulated genes. Gene sets were defined by GO terms that show significant (p-value <0.05) 
enrichment among the up or downregulated genes. 
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GSA of chemostat growth under low pH stress 

GSA analysis under low pH stress growth revealed upregulation of processes such as: 

mitochondrial proton-transporting ATP synthase complex assembly, mitochondrial 

translation and protein import into mitochondrial inner membrane and matrix (Figure 

7), indicating that adaptation to such stress is energetically demanding. In fact, 

maintaining cell homeostasis in yeast cells under low pH stress is mainly maintained 

via ATP-coupled proton pumps (Fletcher et al., 2015). Accordingly, biosynthesis of 

ubiquinone, an essential component of the respiratory chain (Hsieh et al., 2007), is 

found upregulated (Table 5), with overexpression of the two ubiquinone biosynthetic 

enzymes Coq3 and Coq9 (logFC= 0.55 and 0.60 p-value=2.75e-=5 and 1.23e-06 

respectively). The main processes found to be downregulated under low pH stress 

were: amino acid transmembrane transport, DNA strand elongation involved in DNA 

replication, nitrogen utilization, protein phosphorylation, ribosomal large subunit 

assembly, rRNA processing and obsolete ATP catabolic process (Figure 7), also 

indicative of an energy optimization strategy to cope with the stressful condition. 

 

Table 5 Gene Sets enriched (p-value<0.05) in upregulated genes under osmotic stress growth in 
chemostat. Fold changes of comparative expression (in form of log2 FC) including gene-level p-
values of differentially expressed genes for each functional category is provided. Only significantly 
upregulated genes are presented in the table (log2FC>0.5, gene-level p-value<0.05). 

Biological process Enrichment (p-
value) 

Genes Gene ID Functional 
annotation 

Gene-level 
p-value 

Log2FC 

Protein transport 1.00E-04 

 

84 KMXK_0B07
250   

KMXK_0B07
560   

KMXK_0E01
900   

ATG14 

RHO5 

ATG23 

3.18e-05 

2.17e-04 

4.9e-0.4 

0.93 

0.51 

0.58 

Fungal type cell 
wall organization 

1.00E-04 

 

53 KMXK_0A0
2830 

KMXK_0A0
4840 

KMXK_0B04
400 

KMXK_0D0
5590 

KMXK_0F04
550 

RHB1 

KRE9 

SED1 

ylr414c-like  

ECM15 

GAS1 

1.73e-06 

6.2e-05 

9.73e-03 

6e-05 

1.1e-03 

4.3e-02 

0.67 

1.09 

0.87 

1.44 

0.57 

0.75 
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KMXK_0G0
2050 

 

Protein targeting 
to vacuole 

1.00E-04 31 KMXK_0A0
5960 

KMXK_0H0
0820 

 

MVP1 

VPS25 

3.50E-07 

0.02 

0.54 

0.538 

Protein N-linked 
glycosilation 

0.0002 

 

23 KMXK_0H0
4270   

KTR1 4.57e-03 0.61 

Cellular response 
to drug 

0.0006 31 KMXK_0A0
2830 

KMXK_0D0
2670 

KMXK_0D0
3570 

 

RHB1 

PDR5 

PDK 

1.73e-06 

8.9e-09 

1.96e-08 

0.67 

1.45 

0.66  

Glycerol transport 0.0015 3 KMXK_0F03
890 

STL1 7.09E-08 1.25 

Regulation of 
establishment or 
maintenance of 
cell polarity 

0.0017 3 KMXK_0H0
3940  

PCL1 3.2e-04 0.8 

Vacuole fusion 0.0017 16 KMXK_0A0
1620   

BPT1 2.76e-09 0.94 

Establishment of 
cell polarity 

0.0018 16 KMXK_0A0
6270   

MSB1 4.7e-23 1.45 

(1->6)-beta-D-
glucan 
biosynthetic 
process 

0.0021 5 KMXK_0A0
4840 

KRE9 6.20E-05 1.09 

Transmembrane 
transport 

0.009 146 KMXK_0A0
0140 

KMXK_0A0
1620 

KMXK_0A0
1860 

KMXK_0A0
6560 

KMXK_0B04
160 

KMXK_0B04
730 

KMXK_0C06
710 

KMXK_0D0
0200 

KMXK_0D0
1070 

unch. Transp. 

