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PREFACE 
 
 

This PhD thesis serves as a partial fulfillment of the Doctoral degree at 

Chalmers University of Technology, Sweden. My PhD project can be divided 

into two parts. The first part is mainly focus on the influence(s) of different 

components affecting lipid metabolism by using integrative analysis. Through 

combined measurements of the transcriptome, metabolome, and lipidome it was 

possible to obtain a large dataset that could be used to identify the effect of INO-level 

and also establish correlations and co-influences between the different components 

such as Snf1-inositol/choline, and Snf1-TORC1. The second part is the 

development of high throughput method for yeast lipid analysis containing i) 

lipid monitoring at single-cell level using CARS microscopy, ii) total lipid 

extraction using microwave-assisted and a modified closed-vessel system, iii) 

lipid classes separation and quantification using HPLC-CAD, and iv) fatty acid 

methyl ester (FAME) derivatization using microwave-assisted method.  Part of 

this work was financed by Chalmers Foundation, the Knut and Alice 

Wallenberg Foundation and the Swedish Research Council (Vetenskapsrådet). 

We also acknowledge funding from the EU-funded project UNICELLSYS.  

 

 
      
    
        Pramote Chumnanpuen 

         
March 2012 
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Chalmers University of Technology 
 

 
ABSTRACT 
 
Lipid metabolism plays an important role in the development of many different 
life-style related diseases, such as type 2 diabetes and atherosclerosis, and 
understanding the molecular mechanisms behind regulation of lipid 
biosynthesis and degradation may lead to development of new therapies. In this 
project we undertook a global study of lipid metabolism in the eukaryotic 
model organism Saccharomyces cerevisiae. The objective of this project is to 
quantify how the fluxes in lipid metabolism of eukaryotic cells are controlled by 
different component of the regulatory network. Using systems biology 
approaches there was established a global regulatory model for lipid 
metabolism, and it was quantified how the fluxes toward different lipid 
components are regulated. Using different mutants that carry deletion in genes 
encoding key transcriptional factors and protein kinases involved in lipid 
regulation, the fluxes towards the different lipid components was perturbed. 
The wild-type yeast strain CEN.PK113-7D and the yeast mutants opi1∆, snf1∆, 
tor1∆, ino2∆, ino4∆, and ino2∆ino4∆ were grown in chemostat cultures at 
carbon or nitrogen-limited conditions and also high or low inositol-choline (IC) 
condition at a dilution rate of 0.1 h-1. At steady state conditions samples were 
withdrawn for analysis of the transcriptome, the metabolome and the lipidome. 
There was also developed 3 high-throughput methods for lipid quantification, i) 
for storage lipid monitoring at single-cell level using CARS microscopy, ii)  for 
lipid classes analysis based on microwave-assisted extraction, HPLC-CAD, and 
iii) for fatty acids species analysis based on microwave-assisted derivatization. 
Through combined measurements of the transcriptome, the metabolome, the 
lipidome and the fluxome it was possible to obtain a large dataset that could be 
used to identify correlations between the different components such as the co-
influences of Snf1-IC effects, INO-level, and Snf1-TORC1 effects on yeast lipid 
metabolism.   
 
 
 
 
 
 
Keywords: Yeast lipid metabolism, Integrated analysis, Inositol-choline, Snf1, 

TORC1, Ino2, Ino4, Opi1, high throughput techniques, Transcriptome, 

Lipidome. 
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ABBREVIATION AND SYMBOLS 

AcCoA:  Acetyl coenzyme A  
AceAcCoA:  acetoacetyl coenzyme A 
AdoMet:  S-adenosyl-L-methionine 
AdoHcy:  S-adenosyl-L-homocysteine 
AHCY:  S-adenosyl-L-homocysteine hydrolase in mammals 
CARS:  Coherent Anti Roman Scattering 
CBS:   Cystathionine β-synthase 
CDP-DAG: Cytidine diphosphate-diacylglycerol  
DAG:  Diacylglycerides 
ES:  Ergosterol  
Etn:  Ethanolamine  
FA:  Fatty acid or fatty acyl-CoA  
fl:  femtoliter 
HIC:  High inositol-choline 
HGLN:   High Glucose, Low Nitrogen     
IC:  Inositol-choline  
ICRE:  inositol/choline-responsive element  
LIC:  Low inositol-choline  
LGHN:  Low Glucose, High Nitrogen 
gDW:   Gram dry weight 
G-3-P:   Glycerol 3-phosphate  
Glc-6-P:  Glucose 6-phosphate  
Hcy:   Homocysteine 
MalCoA:  Malonyl-CoA 
NEFAs:  Non-esterified fatty acids 
OPO:   Optical Parametric Oscillator 
PA:  Phosphatidic acid 
pA:  picoampere 
PC:  Phosphatidylcholine  
PE:  Phosphatidylethanolamine 
PI:  Phosphatidylinositiol  
PL:  Phospholipids 
PL-PUFA: Phospholipids containing poly-unsaturated fatty acids.  
PS:  Phosphatidylserine 
Pyr:  Pyruvate 
SE:  Sterylester 
ST:  Strain factor 
TAG:  Triacylglycerides  
TF:  Transcription factor 
CAD:  Charged aerosol detector 
UASINO: Inositol-sensitive upstream activating sequence 
UPR:   Unfolded protein response 

 

 

Nomenclatures 

Standard nomenclature for S. cerevisiae is used for designating genes, proteins 
and gene deletions: SNF1, Snf1, and snf1Δ, respectively, for the catalytic 
subunit of Snf1 protein kinase complex as an example. 
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Chapter 1    Introduction 
 
1.1 Lipids of Yeasts 

 
The total cell lipid of are so diverse among various yeast strains, and there is much 

interest in use of oleaginous yeasts such as Yarrowia lipolytica as lipid cell factories as 
they have the capability to accumulate lipids at levels corresponding to more than 36% 
of their biomass (Beopoulos et al. 2009). On the contrary Saccharomyces cerevisiae 
accumulates only minor amounts of lipids, estimated to less than 15% of its biomass 
considered as a medium lipid producing strain (Rattray et al. 1975).  

 
Table 1.1 Total cell lipid of various strains of yeasts (Rattray et al. 1975).  Cell 
cultivation under different conditions; lipid extraction generally involved the 
treatment of freeze-dried cells with chloroform/methanol system.  

 
Lipid (%DCW) Strain 

Low (<5%) Candida albicans 
C. lipolytica 
C. utilis 
Lipomyces starkeyi 
Rhodotorula glutinis 
Saccharomyces fragilis 

Medium (5 to 15%) Blastomyces dermatitidis 
C. lipolytica 
C. scottii 
C. tropicalis 
Debaromyces hansenii 
Endomycopsis vernalis 
Hanseniasporo valbyensis 
Hansenula anomala 
Histoplasma capsulatum 
L. starkeyi 
Mucor rouxii 
Pullularia pullulans 
R. glutinis 
R. graminis 
S. carlsbergensis 
S. cerevisiae 

High (> 15%) B. dermatitidis 
Candida 107 
Cryptococcus terricolus 
E. vernalis 
H. capsulatum 
H. duboisii 
L. lipofer 
L. starkeyi 
R. glutinis 
R. gracilis 
R. graminis 
S. cerevisiae 
Trigonopsis variabilis 
Yarrowia lipolytica 

 
 
In yeast cells, lipids and, for the most part, the enzymes responsible for their 

biosynthesis, remodeling and turn over are differentially localized among membrane 
compartments (Zinser et al. 1991; Schneiter et al. 1999; Tuller et al. 1999; Kumar et al. 
2002; Huh et al. 2003; Natter et al. 2005). Recently, genome-wide approaches to 
protein localization have been undertaken in yeast adding greatly to our understanding 
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of the cellular localization of proteins involved in lipid metabolism (Kumar et al. 2002; 
Huh et al. 2003). Using green fluorescent protein (GFP), 493 candidate proteins known 
or predicted to function in lipid metabolism as well as the proteins that regulate or 
have interaction with lipid metabolism were localized (Natter et al. 2005). The 
compartments that have been known to be specialized in lipid metabolism are ER, 
lipid droplets, and peroxisomes.  About 65% were found as non-cytosolic and they 
mainly appeared to be associated with the endoplasmic reticulum (ER) and located in 
other membrane compartments such as mitochondria, peroxisome, lipid droplets, and 
vesicles. Only a few proteins were found in Golgi, vacuoles, and nuclear envelope, or 
inside the nucleus. However, many of these proteins displayed a complex pattern, 
indicating more than one location (Table 1.2).  The numbers in parentheses represent 
the number of proteins localized in that compartment.  

 
Yeast cell membranes are composed of three main components: phospholipids, 

sterols, and intramembrane proteins (Nurminen et al. 1970; Rattray et al. 1975; Natter 
et al. 2005). Lipid is an important group of macromolecules in yeast cells, not only 
being the components of cell membrane, but also involved in signal transduction. 
Lipids are also known as the energy storage molecules and important structural 
components of all eukaryotic cell membranes. 

 
 

AcCoA

MalCoA

AceAcCoA sterols

C16:1 C18:1
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NEFAs sterolesters
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Figure 1.1 Overview of lipid metabolism. (A) The main pathways in lipid biosynthesis 
and illustration of how different lipid species are incorporated into the biomass as 
either lipid bodies or membranes. (B) Illustration of the large number of different lipid 
species that may be present in lipid bodies and membranes. The first row indicates 
TAGs and the second row indicates three key phospholipids (besides the three shown 
there are also phosphatidylserine and phosphatidylglycerol species) (Nielsen 2009). 
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Table 1.2 Lipid proteome adopted from (Natter et al. 2005). Subcellular distribution of 
the lipid proteome. Proteins localized in more than one compartment are listed in each 
relevant compartment and are marked with an asterisk. 
 

Compartments Lipid proteins 

Endoplasmic reticulum (92) 

ALG9, AQY1, ARE1, ARE2, AUR1, AYR1*, BOS1*, CHO1, CHO2, COX10*, 
CSG2*, CSR1*, CYB5, DGA1*, DPL1, DPP1*, EHT1*, ELO1, EPT1*, ERG1*, 
ERG2*, ERG24*, ERG25*, ERG26, ERG27*, ERG3*, ERG4, ERG5, ERG6*, 
ERG7*, ERG9*, EUG1*, FAA1*, FAA4*, FAT1*, FEN1, FEN2, FPS1, GAA1*, 
GOG5, GPI11, GPI2, GPI8, GSF2, GUP1, HMG1*, INP54*, IRE1, LCB2, LPP1*, 
MEC1, NCP1, NCR1, OLE1, OPI3*, PAU7*, PHO86, PIK1*, PIS1*, PLB1*, PLB2*, 
PTC2*, RVS161*, SAC1*, SCS7*, SEC14*, SEC22*, SLA1*, SLC1*, SPC1, STE14, 
SUR2, SUR4, TIP1, TSC10*, YBR204C*, YDC1*, YDL015C*, YDL193W*, 
YDR018C*, YIL011W, YIM1*, YJU3*, YKL174C*, YKR003W*, YLR343W, 
YOL132W*, YOR059C*, LCB1, YJU3*, NVJ1, YDL015C* 

Lipid droplets (23) 
AYR1*, DGA1*, EHT1*, ERG1*, ERG27*, ERG6*, ERG7*, FAA4*, FAT1*, 
PDR16*, SLC1*, TGL1, TGL3, YBR042C, YBR204C*, YDL193W*, YDR018C*, 
YIM1*, YJU3*, YKR046C, YKR089C, YOR059C*, YOR081C 

Peroxisomes (17) ACS1, DCI1*, FAA2*, MDH3*, PEX10, PEX11, PEX13, PEX14, PEX17*, PEX19*, 
PEX2*, PEX3, PEX4, PEX5*, POT1, POX1, SPS19* 

Plasma membrane (14) ALR1*, ERG13*, FAA1*, FAA3, GIT1*, PDR16*, PDR17*, SNQ2, TSC10*, 
VHT1*, YJL145W*, YLL012W, YMR210W*, YOR009W* 

Mitochondria (27) 
AAD10, ACP1, AGP2, BIO2, CEM1*, COQ1, COX10*, COX4, CPT1, CRC1, 
CYB2, ECM1, ERG13*, GUT1, HEM1, PGS1, PPT2*, PSD1, RAM1*, RVS167, 
SCS3, TES1, TGL2, YAP1, YBR159W*, YDR531W, YPR140W 

Vacuole, membrane (7) ALR1*, AST2*, DPP1*, PIB1, PIB2, VPH1, YBR161W* 
Vacuole, lumen (5) GIT1*, PKA3*, SUR1*, YIL005W, YOR009W* 

Nucleus, lumen (56) 

ACS2, ADA2*, ALD2, ARD1*, BDF1, BET2*, BET4, CDC43*, DCI1*, ERG10, 
ERG13*, FMS1*, GCN5, GDS1, HAP2, HAP5, HDA1, HHF1, HHT1, HHT2, 
HTA3*, IML3*, INO4*, MRS6*, MUQ1*, NAT1, NDD1*, PGD1*, PIP2*, PKA3*, 
QRI2, RAD61, RAM2*, REX3, RFA2*, RFA3*, ROX1, RPD3*, RTT105, SCM3, 
SEC21, SKN7, SPO12, THI3, TOR2*, TUP1*, YCR072C*, YGL144C*, 
YGR198W*, YHR046C*, YJR107W*, YKL091C, YLR323C, YMR192W, 
YNL086W*, YOL054W 

Nucleus, nucleolus (5) ADA2*, HTA3*, IML3*, RER2*, YCR072C* 
Nucleus, envelope (6) ADR1, NDD1*, NUP53, OPI1, PCT1, YPC1* 

Vesicles (55) 

APG7*, APL2*, AQY2, AST2*, BET1, BOS1*, CDC48*, CSG2*, DPP1*, ERG2*, 
ERG20, ERG24*, ERG25*, ERG3*, ERG9*, EUG1*, FAA1*, GAA1*, GIT1*, 
GTS1, HES1*, HFA1*, HMG1*, INP54*, KES1*, LPP1*, OPI3*, PAU7*, PDR5*, 
PIS1*, PKA3*, PLB1*, PLB2*, PLB3*, PPT2*, PTC2*, RER2*, SCS7*, SEC22*, 
SUR1*, TSC10*, VHT1*, VPS4*, YBR108W*, YBR161W*, YDC1*, YDL015C*, 
YGR198W*, YJL072C, YKL174C*, YKR003W*, YKT6, YOL132W*, YOR009W*, 
YPC1* 

Golgi (7) BET3*, EPT1*, GDA1, PIK1*, PIS1*, SAC1*, SEC14* 
Cytoskeleton (7) SAC6*, SLA1*, SRV2*, YGR136W, YSC84*, YDR532C*, ZTA1* 

Others (8) SEC2*, VPS24, CEM1*, GCD7, HNM1, STT4, TOR1, YDR541C* 

Cytoplasm (177) 

