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Transcriptome analysis of Pichia pastoris in response to
ethanol stress

Peng Gao, Jian Ding, Xu Zhang, Yue Zhao, Meng Zhang, Minjie Gao, Jianrong Wu,
and Xiaobei Zhan

Key Laboratory of Industrial Biotechnology of Ministry of Education, School of Biotechnology, Jiangnan University, Wuxi 214122,
Jiangsu, China

Abstract: Effective expression of pIFN-o in recombinant Pichia pastoris was conducted in a 5 L fermentor. Ethanol
accumulation during the late glycerol feeding period inhibited heterologous protein expression. Comparative transcriptome
analysis was thus performed to compare the gene transcription profiles of Pichia pastoris KM71H in high and low ethanol
concentration environments. The results showed that during the glycerol cultivation stage, 545 genes (265 up-regulated and
280 down-regulated) were differentially expressed with ethanol stress. These genes were mainly involved in protein
synthesis, energy metabolism, cell cycle and peroxisome metabolism. During the methanol induction stage, 294 genes (171
up-regulated and 123 down-regulated) were differentially expressed, which were mainly related to methanol metabolism,
amino acid metabolism and protein synthesis. Ethanol stress increased protein misfolding and reduced structural integrity of
ribosome and mitochondria during cultivation stage, and led to the failure of endoplasmic reticulum stress removal and
damaged amino acid metabolism during induction stage in Pichia pastoris.

Keywords: Pichia pastoris, heterologous protein, ethanol stress, transcriptome
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22 ZEMBFHTHERREER

4h
( 27h ) 12h
RNA 4 RNA
Gl G2 4h
1 3 Ml M2
12h 1 3( 1)
Gl G2 545
( 265 280 )
Ml M2
294 ( 171
123 )
Gl G2

KEGG Pathway

P-value<0.05

x1 HEmRSKICERESEE
Table 1 Sample codes and ethanol concentration

ranges
Expression Ethanol concentration range
Code . ..
phase during cultivation phase (g/L)
Cultivation Gl 0-2
phase 27 h G2 4-8
Induction M1 0-2
phase 12 h M2 4-8

*2 HiMmiEFHHRE KEGG Pathway HEEE R
BESH

Table 2 KEGG pathway enrichment analysis
between two samples during glycerol cultivation phase
Pathway ID  P-value

Pathway
Protein processing in
endoplasmic reticulum

sce04141 0.005

sce00500 0.021
sce00030 0.040
sce00410 0.041
sce04111 0.031

Starch and sucrose metabolism
Pentose phosphate pathway
beta-Alanine metabolism
Cell cycle-yeast

Ribosome biogenesis in 6ce03008 0.011

eukaryotes

Peroxisome sce04146 0.013

Ribosome sce03010 0.000
M1 M2

KEGG Pathway
P-value<<0.05

*3 HERFSHHRIE KEGG Pathway gt E R
BESM

Table 3 KEGG pathway enrichment analysis between

two samples during induction phase

Pathway ID  P-value
sce00010 0.006
sce00500 0.009
sce04120 0.018

Pathway

Glycolysis/Gluconeogenesis
Starch and sucrose metabolism
Ubiquitin mediated proteolysis
Glycme,. serine and threonine $ce00260 0.026
metabolism

Protein pro.cess1.ng in sce04141 0.029
endoplasmic reticulum

Tyrosine metabolism sce00350 0.046

Ribosome biogenesis in $ce03008 0.017
eukaryotes

Glutathione metabolism sce00480 0.028
sce00030 0.047

sce01230 0.027

Pentose phosphate pathway
Biosynthesis of amino acids

& 010-64807509
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x4 HHBBEFHSEAREVMEMBXRERFERKESH

Table 4 Transcriptional analysis of genes related to protein synthesis during glycerol cultivation phase