BPT1 

FUR4 

UDP-GALT1 

ybr241c-like 

FCY2 

GIT1 

TNA1 

YKE4 

PDR5 

TPO4 

HGT 

DAL5 

DAL5 

1.85e-03 

2.76e-09 

1.41e-03 

1.52e-03 

2.14e-02 

5.09e-05 

1.32e-06 

5.4e-03 

1.04e-03 

2.96e-05 

9.18e-03 

4.27e-02 

1.8e-07 

8.01e-04 

1.115 

0.95 

0.68 

0.56 

0.54 

0.99 

0.90 

0.54 

0.51 

1.06 

0.55 

1.35 

0.57 

2.03 



117 
 

KMXK_0D0
2680 

KMXK_0D0
4460 

KMXK_0E03
660 

KMXK_0F01
550 

KMXK_0F01
570 

KMXK_0F03
890 

KMXK_0G0
1990 

KMXK_0H0
1420 

STL1 

YOR1 

ITR1 

7.08e-08 

5.09e-05 

7.04e-03 

1.25 

0.84 

0.65 

Late endosome to 
vacuole transport 

0.0032 12 KMXK_0C04
810  

SEC28 3.07e-06 0.53 

Potassium 
transmembrane 
transport 

0.0033 5 KMXK_0A0
4140 

KMXK_0E03
840 

yjr054w-like  

high affinity 
potassium 
transporter 

0.0043 

0.0024 

0.57 

2.87 

ER to golgi 
vescicular 
transport 

0.0042 64 KMXK_0C04
810   

SEC28 3.07e-06 0.53 

 

Xenobiotic 
transport 

0.0048 3 KMXK_0D0
2670  

KMXK_0G0
1990  

PDR5 

YOR1 

8.92e-09 

5.09e-05 

1.45 

0.84 

Negative 
regulation of 
transcription 

0.005 5 KMXK_0F00
190  

PST2 0.0125 0.52 

Protein 
glycosylation 

0.008 22 KMXK_0G0
0720   

MNN1 8.8e-05 3.15 

Mitotic spindle 
orientation 
checkpoint 

0.0096 4 KMXK_0F03
810  

BUB2 4.7e-06 0.88 

Vacuolar transport 0.0099 12 KMXK_0B06
970   

KMXK_0E00
660   

AVT1 

carbopeptidas
e 

1.44e-05 

1.08e-05 

0.53 

0.56 
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Figure 7 Gene-set analysis (GSA) of enriched biological processes during growth under osmotic 
stress condition in chemostat. Panel A shows the gene ontology (GO) terms corresponding to the 
biological processes found enriched in the upregulated genes, panel B the enriched GO terms for the 
downregulated genes. Gene sets were defined by GO terms that show significant (p-value <0.05) 
enrichment among the up or downregulated genes. 
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consumed carbon at most, it is possible that extracellular metabolites were produced 

under the detection limit during the batch fermentations. However, the low values of 

carbon recovery for some strains, especially under the 40 °C condition, suggest either 

a considerable accumulation of a metabolite which was not detected, or a high ethanol 

evaporation from the vessels at higher temperature. Chemostat growth allows for 

rigorous comparison of the same strain under different conditions while at the same 

physiological phase of exponential growth. Consequently, physiological parameters 

measured are independent from the cell growth stage. Under the conditions of our 

study, it also allows to reproduction of long-term stress, so that the observed 

physiological and transcriptional changes between the standard and the stress 

conditions, reflect the cell stress adaptation strategies. In this study, CBS 6556 was 

selected as model haploid strain to further study the stress adaptation mechanisms of 

K. marxianus, and its growth was compared during chemostat fermentations under a 

standard and three different stress conditions. Differently to what observed during the 

batch cultivation, where the biomass yield of the strain was unchanged at 40 °C 

compared to 30 °C, CBS 6556 showed lower biomass yields and higher glucose uptake 

rates at 40°C in chemostat fermentation. These physiological changes were only 

observed for the high temperature condition, suggesting different adaptation strategies 

to high temperature stress compared to the other tested stresses. Although reduction 

of biomass yield in chemostat at high temperature was originally reported for this 

strain (Verduyn, 1991), it is not fully explained and generally attributed to higher 

maintenance costs. We can speculate that the reduction in biomass yield is attributed 

to the high maintenance costs related to growth at high temperature, only visible in 

chemostat because it provides a true representation of the adaptation mechanisms that 

the cells undergo under long term temperature stress. In agreement with our findings, 

the biomass yield of K. marxianus at higher temperature was reported to be constant 

during batch fermentations (Lehnen, Ebert and Blank, 2019) as well as the increased 

oxygen uptake rate (Fu et al., 2019), but no physiological studies are available in 

chemostat for comparison with what was determined in this study. 