AAD6, AAH1, ACB1, ACF2, ACH1, ALD6, APG1, APG12, APG13, APG16, 
APG7*, APG9, APL2*, ARD1*, AST1, AST2*, AUT7, BET2*, BET3*, BIO4, 
BMH1, BMH2, BOI2, BPL1, BTS1, CAR2, CDC43*, CDC48*, CSR1*, DAK1, 
DCI1*, DEP1, DJP1, DOA1, ECI1, EKI1, ERG8, FAA2*, FAB1, FAS2, FAT2, 
FMS1*, FPR1, FRQ1, GCR1, HAP3, HCS1, HES1*, HFA1*, HPR1, IDI1, IDP3, 
INO1, INO4*, INP51, IPT1, ISC1, JNM1, KES1*, LAS17, LCB4, LCB5, MAD2, 
MDH3*, MRS6*, MSS4, MUQ1*, MVD1, MYO2, NMT1, OYE2, OYE3, PDI1, 
PDR17*, PDR5*, PDX3, PEX17*, PEX19*, PEX2*, PEX5*, PGD1*, PHO84, PIP2*, 
PKC1, PLB3*, PLC1, PRM1, PRT1, PSD2, PTP1, RAM1*, RAM2*, RER2*, 
RFA2*, RFA3*, RIO2, RPD3*, RSP5, RTT101, RVS161*, SAC6*, SAH1, SEC14*, 
SEC2*, SEC24, SEC3, SEC59, SEC9, SFB2, SHE2, SHM2, SIN3, SIP1, SNF1, 
SOD1, SPS19*, SRV2*, STD1, SVL3, SWI6, TAH18, TDH1, TDH2, TDH3, TEL1, 
TOR2*, TPK1, TSC11, TSC3, TUB1, TUP1*, UBC5, UME6, UPC2, VMA2, VPS21, 
VPS30, VPS4*, YBR108W*, YBR159W*, YDL109C, YDR287W, YDR444W, 
YDR532C*, YDR541C*, YER024W, YFR016C, YGL039W, YGL144C*, 
YGR198W*, YHR001W, YHR046C*, YIR035C, YIR036C, YJL068C, YJL145W*, 
YJR083C, YJR107W*, YKL121W, YLR020C, YLR022C, YLR072W, YML131W, 
YMR210W*, YMR226C, YNL040W, YNL045W, YNL086W*, YNL094W, 
YNL134C, YPK1, YPL088W, YPR127W, YPT1, YSC84*, YSR3, ZTA1* 
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Figure 1.2 Abundance of lipid involved proteins in different compartments calculated 
from the Subcellular distribution of the lipid proteome data (Natter et al. 2005) 

 
 
1.1.1 Fatty acids 
 

Fatty acid (FA) is the major component of almost all lipid classes (except sterols) 
and also serves as carbon sources for energy production through β-oxidation and 
oxidative phosphorylation on shortage of glucose. The most abundant FA species in 
yeast cells are palmitoleic acid (16:1) and oleic acid (18: 1) followed by palmitic acid 
(16:0), stearic acids (18:0) , with minor amounts of myrictic acids (14:0) arealso found 
in yeast (Tuller et al. 1999; Tehlivets et al. 2007). 

 
Table 1.3 Nomenclature and structures of common fatty acids in yeast  
 

Numerical 
Symbol 

Common Name Systematic Name Structure 

14:0 Myristic acid Tetradecanoic 

 
16:0 Palmitic acid Hexadecanoic 

 
16:1 (n-7) Palmitoleic acid cis-9-hexadecenoic 

 
18:0 Stearic acid Octadecanoic 

 
18:1 (n-9) Oleic acid cis-9-octadecenoic 

 
20:0 Arachidic acid Eicosanoic 

 
20:1 (n-9) Eicosenoic acid cis-11-eicosenoic 
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1.1.2 Phospholipids 

The principal phospholipids in S. cerevisiae have been shown to be phosphatidic 
acid, phosphatidylethanolamine, phosphatidylinositol, phosphatidylserine, and 
phosphatidylcholine with fatty acid chains that are predominantly fatty acid 18:1 and 
16:1, with smaller amounts of 18:0 and 16:0 (Swan and Watson 1997). 

 

 
 
Figure 1.3 Variation of phospholipidsin head group and also fatty acyl chains.  

(Adopted from http://lipidlibrary.aocs.org/animbio/phospholipids/index.htm) 
 
 

 
Figure 1.4 Pathways for the synthesis of phospholipids in Saccharomyces cerevisiae 
(Carman and Kersting 2004). The pathways shown for the synthesis of phospholipids 
include the relevant steps discussed in the text. The CDP–DAG and Kennedy 
pathways are indicated. The known genes that code for enzymes catalyzing individual 
steps in the pathway are also indicated. 

http://lipidlibrary.aocs.org/animbio/phospholipids/index.htm
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1.1.2 Sterol 
 

The sterol component has been generally determined to range between 0.03 - 
4.60% of yeast cell dry weight accounting for <1 to 10% of total cell lipid (el-Refai and 
el-Kady 1968; el-Refai and el-Kady 1968). S. cerevisiae is particularly rich in sterols 
with ergosterol accounting for over 90% of the total sterols (Dulaney et al. 1954; el-
Refai and el-Kady 1968). 

 
 
Figure 1.5  Sterols biosynthesis pathway in yeast; named compounds have been 
isolated from S. cerevisiae (Rattray et al. 1975) 
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Figure 1.6 The sterol biosynthetic pathway in mammals and yeast. Enzymes in blue are 
conserved between yeast and mammals, while those in magenta are unique to each 
pathway. Oxygen requirements for oxygen-dependent enzymes are listed. ∗The yeast 
genome encodes two Erg20 and two Erg3 homologs. (Espenshade and Hughes 2007) 
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1.1.3 Storage lipids 
 

All eukaryotic cells have a pool of neutral lipids stored as cytoplasmic droplets 
(also known as lipid droplets or lipid particles), which serve as reservoirs of cellular 
energy and building blocks for membrane lipids consisting of triacylglycerides (TAG) 
and steryl esters (SE) (Zweytick et al. 2000; Goodman 2009) surrounded by a 
monolayer of phospholipids and associated proteins (Brown 2001; Mullner and Daum 
2004; Natter et al. 2005). In yeast, the lipid droplets consist of ~50% each of TAG and 
steryl esters (Schaffner and Matile 1981; Leber et al. 1994; Mullner and Daum 2004).  

 
Figure 1.7  (A) Steryl ester formation in yeast (Mullner and Daum 2004) and (B) 

Lipid droplets composition (Krahmer et al. 2009) 
 

Yeast SE has been characterized as having a high content of C18:1 and C16:1 fatty 
acid (Longley et al. 1968; Madyastha and Parks 1969; Hunter and Rose 1972) and 
account for 75% of the total sterol content in yeast. 
 
 
 
1.2 Systems Biology of the Regulation in Yeast Lipid Metabolism 
 

Lipid biosynthesis in the yeast Saccharomyces cerevisiae is a complex process 
that involves multilevel regulation by both genetic and biochemical mechanisms 
(Carman and Kersting 2004; Carman and Han 2009; Carman and Han 2011). In the 
light of systems biology, various high throughput techniques have been developed to 
quantify the different groups of biological molecules such as mRNA, protein, or 
metabolite at a global level (usually in the whole cell), which are normally referred to 
as “transcriptome”, “proteome”, or “metabolome”, respectively.   For lipids (which is 
also a part of metabolome), the term “lipidomics” has been used, started by those 
working on lipid metabolism in mammalian systems (Han and Gross 2003; Lagarde et 
al. 2003; Pulfer and Murphy 2003; Spener et al. 2003; Wilson 2003; Han and Gross 
2005; Spener 2005; Wenk 2005) to describe “analysis of cellular lipids,  as a whole, 
characterizing and quantifying the specific cell type under specific growth conditions”. 
Taking into account the heterogeneity of major categories of phospholipids and 
neutral lipids with respect to acyl chain diversity, eukaryotic cells with their complex 
fatty acids, sterol, triacylglycerol, and other neutral lipids, sphingolipids, phospholipids, 
and glycolipids are estimated to have a thousand or more lipid species (Dowhan 1997; 
van der Meer et al. 2005).    
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The phospholipid synthesis enzymes are controlled by gene expression (e.g., 
transcription) and by other factors (i.e., lipids, water-soluble phospholipid precursors 
and products, and covalent modification of phosphorylation) that modulate catalysis. 
The effects from the nutritional level can lead to several changes at the kinase 
phosphorylation level, transcriptional level and also enzymatic reaction level. 
Environmental stimuli from outside the yeast cell, intracellular metabolites produced 
by itself (i.e. phospholipid, amino acid, fatty acids), and intermediates in lipid 
biosynthetic pathway) can all effectively play a role in regulating lipid metabolism. 

 

 
Figure 1.8 Overview of regulation of lipid metabolism at different levels. 

  
 
 
1.2.1 Regulation by protein phosphorylation  
 

Covalent modification by phosphorylation is a major mechanism by 
which the activity of enzymes or regulatory proteins are controlled and this 
kind of regulation is also found in phospholipid biosynthesis (Carman and 
Kersting 2004). Enzyme phosphorylation can affect the catalytic activity and 
(or) subcellular localization. Phosphorylation of a regulatory protein can 
control its localization, stability, or interaction with DNA or other proteins. 
Data indicate that phospholipid synthesis in yeast is regulated by protein 
phosphorylation. Some of this phosphorylation is mediated by the protein 
kinases A (PKA), protein kinases C (PKC), and the Snf1 protein kinase. 
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Table 1.4 Some phosphorylated proteins of yeast (Saccharomyces cerevisiae) 
phospholipid metabolism. 
 

Enzyme Gene  Protein 
kinase(s) 
involved  

Phosphorylation site(s) Effect on  
function 

CTP synthetase  URA7  PKA  Ser424  Stimulation 
  PKC Ser36, Ser354, Ser424, 

and Ser454 
Stimulation 

   Ser330 Inhibition 
Choline kinase CKI1 PKA Ser30 and Ser85 Stimulation 
45-kDa Mg2+-
dependent  
PA phosphatase 

Unknown PKA Unknown Stimulation 

PS synthase CHO1/PSS1 PKA Unknown Inhibition 
Opi1 
 

OPI1 PKA  
PKC 

Ser31 and Ser251Ser26 Stimulation 
Inhibition 

 
In S. cerevisiae, PKA is the principal mediator of signals transmitted 

through the Ras–cAMP pathway (Broach and Deschenes 1990; Thevelein 
1994). The activation of the Ras–cAMP pathway in S. cerevisiae results in a 
number of changes in lipid metabolism (Kinney et al. 1990; Quinlan et al. 
1992). These changes include an increase in PI synthesis at the expense of PS 
synthesis and an increase in the synthesis of DAG. The decrease in PS 
synthesis may be attributed to inhibition of PS synthase by PKA mediated 
phosphorylation. The increase in DAG synthesis may be attributed to 
stimulation of Mg2+-dependent PA phosphatase by PKA mediated 
phosphorylation (Quinlan et al. 1992). The phosphorylation and stimulation of 
CTP synthetase, choline kinase, and PA phosphatase by protein kinase A is 
consistent with the increased utilization of the CDP–choline branch of the 
Kennedy pathway for PC synthesis under this condition. This hypothesis is 
supported by the fact that phosphorylation site mutants of CTP synthetase 
(Choi et al. 2003; Park et al. 2003) and choline kinase (Yu et al. 2002) exhibit a 
decrease in the synthesis of PC by the CDP–choline branch of the Kennedy 
pathway. In controlling of PKC, the yeast CTP synthetase and Opi1 are also 
regulated similar to PKA but phosphorylation at the different sites could have 
an opposite effects on the phospholipid pathway. 

 
In yeast the Snf1 kinase complex is one of the key regulators in this 

regulatory network, and it belongs to a remarkably conserved serine/threonine 
kinase family called AMP-activated kinase (AMPK) that exists in all 
eukaryotes (Thomas and Polge 2007). The Snf1 kinase was firstly identified as a 
key enzyme in releasing glucose repression on glucose depletion (Celenza and 
Carlson 1984), and later found to be involved in the regulation of transcription 
through posttranslational modifications of histone H3 and Gcn5 (Lo et al. 2001; 
Liu et al. 2010) and interaction with RNA polymerase II holoenzyme (Kuchin 
et al. 2000). Snf1 is activated by phosphorylation on Thr210 by its upstream 
kinases in response to activation by the Snf4 subunit (Nath et al. 2003; 
Sutherland et al. 2003).  
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Figure 1.9 The impact of Snf1 kinase on fatty acid metabolism shows its role as 
a global energy regulator. (Usaite et al. 2009) 

 
Once activated, Snf1 induces the genes in gluconeogenesis, glyoxylate 

cycle and β-oxidation of fatty acids (FA) by regulating a set of transcriptional 
factors (Soontorngun et al. 2007; Ratnakumar and Young 2010) and suppresses 
lipid biosynthesis by phosphorylation (inactivating) Acetyl-CoA carboxylase 
(Acc1), the committed step of FA synthesis pathway (Woods et al. 1994). 
Besides those aforementioned processes, Snf1 is also involved in other 
processes such as the carnitine metabolism, general stress response, 
pseudohyphal growth, ageing and ion homeostasis (Alepuz et al. 1997; Kuchin 
et al. 2002; Lin et al. 2003; Portillo et al. 2005; Hong and Carlson 2007; Shirra et 
al. 2008; Ye et al. 2008; Usaite et al. 2009).  
 
 
1.2.2 Transcriptional level  

 
It has been known that the transcription of the phospholipid 

biosynthetic genes is maximally repressed in the presence of the phospholipid 
precursors inositol and choline (IC) (Nikoloff and Henry 1991; Santiago and 
Mamoun 2003; Jesch et al. 2005). A highly conserved 10bp-element (5’-
CATGTGAAAT-3’), in at least one copy is found in the promoters of the lipid 
co-regulated genes (such as INO1, CHO1, CHO2, OPI3, FAS1, FAS2, ACS2, 
ACC1, etc.) (Bailis et al. 1987; Lopes and Henry 1991; Schuller et al. 1992; 
Hasslacher et al. 1993; Schwank et al. 1995; Hiesinger et al. 1997). This element 
has been shown to be both necessary and sufficient for the IC response, so 
called “inositol/choline-responsive element” or “inositol-sensitive upstream 
activating sequence” (ICRE or UASINO motifs)(Bailis et al. 1987; Lopes and 
Henry 1991; Hoppen et al. 2005). These motifs are bound by a heterodimer of 
the positive regulators Ino2p and Ino4p containing basic helix-loop-helix 
(bHLH) structural motif (Hoshizaki et al. 1990; Nikoloff and Henry 1991; 
Schuller et al. 1992; Ambroziak and Henry 1994) which are necessary and 
sufficient for dimer formation and specific interaction with the UASINO motif 
(Hoshizaki et al. 1990; Dietz et al. 2003; Kumme et al. 2008).  
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Moreover, the ICRE-bound Ino2p can contact coactivator complexes 
such as the Snf1 kinase with its histone kinase function, the SAGA complex, 
and the TFIIB complex when OPI1 is disrupted or not present in the nucleus 
(Dietz et al. 2003; Lo et al. 2005). Opi1 is also necessary for repression of 
ICRE-dependent transcription when IC is present in excess (Greenberg et al. 
1982; Wagner et al. 1999).  