Gene Gene function Regulate Ratio

Genes related to ribosome

rplla N-terminally acetylated protein component of the large (60S) ribosomal subunit Down 0.65

rpl8a Ribosomal protein L4 of the large (60S) ribosomal subunit Down 0.52
Protein component of the large (60S) ribosomal subunit; depletion causes degradation of

rplLb proteins andpRNA of the 6OSgsul§unit) ’ : Down 0.58

rpll7b Protein component of the large (60S) ribosomal subunit Down 0.61

rps8a Protein component of the small (40S) ribosomal subunit Down 0.60

rps9a Protein component of the small (40S) ribosomal subunit Down 0.63

rpslla Protein component of the small (40S) ribosomal subunit Down 0.60

rpsilb Protein component of the small (40S) ribosomal subunit Down 0.36

rpsi3 Protein component of the small (40S) ribosomal subunit Down 0.59

rpsida Ribosomal proteil} 59 of the small subunit, required for ribosome assembly and 20S Down 0.55
pre-rRNA processing

rps14b Ribosomal proteil} 59 of the small subunit, required for ribosome assembly and 20S Down 0.58
pre-rRNA processing

rps22a Protein component of the small (40S) ribosomal subunit Down 0.36

rps23b Ribosomal pro.tein 28 of the small (40S) riposomal subunit, required for translational Down 0.53
accuracy; deletion of both rps23a and rps23b is lethal

rps25b Protein component of the small (40S) ribosomal subunit Down 0.57

rps27a Protein component of the small (40S) ribosomal subunit Down 0.62

rps27b Protein component of the small (40S) ribosomal subunit Down 0.62

rps28b Protein component of the small (40S) ribosomal subunit Down 0.52
Ribosomal protein P2 alpha, which is involved in the interaction between translational

rpp2a . . Down 0.55
elongation factors and the ribosome

Genes related to ribosome biogenesis
ATPase of the AAA family, which is essential for pre-60S maturation and release of

afg2 . . Down 0.61
several preribosome maturation factors

— RNAase III;. inyolved in tDNA .tra.nscripti(.)n .and rRNA processing; involved in Down 0.56
polyadenylation-independent transcription termination

utp5 Subunit of U3-containing Small Sl.lbunit processo.rne complex involved in production of Down 0.50
18S rRNA and assembly of small ribosomal subunit

Genes related to protein processing in endoplasmic reticulum

hsp26 Sglall heat shock protein (sHSP) With. chaperone .activity; forms hollow, sphere-shaped Up 4.45
oligomers that suppress unfolded proteins aggregation

hsp82 HSP90 chaperone required for pheromone signaling and negative regulation of hsflp Up 2.06

ssa3 ATPase involved in protein folding and the response to stress; plays a role in Up 1.66
SRP-dependent cotranslational protein-membrane targeting and translocation

ssad Heat shock protein that is highly induced upon stress; plays a role in SRP-dependent Up 282
cotranslational protein-membrane targeting and translocation

sse2 Member of the heat shock protein 70 (HSP70) family; may be involved in protein folding Up 2.08

ubcd Ubiquitin-conjugating enzyme (E2), mediates degradation of abnormal or excess proteins; Up 175

interacts with many SCF ubiquitin protein ligases

@ 010-64807509 P< cjb@im.ac.cn
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cyrl
C 95 H>0,
yil165c¢ cyrl
mnd2
(201 yil165¢c  yor019w
H202

cdhl

21221 gdbl ima3 gnd2 ngml  sol4

2.3.3

cdhl 7

2.3.4

cyrl  mnd2

x5 HHBBFHPSHEEAPEXERERKFSHT

Table 5 Transcriptional analysis of genes related to energy metabolism during glycerol cultivation phase

cyrl

[23]