As well as the physiological variability, chemostat cultivation eliminates the 

transcriptional variability described for K. marxianus at different stages and rates of 

growth (Yu et al., 2021). Moreover, chemostat cultivation is considered an optimal 

way to study stress adaptation, since genes responsive to long term stress in yeast are 
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known to differ to the ones responsive to short term stress exposure (Richards et al., 

2014; Tai et al., 2007). Therefore, the conditions set in this study allowed us to analyse 

the long-term stress adaptation of K. marxianus to multiple stresses, via pairwise DE 

analysis of the RNA-seq data obtained from the chemostat fermentations. Comparison 

of the DE genes identified under each stress, revealed zero upregulated and 3 

downregulated genes common amongst all tested stresses, suggesting the 

transcriptional response to be stress-specific. This has been previously reported for 

other yeast species, including Kluyveromyces lactis, Candida albicans, Yarrowia 

lipolytica (Tirosh et al., 2011). Given the stress-specific nature of the K. marxianus 

transcriptomic response observed here, we focused on high temperature stress in order 

to provide a complete portrait of the natural thermotolerance of K. marxianus.  

In order to identify the main biological processes involved in thermotolerance, we 

performed gene-set analysis (GSA) on the DE data comparing the standard and the 

three stress conditions. A comparison of the GSA results from all stress conditions 

revealed that, although several biological processes were enriched in response to two 

out of three stresses tested, indicating a certain functional overlap, a few common 

genes were differentially expressed within the same process, indicating the possibility 

that K. marxianus evolved stress-specific genes able to carry out the biological 

processes. An example is the protein target to vacuole process, upregulated under both 

high temperature and osmotic stress, but carried out by distinct genes (respectively 

SNR2 and VID24, and MUP1 and VSP25) under each condition. Therefore, while on 

a gene-level the transcriptomic response of K. marxianus seems to be highly stress-

specific in  agreement with what previously observed (Tirosh et al., 2011); GSA 

revealed how the enriched gene sets are somewhat conserved within several stresses.   

Among the common responses (1->6)-beta-D-glucan biosynthetic process, autophagy 

of mitochondrion, endosome to vacuole transport, lysosome macro autophagy and 

protein targeting to vacuole were found upregulated under both osmotic and high 

temperature stress. In particular, the gene KRE9, involved in cell wall beta-glucan 

assembly, was found to be upregulated during growth under both the stresses.  A 

common denominator among the upregulated processes could be the stress induced 

activation of the MAPK cascade, which directs the cell response to both osmotic and 

heat stress stimuli via promoting cell integrity, proliferation and import of osmolytes 

such as glycerol (Hohmann, 2002). The lysosome-like vacuole, responsible for protein 
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sorting-related activities in yeast, is known to have stress related functions such as 

protein sorting, organelle acidification, ion homeostasis and autophagy (Li & Kane, 

2009). The response to high temperature and low pH exhibited the most extensive 

functional overlap among the tested stresses, with processes such as protein 

stabilization, protein refolding and ubiquitin-dependent protein catabolic upregulated 

in both, indicating that protein stability and turnover are needed for adaptation to 

growth under both stresses. Moreover, transmembrane transport of iron, ion involved 

in multiple processes including cellular respiration, lipid biosynthesis, translation and 

amino acid biogenesis, DNA replication and repair and oxygen transport (Martínez-

Pastor et al., 2017) was found to be upregulated under both high temperature and low 

pH stress. In particular several high affinity iron transporters-encoding genes such as 

FTR1, FET3, MRS4 and FTH1 and the siderophore transporters ARN1 and ARN2, 

present in multiple copies in K. marxianus (Jia et al., 2021), were found upregulated 

under high temperature and low pH conditions in this study. 

At 40°C, CBS 6556 displayed increased glucose uptake rate in both batch and 

chemostat fermentation. This indicates a higher maintenance energy demand to cope 

with growth under elevated temperature. In fact in carbon limited chemostat cultures 

on minimal medium, glucose is both a source of carbon and energy, while oxygen is 

the electron acceptor needed for ATP production during oxidative phosphorylation 

(Otterstedt et al., 2004).  However, while an increase in ATP production seems an 

obvious strategy to provide energy for growth under stressful conditions, GSA 

analysis reveals that ATP synthesis-coupled proton transport and mitochondrial 

electron transport are downregulated under the 40 °C condition in the tested strain, 

while mitophagy was found to be upregulated. The same regulation pattern is also 

observed for the osmotic stress response, while the opposite was found under the low 

pH condition. Growth at high temperature is known to provoke oxidative stress and 

ROS accumulation in yeast (Davidson et al., 1996; Zhang et al., 2015), and leakage of 

electrons from the mitochondrial electron transport chain is the major intracellular 

source of ROS (Herrero et al., 2008). Since ROS accumulation under high temperature 

stress has been reported before in K. marxianus (Fu et al., 2019), it can be speculated 

that tight regulation of mitochondrial biogenesis to reduce electron leakage is one of 

the strategies K. marxianus employs to cope with long-term temperature stress. Since 