 
 

 
 

Figure 1.10 Hypothesis on regulatory transitions upon establishment of IC repression 
(Kumme et al. 2008). (a) Under conditions of IC limitation, accumulation of 
phosphatidic acid (PA) leads to retention of Opi1 at the ER and/or nuclear membrane 
via Scs2, allowing Ino2 + Ino4 to fully activate ICRE-driven target genes. (b) Opi1 is 
released from its membrane anchor upon increase of IC concentration and subsequent 
consumption of PA. Interaction with the RID of Ino2 specifically targets Opi1 to 
ICRE-containing genes. Since Opi1 simultaneously contacts the pleiotropic co-
repressor Sin3, local modification of chromatin via histone deacetylases (HDACs) 
initiates repression. (c) Opi1 also weakens interaction of Ino2 and Ino4, leading to 
release of the heterodimer from its ICRE target sites in late repression and under 
steady state conditions. Auto-regulation of regulators as a putative means of the signal 
ampliWcation is not considered here. DBD DNA-binding domain; NLS nuclear 
localization sequence; RID repressor interaction domain; TAD transcriptional 
activation domain  
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Under this condition, Opi1 is localized in the nucleus (Loewen et al. 
2003) and prevent Ino2 from activation of target genes by recruitment of the 
pleiotropic co-repressors such as the Cyc8/Tup1 complex (Keleher et al. 1992; 
Smith and Johnson 2000) or Sin3p (Wang et al. 1990; Vidal et al. 1991; Wang 
and Stillman 1993; Kasten et al. 1997; Wagner et al. 2001). 

Recent studies have shown that expression of several genes probably 
unrelated to phospholipid metabolism is also affected by Ino2p and Ino4p 
(Hoppen et al. 2005; Jesch et al. 2005; Chen and Lopes 2007).  Importantly, 
over expression of INO2 (but not of INO4) counteracts IC repression, 
suggesting Ino2p as a possible target of the signal transduction pathway 
triggering IC repression (Hosaka et al. 1994; Schwank et al. 1997) 

At the transcription level, the heterodimeric Ino2/Ino4 activator and 
Opi1 are the global regulators of gene expression, affecting the expression of a 
large number of phospholipid biosynthetic genes (Ashburner and Lopes 1995; 
Ashburner and Lopes 1995; Santiago and Mamoun 2003). Opi1, containing a 
leucine zipper motif, has been known as a negative regulator phospholipid 
biosynthesis and it can also repress the transcription of INO2 and INO4 (White 
et al. 1991; Wagner et al. 1999). In the absence of Opi1, the transcriptional level 
of both INO2 and INO4 (so called “INO-level”) will be up-regulated compared 
to the reference strain. Consequently, Ino2 variants defective for interaction 
with Opi1 leads to the repression of phospholipid biosynthetic genes (Heyken 
et al. 2005).  
 
 
1.2.3 Enzyme activity level  
 

Several lipid involved enzymes and also some transcription factor can 
be controlled at the enzyme activity level by their own products or some other 
products in a competitive pathway. At the biochemical mechanism level, the 
level of phosphatidic acid (PA) is controlled by the biochemical regulation of 
key phospholipid biosynthetic enzymes (Loewen et al. 2003) and it plays a 
central role in the regulation of phospholipid synthesis gene expression) 
(Loewen et al. 2004; Kumme et al. 2008; Carman and Han 2009).  PA can, 
together with Sin3, inhibit Opi1 to pass through the nuclear membrane as 
mention above.  

Between the competitive pathway like the CDP-DAG and Kennedy 
pathways, CTP and CDP-DAG seems to play an important role as a switch to 
control the flux through both pathways. Similarly, inositol is the key regulator 
at CDP-DAG braches which can either go to PI or PS. Not only at the 
transcriptional level as mentioned before, but inositol can also activate Pis1 and 
inhibit Cho1 (competitive enzyme) at the enzyme activity level. On the other 
hand, for the coupled-reaction pathway like methyltransferase steps required 
for PC synthesis, AdoHcy and AdoMet play the role as master regulators. CTP 
and AdoHcy are molecules that regulate UASINO-containing genes as well as 
the activities of phospholipid synthesis enzymes. CTP is essential for 
phospholipid synthesis; it is the direct precursor of the activated, energy-rich 
intermediates CDP-DAG, CDP-choline, and CDP-ethanolamine (Chang and 
Carman 2008). CTP is also used as the phosphate donor for the synthesis of PA 
by the DGK1-encoded DAG kinase (Han et al. 2008). 
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Figure 1.11  Overview of regulation of yeast lipid metabolism (Carman and Han 2009; 
Nielsen 2009) 

 
Since the cellular levels of CTP are primarily controlled by product 

inhibition of CTP synthetase activity, expression of a mutant enzyme lacking 
this regulation results in elevated levels of CTP, as well as an increased rate of 
PA synthesis and the de-repression of UASINO-containing genes (Ostrander et 
al. 1998; Chang and Carman 2008). The increase in PA content and the 
inactivation of Opi1 repressor function (Han et al. 2008) may result from the 
stimulation of DAG kinase activity by increased availability of its substrate 
CTP. CTP also favors an elevation of PA content by inhibiting PAH1-encoded 
PA phosphatase2 activity (Wu and Carman 1996). 

AdoHcy is a product of the AdoMet-dependent methylation reactions 
that are catalyzed by the CHO2-encoded PE methyltransferase and OPI3-
encoded phospholipid methyltransferase in the CDP-DAG pathway (figure 
1.11). AdoHcy, which is removed by the SAH1-encoded AdoHcy hydrolase 
(Malanovic et al. 2008), is a competitive inhibitor of the  ethyltransferase 
enzymes (Gaynor and Carman 1990). Thus, down-regulation of the AdoHcy 
hydrolase causes the accumulation of AdoHcy and the inhibition of PC 
synthesis, which leads to an increase in PA content and the de-repression of 
UASINO-containing genes (Malanovic et al. 2008). Although the effects of 
AdoHcy on phospholipid composition have not been addressed, its 
accumulation causes an increase in TAG synthesis and lipid droplet content 
(Malanovic et al. 2008). 
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1.3 Yeast Saccharomyces cerevisiae as a model system for lipid metabolism 
 

Budding yeast, S. cerevisiae is an important and widely utilized cell factory for 
biotechnological production. There is an increasing interest in bioengineering of lipids 
cell factory used for biotechnological production of a range of fuels, chemicals and 
food ingredients. This organism is tolerant to harsh industrial conditions, very well-
characterized, and already used for large-scale production of different products. 
Moreover, it has been more widely used as a model organism for studying eukaryotic 
cell physiology and molecular events relevant even for human disease.  
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Figure 1.12 A comparison of lipid biosynthesis and its regulation in mammals and yeast 
(Nielsen 2009).  

 
Yeast offers so many advantages that make it a good model organism for a 

study of lipid metabolism such as: 1) it has high accessibility of its molecular and 
classical genetics, 2) it is an unicellular microorganism that is easy to cultivate fast in 
inexpensive media which enables performing controlled experiments at many different 
conditions, 3) it comes both in haploid and diploid forms and the possibility for either 
sexual crossing or clonal division (budding) enable easy genetic manipulations and 
screenings, 4) yeast can express heterologous genes either from an episomal plasmid or 
from a chromosomal integration and it is possible to fairly easy insert, delete or mutate 
any sequence in the genome, 5) a collection of single deletion mutants is available for 
diploid cells and for non-essential genes also for haploid cells, 6) there is an extensive 
research infrastructure available with a well curated Saccharomyces Genome Database 
(SGD) (www.yeastgenome.org) and availability of a large number of technologies for 
high-throughput analysis (yeast has been used to pioneer transcriptome, proteome and 
interactome studies), and 7) a large fraction of the yeast genes have human  
orthologues (Nielsen 2009) 

 
 
 
 
 
 

http://www.yeastgenome.org/
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1.4 Challenging of lipid quantification 
 

Undeniably, accurate quantitative determination of the different lipid classes in 
yeast cells is a key for lipid studies (e.g. lipids biosynthesis and accumulation, 
regulation of lipid metabolism, bioactive lipids, etc.). 
 

 
 

Figure 1.13 Overview of strategies and common methods to examine lipid amounts at 
different levels; single-cell and population level. Modified from (Elle et al. 2010).  
 

Typically, Lipid separation can be done by TLC, SPE, or HPLC. Seversal 
detectors for lipid quantification can be used as the “Detection*” step.  The detection 
of TLC plates can be done by a TLC plate scanner that quantify absorption or 
fluorescent signal directly or after treatment with heating or reagent addition. 
Commonly, the detector for FAME analysis after trans-esterification and GC 
separation can be done with MS or FID while the detector for HPLC could be FID, 
ELSD, CAD, or MS. A comparison of these different detectors is summarized in table 
1.6.  

The microscopy strategies for single-cell level lipid monitoring (green side) can 
be roughly divided into non-labelling and labelling methods. So far, CARS (coherent 
anti-Stokes Raman scattering) is the only non-labelling method. If the strategy is 
labelling of lipid stores, there are two choices: Fixative (including electron microscopy, 
Sudan Black, Oil Red O, and LipidTOX) and non-fixative dyes (the most popular 
being C1-BODIPY-C12 and Nile Red). (Hellerer et al. 2007) 

The biochemical strategies for lipid quantification at population level (blue 
side) start from total lipid extraction or directly go to trans-esterification (for total FA 
analysis) followed by GC-MS analysis. Lipid separation can be done using several 
techniques i.e. thin-layer chromatography (TLC)/solid-phase extraction (SPE), or 
high-performance liquid chromatography (HPLC) in combination with mass 
spectrometry (MS). Optionally, triacylglycerols (TAG) can also be quantified 
enzymatically using the commercial kits. 
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1.4.1 At single-cell level using CARS microscopy 
 
To perform single-cell monitoring of the three-dimensional distribution 

and amounts of lipids stored in living, unlabeled cells, the Coherent Anti-
Stokes Raman Scattering (CARS) microscopy has been used. This emerging 
technique has several advantages compared to present technology based on 
fluorescence microscopy (as illustrated in figure 1.13), whose main 
disadvantage is the requirement for labeling with fluorescent markers, resulting 
in a strong dependence on labeling efficiency or expression of fluorescent 
protein in the structure of interest. Together with the dependence on 
fluorescence yield, which is determined by the local chemical environment, this 
introduces variations and uncertainties in quantitative analysis, for example as 
reported for the commonly used lipid stains Nile red and Bodipy (Gocze and 
Freeman 1994). Furthermore, by using labeling the cells are studied in a 
modified state with possible effects on their properties and for lipids it has been 
shown that the use of alcohols in staining protocols influence the lipid droplet 
morphology (Fukumoto and Fujimoto 2002). It is often also of interest to co-
localize visualized lipid droplets with other organelles by means of double 
labeling protocols. However, this possibility is often limited due to the broad 
fluorescence emission of Nile Red or the combined green and red fluorescence 
identified for Bodipy as recently discussed by Ohsaki et al. (Ohsaki et al. 2010). 
Fluorescence microscopy is also in many situations limited by sample photo-
bleaching, in particular when using protein tagging. Nevertheless, intracellular 
lipid droplets in S. cerevisiae have been visualized using fluorescence tagging 
the protein Erg6 with green fluorescent protein (GFP) (Natter et al. 2005). 
Thus, the drawbacks of established technology make a label free method for 
lipid visualization and quantification without these limitations of high interest. 
CARS microscopy probes intrinsic molecular vibrations making it a label free 
technique allowing for live-cell studies under native conditions. In addition, it 
offers the advantages of three-dimensional imaging with high spatial resolution, 
good sample penetration, and low risk for photo-induced effects and damage.  

 
CARS is a laser-induced nonlinear optical four-wave mixing process in 

which combined excitation and scattering generates blue-shifted anti-Stokes 
scattered photons in a sample. An enhanced CARS signal is achieved as the 
applied laser fields are tuned into resonance with a Raman-active molecular 
vibration, and thereby target specific species or molecular groups. Compared to 
spontaneous Raman scattering, which also allows for specific imaging probing 
molecular vibrations, CARS is induced by resonant vibrational excitation and 
results in coherent, directed signal emission that allows for efficient collection.  
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Figure 1.14 A schematic drawing of the CARS microscope. The instrument 
consists of a mirror-scanning optical microscope and two OPOs pumped by a 
Nd:VAN laser. The three excitation beams are overlapped in time and space by 
means of retroprisms and beam splitters. In this work, two of the beams 
(probe/pump: 817 nm and Stokes: 1064 nm) were coupled into the microscope 
to probe the C-H vibration at 2,845 cm-1, as illustrated by the excitation 
diagram (Inset). (Hellerer et al. 2007) 

 
 

CARS signals are orders of magnitude higher compared to spontaneous 
Raman scattering, effectively reducing image acquisition times, clearly 
favorable for studies of living cells. CARS probing the symmetric stretch 
vibration of CH2 groups in lipid acyl chains has become an established method 
for chemically specific imaging of lipids (Enejder et al. 2010; Le et al. 2010) and 
applied for studies in single cells (Nan et al. 2003), multi-cellular organisms 
(Hellerer et al. 2007), and tissues (Le et al. 2007; Huff et al. 2008). Specific 
imaging of intracellular lipid droplets in S. cerevisiae using CARS microscopy 
has also been presented (Brackmann et al. 2009).  
 
1.4.2 At population level 
 

1.4.2.1 Yeast Lipid Extraction 
 

There are three lipid extraction methods which have been cited 
the most in the literature 1) Folch, Lees, and Stanley (Folch et al. 1957), 
2) Bligh and Dyer(Bligh and Dyer 1959), and 3) Ways and Hanahan 
(Ways and Hanahan 1964). These methods use chloroform/methanol 
(2:1, v/v) as the extracting solvent and these protocols can be adapted 
for yeast lipid extraction by including a cell disruption step.  
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Briefly, the conventional lipid extraction procedure (Schneiter 
and Daum 2006) contains 4 steps; 1) cell disruption, 2) extraction of the 
lipids with chloroform/methanol (2:1, v/v), 3) removeal of nonlipid 
contaminants by washing the extraction with aqueous salt solutions and  
4) Drying of the extraction by removal of the organic solvent. 

 
 

 
Figure 1.15  Comparison of the total lipid yield extracted from freeze-dried 
yeast cells with conventional extraction method with glass beads breaking and 
without cell disruption.   

 
Due to the rigid cell wall of yeast, which can stand a high 

pressure of more than 300 Mpa, yeast samples are more difficult to 
handle in term of completeness of extraction compared to many other 
biological samples (Hartmann and Delgado 2004).  Mechanical 
disintegration of the cells or cell disruption and drying yeast at 
appropriate temperatures also enhance lipid extraction (Letters 1966; 
Rattray et al. 1975). The cell disintegration process is usually done by 
either mechanical disintegration of the cells (sonication and bead mills) 
or by cell wall digestion (using zymolyase) (Letters 1966; Rattray et al. 
1975; Engler and Robinson 1979). Moreover, lipid is most efficiently 
recovered from freeze-dried or freeze-thawed yeast cells (Souzu 1973) 
and this procedure is commonly employed.  

 
 

1.4.2.2 Lipid classes analysis using HPLC-CAD 
 

For lipid classes separation and quantification, numerous high 
performance liquid chromatography (HPLC) methods has been used 
and developed for quantitative analysis of plant, animal, and microbial 
lipids (Moreau and Asmann 1989; Moreau 1990).  Hydrophilic 
interaction chromatography (HILIC) is one of the most useful columns 
not only in metabolomic profiling but also for lipid profiling (Zheng et 
al. 2010) . This column is a relatively recent development, also termed 
reverse normal phase chromatography, which uses a polar stationary 
phase and its associated layer of water to promote chromatographic 
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retention with partitioning against a mobile phase which has a high 
content of organic solvent.(Jandera 2008; Nesterenko et al. 2009) In this 
mode polar compounds are retained strongly and their elution is 
promoted by gradually increasing the aqueous content of the mobile 
phase.   