Gene Gene function Regulate  Ratio

yil165¢ Putative protein of unknown function; mutant exhibits mitophagy defects Up 1.53

yor019w  Protein of unknown function that may interact with ribosomes Up 1.75

gdbl Glycogen debranching enzyme containing glucanotranferase and Up 195
alpha-1,6-amyloglucosidase activities, required for glycogen degradation

imas3 Alpha-glucosidase with broad substrate specificity for alpha-1,4-and alpha-1,6- Up 166
glucosides; member of IMA isomaltase family

gnd2 6-phosphogluconate dehydrogenase (decarboxylating), catalyzes an NADPH Up 156
regenerating reaction in the pentose phosphate pathway
Transaldolase of unknown function; transcription is repressed by motlp and induced

ngml . L Up 2.14
by alpha-factor and during diauxic shift

sol4 6-phosphogluconolactonase with similarity to sol3p Up 1.61

http://journals.im.ac.cn/cjben
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*6 HimEFHSHAREARBXERERKESH

Table 6 Transcriptional analysis of genes related to cell cycle during glycerol cultivation phase

Gene Gene function Regulate  Ratio
ovrl Adenylate cyclase, required for cAMP production and cAMP-dependent protein kinase U 182
y signaling P ’

Subunit of the anaphase-promoting complex (APC); necessary for maintaining sister

mnd2 . . . Up 1.72
chromatid cohesion in prophase I of meiosis

cdhl Cell—c.yclé re.gula.lted .activator of APC/C, which directs ubiquitination of cyclins Down 0.56
resulting in mitotic exit

clbl B-ty}:.)e_ cyclin involved in cell cycle progression; activates cdc28p to promote the Down 0.58
transition from G2 to M phase

clni G1 cyclin involved in -re.gulation of the cell cycle; activates cdc28p kinase to promote Down 0.63
the G1 to S phase transition

cln3 G1 cyclin involved in cell cycle progression; activates cdc28p kinase to promote the G1 Down 0.54
to S phase transition; plays a role in regulating transcription of the other G1 cyclins

pcl1 Cyclin, .involved in the regulation of polarized growth and morphogenesis and Down 0.45
progression through the cell cycle

ohoS Repressible acid ph.osphatase (1 of 3) that also mediates extracellular nucleotide-derived Down 0.54
phosphate hydrolysis

tupl grencetrarlerepressor of transcription, involved in the establishment of repressive chromatin Down 0.61

uctu

x7 HHEEFASIENYEBEIERERKESHR
Table 7 Transcriptional analysis of genes related to peroxisome during glycerol cultivation phase

Gene Gene function Regulate Ratio
ctal CaFalase A, breaks down hydrogen peroxide in the peroxisomal matrix formed by acyl-CoA Up )83

oxidase
cttl Cytosolic catalase T, has a role in protection from oxidative damage by hydrogen peroxide Up 1.80
pex13 ;r;:)etiles peroxisomal membrane protein required for translocation of peroxisomal matrix Up 184
syml  Protein required for ethanol metabolism, induced by heat shock Up 1.59

Subunit of a heterodimeric peroxisomal ATP-binding cassette transporter complex,
pxal required for import of long-chain fatty acids into peroxisomes Up 177

ctal
2
H,0, H,0, pex12 pexl4 pex15
H,0, (24-25] ctal
H,0,

@ 010-64807509 P< cjb@im.ac.cn
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pex13 pxal

syml

mtDNA

24 ETHRAEVFESISHCERE

3 FHLE
241
M1 M2
(Aox FId Cat Dhas)
8
2
aox2

pIFN-a M2
aox2 M1 22%

fldl catl das2 M1

40% aox2

fldl catl das2

*8 HEFSHASHEARHFEXERERKESFT
Table 8 Transcriptional analysis of genes related
to methanol metabolism during methanol induction
phase

Genes Gene function Regulate Ratio

aox2 Alcohol oxidase 2 Down 0.22
fldl  Formaldehyde dehydrogenase = Down  0.30
catl  Catalase 1 Down 0.47

das2  Putative uridine kinase Down 0.37

http://journals.im.ac.cn/cjben
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Fig. 2 Simplified methanol metabolism map indicating
the functions of key enzymes.
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(E3)
APC
271 apc9
[26] Nedds
Nedd8 Cullin
Cullin-RING E3
281 uba3  ubcl2 Nedds
apc9 uba3 ubcl2  ubc8 9
apc9 (APC) ubc8
uba3 Nedd8 ubc12
Nedd8 ubc8 E2