ROS accumulation is also commonly reported following osmotic stress, this could 
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explain the similar pattern of modulation of mitochondria activity. On the contrary, 

ATP production becomes essential under low pH stress in order to keep the cellular 

homeostasis via ATPase proton pumps (Fletcher et al., 2015; Holyoak et al., 1996; 

Ndukwe et al., 2020), hence the upregulation of mitochondrial activity observed in 

this study. Finally, similarly to our findings, genes of the mitochondrial respiratory 

chain were previously found to be downregulated in K marxianus under high 

temperature stress, although respiration rate was found to be upregulated (Fu et al., 

2018). This could explain why NBRC 1777, showing the highest growth rate at 30 °C, 

showed a decreased growth rate at 40 °C. The very high oxygen uptake rate of the 

strain at 40 °C could be a disadvantage for its growth at high temperature because of 

the ROS accumulation resulting from it, hence showing a slower growth.  

In conclusion, this study offers an example on how integration of physiological data 

and transcriptomic analysis can help characterize different strains under industrially 

relevant conditions. It also offers insights on stress adaptation mechanisms in K. 

marxianus, in particular thermotolerance. 
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1. Abstract 

It is important to understand the basis of thermotolerance in yeasts to broaden their 

application in industrial biotechnology. The capacity to run bioprocesses at 

temperatures above 40oC is of great interest but this is beyond the growth range of 

most of the commonly used yeast species. In contrast, some industrial yeasts like 

Kluyveromyces marxianus can grow at temperatures of 44oC or higher. Such species 

are valuable for direct use in industrial biotechnology and as a vehicle to study the 

genetic and physiological basis of yeast thermotolerance. In previous work, we 

reported that evolutionarily young genes disproportionately changed expression when 

yeast were growing under stressful conditions and postulated that such genes could be 

important for long-term adaptation to stress. Here, we tested this hypothesis in K. 

marxianus by identifying and studying species-specific genes that showed increased 

expression during high temperature growth. Twelve such genes were identified and 

eleven were successfully inactivated using CRIPSR-mediated mutagenesis. One gene, 

KLMX_70384, is required for competitive growth at high temperature supporting the 

hypothesis that evolutionary young genes could play roles in adaptation to harsh 

environments. KLMX_70384 is predicted to encode a 68-83AA peptide and we used 

the GWIPS-viz genome browser to confirm its transcription and translation. The 

precise function of KLMX_70384 remains unknown but some features are suggestive 

of RNA-binding activity. The gene is located in what was previously considered an 

intergenic region of the genome, which lacks homologues in in other yeasts or in 

databases. Overall, the data support the hypothesis that genes that arose de novo in K. 

marxianus post the speciation event that separated K. marxianus and K. lactis 

contribute to some of its unique traits. 
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improve knowledge of the physiological response of K. marxianus under industrially 

relevant stresses to allow wider use in biotechnological processes (P. Li et al., 2019; 

Yu et al., 2021). One such response is thermotolerance, which  is a desirable trait in 

strains used for industrial processes because it reduces cooling costs and allows 

fermentation at temperatures that mitigate bacterial contamination (Engineering 

Robustness of Microbial Cell Factories, 2017; Jiang et al., 2020). K. marxianus is 

capable of growth up to 45°C, and sometimes higher (Karim et al., 2020). For this 

reason it has been considered for application in processes requiring high temperature, 

such as lignocellulosic biomass fermentation for bioethanol production (Madeira-Jr & 

Gombert, 2018; Malairuang et al., 2020; Suzuki et al., 2019; Yanase et al., 2010). 

Although S. cerevisiae is not intrinsically thermotolerant, responses and adaptation to 

high temperature have been quite widely studied in this model species. Among the 

known heat stress responses in S. cerevisiae are increased expression of genes 

encoding protein folding chaperones, proteins involved in respiration and enzymes for 

utilisation of alternative carbon sources (Gasch et al., 2000); activation of Hog1 and 

MAPK-related pathways, including cell wall remodelling (Leach et al., 2012); 

changes in transcription rates and in mRNA stability (Castells-Roca et al., 2011); and 

triggering of calcineurin-activated gene expression (Kraus & Heitman, 2003). The 

integration of transcriptomic, proteomic and metabolomic data can help provide a 

complete picture of the stress response landscape in different yeasts (P. Li et al., 2019; 

Shui et al., 2015; Walther et al., 2010). Such omics studies indicate that there does not 

appear to be a single evolutionarily conserved thermotolerance mechanism; for 

example, a study of  K. marxianus and O. polymorpha failed to find any similar 

patterns (Lehnen, et al., 2019).  Specifically in  K. marxianus, other studies comparing 

response at 30°C versus 45°C, found that K. marxianus presents a multi-faceted 

response to high temperatures, including a reduction in central metabolic activity, 

increased protein turnover and DNA repair (Lertwattanasakul et al., 2015), 

upregulation of the mitochondrial respiratory chain genes, downregulation of 

glycolytic genes (Fu et al., 2019).  