Like ELSD, CAD allows HPLC detection of non-volatile or 
semi-volatile compounds and it has been used for lipid analysis 
(Moreau 2006). However, conventional UV detection is often not 
adequate and limited to chromophores (Schonherr et al. 2009) while 
other methods such as flame ionization detection (FID) or evaporative 
light-scattering detection (ELSD) have significant limitations in 
precision, sensitivity and dynamic range (Loughlin et al. 2007; Ramos et 
al. 2008). For detection purposes, the usual optical methods (UV and 
fluorescence) are not well adapted to the direct analyses of lipids.  

 
 

Table 1.6: A comparison of common HPLC detectors.(Moreau 2009) 
Detector  Destructive  Universal  

detector  
Advantages  Disadvantages 

UV-visible  No  No  Ease of use  Requires a chromophores 
Fluorescence  No  No  Very sensitive  Requires a fluorophore 
Radioisotope  Yes  No  Very sensitive  Requires a radiolabeled analyte 
Electrochemical  Yes  No  Very sensitive  Analyte must be easily oxidized or 

reduced 
Nitrogen  Yes  No  Very selective  Analyte must contain nitrogen 
Mass 
spectrometric  

Yes  Yes & 
No  

Useful for structural 
determination  

Costly, analyte must form ions 

Refractive index  No  No  Ease of use  Requires isocratic Temperature 
Sensitive 

Flame ionization  Yes  Yes  Linear mass to 
signal response  

Solvents and buffers must be 
volatile 

ELSD  Yes  Yes  Can be used with 
gradients  

Solvents and buffers must be 
volatile,Nonlinear mass to signal 
response 

CAD  Yes  Yes  Can be used with 
gradients  

Solvents and buffers must be 
volatile, 
Nonlinear mass to signal response 

 
 
 

Currently, ELSD and CAD detection methods are used for the 
direct analyses of lipid classes. Both detection methods share the same 
principle of operation: (1) the mobile phase leaving the column is 
sprayed using a pneumatic nebulizer, (2) the droplets enter the heated 
tube where the solvent (partially) evaporates, (3) the solute particles 
enter into the detection chamber. However, the principal difference 
between the two detection methods is the technology used for solute 
particles detection: light diffusion for ELSD and aerosol charging for 
CAD (Ramos et al. 2008).  The CAD as a detector for lipid analysis has 
advantages over ELSD due to higher sensitivity and better precision 
judged by minimum limits of detection (LOD) and repeatability (RSD) 
values (Ramos et al. 2008; Moreau 2009).  Comparing to another 
popular detector for lipid analysis mass spectrometry (MS) detector, 
CAD is cheaper and easier to use.  

 



Pramote  Chumnanpuen 
___________________________________________________________________________ 

22 

 
 
Figure 1.16 Demonstration of the working principle of the charged aerosol detector 
(CAD). Figure courtesy of ESA (Moreau 2009) 
 

 
 

1.4.2.3 Fatty acids quantification and identification 
 

The procedure for the determination of fatty acids by GC-MS 
consists of several steps such as esterification of lipids (sample 
preparation), sample injection, separation, identification and 
quantification (Eder 1995). The accuracy of total fatty acids 
quantification is generally influenced by a number of experimental 
factors. Esterification of lipids is the most critical step among those. 
Acid-catalyzed transesterification is the most common used method for 
preparation of fatty acid methyl esters (FAMEs), which is found in 
various applications (Abdulkadir and Tsuchiya 2008; Khoomrung et al. 
2008; Glaser et al. 2010; Ichihara and Fukubayashi 2010). Although, 
preparation of FAMEs in this way delivers precise and accurate results, 
the reaction time to complete the conversion of lipids to FAMEs is 
considered as time consuming (from one to four hours) when using 
conventional heating method (Shimasaki et al. 1977; Ulberth and 
Henninger 1992; Masood et al. 2005). Recently, there has been growing 
interest in speeding up the reaction of chemical synthesis by microwave 
irradiation in different applications (Söderholm et al. 2010). The 
applications of microwave-assisted derivatization to prepare FAMEs 
from fatty acids (free & bound fatty acids) can be found in various types 
of biological samples (Jeyashoke et al. 1998; Zhang et al. 2000; Itonori 
et al. 2004; Tomas et al. 2009; Liebeke et al. 2010). 
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Briefly, bound fatty acids had to be split from lipids by 

saponification and then converted into methyl esters by esterification. 
Although this method delivers accurately quantitative results, having 
several steps of sample preparation (saponification, esterification, 
extraction, and base wash) is time consuming and also high possibility 
to have an error because of sample loss during the multi steps of sample 
preparation processes. To overcome those problems, the one-step 
method which combines saponification and esterification in one-step 
(Abdulkadir and Tsuchiya 2008), has been recently introduced for yeast 
FAMEs analysis (Zhang et al. 2011). Although the one-step method 
provides quantitative data and simplifies sample handling, the long 
reaction time (at least 1.5 hour) of FAME preparation remains an issue 
when dealing with a large number of samples. Besides, using of 
conventional heating (hot plate) cannot provide the effectively and 
homogeneously radiated heat to whole chamber area, leading to low 
precision of the measurement. Furthermore, the one- step method had 
been developed intentionally for marine animal samples, which are 
completely different matrices than yeast cells. 
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Figure 1.17 Identification of unknown FAME using GC-MS based on the retention 
time of the known standards.  
 

 
The identification of unknown FAMEs from yeast cells was achieved by 

comparing their retention times and mass spectrum profiles with known standards. 
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1.4.2.4 Lipid fluxes calculation 
 

To explore the carbon channeling in lipid metabolism, the fluxes 
in lipid biosynthesis (in units of µmol/gDW/h) can be calculated based 
on lipidome data from the measured lipid profiles of each condition. 
The metabolic flux information provides a clear picture of the changes 
in the flux distribution in response to the different factors evaluated. 

 

 
Figure 1.18: The calculation of fluxes through lipid synthesis pathway for lipid fluxes 
study in paper I and paper II. 
 

  
The flux balances around each metabolite of the metabolic 

networks (Kauffman et al. 2003) consider the fluxes around each 
metabolite (M), mass balance for metabolite M and the flux of 

metabolite M (vM) at steady state are defined in figure 1.18.  
 

Based on the flux balance concept mentioned above, all the 
fluxes through each lipid classes can be calculated using the flux 
calculation equations in figure 1.18. 
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Chapter 2  Results and Discussions 
 
2.1 Integrated analysis reveals that regulation of lipid metabolism occurs at 
multiple levels 
 
 2.1.1  Co-influence of Snf1 and IC effects on yeast lipid metabolism 

 
To elucidate the co-influence of Snf1 and inositol on lipid metabolism 

of S. cerevisiae, in we undertook a global study of lipid metabolism by 
performing three perturbations following a robust factorial experimental 
design (paper I).  The first factor is the level of inositol-choline (IC factor), 
which is known to directly influence lipid metabolism (Jesch et al. 2005). The 
second factor is a genetic difference factor or a strain factor (ST factor), which 
is the comparison of SNF1 deficiency with the reference strain. The third factor 
is nutrient limitation (carbon and nitrogen) factor that results in a global 
perturbation of the lipid pool inside the cell (Sattur and Karanth 1989; Sattur 
and Karanth 1989). Using a systems biology approach (Canelas et al. 2010) a 
global regulatory model for lipid metabolism could be established, and in 
particular we could identify which genes involved in lipid biosynthesis that are 
correlated with the fluxes towards different lipid components.  

 
Figure 2.1 Illustration of the 3 factor factorial design and schematic analysis of our 
workflow for integrated analysis involving transcriptome-lipidome analysis of the 
inositol-choline effect on lipid biosynthesis in snf1Δ yeast strain 
 

As previously described in the introduction part, the impact of IC and 
Snf1 individually on lipid metabolism and its regulations are substantial. Due to 
our factorial experimental design, the co-influences resulting from cross talk 
between inositol-choline and Snf1 could, however, also be evaluated. With our 
experimental setup in paper I, it is possible to see the effects from the knocking 
out of SNF1 and also the substrate limitations that leads to changes in Snf1 
activity (i.e. with the ST factor it is presence versus absence of Snf1 and for C-
limitation Snf1 is active and for N-limitation it is inactive). So we have two 
slightly different co-influences of inositol-choline with active Snf1 and inositol-
choline with inactive Snf1.  
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Figure 2.2 Transcription data analysis at a global view; (A) Principal component 
analysis of the transcriptome data. Each dot represents one biological replicate. The 
dots of same condition are connected by solid lines. C = C-limited , N = N-limited, W= 
wild type, S= snf1Δ, i = LIC, and I = HIC. (B) Venn diagram of 3-factor ANOVA 
analysis i.e. carbon/nitrogen limited (CN), strain (ST), inositol-choline (IC) and their 
interactions, p-value < 0.01 was used. (C) Venn diagrams of 2 factors ANOVA analysis 
i.e. IC, ST and their interaction when focus on C-limitation and N-limitation 
separately, p-value < 0.01 was used. For figure 2B and 2C, the black numbers on top 
are the number of significant genes, green means down-regulated, red means up-
regulated genes. In the intersection areas, only the genes that are down-regulated 
together or up-regulated together among those factors are represented. The small 
circles sticking out of the intersection areas represent the number of genes that are 
responded to each interaction effect deriving from those factors, and the numbers in 
the brackets show the number of overlapping genes which were also found in common 
with the intersection area. (D) A heat map of over-representation of GO terms 
(Biological Process) responded to each factor in the range of 0-10 of log(p-value). 

 
 
We used the Affymetrix DNA microarray platform to measure the 

expression level of all genes and access the global effect caused by deletion of 
SNF1, by a high inositol-choline level, and the combination of the two at two 
different kinds of nutrient-limitation (C- and N-limitation). The transcriptome 
data of the 8 different conditions derived from 24 yeast 2.0 Affymetrix DNA 
microarrays were decomposed using principal component analysis (PCA) and 
3-factor ANOVA analysis (α=0.01) to obtain the global responses of gene 
expression at the different conditions. It is seen that the biological replicates 
are well grouped (Figure 2.2A), showing very high reproducibility.  
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Furthermore, the transcriptome data are presented in a Venn diagram 
(Figure 2.2B) showing that the number of significant genes in response to the 
nutrient limited (CN) factor was about 2 times of that in response to the Snf1 
deficiency factor (ST) and the inositol-choline (IC) factors, showing that a 
change from carbon to nitrogen limitation is the dominant factor. This is in 
consistency with the PCA that also illustrated that the impact of nutrient 
limitation is the main factor separating the samples in the first principal 
component. We therefore re-analyzed the transcriptome data using 2-factor 
ANOVA analysis of the C-limited and N-limited data sets separately (Fig. 2C) 
to get better insight into the effect of the ST and IC factors. Based on this we 
found that there were more genes being significantly changed at C-limitation 
than at N-limitation. The variance between the reference and the snf1Δ strain 
(represented by the distance between reference-snf1Δ, Figure 2.2A) was very 
small at N-limited condition supported by the very small number of significant 
genes affected by the strain (ST) factor at N-limitation (see Venn diagram in 
Figure 2.2C). This is due to general inactivation of Snf1 at N-limited growth 
conditions (Usaite et al. 2009; Zhang et al. 2011), but still deletion of SNF1 
influences the transcription of around 250 genes. 

Subsequently, functional enrichment in response to each perturbed 
factor was calculated using our reporter algorithm, and the results are 
summarized in Fig. 2D. With this approach we identify GO terms that are 
enriched in response to the different factors, and this allows for direct 
interpretation of which biological processes are affected in response to the 
different factors evaluated. It is seen that the identified GO terms (biological 
process) grouped into 5 main clusters (Figure 2.2D). Cluster 1 contains genes 
enriched in sugar transport and metabolism, which were mainly influenced by 
the ST factor and only at N-limited conditions. Cluster 2 contains genes 
involved in conjugation and reproduction, which were interaction effects of the 
ST and IC factors at N-limited condition only. Cluster 3 contains genes 
involving carbohydrate metabolism and stress response, which were mainly 
affected by the ST factor at C-limited conditions. Most biological processes of 
these three clusters are strongly influenced by a combination effect of the ST 
and IC factors that occur only in N-limited condition. Cluster 4 (The biggest 
group) contains genes mainly involved in fatty acid, phospholipids, inositol and 
biosynthesis process. Interestingly, not only individual factors like ST and IC 
influence the transcriptional changes of the processes in this cluster, there are 
also strong influences by the combination effect of the ST and IC factors 
indicating by the interaction p-values between ST and IC that only occurred at 
C-limited and not at N-limited condition. Cluster 5 contains genes involved in 
the TCA cycle and mitochondrial functions, which were strongly affected by 
the ST factor at both C-limited and N-limited conditions as previously known 
(Woods et al. 1994; Sanz 2003; Thomas and Polge 2007). The results of the 
reporter GO term analysis are in agreement with analysis of reporter 
metabolites and reporter transcription factors (TFs). The results of this analysis 
(reporter metabolites and TFs) are reported as heatmaps in paper I (Figure S4 
and S5).  
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Figure 2.3 Fluxes through the different reactions of lipid biosynthetic pathway for LIC 
(A) and HIC (B). All fluxes are shown in units of µmol/gDW/h. The upper value 
(normal font) is for the reference strain, the lower (italic font) is for snf1Δ strain, 
normal font (left) and bold font (right) indicate the value from C-limitation and in N-
limitation respectively. The level, in units of mg/gDW, of the different lipid species is 
shown in the table. (C = C-limited, N= N-limited, W= wild type, S= snf1Δ, i = LIC, and 
I = HIC) 
 

As illustrated in Chapter 1, the lipid fluxes were affected by many 
factors at several levels, such as gene transcription, protein phosphorylation, 
and enzyme activity. Thus at N-limited condition, where there is excess glucose 
available, the fluxes from AcCoA were about 3 and 2 fold higher when 
compared to those at C-limited conditions for LIC and HIC conditions, 
respectively. According to the reporter metabolite analysis (paper I, Figure 
S4.), AcCoA was found to be significantly different in response to the IC 
factor. At LIC condition, the flux to the phospholipid pools is larger than that 
to the storage lipids (i.e. TAG and SE). On the other hand, the flux to storage 
lipids at HIC condition was greater than that at LIC (since the IC effect result 
in down-regulation of the whole set of phospholipid synthesis genes). 
Interestingly, we found Gis1 as one of the most significant TFs that were 
strongly affected by the ST factor at C-limitation and both the ST and IC 
factors at N-limited condition. Since Snf1 has protein-protein interaction with 
Gis1p as a repressor (Balciunas and Ronne 1999), the expression level of Gis1 
genes were increasing at HIC condition only at N-limited conditions where 
Snf1 is inactive. Moreover, this TF has interactions (directly or indirectly) with 
several genes involved in lipid biosynthesis (i.e. FAA2, ERG28, and DPP1) and 
also carbohydrate metabolism (i.e. PGM2, HOR2, TPK1, ICL1, and PCK1). 
Moreover, we also found inositol-3-phosphate as a significant reporter 
metabolite in response to the IC factor at both C-limited and N-limited 
conditions. This directly resulted from addition of inositol-choline to the 
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culture medium. Thus, through our experimental design we obtained significant 
alteration in the fluxes of the different branches of lipid metabolism, and in the 
following we will discuss how the changes in these different fluxes are linked to 
the transcriptome and the different factorial effects. 