*9 HEFSHSEAREVMEMNBXERFERKESH

Table 9 Transcriptional analysis of genes related to protein synthesis during methanol induction phase

Gene Gene function Regulate Ratio

Genes related to protein processing in endoplasmic reticulum

Small heat shock protein (sHSP) with chaperone activity; forms hollow,

hsp26 D 0.15
P sphere-shaped oligomers that suppress unfolded proteins aggregation own

hsp82 HSP90 chaperone required for pheromone signaling and negative regulation of hsflp Down 0.50

ssal ATPase involved in protein folding and nuc}ear local_ization signal (NLS)-directed Down 0.40
nuclear transport; member of heat shock protein 70 family

ssa2 ATP binding protein involx_/ed in prf)tein folding and vacuolar import of proteins; Down 0.56
member of heat shock protein 70 family

ssad Heat shoc.k protein t?lat is highly induce_d upon stress; pla?ys a role in SRP-dependent Down 0.50
cotranslational protein-membrane targeting and translocation

Genes related to ubiquitin mediated proteolysis

apco Subunit of .the Anaphase-Pr?moting Comple?(/C.yleosome, which is a ubiquitin-protein Down 0.36
ligase required for degradation of anaphase inhibitors

uba3 Protein that acts together with ulalp to activate rublp Down 0.36

ubcl2 En.zyr?u.e that .med.iates the conjugation of rublp to other proteins, related to E2 Down 0.60
ubiquitin-conjugating enzymes

ubcs Ubiquitin-conjugating enzyme that negatively regulates gluconeogenesis by Down 0.55

mediating the glucose-induced ubiquitination of fructose-1,6-bisphosphatase

@ 010-64807509 P< cjb@im.ac.cn
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2.4.3 ( 11
/ 10 (291
10 adh5 dugl gpx2
/
244 gev2
gcv2 hom2 ald3 gadl adh5 dugl
gpx2

*10 HFEFSHSEEREEXEREIKESH

Table 10 Transcriptional analysis of genes related to energy metabolism during methanol induction phase

Gene Gene function Regulate Ratio
adh5  Alcohol dehydrogenase isoenzyme V; involved in ethanol production Down 0.57
ald3 Cytoplasmic aldehyde dehydrogenase, involved in beta-alanine synthesis Down 0.50
gpm1 Tetrameric phosphoglycerate mutase, mediates the conversion of 3-phosphoglycerate to Down 0.55

2-phosphoglycerate during glycolysis and the reverse reaction during gluconeogenesis
Phosphoenolpyruvate carboxykinase, key enzyme in gluconeogenesis, catalyzes early

pckl  reaction in carbohydrate biosynthesis, glucose represses transcription and accelerates Down 0.44
mRNA degradation
tpil Triose phosphate isomerase, abundant glycolytic enzyme Down 0.46

*11 HEFSHSSEBRKHFEXERERKESFT
Table 11 Transcriptional analysis of genes related to amino acid metabolism during methanol induction

phase
Gene Gene function Regulate  Ratio
o2 P subunit of the mitochondrial glycine decarboxylase complex, required for the Down 0.61
g catabolism of glycine to 5,10-methylene-THF oW ’
Aspartic beta semi-aldehyde dehydrogenase, catalyzes the second step in the common
hom2 Down 0.47
pathway for methionine and threonine biosynthesis oW ’
ald3 Cytoplasmic aldehyde dehydrogenase, involved in beta-alanine synthesis Down 0.50
adl Glutamate decarboxylase, converts glutamate into gamma-aminobutyric acid during Down 0.61
9 glutamate catabolism ’
adh5 Alcohol dehydrogenase isoenzyme V, involved in ethanol production Down 0.57
dual Cys-Gly metallo-di-peptidase; forms a complex with dug2p and dug3p to degrade U L56
g glutathione and other peptides 3 ’
gpx2 Phospholipid hydroperoxide glutathione peroxidase induced by glucose starvation Up 1.69

http://journals.im.ac.cn/cjben
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