In a previous study, we carried out a large-scale comparative transcriptomic and 

proteomic analysis of S. cerevisiae, K. marxianus and Y. lipolytica growing under low 

pH, high temperature and high osmotic pressure conditions (Doughty et al., 2020). All 

experiments were carried out in chemostats at a constant growth rate, thereby assessing 
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long-term adaption to these stressful conditions rather than the short-term response to 

fluctuating stresses.  The two major findings were first, there is little commonality in 

how each yeast responds to the same stress; and second, evolutionarily young genes 

were over-represented in the sets of genes changing expression under adverse 

conditions. These indicate that genus- or species-specific genes that change expression 

are likely to be important in the physiological changes necessary for growth in harsh 

environments and thus these genes could be very useful for modifying yeasts for 

biotechnological processes where the growth medium and conditions are often sub-

optimal. In this study, we honed in on the evolutionary young genes that responded to 

elevated temperature in K. marxianus to determine their importance for the higher 

growth temperature of this yeast. To do this, we re-ran both the bioinformatic pipeline 

to identify this cohort of genes, and the transcriptomic analysis to identify 

differentially expressed genes, using an updated K. marxianus genome annotation 

(Fenton et al., 2021). We identified twelve K. marxianus-specific genes with increased 

expression at high temperature and successfully inactivated eleven of these. These 

mutants were assessed for growth at higher temperature, revealing that one of these 

genes, KLMX_70834, was specifically required for competitive growth at 45°C. The 

protein encoded by KLMX_70834 is unique to K. marxianus but possesses structural 

features that may be suggestive of RNA binding activity. As well as identification of 

this novel protein that is required for high temperature growth in K. marxianus, our 

study validates the strategy of focusing on evolutionarily young genes to investigate 

niche adaptation in yeast. 
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Differential gene expression (DE) analysis was performed on the previously published 

RNA-seq dataset of the strain CBS 6556 (Doughty et al., 2020). The RNA-Seq data 

are available at the SRA accession PRJNA531619. RNA-seq reads were aligned to the 

K. marxianus DMKU3-1042 genome (Lertwattanasakul et al., 2015), then assigned to 

genes using an updated genome annotation of the DMKU3-1042 genome available on 

the GWIPs-viz genome browser (Riboseq.org). DE analysis between the standard 

(Std) and high temperature (HiT) condition, and orthologous inference to identify K. 

marxianus-specific genes, was performed using HISAT2 and Stringtie followed by 

the R-scripts contained within the OrthOmics package (Doughty et al., 2020). FASTA 

proteome files for orthology inference were obtained from uniprot.org. To check for 

potential roles of the target genes in different stress responses, a separate DE analysis 

was carried out on all K. marxianus RNA-seq datasets including low pH (lowpH) and 

osmotic stress (Osm) condition. Genome alignments and reads per gene calling was 

performed using Bowtie2 (Langmead & Salzberg, 2012), Samtools (Danecek et al., 

2021) and featureCounts (Liao et al., 2014), followed by the edgeR scripts available 

at https://rnnh.github.io/bioinfo-notebook/docs/DE_analysis_edgeR_script.html. For 

DE analysis, genes exhibiting a FDR <0.01 and log2 fold change (FC) >1 were 

considered significantly regulated. Normalized count per million were calculated 

adjusting for library size according to the TMM normalization method. A table of 

equivalence for gene IDs used in this study to perform the DE analysis, and the gene 

IDs of the published annotation (Fenton et al., 2021), is available in Supplementary 

table 1.  

Molecular Techniques 

Mutants were constructed in NBRC 1777 WT strain by non-homologous end joining 

(NHEJ) -mediated gene inactivation, using the CRISPR-Cas9 system previously 

described (Juergens et al., 2018; Varela et al., 2019). A detailed step by step protocol 

outlining these methods was recently published (Rajkumar et al., 2021). In brief, 

targeting sequences (for gRNAs) were ordered as DNA primers and inserted into 

plasmid pUCC001 by Golden Gate assembly. All plasmids and primers used in this 

study are listed in tables 2 and 3, respectively. In the case of genes where an NBRC 