 

 
 

Figure 2.4 Biosynthetic pathway and regulation model of lipid metabolism in S. 
cerevisiae. The pathway shows the synthesis of neutral lipids (FA, ES, SE, DAG, and 
TAG) and phospholipids (PA, PI, PS, PE, and PC). The genes that are known to 
encode enzymes catalyzing individual steps in the lipid synthetic pathway are 
indicated. The co-influence levels on gene expression and lipid metabolites by the 
combination of inositol-choline and Snf1 are evaluated by interaction p-values 
presented as significance heatmaps. 

 
Based on the integrative analysis, figure 2.4 summarizes the key 

regulation of the lipid biosynthesis pathways confirmed and identified by our 
study. The co-influences between Snf1 and inositol-choline are also reported as 
a heatmap in the figure for each gene expression and measured lipids (adjusted 
interaction p-values). The summarized figure provides compelling evidence of 
substantially co-influences of inositol-choline and Snf1 in terms of regulating 
the lipid metabolism. Noticeably, we found that the co-influence of inositol-
choline and Snf1 depends on the active state of Snf1 at both the transcription 
and lipid metabolite levels. Interestingly, INO1 was substantially influenced by 
both factors, which should be the consequence of the response of the regulators 
Ino2, Ino4 and Opi1, and this leads to changes in phospholipid metabolism. 
Transcription of genes in the ergosterol and sterol-ester synthesis pathway was 
also influenced by cross talking of inositol-choline and Snf1. Surprisingly, 
transcription of ACC1, encoding the rate controlling enzyme in fatty acid 
biosynthesis, was significantly influenced at both C- and N-limitation indicating 
a special response to the combination of IC and Snf1 (both in active or inactive 
form). This evidence may link to the fact that inositol auxotrophy in a snf1Δ 
strain can be rescued by inhibiting Acc1 activity (Woods et al. 1994), probably 
due to a decreased flux through fatty acid synthesis, which may allow the 
mutant to synchronize fatty acid synthesis with the reduction of inositol 
synthesis when Snf1 is absent, and hereby ensure that phospholipid 
biosynthesis is balanced with the demand for cellular growth. Besides, we 
found that the interaction between IC and Snf1 did not influence the 
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expression levels of most of the lipid genes much in N-limited condition (except 
a few genes e.g. ACC1, CHO2, PSD2, LPP1 and FAS1) since the global 
transcriptional responses caused by the ST factor were so small at N-limited 
conditions (where Snf1 were inactive). 

 
 

2.1.2 The effects of INO-level on yeast lipid metabolism 
 

The levels of INO-gene (INO2 and INO4) expression in both C-limited 
and N-limited conditions and in different strains (reference, ino2Δ, ino4Δ, 
ino2Δino4Δ, opi1Δ) were evaluated using the expression level from micro array 
analysis (Figure 2.5). Even though there were metabolic cycle patterns with the 
opi1Δ strain grown at C-limited condition, the expressions of the INO genes 
were consistently high (Figure 2.5A). This evidence shows that INO genes are 
up-regulated when their repressor, Opi1, is absent. At C-limited condition, 
INO levels are low in both the two single and the double deletion strains 
(Figure 2.5A and C).  Interestingly, the INO4 gene seems to be expressed at a 
high level at N-limitation (Figure 2.5B) due to the nitrogen and/or amino acid 
and that it possibly also try to compensate the failure of INO2 expression by 
up-regulating its expression in the ino2Δ strain at N-limitation (Figure 2.5D).  

 

 
Figure 2.5 The normalized expression values of INO2 and INO4 (INO-level) 
for each strain. The key factor set shows the different INO-level at C-limitation 
(A) and N-limitation (B). The deficient factor group set shows the different 
INO-level at C-lim (C) and N-lim (D) 

 
 
In paper II, we undertook a global study of lipid metabolism in 

response to different INO-levels (INO2 and INO4): i) normal INO-level based 
on wild-type (CEN.PK113-7D), ii) high INO-level based on an opi1Δ strain, 
and iii) low (or rather absent) INO-level based on an ino2Δ ino4Δ double 
deletion strain. Moreover, we also focused on the deficient factors as a sub 
story comparing the individual knockout strains (ino2Δ and ino4Δ) with the 
double deletion strain.  
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Figure 2.6 Schematic analysis of a workflow for integrated analysis, transcriptome-
lipidome, of INO-level (key factor) and deficient factor effect on lipid biosynthesis 

 
We used the Affymetrix DNA microarray platform to measure the 

expression level of all genes and access the global effect caused by the INO-
level under nutrient-limited conditions (C-lim and N-lim). The transcriptome 
data were decomposed using principal component analysis (PCA) and student 
T-test analysis (α=0.001). The transcriptome data are presented in Venn 
diagrams at C-limited (Figure 2.7A) and at N-limited (Figure 2.7B) showing 
that the high INO-level (opi1Δ) strain had more genes being significantly 
changed at C-limitation. On the other hand, the low INO-level (ino2Δino4Δ 
double deletion) strain had more genes being significantly changed at N-
limitation.  

 
From clustering of reporter GO terms (biological process at P<0.001), 

there were 4 main clusters identified as shown in figure 2.7C. Cluster 1 (the 
largest group) contains the genes involving the phospholipid biosynthesis, myo-
inositol biosynthesis and transport, fatty acid metabolic process, cell 
conjugation, and ribonucleoside biosynthetic process which were highly up-
regulated due to the deletion of OPI1 (high INO-level), especially at N-limited 
condition, but down-regulated at low INO-level at both C- and N-limitation. 
Cluster 2 contains genes involving maltose and sucrose catabolic process which 
were highly up-regulated due to the C-limitations.  Cluster 3 contains genes 
involving nitrogen compound metabolism, amino acid and peptide transport, 
and proton transport which were extremely down-regulated in the low INO- 
mutant at N-limited condition. Cluster 4 contains genes involving amino acid 
biosynthesis, mitochondria biogenesis, and endoplasmic reticulum associated 
unfolded protein responses (ER-UPR) which were highly significant in the 
double mutant strain. These genes were up-regulated at low INO-level and N-
limitations but down-regulated at C-limitation. 
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Figure 2.7 Transcriptional data analysis; Venn’s diagram of significant genes of mutant 
strains caused by different INO-level when focus on C-limitation (A) and N-limitation 
(B) separately, p-value < 0.001 were considered. (C) A heat map of overrepresented 
GO terms (Biological Process) of each factor comparison showing in the range of -4 to 
4 of log(p-value).  The green color indicates down-regulation and red indicates up-
regulation compared to the reference strain. 
 

 
To identify specific transcriptional regulation of metabolism in response 

to deletion of INO2 and/or INO4, we performed transcriptome comparison of 
the three INO deficient mutants (defined as deficient factor in Figure 2.6). For 
each strain we identified genes with significantly changed expression compared 
with the reference strain and then presented the results for the three strain as 
Venn diagrams for both C-limited (Figure 2.7A) and N-limited (Figure 2.7B) 
conditions.  Even though it has been known that Ino2 and Ino4 are 
heterodimeric transcription factor, we found some specific changes upon 
deletion of each of these genes (Figure 2.8A and B). Noticeably, ino4Δ has 
more significant genes due to the absent of INO4 compared with the two other 
mutants at C-limitation. At N-limitation, on the other hand, the effect is when 
both INO2 and INO4 were deleted.  In addition, most of the genes involving 
nitrogen compounds metabolism and carbon utilization (Figure 2.8C, Cluster 1) 
were down-regulated due to the absence of INO2 and INO4 but up-regulated 
when only INO2 or INO4 were individually knocked out at N-limitation.  
Moreover, we found that the genes involving ribosome biogenesis and rRNA 
processing (in cluster 2, Figure 2.8C) are dramatically down-regulated when 
INO4 was knocked out especially at C-limited conditions. 
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Figure 2.8 Transcriptional data analysis; Venn’s diagram of significant genes of mutant 
strains caused by different deficient factors (single and double deletions) when focus 
on C-limitation (A) and N-limitation (B) separately, p-value < 0.01 were considered. 
(C) A heat map of overrepresented GO terms (Biological Process) of each factor 
comparison showing in range of -4 to 4 of log(p-value). The green color indicates 
down-regulation and red indicates up-regulation compared to the reference strain. 

 
Based on the transcriptome analysis results, it showed that Ino4 could 

possibly play role in repressing ribosome biogenesis (which basically supports 
protein synthesis). In addition, most of the genes involving protein translation 
(Cluster 3 in Figure 2.8C, including mitochondria translation) were up-
regulated in the double mutant at N-limited conditions while they were only 
up-regulated when either INO2 or INO4 were deleted at C-limitation. 
Consistently, the genes involving phospholipid, inositol, and fatty acids 
(UASINO-contained genes in cluster 6, Figure 2.8C) were down regulated in all 
three strains at both C-limited and N-limited conditions. Nevertheless, they 
were 2 other clusters that also captured down-regulated genes in all three INO-
deleted strains, but different for the two nutrient limitations. The first group 
listed in cluster 4 (involving fatty acids biosynthesis and β-oxidation, TCA 
cycle, ATP, NAD, magnesium ion, and proton transport) was mainly down-
regulated at N-limited condition. Cluster5, on the other hand, contains genes 
involving ER-UPR and stress response, ethanol and amino acids biosynthesis 
that were mainly down-regulated only at C-limitation. 
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Focusing on the deficient effects at metabolic flux level, double deletion 
of the INO genes (especially at N-limitation) can cause more effect to the 
dramatically reduction of phospholipids than the effect of single deletions 
(Figure 2.9).  

 

 
 
Figure 2.9. Fluxes through the different reactions of the lipid biosynthetic pathways for 
diferrent INO-levels (A) and diferrent deficient factors (B). All fluxes are shown in 
units of µmol/gDW/h. The normal font (left) and bold font (right) indicate the value 
from C-limitation and in N-limitation respectively. The levels, in units of mg/gDW 
(±SD), of the different lipid species are shown in the table. (C = C-limited, N= N-
limited). 

 
About a 70% decrease in PLs can be found when both INO genes were 

deleted, but there were only 50% or 60% decreasing in PLs when INO2 or 
INO4 were deleted respectively. Even though this double deletion effects did 
not make much changes in the PL pool at C-limitation, it still caused about 
50% lower level of PI when compare to the single deletion strains. From the 
heatmap of reporter metabolites (figure S4 of paper II), S-adenosyl-L-
methyonine or SAM was strongly decreased in all low INO-level strains and 
this lead to a decrease of PLs (especially PC) since it is required for production 
of PC.  

The production rate and accumulation of PC can cause ER stress and 
UPR activation which lead to the up-regulation of TAG and ES biosynthesis 
(Tehlivets 2011). At N-limitation, the low INO-level strain (double mutant) 
could produce and accumulate TAG and SE about 1.2 folds more when 
compared to the high INO-level strain (opi1Δ) and about 1.5 folds when 
compare to the reference strain (Figure 2.9).  Interestingly, the double deletion 
strain showed a greater effect in increasing TAG only at N-limitation. This 
evidence was supported by the up-regulation of the ARE1 gene which codes 
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for the enzyme for the first step of SE biosynthesis. At C-limited condition, on 
the other hand, ino2Δ ino4Δ has a larger effect on decreasing the TAG level 
compared with the single deletion strains. Moreover, the fluxes through ES of 
the ino2Δ strain was about 80% lower when compare to INO4 deletion and 
double deletion at C-limited condition.  

 
2.1.3 Linkage between lipid and amino acid (protein) biosynthesis 

 
2.1.3.1 The role of Snf1-Tor1 on lipid metabolism 
 

To map the co-influences of Snf1 and TORC1 on the regulation 
of FA metabolism, in paper III, we quantified the total FAs abundance, 
from both free and ester form (e.g., in TAG and SE), in the reference 
and mutant strains on both C- and N-limited conditions.  

 

 
 

Figure 2.10 Abundance of fatty acids for all strains and two growth conditions (Zhang 
et al. 2011). The abundance is based on the sum of FAs in the free as well as ester 
form. The error bars represent the S.D. from at least three replicates. (A) C14:0—
myristic acid; (B) C16:0—palmitic acid; (C) C16:1—palmitoleic acid; (D) C18:0—
stearic acid; (E) C18:1—oleic acid and (F) C20:0—arachidic acid and C22:0—behenic 
acid. Black—C-limited condition and white—N-limited condition. 
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Since Snf1 regulates FA biosynthesis by inhibiting acetyl-CoA 
carboxylase (Acc1) under derepressive conditions (Woods et al, 1994), 
the significant increase of total FA in the snf1Δ and snf1Δtor1Δ strains 
on C-limited condition was expectable (Figure 2.10). However, there 
was a significant variation in the FA species between different strains 
and the two growth conditions. The most abundant species was C18:1, 
where the largest differences between strains were observed (Figure 
2.10E). Interestingly, the snf1Δ and snf1Δ tor1Δ strains had higher 
levels of C18 (i.e., both C18:0 and C18:1) and longer FAs, on both C- 
and N-limited conditions, compared with the reference strain (Figure 
2.10D–F), except for C14 where the result was contrary (Figure 4A). 
The snf1Δtor1Δ strain had higher amounts of C18 compared with the 
snf1Δ strain irrespective of the growth condition. The tor1Δ strain had 
higher C14 and C16 on N-limited condition, but the levels were lower 
on C-limited condition, compared with the reference strain. However, 
this was only observed for C18 and longer FAs in these two strains 
(Figure 2.10D and E), while the abundance of C14 was reduced in the 
mutant strains in which SNF1 was deleted. There may be 2 possible 
reasons that can explain the different patterns between the FAs with 
different length. 

 
The first reason could be that while the inhibition of Acc1 by 

Snf1 was relieved, and the FA synthetase (encoded by FAS1 and FAS2) 
is constitutively functional and steadily converting short chain FAs to 
synthesize up to C16. Consistently, the elongase I (encoded by ELO1) 
that convert C12–16 to C18 was also found to be transcriptionally up-
regulated in snf1Δ and snf1Δtor1Δ; therefore, C16 was not accumulated 
in the strain snf1Δ and snf1Δtor1Δ (Figure 2.10B and C).  Second, it 
could also be that a lower peroxisome biogenesis, due to the loss of 
Snf1, leads to a lower level of β-oxidation of the long chain FAs 
(Ratnakumar and Young, 2010), therefore not only the biosynthesis, 
but also the degradation of FAs is regulated by Snf1. We also observed 
that the deletion of TOR1 had some effect on the abundance of FAs, 
although to a lesser extent compared with those for SNF1 deletion 
(Figure 2.10D and E). The deletion of TOR1 in the snf1Δ background 
strengthened the changes caused by the deletion of SNF1 for C18:0, but 
rather dampened the changes for C18:1 (the most abundant FA 
species). The FA data support the hypothesis that Tor1 has a role in the 
regulation of FAs.  
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Figure 2.11 Intracellular levels of free amino acids (Zhang et al. 2011). (A) Free 
amino-acid pool; (B) glutamate; (C) glutamine and (D) lysine. The error bars 
represent the S.D. from biological replicates from three chemostat cultures. Black—C-
limited condition and white—N-limited condition. 
 
 

Noticeably, TORC1 is unlikely involved in the regulation of 
acetyl-CoA carboxylase, and we suspect that the TORC1 may have a 
role in the regulation of peroxisome and β-oxidation of FAs (figure 
2.12. It is also interesting to see that although deletion of TOR1 had not 
caused an evident change to the transcription and phosphorylation, 
many amino acids and FA species had changed significantly (Figures 
2.10 and 2.11). This observation further supports the ideas that the 
intermediate metabolites are much more sensitive to mutations, while 
metabolic fluxes are rather robust (Cornish-Bowden and Cardenas, 
2001; Raamsdonk et al, 2001). 

 

 
 

Figure 2.12 Summary of the main regulatory network of Snf1 and TORC1 (Zhang et 
al. 2011). 
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Even though our transcriptome results from paper III (figure 
2.13) showed that deletion of SNF1 (but not TOR1) is the main effect 
causing global change at transcriptional level, there are still some 
possible linkages between lipids and amino acids. We observed the co-
influences of Snf1-Tor1 on ergosterol biosynthesis as one of the GO-
term (biological processes) reporters. 

 
 

 
 

Figure 2.13 Deletion of SNF1 but not TOR1 caused global change in the 
transcriptome (Zhang et al. 2011). (A) Principal component analysis (PCA). Dark blue 
circles: reference on C-limited; dark green squares: snf1Δ on C-limited; dark red 
triangles: tor1Δ on C-limited; dark purple diamonds: snf1Δtor1Δ on C-limited; light blue 
circles: reference on N-limited; light green squares: snf1Δ on N-limited; light red 
triangles: tor1Δ on N-limited; light purple diamonds: snf1Δtor1Δ on N-limited. (B) The 
biological processes that were affected by deletion of SNF1 (snf1Δ and snf1Δtor1Δ) on 
C-limited condition.  
 
 
 
 

2.1.3.2 Linkage from phospholipids to amino acid metabolism and 
ER-UPR response 

 
Interestingly, we found that the transcription of amino acid 

genes (including MET6) was up-regulated in the SNF1 deletion strain 
and the snf1Δtor1Δ double deletion strain (Fig.2.14). Moreover, we 
found that the concentration of methionine (Met) was dramatically 
reduced while MET6 was up-regulated in the snf1Δ and snf1Δtor1Δ 
strains pointing out that they potentially have more Hcy and AdoHcy. 
This may lead to increased synthesis and accumulation of FA and TAG 
and sterol esters (Fig. 2.15) which might affect ER-UPR (Tehlivets 
2011). 
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Figure 2.14 Expression of amino acid biosynthetic gene (Zhang et al. 
2011). Numbers are average values from the biological replicates for all 
strains on both C- and N-limited conditions. Red (positive values) 
indicates higher expression while blue (negative values) indicates lower 
expression in mutant strain with respect to the reference strain. 

 
Figure 2.15 The effect of SNF1 deletion on sulfur-phospholipids pathway via MET6.  
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Moreover, we also found a key linkage among sulphur-
phospholipids and ER-UPR at different INO-level condition (paper II). 
Double deletion of INO2 and INO4 (the low INO-level strain) at N-
limitation showed some effects from amino acid starvation. UPR genes 
were also down-regulated when amino acids are decreasing (less missed 
fold proteins). It also has been known that the decreasing of PC 
biosynthesis, caused by the down-regulation of CHO2 and OPI3, leads 
to the accumulation of saturated PC molecular species in ER 
membrane which causes ER stress, UPR activation and these evidences 
lead to the up-regulation of FA, TAG, and sterol biosynthesis in the 
end (Tehlivets 2011).Therefore, in the low INO-level strain, KAR2 a 
key gene in the ER-UPR were up-regulated especially at N-limitation. 
The high INO-level on the other hand, showed a large decrease in 
expression of KAR2 especially at C-limited condition. This shows that 
there is a linkage that plays a role in regulating a balance between 
amino acids biosynthesis, phospholipids biosynthesis, and function of 
the ER-UPR pathway (as illustrated in figure 2.16). 

 
 
 

 
 

Figure 2.16 The coupled-reaction of methylations of phosphoethanolamine from S-
adenosyl-L-methionine (AdoMet) by Cho2 and Opi3 enzymes. (A) A comparison of 
expression level (log2 fold change) of each genes coding for sulfur-phospholipids 
couple d metabolism. (B) The effects of low INO-level on ER stress and UPR inducing 
the up-regulation of FA and storage lipids (Tehlivets 2011) 
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It is also possible that Ino4 plays a role as a regulator for amino 
acid metabolism. Unlike Ino2, Ino4 does not have a Trans-Activating 
Domain (TAD) which is recognized by the RNA polymerase II 
complex (Lee et al. 2002; Chen et al. 2007; Kumme et al. 2008). For 
ino4Δ the genes involving ribosome biogenesis and assembly were 
extremely down regulated especially at C-limited conditions (figure 2.8) 
and this was exactly the responsive process for amino acid (and of cause 
nitrogen) starvation. This is consistent with suggestions that the 
induction of Ino4-regulated lipid biosynthesis genes may be connected 
to the immediate need of membranes used for the autophagocytosis 
process (Ernst et al. 2007). This process is utilized by yeast in order to 
regulate the equilibrium between proteins and the diminishing set of 
amino acids due to the starvation condition (Petiot et al. 2002). From 
the reporter metabolite heatmap, most of the amino acids were found 
to be greatly down-regulated (especially at N-limitation) in all low 
INO-level strains (paper II, figure S4) which pointed to the amino 
starvation phenomenon.  

 

 
 
Figure 2.17 Summary of the multilevel regulation network among amino acids 
biosynthesis, protein synthesis,  lipid metabolism, and ER-UPR. 
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2.2 High through-put techniques for lipid quantification 
  

2.2.1 At single cell level using CARS microscope 
 
The CARS microscopy results from Paper IV showed that the average 

trends of the CARS measurements are fairly consistent with those of the TAG 
levels (figure 2.18). However, the larger spread compared to the triacylglycerol 
levels based on measurements on populations of cells was found. It should be 
noted that the data spread does not represent the precision of the CARS 
technique, but rather cell-to-cell variations encountered with any microscopy 
technique based on single-cell measurements. More in-depth comparison 
between data evaluated from CARS microscopy images and TAG values needs 
to take lipid droplet sizes into further account and is dependent on the 
previously commented size accuracy. In addition, effects such as cell shrinking, 
resulting in a reduction in cell size without a decrease in cell mass, possibly 
needs to be considered for comparison of CARS and TAG results of the 
stationary phase.  

 

 
 
Figure 2.18 Comparison of storage lipid measurement at single cell level and 
population level. (A ) Cellular lipid content during fermentation in HGLN condition 
presented as average lipid volume per cell with standard deviation, evaluated from 
CARS microscopy images (n = 232) and amount of TAG (n = 6). Data are presented 
as means ± SD. The evaluated lipid volumes correspond to 4.5, 3.5, and 3.8 lipid 
droplets per cell for the time points 12, 21, and 38 h, respectively. (B) Cellular lipid 
content during fermentation in LGHN evaluated from CARS microscopy images (n = 
197) and amount of TAG (n = 6). Data are presented as means ± SD. The evaluated 
lipid volumes correspond to 3.8, 6.2, and 3.6 lipid droplets per cell for the time points 
12, 21, and 38 h, respectively. 

 
The higher average lipid content for the LGHN condition is 

represented by cells containing multiple lipid droplets indicated by an asterisk 
in figures 2.19C and D. The two conditions also show different lipid droplet 
distribution patterns. Whereas HGLN cells in the transition phase exhibit an 
even distribution of lipid droplets throughout the intracellular volume, LGHN 
cells enter the ethanol phase and lipid droplets can often be observed in the 
periphery surrounding larger vacuoles (indicated by arrows). This arrangement 
can also be seen in the rendered volume images, showing complete three-
dimensional representations of yeast cells (magenta) and lipid droplets 

 



Systems Biology of Yeast Lipid Metabolism | 2012 
___________________________________________________________________________ 

43 

 
Figure 2.19 CARS microscopy images showing horizontal (x–y) and vertical (x–z, y–z) 
views of yeast cells measured after growth for 21 h. Positions of the vertical views are 
indicated by white lines. Image sizes, 20 × 20 µm and 20 × 10 µm. Cells grown under 
HGLN conditions (A and B), LGHN conditions (C and D).  
 
 

 
In addition to the quantitative measurements of the lipid content at 

single-cell level, the CARS microscopy z-stacks provide unique three-
dimensional information on the lipid droplet distribution represented by the 
planar horizontal and vertical views shown in figure 2.19A-D and the volume 
images of figure 2.19E and F. This allows us to evaluate the intracellular 
arrangement of the lipid droplets and a significant difference was observed for 
the two nutritional conditions after 21 hours of growth. Whereas the lipid 
droplets were evenly distributed in cells with high access to glucose (HGLN, 
still in the transition phase at 21 hours) they were located in the periphery of 
cells exposed to glucose limitation (LGHN, early ethanol phase at 21 hours). 
This was most likely due to the formation of vacuoles in many LGHN cells, of 
which 89% exhibited a vacuole in contrast to the HGLN cells (18%). This 
trend can be seen in the images of figure 2.19A and B, where several of the 
LGHN cells in figure 2.19C and D show a vacuole, indicated by arrows. This 
difference in lipid droplet arrangement is also shown in the single-cell volume 
images of Figs. 3E and 3F (see supplementary information for 360 degree 
rendering movies at:- 
*** http://onlinelibrary.wiley.com/doi/10.1002/biot.201000386/suppinfo ***) 

 
 
 

 

http://onlinelibrary.wiley.com/doi/10.1002/biot.201000386/suppinfo
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 2.2.2 At population level 
 
2.2.2.1 Total lipid extraction 

 
The closed-vessel system for microwave-assisted lipid extraction 

was modified from paper V,   which is illustrated in figure 2.20.  The 
ideal method used for sample preparation in biological research should 
be simple, rapid, precise and accurate. Besides these essential factors, 
sample preparation rate (number of samples that can be performed per 
hour or per day) is also important. 

 

 
Figure 2.20 The modified closed-vessel system for total lipid extraction using 
microwave 
 

Normally, the conventional lipid extraction procedure by 
Schneiter and Daum (Schneiter and Daum 2006) contains 4 key steps; 
(1) cell disruption, (2) extraction of the lipids with chloroform/ 
methanol (2:1, v/v), (3) removeal of nonlipid contaminants by washing 
the extraction with aqueous salt solutions, and (4) Drying of the 
extraction by removal of the organic solvent. 

 
In order to perform fast sample preparation, we replaced the 

conventional extraction with microwave-assisted extraction that can 
extract the total lipid without the requirement of cell disruption step, 
which dramatically reduces the extraction time. Moreover, we increased 
the speed of sample preparation by using the modified closed-vessel 
systems from paper IV to be able to finish all the extraction process use 
within one Pyrex glass tubes. With this approach, we eliminated most of 
the time consuming steps for transferring of mixture solution from one 
extraction tube to the new glass tubes or flasks several times (at the 
glass beads removal, washing, and phase  separation steps). Hereby we 
are able to reach a sample preparation rate of up to several hundred 
samples per day. 
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Figure 2.21 The comparison between conventional method and microwave-assisted 
method for total lipid extraction.  
 

To validate the efficiency of our microwave extraction method, 
we compared the extracted lipid yields of each lipid class by our 
optimized method (60˚C, 10 min) with the conventional method (figure 
2.22). The results indicated that the microwave-assisted extraction 
method for total lipids was equally effective as compared to the 
conventional method. This could be due to the fact that the extraction 
occurred in closed-vessel microwave operated under higher 
temperature and pressure (60 °C, 30 bars), and the yeast cell wall could 
simply be disrupted by this treatment. Clearly it is advantageous with 
lipid extraction using the microwave method as this is simple, rapid and 
involves little costs. 

 
Figure 2.22 Comparison of microwave (10 min at 60 °C) and conventional method (3 
hr at room temperature). Cholesterol was used as internal standard. Error bars 
correspond to standard deviation (n = 3). 
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Moreover, based on the recovery of the spiked CH standard, the 
efficiencies of total lipid obtained from both methods were found to be 
the same, i.e. there was an insignificant difference (P>0.01) in 
%recovery of CH (conventional closed-vessel: 92 ± 6% and modified 
closed-vessel: 93 ± 8%). The high %recovery of CH and also TAG&FA 
(in the Effect of the extraction temperature on bound and free FA 
section) obtained from both methods indicates that these two methods 
are equally efficiently for the lipid extraction , as shown by low amounts 
of spiked lipid standards lost during the entire process of sample 
preparation. In contrast, the reproducibility (judged by the standard 
deviations as error bars in figure 2.22) were significant higher with the 
modified method compared to the conventional method (P>0.01). 
Presumably, this is due to the non-homogenously disruption of using 
glass beads in the conventional method, probably because the efficiency 
of cell disruption were different in each extraction tubes 

 

 
 
Figure 2.23 Microscopic results showing the effect of different extraction temperatures 
on cell disintegration. 

 
 
From figure 2.23, the microscopic results proved that our 

microwave-assisted extraction at low extraction temperature (room 
temperature and 40 ˚C) was not able to break the freeze- dried yeast 
cells and we can still see some subcellular compartments. At medium 
temperature 60 ˚C, yeast cells seem to be disintegrated and the sub 
cellular structure were not fond inside the yeast cells, which indicate the 
leakage and infusion of extraction solvent into the cells.  However, we 
started to see some cell debris caused by over heating at high 
temperature (80˚C). Consequently, so much more damaged cell debris 
was found when higher temperatures (100-120 ˚C) were used for 
microwave-assisted extraction. Based on this evidence, we strongly 
believe that the extraction temperature of microwave must have some 
effects to the total lipid yields which can be detected by HPLC-CAD 
analysis in further step.  Therefore, some more results on the extracted 
lipid yields caused by this effect will be discussed below. 
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2.2.2.2 Lipid separation and quantification by HPLC-CAD  

 
One of the most investigated parameter for lipid separation 

using HPLC is the column temperature. To select a moderate 
temperature for lipid separation, we performed lipid analysis using a 
HILIC column in the range of 20 – 55 ˚C. The chromatographic results 
in figure 2.24 show the effects of column temperature to the separation 
of all lipid classes. For neutral lipids, the two yeast storage lipids such as 
steryl ester (SE) and triacylglycerol (TAG) seem to separate well only 
at ≥ 25˚C since the low column temperature effect the eluting time of 
TAG which makes the peak broad at 20 ˚C. However, this evidence was 
not found to affect the SE peak at all temperatures. The free fatty acid 
(FA) peak was sharper at higher column temperature and had peak 
tails problems at low column temperatures.  

 
In our study, cholesterol (CH), which yeast cannot produce, was 

used as the spiked internal standard. Therefore, it is important to have 
a good separation between CH and ergosterol (ES) which is the main 
sterol in yeast. Focusing on the two sterol standards, CH and ES, just 
like TAG, were separated well only at ≥ 25˚C and the higher column 
temperature can speed up the eluting time. Therefore, the sterol peaks 
were sharper, came out faster, and separated better at higher column 
temperatures.  

 
Phospholipid (PL) separation, on the other hand, could be 

separate well only at 30-35 ˚C. The lower column temperature affects 
PL separation, i.e. PA had peak tailed effect and there were co-elution 
problems for PE-PC and PS-PI. Higher column temperature, in 
contrast, resulted in increasing elution time. The PI peak was broad and 
low at high column temperature (≥40˚C).   

 
Based on these column temperature effects, we selected the 

column temperature at 35˚C as the most proper condition for further 
analysis. The chromatographic separation of all lipid classes with 
optimized condition has been shown in figure 2.25.  
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Figure 2.24  Effect of column temperature on the separation of all lipid classes, 
separated on a HILIC column (Luna 5 µm 200Å 100 x 3.0 mm. 0.8 mL/min solvent 
flow rate) with triple gradient mobile phase.  
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Figure 2.25 The chromatographic separation of all lipid classes with optimized 
condition, separated on a HILIC column (Luna 5 µm 200Å 100 x 3.0 mm. 0.8 mL/min 
solvent flow rate at 35˚C) with triple gradient mobile phase.  