1777 Gene ID was available, gRNA primers were designed using the sgRNA software 

(Xie et al., 2014; Rajkumar and Morrissey, 2021). The remaining gRNAs were 

designed using the  CRISPRdirect software (Naito et al., 2015), with the K. marxianus 
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Tar12_dia_F and Tar12_dia_R primers. KLMX_70804 gene deletion was confirmed 

from the amplicon size of the PCR product (WT allele=798bp; deleted allele= 403bp).
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Tar_1_dia_R atgattccgtgaagccg 

Tar_2_dia_F ggaaatgcgttagaaatgcttc KLMX_10792 

Tar_2_dia_R caatgtactaacagggagca 

Tar_4_dia_F ataaacggcagaatccgtt   KLMX_50030 

Tar_4_dia_R ggctgtgattaaaaagcact 

Tar_5_dia_F catgtcattctcttacttaaccag KLMX_60003 

Tar_5_dia_R aactttctccagatcaaatgaac 

Tar_6_dia_F gcgtgtgttatattgtgttcg KLMX_60133 

Tar_6_dia_R tcaccagaaagcagcatct 

Tar_7_dia_F gtgtgcttacaatagcatagcac KLMX_60270 

Tar_7_dia_R tccagtaaaaacaactacagagaa 

Tar_8_dia_F atctgccaaattctccatg KLMX_60369 

Tar_8_dia_R ctgagggttgatccttcac 

Tar_9_dia_F cttctctaaactgctctgtct KLMX_70384 

Tar_9_dia_R aagagcacagcggctaat 

Tar_10_dia_F gaggaaatgaagaggtctttg KLMX_70441 

Tar_10_dia_R ttcgtactttgtattctaggtttcc 

Tar_11_dia_F ggtttggtttcccattc KLMX_80304 

Tar_11_dia_R ctctacttcccaccattcc 

Tar_12_dia_F attatgatatgaaagagaagcgc KLMX_10646 

Tar_12_dia_R atctgtacgggaatgaaaa 

Complementation  

Tar9_GG_F gcatcgtctcatcggtctcatatgatgtctgacaaggtcgaaga 

Tar9_GG_R atgccgtctcaggtctcaggatttagttgatcaacttcttgaacttagca 

I5US_F agtagtgagtgacagacac 

P2R gcaattatttggtttgggtgtg 

Repair fragment  

Tar9_RF_F  gaaaactagttccatatagtatcccattattactcatttctctcttgttagctcgtattccagccaagcaaacgaaaagtccgtcgttacttaca 

Tar9_RF_R agatagattagattaattaattaattattaagtattatgggaattagaagactaaggatgtagtgtaagtaacgacg 





143 
 

4. Results  

Identification of 12 novel genes with a possible role in thermotolerance in K. 

marxianus 

Using an updated annotation of the K. marxianus DMKU3-1042 genome (Fenton et 

al., 2021), we mapped the RNA-seq reads of the standard growth condition (Std) and 

high temperature (HiT) datasets to identify differentially expressed (DE) genes. A total 

of 216 genes with significant changes in expression were identified, and these are 

listed in Supplementary Table 2. As the updated annotation uses a different gene 

identifier (KLMX versus KMXK), the table also includes this information to facilitate 

comparison between the studies. We wished to know which of these were 

evolutionarily young and K. marxianus specific. To do this, single copy protein-

encoding genes were identified and subjected to pairwise orthology inference using 

Orthofinder (Emms & Kelly, 2015) against the proteomes of K. lactis. S. cerevisiae, 

Y. lipolytica, and Homo sapiens. The yeast species were chosen because they span a 

wide range of the budding yeast subphylum (Saccharomycetaceae) (Shen et al., 2018) 

and H. sapiens represents a distantly-related eukaryote. 

Following the hierarchical approach described in Doughty et al., (2020), genes were 

segregated into five groups based on gene age, which was inferred by the 

presence/absence of orthologous proteins in the proteomes of the aforementioned 

species. Proteins only present in the final group, with no orthologues in any of the 

other proteomes, were considered to be encoded by evolutionarily young, K. 

marxianus-specific genes. Of the 55 genes in this group, 16 were found to be 

differentially expressed during high temperature growth, with 13 upregulated and 3 

downregulated (Supplementary Figure 2). To be sure that these genes really were K. 

marxianus-specific, a Blastp search was individually performed with each protein 

sequence against the nr database which includes a wider range of species 

(Supplementary table 3). This led to exclusion of three candidate genes (1 upregulated 

and 2 downregulated) that potentially had orthologues in other yeast species. Of the 

remaining thirteen K. marxianus-specific genes one, KLMX_70441 showed a 

significant hit (e-value: 9e-109, perc. identity: 71%, query coverage: 97%) with a 

NADPH-dependent oxidoreductase protein from the Acinetobacter spp., suggesting 

acquisition by horizontal gene transfer (Supplementary Figure 1). This gene was auto-
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though expression of one gene was also elevated under high osmotic pressure (Figure 

1).  