 
 
 

 
 

Figure 2.26  The example of calibration curves and response model for lipid analysis by 
HPLC-CAD. 
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The Calibration standards were diluted with chloroform-
methanol (2:1, v/v) which was also used as blank and extraction solution 
trough this lipid analysis study. Triplicate 5 µL injections of each 
solution and the variable amount in the range of 5-1000 µg/mL were 
investigated. The relationship between the lipid concentration and 
CAD response (peak area) has been reported as a non-linear pattern 
but Log model and power model can describe the detector response 
more accurately (Ramos et al. 2008; Moreau 2009). To select the right 
model to generate calibration curves for lipid class quantification, we 
evaluated both models in our mixed standard concentration ranges. 

The examples of calibration curves for SE (neutral lipid) and 
PC (phospholipids) from figure 2.26 show that non-linear regression 
was preferred over the classical log-log transformation of both lipid 
concentration (on X-axis) and peak area (on Y-axis)  instead the power 
model (which show poorly fitness to the plot) .  

Plotting log y = log A + b log x is also often used to linearlize the 
ELSD response function (Ramos et al. 2008).   Therefore, we selected 
the log model to generate our calibration curve for quantification 
process. 

 
 
  2.2.2.3 Microwave-assisted FAME extraction and derivatization 

 
The ideal method used for sample preparation in biological 

research should be simple, rapid, precise and accurate. Besides these 
essential factors, sample preparation rate (number of samples that can 
be performed per hour or per day) is also important. In order to 
perform fast sample preparation, in Paper VI, we replaced the 
conventional heating (using hot plate or water bath) with microwave 
heating, which dramatically reduces the FAME reaction time. 
Moreover, we increased the speed of sample preparation by modifying 
the conventional closed-vessel to be able to use with Pyrex glass tubes 
(Fig. 2.27).  

 
 
 

 
 
Figure 2.27 Experimental design. Conventional closed-vessel (A) and Modified closed 
vessel (B).   

 



Systems Biology of Yeast Lipid Metabolism | 2012 
___________________________________________________________________________ 

51 

With this approach, we eliminated most of the time consuming steps for 
vessel preparation, such as cleaning or drying (vessel can be immediately re-
used for the next reaction) including the transferring of mixture solution from 
the vessel to the glass tube (at the separation state). Hereby we are able to 
reach a sample preparation rate of up to several hundred samples per day. 

 

 
Figure 2.28 The comparison between conventional method (Meziane and Tsuchiya 
2002), One-step method (Masood et al. 2005), and the fast and accurate microwave-
assisted method (in our study) for FAME derivatization. 
 

In general, bound fatty acids require longer time to complete the 
conversion as compared to free fatty acids (Ichihara and Fukubayashi 2010), 
and as mentioned above this could explain the similar results of 17:0 recovery 
obtained with the two methods and the different yields of 18:1 (n-9) and 20:1 
(n-9) FAMEs from yeast samples(figure 2.29).  

 
The selected optimum derivatization temperature in this study was in 

good agreement with what has been reported earlier using conventional 
heating (Eder 1995; Masood et al. 2005; Abdulkadir and Tsuchiya 2008; 
Ichihara and Fukubayashi 2010). Although the higher temperature may 
provide equal or higher yields of FAMEs, the operation of derivatization above 
120 ˚C was not possible due to the damaging of the sample. The temperature at 
120 ˚C was therefore selected as an optimum point and used for further 
investigation. The optimum reaction time for preparation of FAMEs depends 
on type and size of the sample. A sample in complex matrices may require 
longer time for complete conversion compared with a sample in a simple 
matrix. In general, derivatization time using microwave is very short compared 
to conventional heating because the solvents (water and MeOH) are directly 
absorbing the microwave energy and release it to the surrounding solution 
efficiently. Although a reaction time shorter than 5 min may also provide 
complete conversion, it would not make a significant difference in practice, and 
we therefore selected 5 min reaction time as the optimal condition. 
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Figure 2.29 Comparison between conventional heating and microwave heating 
method. 

 

 
Figure 2.30 Comparison yields of FAMEs between non-disrupted cells and three 
different ways of sample pre-treatment (zymolyase digestion, bead mills, and 
sonication). All reactions were performed at 120 °C for 5 min.  
 

According to the results in figure 2.30, we proved by our results that the 
modified closed-vessel system can also obtain the same yield of FAME even if 
the yeast cells are disrupted or not. Clearly it is advantageous with direct 
preparation of FAME using the microwave method as this is simple, rapid and 
involves little costs. 
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Chapter 3  Conclusions and Perspectives 
 

Through integrated analysis of the transcriptome, lipidome, and fluxome 
derived from a robust experimental setup we were able to get insight into how gene 
expression is linked to the fluxes in lipid biosynthesis at the global level. Based on the 
results and findings as discussed in the previous chapter, we have advanced the 
understanding of global regulation of lipid metabolism and can make the following 
conclusions.  

 
First, both Snf1 and inositol-choline influence and also globally co-influence 

lipid metabolism, especially phospholipid biosynthesis were affected via the 
transcription factors (i.e. Ino2, Ino4, and Opi1) or indirectly through other 
transcription factors e.g. Gis1, Mga2, Upc2, Ecm22, Pip2, Oaf1, Sut1, Hac1, etc. Our 
data also suggested that storage lipid synthesis and accumulation seem to be controlled 
at the enzyme activity level (i.e. Dpp1, Lpp1, Pah1, and Dgk1). Thus, through our 
genome-wide analysis of lipid metabolism we managed to both confirm earlier findings 
and map several novel regulatory circuits involved in controlling how carbon is 
directed into the different branches of lipid metabolism.  

 
Second, we see the global effect of INO-level on expression of the genes 

involved in lipid biosynthesis (both phospholipids and neutral lipids) and metabolic 
fluxes through lipid biosynthesis pathway. Following our analysis by genome-wide 
strategy and analysis of generated complex data by integrated analysis approach 
enable us to explore correlations and association of changes in a concerted fashion.  

 
Third, we found a key linkage among ER-UPR and sulphur-phospholipids 

pathways. Particularly, we found that i) an inositol-choline effect on the UPR pathway 
via the transcription factor Hac1, ii) an effect of Ino4, but not of Ino2, on the ribosome 
biogenesis and assembly which involves an amino acid starvation response especially at 
C-limited condition where Snf1 is always active, and iii) that Tor1 has a role on fatty 
acids metabolism. These evidences point to an interesting link between lipid 
metabolism and the amino acid starvation response and also the role of sulphur-
phospholipids pathway effects on ER-UPR activation. 

 
In the lipid analysis parts, we have demonstrated the strength and also the 

weak side of the single-cell imaging using CARS microscopy depending on the 
objective of individual study. Due to the large cell-to-cell variations, the lipid (TAG in 
particular) measured at the population level showed more accuracy and higher 
applicability for lipid profiling in yeasts. The CARS microscope, on the other hand, 
would be more useful for lipid monitoring in particularly for a dynamic study of living 
yeast cells.   

 
To speed up analytical process for yeast lipid profiling at the population level 

and still ensuring a high accuracy, two fast and accurate methods for lipid extraction 
and quantification were developed. Hereby the sample preparation rate can reached 
several hundred samples per day and it is likely to also be applicable for other 
biological samples. 

As the high throughput methods, the modified closed-vessel microwave system 
for yeast total lipid extraction showed that it is possible to carry out the cell disruption 
and extraction in Pyrex glass tubes kept inside the closed vessel at 60˚C for 10 min 
which is extremely fast and simple compared to the conventional lipid extraction 
method. The optimized condition for lipid class quantification using HPLC-CAD is 
using a HILIC column operated at 35 ˚C for 45 min at a flow rate 0.8 mL/min and high 
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accuracy can be reached when log transformation is used to generate the calibration 
curves for quantifications of each lipid class.  

For the yeast FA profiling, we present a fast and accurate method for 
preparation of fatty acid methyl esters (FAMEs) using microwave-assisted 
derivatization of fatty acids. The esterification of free/bound fatty acids to FAMEs was 
completed within 5 min, which is 24 times faster than with conventional heating 
methods. By performing a simple modification of closed-vessel microwave heating it 
was possible to carry out the esterification in Pyrex glass tubes kept inside the closed 
vessel while the pre-treated cell disruption steps are not required. Hereby we are able 
to increase the number of sample preparations to several hundred samples per day as 
the time for preparation of re-used vessels was eliminated.  

 
With the hereby developed analytical methods and concepts for systems 

biology of yeast lipid metabolism, genome-wide high throughput data sets were 
generated and integratively analyzed providing biological information that could not 
be revealed by analyzing those data sets by reductionistic approaches. Noticeably, 
emerging properties derived from the integrated analysis enabled us to obtain a clearer 
picture of global regulation of lipid metabolism. The data sets we generated, both 
transcriptome and lipid profiles, will be really useful as a general resource which can be 
used in other studies also. In addition, we have shown that global studies are useful in 
forming working hypothesis and identifying molecular targets (such as amino acids, 
proteins, and lipid intermediates), which may be further investigated using more 
targeted analysis.     
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Abstract 

In the yeast Saccharomyces cerevisiae many genes involved in lipid biosynthesis are 

transcriptionally controlled by inositol-choline and the protein kinase Snf1. Here we undertook a global 

study on how inositol-choline and Snf1 interact in controlling lipid metabolism in yeast. Using both a 

reference strain (CEN.PK113-7D) and a snf1Δ strain cultured at different nutrient limitations (carbon and 

nitrogen) at a fixed specific growth rate of 0.1 h
-1

 and at different inositol choline concentrations, we 

quantified the expression of genes involved in lipid biosynthesis and the fluxes towards the different lipid 

components. Through integrated analysis of the transcriptome, the lipid profiling and the fluxome, it was 

possible to obtain a high quality, large-scale dataset that could be used to identify correlations and 

associations between the different components. At the transcription level, Snf1 and inositol-choline 

interact either directly through the main phospholipid-involving transcription factors (i.e. Ino2, Ino4, and 

Opi1) or through other transcription factors e.g. Gis1, Mga2, and Hac1. However, there seems to be 

regulation in lipid’s fluxes distribution at the enzyme levels of several lipid involving enzymes. The 

analysis showed the strength of using both transcriptome and lipid profiling analysis for mapping the co-

influence of inositol-choline and Snf1 on phospholipid metabolism. 

 

Introduction 

Eukaryotic cells have evolved complex 

regulatory networks to control energy metabolism 

and the utilization of different carbon sources 

(Gancedo 1998; Usaite et al. 2009). In yeast the Snf1 

kinase complex is one of the key regulators in this 

regulatory network, and it belongs to a remarkably 

conserved serine/threonine kinase family called 

AMP-activated kinase (AMPK) that exists in all 

eukaryotes (Thomas and Polge 2007). The Snf1 

kinase was firstly identified as a key enzyme in 

releasing glucose repression on glucose depletion 

(Celenza and Carlson 1984), and later found to be 

involved in the regulation of transcription through 

posttranslational modifications of histone H3 and 

Gcn5 (Lo et al. 2001; Liu et al. 2010) and interaction 

with RNA polymerase II holoenzyme (Kuchin et al. 

2000). Snf1 is activated by phosphorylation on 

Thr210 by its upstream kinases in response to 

activation by the Snf4 subunit (Nath et al. 2003; 

Sutherland et al. 2003). Once activated, Snf1 induces 

the genes in gluconeogenesis, glyoxylate cycle and 

β-oxidation of fatty acids (FA) by regulating a set of 

transcriptional factors (Soontorngun et al. 2007; 

Ratnakumar and Young 2010) and suppresses lipid 

biosynthesis by inactivating Acetyl-CoA carboxylase 

(Acc1), the committed step of FA synthesis pathway 

(Woods et al. 1994). Besides those aforementioned 

processes, Snf1 is also involved in other processes 

such as the general stress response, pseudohyphal 

growth, ageing and ion homeostasis (Alepuz et al. 

1997; Hong and Carlson 2007; Kuchin et al. 2002; 

Lin et al. 2003; Ye et al. 2008; Shirra et al. 2008; 

Portillo et al. 2005; Usaite et al. 

2009).Considering the role of snf1 at the level of 

protein-protein interactions retrieved from the 

BioGRID database (Stark et al. 2011), Snf1 

associates with 335 proteins, which are enriched 

in the GO-terms phosphorylation and proteins 

phosphorylation (hypergeometric test: P=1.5E-

5) within the GO-terms transcription, DNA-

dependent and regulation on transcription, DNA-

dependent (hypergeometric test: P=1.5E-5). 

Remarkably, the GO term phospholipid 

metabolism is also over-represented within the 

Snf1 interaction network (hypergeometric test: 

P=1.28E-3), inferring the important role of Snf1 

in controlling phospholipid metabolism. 

Snf1 is involved in many stress response 

processes in yeast, including inositol 

biosynthesis. At high inositol concentrations, 

transcription of the INO1 gene (a key gene 

required for an early rate-controlling step in 

phosphoinositol biosynthesis) is strongly 

repressed by the transcriptional repressor OPI1 

(Jackson and Lopes 1996). On the contrary, at 

low inositol concentrations, the basic helix-loop-

helix proteins Ino2 and Ino4 heterodimerize and 

bind to the INO1 promoter to activate its 

transcription (Ambroziak and Henry 1994).  This 

kind of mechanism can also be observed in 

many phospholipid involving genes that contain 

the conserved UASINO (inositol-sensitive 

upstream activating sequence) element, also 

known as ICRE (inositol/choline responsive-

element), in their promoters. Activation of INO1 



   

 

 

and other UASINO –containing genes requires the 

transcription factors (TFs) Ino2 and Ino4, which bind 

as a heterodimer directly to UASINO  sites 

(Ambroziak and Henry 1994; Lopes and Henry 

1991; Schwank et al. 1995). Nevertheless, The 

negative regulator, Opi1, required for repression of 

the UASINO –containing genes (Greenberg et al. 

1982; White et al. 1991), was shown to reside in the 

endoplasmic reticulum (ER) as a part of a protein 

complex that also contains the membrane spanning 

protein Scs2 under the signaling of inositol and PA 

(Gavin et al. 2002; Loewen et al. 2003). It has been 

known that the rate of phospholipid synthesis is 

dramatically increased when inositol is added to the 

growth medium (Kelley et al. 1988; Loewen et al. 

2004), Recently, genome-wide transcription analysis 

revealed that growth in the presence of inositol also 

affects the expression level of over 100 genes (Jesch 

et al. 2005; Santiago and Mamoun 2003). However, 

the combination of inositol and choline increased the 

number of repressed genes compared with inositol 

alone and enhanced the repression level of a subset 

of genes whose expression are affected by inositol 

(Jesch et al. 2005). 

The Snf1 kinase is able to directly activate 

the transcription of the INO1 gene, encoding 

inositol-1-phosphate synthase required for inositol 

biosynthesis (Graves and Henry 2000; Donahue and 

Henry 1981). Since Snf1 is required for histone H3 

modification at the promoter site of UASINO-genes 

(Arndt et al. 1995; Henry and Patton-Vogt 1998), the 

expression level of INO1 is down regulated in a snf1 

deletion strain (Lo et al. 2005; Lo et al. 2001; Shirra 

et al. 2001). Consequently, a snf1Δ strain is inositol 

auxotrophic and addition of inositol into the culture 

medium is needed to compensate the failure of INO1 

expression. This indicates the co-influence of Snf1 

and inositol on the yeast cell growth and lipid 

metabolism. 