 

 

Figure 1. K. marxianus-specific genes are upregulated at higher temperature. Data show the 
expression of twelve K. marxianus-specific genes from chemostat cultures under different conditions. 
Boxplots showing normalized counts of target gene reads, representing relative abundance of  
transcripts at standard (30°C, pink) versus high temperature (40°C, green), low pH (3.5, blue) and high 
osmotic pressure (1M KCl, purple). Normalized counts for the genes were calculated using TMM 
normalization in edgeR. Boxplot was obtained using ggplot2. 
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rare mutations that confer a growth advantage are selected. In this way, young genes 

become important for adaptation to new niches. Based on our data, we can speculate 

that the emergence of KLMX_70384 played some role in helping K. marxianus adapt 

for growth at higher temperatures, a trait that is absent in all other Kluyveromyces 

species. It also helps explain why a conserved thermotolerance mechanism is not 

found in other yeasts, like O. polymorpha since it implies that different species-

specific genes will be involved.  

While understanding evolutionary processes is fascinating, part of the rationale for 

studying thermotolerance is to identify genes and processes that can be used to 

improve yeasts for biotechnology. One hope is that it may be possible to engineer 

thermotolerance into mesophilic yeasts by heterologous expression of single genes. 

We tested whether expression of KLMX_70384 in K. lactis would improve the 

thermotolerance of this yeast, but it did not (data not shown). This is probably not 

surprising since it is generally considered that there are multiple requirements for 

higher temperature growth and thus overcoming one hurdle will not be enough. It is 

also possible that a protein such as KLMX_70384 will have specific interactions that 

only take place with other proteins that share an evolutionary history. Despite this, it 

is still valuable to try to understand what processes are required to function at higher 

temperature as this could identify alternative routes to strain improvement. While not 

definitive, the indications are that KLMX_70384 could be involved in RNA 

processing and is a further suggestion that this is an area worth further investigation.  



155 
 

6. Data availability 

The RNA-seq dataset analysed in this study can be retrieved under SRA accession 

PRJNA531619 [https://www.ncbi.nlm.nih.gov/bioproject/PRJNA531619/]. DE 

analysis and OrthoFinder scripts used to analyse the standard and the high temperature 

RNA-seq datasets, are available at the OrthOmics page at 

https://github.com/SysBioChalmers/OrthOmics. Script used to compare all the stress 

datasets, can be found at https://rnnh.github.io/bioinfo-

notebook/docs/DE_analysis_edgeR_script.html. DE analyses tables generated in this 

study can be found in Supplementary table 2 and 4. K. marxianus genome accession 

numbers are PRJDA65233 (DMKU3-1042) and SRX3541357 (NBRC 1777). The 

updated DMKU3-1042 annotation is publicly available on the GWIPs-viz genome 

browser (Riboseq.org).  
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8. Supplementary figures  
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Supplementary figure 2 GWIPS-viz data visualization for the target genes. CDS are displayed as 
blue and red bars (bottom track). The track contains Ribo-seq reads autoscaled and polyA sites (bottom, 
in black). Orange reads indicate mapping to the forward strand, blue reads to the reverse strand. 
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Chapter V 
 
 
 

Genomic and physiological characterization of a 

thermosensitive K. marxianus mutant 

Montini, N., Fenton, D. and Morrissey, J. 
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SWI1 and CYC8 lead to sensitivity to oxidative stress in K. marxianus, providing a 

partial explanation of the UCC01 phenotype.
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5. Discussion 

It is well known in the microbiology community that laboratory strains acquire 

mutations and this can give rise to discordant results between groups (Arras et al., 

2017). The starting point for our study here was both the reported phenotypic variation 

between K. marxianus CBS 6556 strains in studies from other groups (Fonseca et al., 

2007) and our own observations of a similar phenomenon in one of our laboratory 

strains. Overall analysis of three versions of the same strain, ATCC 26548, CBS 6556 

and UCC01, and comparison to a fourth strain, DMKU3-1042 yielded some 

fascinating data. First, the level of variation between the three strains though to be 

derived from the same original ATCC 26548 is sufficiently low to confirm that they 

are indeed the same strain, albeit with SNPs. This strain has about 60,000 SNPS 

relative to DMKU3-1042, which is about 6 SNPs per kb. There are about 1000 SNPs 

between UCCO1 and DMKU3-1042, which is lower than the approximately 3000 

between CBS 6556 and DMKU3-1042. This seems odd since UCC01 is a descendant 

of CBS 6556 but it is most likely explained by the method of sequencing and filtering 

the sequence data, which was different for CBS 6556 since it came from a different 

study. We did not have whole genome sequence for the NCYC 2597 version of the 

strain but sequencing of individual genes to validate polymorphisms that came from 

the genome sequence analysis confirmed its close relationship to CBS 6556 and 

identified several polymorphisms that were shared with UCC01. Putting all this 

together, it was possible to establish the strain genealogy (Figure 8). Looking at this 

figure and knowing that only UCC01 has the temperature sensitive phenotype, it 

should be in principle relatively straightforward to identify the SNPs that could be 

responsible by comparing the UCC01 and NCYC 2597 sequences. Our main 

comparison was between UCC01 and ATCC 26548, where we identified over 1000 

SNPs. We were able to reduce the number to analyse by taking advantage of the CBS 

6556 sequence that became later available, but this was only partially helpful because 

of the different way the sequence was obtained and filtered. The ideal approach would 

be to sequence and analyse representatives of all the stocks in the same manner and 

this would clarify a lot of points.  
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biosynthesis and galactose metabolism in K. marxianus. 
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Table 4. List of primers used in this study for RT-qPCR of the galactose and trehalose metabolism 
genes. 

PRIMERS SEQUENCE 

QACT1_F ggctgaacgtggttactcct 

QACT1_R agaagcggtttgcatttctt 

QTPS1_F tatggcctttgttccactac 

QTPS1_R atcttcacgttcttcagctt 

QTPS2_F cagttaaatcgcaactgtcc 

QTPS2_R ctggactcaattttagggct 

QUGP1_F tgttcagaaggtatttgggg 

QUGP1_R tctcacctcgataacagact 

QPGM2_F ggaattgcttgatcaatggg 

QPGM2_R tcacaaacaagatctgggag 

QGAL1_F catcgaccaactcgatca 

QGAL1_R cgctaagaaactttatggacg 

QGAL7_F gtcttccacaaatgagtccaa 

QGAL7_R cgtgaggatgtaagttggaa 

QGAL10_F tatcgacgatggtggcac 

QGAL10_R tttggcaaaccagacgat 
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4. Results 

Trehalose biosynthetic process is upregulated under high temperature. 

Since trehalose metabolism has been associated with thermotolerance in yeast, we 

looked specifically at the level of expression of the genes involved in the trehalose 

metabolism process in K. marxianus during culture under high temperature condition 

in a chemostat. The data, available from the study in Chapter 3, showed upregulation 

of the genes encoding for the trehalose-6-phosphate phosphatase (Tps2, logFC:0.88), 

the regulatory subunit of the trehalose synthase  (Tsl1, logFC:0.77) and the 

phosphoglucomutase (Pgm1, logFC:2.23). Other genes involved in trehalose 

biosynthesis, such as the first enzymatic subunit, Tps1, and Ugp1, necessary for the 

synthesis of precursors trehalose-6-phosphate and UDP-glucose, were not 

significantly upregulated. Tps2, Tsl1 and Pgm1 are responsible for redirecting the 

glycolytic flux from glucose to the biosynthesis of trehalose, via the formation of sugar 

phosphates: glucose-6P, glucose-1P, UDP-glucose and trehalose-6P (Figure 1).  

Figure 1 Trehalose biosynthetic pathway. Representation of the biosynthetic steps for trehalose 
biosynthesis, and overlap with the Leloir pathway for galactose metabolism. The first steps of 
glycolysis are represented too. Enzymes are represented in the grey circles.  Abbreviations: 
Galactose-1-phosphate (Gal-1-P), Gluicose-1-phosphate (Glu-1-P), Glucose-6-phosphatre (Glu-6-P), 
Trehalose-6-phosphate (Tre-6-P). 
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Chapter VII 
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fermentations, since the derived oxidative stress could affect important physiological 

traits of the strain, and its productivity. 

Finally, the suspected role of trehalose in yeast thermotolerance was challenged by 

recent studies showing that its function is fundamentally metabolic (Gibney et al., 

2015). In fact, the two enzymatic subunits of the TPS complex (Tps1 and Tps2), as 

well as the intermediate trehalose-6-phosphate (T6P), have been found to be involved 

in central cellular processes such as sugar fermentation and glucose repression 

(Vicente et al., 2018), regulation of gluconeogenesis (Deroover et al., 2016), and also 

autophagy and cell homeostasis (Kim et al., 2020). This is consistent with the findings 

of Chapter VI, where an additional mechanism of glucose repression of K. marxianus 

galactose genes was hypothesized, linked to TP6 accumulation but independent from 

MIG1. Although this mechanism was not identified, it should be further studied, since 

improving lactose utilization is desirable for the valorisation of lactose-rich substrates 

or mixed-sugar biomasses of which galactose is a component, such as lignocellulose 

(Bro et al., 2005).   
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