To elucidate the co-influence of Snf1 and 

inositol-choline on lipid metabolism of S. cerevisiae, 

we undertook a global study of lipid metabolism by 

performing three perturbations following a robust 

factorial experimental design.  The first factor is the 

level of inositol-choline (IC factor), which is known 

to directly influence lipid metabolism (Jesch et al. 

2005). The second factor is a genetic difference 

factor or a strain factor (ST factor), which is the 

comparison of SNF1 deficiency with the reference 

strain. The third factor is nutrient limitation (carbon 

and nitrogen) factor that results in a global 

perturbation of the lipid pool inside the cell (Sattur 

and Karanth 1989b, a). Using a systems biology 

approach (Canelas et al. 2010) a global 

regulatory model for lipid metabolism could be 

established, and in particular we could identify 

which genes involved in lipid biosynthesis that 

are correlated with the fluxes towards different 

lipid components.  

Materials and methods 

1. Materials 

All chemicals were reagent grade. 

Phospholipids, fatty acid methyl ester and 

neutral lipids standards were purchased from 

Sigma. 

2. Agar spot test on SD media with different 

inositol concentrations. 

Both reference and snf1Δ strains were 

grown on SD agar plate (containing Yeast 

Nitrogen Base without amino acids and inositol, 

Formedium LTD, England). The SD agar plates 

were supplemented with 0, 1.39, 75 or 220 μM 

of inositol. 

3. Strains, cultivation, and fermentation 

profile. 

The S. cerevisiae strains used in this 

study were a prototrophic strain CEN.PK 113-

7D (Mata Mal2-8c SUC2) (van Dijken et al. 

2000) and its derivative snf1∆ supplied by Peter 

Kötter (Frankfurt, Germany). Steady-state 

aerobic chemostat cultures were grown at 30 ˚C 

in 1.2 L bioreactors (DASGIP, Germany) with 

working volume of 0.5 L using a dilution rate of 

0.10 (±0.005) h
-1

. For the C-limited cultures, the 

medium composition was the same as used by 

(Zhang et al. 2011). For N-limited cultivation, 

the medium was the same as the one used in C-

limited cultivations except that the 

concentrations for (NH4)2SO4 and glucose were 

1.0 g/L and 60 g/L, respectively. The pH was 

controlled at 5.00±0.05 with 2M KOH and 

dissolved oxygen was kept above 30%.  

Chemostat cultivation ensured that metabolic 

and regulatory changes observed were specific 

to disruptions of Snf1 and also the addition of 

IC, and not complicated by external effects 

resulting from different growth rates.  For HIC 

condition, the media contained 75 μM of inositol 

and 1mM of choline (Klig et al. 1985; Bailis et 

al. 1987). The chemostat culture with low 

inositol concentration and associated data on 

transcription analysis were also used in a study 



   

 

 

on the interaction of Snf1 and Tor1 (Zhang et al. 

2011). 

Samples were harvested from the cultivation 

media every second hour and immediately filtered 

through a 0.45 μm pore-size cellulose acetate filter 

(VWR) and stored at -20 ˚C until analysis. Biomass 

production was evaluated by measuring of optical 

density (OD600) and dry cell weight. Glucose, 

glycerol, ethanol, and acetate concentrations were 

determined by HPLC analysis using an Aminex 

HPX-87H column (Biorad, Hercules,CA) (Zaldivar 

et al. 2002). 

4. Transcriptome analysis 

4.1 Transcriptome data acquisition  

Samples for RNA extraction were taken after 

50 h (i.e. 5 retention times) of steady-state by rapidly 

taking 20 ml of culture and mixing with 30 ml of 

crushed ice in a 50 ml Falcon tube to cool down the 

samples immediately. The cells were harvested by 

centrifuging at 4000 rpm and 2˚C for 3 min, and then 

frozen in liquid nitrogen and stored at -80˚C until 

subsequent RNA extraction. The cells were 

mechanically disrupted using FastPrep homogenizer 

(MP Biomedicals) and total RNA was isolated using 

the RNeasy Mini Kit (QIAGEN). The quality of total 

RNA was assessed using an Agilent 2100 

Bioanalyzer (Agilent Technologies) with RNA 6000 

Nano LabChip kit (Agilent Technologies). The 

labeled RNA was synthesized using the GeneChip 3’ 

IVT Express Kit (Affymetrix), which was then 

hybridized onto the GeneChip Yeast Genome 2.0 

Arrays (Affymetrix). Staining and washing of the 

hybridized arrays were carried out on the 

GeneChip® Fluidics Station 450 (Affymetrix) and 

scanned using the GeneChip Scanner 300 7G 

(Affymetrix). All transcriptome data of this study 

can be found at Gene Expression Omnibus with 

accession number GSE32418  

*** Available for reviewer on private page at: 
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?token=pjs

fvwusiqawebe&acc=GSE32418 

 

4.2 Transcriptome data analysis  

The transcriptome data were analyzed using 

Bioconductor in R. Raw data were normalized and 

processed together with Probe Logarithmic Intensity 

Error method. The 3-factor and 2-factor ANOVA 

analysis was performed to determine the genes 

whose expression level is significantly changed due 

to three factors, limiting nutrient (CN), 

supplement inositol-choline (IC) and strains 

(ST), as well as their co-influence effect. The 

calculated P-values of different hypothesis were 

corrected for multiple testing by false discovery 

rate (FDR) method. A cut-off value of adjusted 

P value < 0.01 was set to assess statistical 

significance. Detailed summary of the results 

can be found in supplementary text file “C only 

Pval&FC” for C-limited conditions and “N only 

Pval&FC” for N-limited conditions. To evaluate 

intrinsic variation between transcriptome 

samples to assess quality of data and also 

robustness of biological replications, principal 

component analysis (PCA) was employed. Then, 

the result is visualized by two first principle 

components as illustrated on Figure 2A. All 

analyzes and plots were performed in R suite 

software. 

5. Lipid data acquisition 

5.1 Total lipid extraction 

The lipid extraction method was adapted 

from Bligh and Dyer (Bligh and Dyer 1959). 

First, 15 mg of freeze-dried cell pellets were 

treated with 1 unit μl
-1

 of zymolyase digesting 

buffer (1.2 M glycerol, 100 mM sodium 

thioglycolate, 50 mM Tris-sulfate, pH 7.5) at 

37°C for 15 min, followed by centrifugation at 

3000 rpm for 3 min to collect the spheroplast, 

which was mixed with internal standards 

(heptadecanoic acid and glyceryl tri-

heptadecanoate, 25 µg of each). After the 

addition of 7 ml of chloroform-methanol (2:1, 

v/v), the mixture was shaken horizontally at 300 

rpm 4°C for 3 h, mixed with 1.7 ml of sodium 

chloride solution (0.73%) and centrifuged at 

3000 rpm 4°C for 4 min for phase separation. 

The lower (organic)-phase was collected and the 

remaining was re-extracted with 5 ml of 

chloroform-methanol (85:15 v/v). The lower 

(organic)-phase was collected and pooled with 

the previous organic fraction and kept at -20°C 

until further analysis.  

 

5.2 Lipid class separation, identification, and 

quantification using HPLC-CAD 

Lipid separation and quantification were 

performed using the method modified from 

Silversand and Haux (Silversand and Haux 

1997). Lipid separation was accomplished by 

HPLC (Dionex) equipped with charge aerosol 

detector; CAD (Corona) and the gas connected 

was nitrogen gas with 35 psi gas pressure. All 



   

 

 

the separated fractions were then collected by 

automated fraction collector; AFC-3000 (Dionex). A 

20 µl volume of sample was injected in to the Luna 5 

µm HILIC 200 Å 100 x 3.0 mm LC Column 

(Phenomenex). The flow-rate was 0.8 ml/min and 

the column temperature was kept at 25˚C during all 

runs. The chromatogram was record at 10 Hz 

frequency and gain for 100 pA. The polar and neutral 

lipid classes were separated by two different solvent 

mixtures and gradient systems.   

 

 

5.2.1 Polar lipids separation 

For polar lipids, the two solvents in the 

binary gradient used for the separation of polar lipid 

classes were as follows: (A) hexane-isopropanol-

acetic acid (70:29:1, v/v/v); (B) isopropanol-water-

acetic acid (85:14:1, v/v/v). Triethylamine (0.08%, 

v/v) was added to the solvents. The samples were 

injected at time 0 and the gradient profile started at 

5% of Solvent B and was increased to 60% in 15 

min, after which it was kept at 60% in 5 min. Finally, 

the gradient was reduced from 60% to 5% of Solvent 

B in 10 min and then maintained at 5% for 5 min. In 

total, the solvent program for the separation of polar 

lipids took 35 min. All samples analyzed for polar 

lipid class separation were dissolved in Solvent A 

prior to chromatography. However, the total lipids 

were kept dissolved in chloroform-methanol (2:1, 

v/v) while stored and just before HPLC analysis 

evaporated to dryness and dissolved in Solvent A. 

All phospholipids fractions collected by AFC-3000 

were processed by FAME analysis to quantify their 

FA contents.  

 

5.2.2 Neutral lipids separation 

The first fraction from polar lipids 

separation, which was all neutral lipids, was 

evaporated to dryness and dissolved in 200 μl of 

Solvent C, which is hexane-acetic acid (99:1, v/v), 

prior to chromatography. After resuspended in 

Solvent C, 20 µl of samples were re-injected and 

analyzed by neutral lipid separation program.  For 

neutral lipids, Solvent A and Solvent C were used as 

binary gradient for neutral lipids. The samples were 

injected at time 0 and the gradient profile started at 

0% for Solvent C and was changed to 5% A in 5 

min. The gradient then continued from 5% to 100% 

in 15 min, after which it was kept at 100% A for 5 

min. Finally, the gradient was reduced to 0% A in 10 

min and then maintained at 100% C for 5 min. The 

solvent program for the separation of neutral lipid 

classes took 40 min in total. 

 

5.3 Identification and quantification 

Pure lipid standards were analyzed 

individually using chromatography to confirm 

their retention times and purity. Lipid standards 

were also co-eluted together with samples to 

identify peaks in unknown samples. Solutions of 

known concentrations of different lipid classes 

were mixed and lipid standard curves were 

generated to study the linearity of the detection 

method and to quantify lipid classes in unknown 

samples. Calibration curves were prepared for 5-

500 µg ml
-1

 of PA, PE, PC, PS, PI, ES, TAG, 

FA, and ES. Each concentration of the standard 

solutions was injected twice and the average 

log10 peak area for each lipid was plotted against 

the log10 amount of lipid. Correlation (r
2
) was 

determined for all curves by linear regression. 

 

5.4 FAMEs analysis  

We used standard procedure developed 

in our laboratory which is based on the our 

developed protocol (Khoomrung et al. 2012) . 

Briefly, 10 mg of freeze-dried samples was 

mixed with 4 mL of hexane, 2 mL of 14 % BF3 

(in Methanol) and 5 µg of internal standard (17:0 

fatty acid standard was added. The sample was 

then flushed into the tube’s head space with 

nitrogen gas for 30s and closed tightly with a 

Teflon screw cap. The tube was placed in a 

vessel containing 30 mL of milliQ water and 

then sealed with TFM screw cap. The tube was 

heated using microwave digestion system 

(milestone start D, Sorisole Bergamo, Italy) 

equipped with rotor PRO-24. The temperature 

programming of microwave digestion was 

ramped (from room temperature) to 120 ˚C 

within 6 min and maintained for 10 min. After 

cooling down sample at the room temperature, 2 

mL of milliQ water was added and shaken 

vigorously for 1 min and centrifuged at 2500 

rpm for 5 min. The upper phase (hexane phase 

which contained the FAMEs) was analysed by 

GC-MS.  

The FAMEs were separated and 

quantified using Focus GC ISQ single 

quardrupole GC-MS (Thermo Fisher scientific, 

Germany). The separation of FAMEs was 

performed on Zebron (ZB-WAX) GC column 

(30 m x 0.25 mm I. D., 0.25 μm film thickness) 

from Phenomenex, Macclesfield, UK. Sample 

was injected in splitless injection mode (1µL at 

240 ˚C) and Helium was a carrier gas (1 

mL/min). The column temperature was initially 

set at 50 °C (1.5 min), then temperature was 



   

 

 

ramped to 180 °C (25°C/min) for 1 min, then 

increased to 220 °C (10°C/min) and held for 1 min. 

Finally, temperature was increased to 250 °C 

(15°C/min) and held for 3.0 min. Mass transfer line 

and ion source were set at 250 °C and 200 °C, 

respectively. The FAMEs were detected with 

electron ionization (70 eV) in scan mode (50-650 

m/z) and selected ion monitoring mode at m/z 55, 67, 

74 and 79 (for quantitative analysis). The 

identification of unknown FAMEs was achieved by 

comparing their retention times and mass spectrum 

profiles with known standards (Sigma-Aldrich, 

USA). The quantification of FAMEs was performed 

using QuanBrowser function in Xcalibur software 

version 2.0 (Thermo Fisher Scientific). According to 

the serial dilution of FAME mix standards and were 

normalized according to the internal standard fatty 

acid C17:0. The average molecular weights of each 

PL (Table.S1) were used for mg/gDW and 

mmol/gDW units conversion (were later used for 

metabolic fluxes analysis).   

 

6. Integrated analysis 

The statistical adjusted P-values of each 

hypothesis testing were overlaid on the three curetted 

biological networks graph of Gene Ontology 

(Ashburner et al. 2000), Transcription factor-gene 

interaction (Abdulrehman et al. 2011) and genome-

scale metabolic model iIN800 (Nookaew et al. 2008) 

(metabolite-gene interaction). Briefly, the networks 

were transformed to be bipartite graph then the 

adjusted p-values derived from each hypothesis as 

previously described in transcriptome in analysis 

section. After that, reporter algorithm (Oliveira et al. 

2008) was performed to evaluate the functional 

enrichment of cellular responses based on each 

statistical hypothesis. The algorithm estimated meta-

significant values (reporter p-value) of each GO 

term, Transcription factors (TF) and metabolites 

(feature) that are in response to each perturbation 

factor. Features that have reporter P-value < 0.001 

were considered and presented in heatmaps. The list 

of gene members associated within the three features 

can be found in supplementary text file “C only 

Pval&FC” for C-limited conditions and “N only 

Pval&FC” for N-limited conditions. 

Results 

High and Low inositol-choline condition and 

media design 

As previously reported for yeast, inositol 

is essential in a snf1Δ deletion strain (Shirra et 

al. 2001; Sanz 2003). To quantify the required 

inositol levels for a snf1Δ yeast strain, a spot test 

of snf1Δ on different concentrations of inositol 

were performed (Fig. 1A).  Since Snf1 kinase 

regulates positively the expression of INO1 (Lo 

et al. 2005; Shirra et al. 2001), the snf1Δ yeast 

strain could, as reported earlier, not grow on SD 

agar media without inositol (see Fig. 1A). 

However, myo-inositol is included in a 

concentration of 25 mg/L (corresponding to 

about 139 µM) in the minimal medium we 

normally use in our laboratory (Verduyn et al. 

1992), and the spot test showed that even a 100 

times lower amount (1.39 µM) is enough to 

support the growth of snf1Δ  while higher 

concentrations (up to 200 µM)  only provide 

marginal improvements in growth. Based on this 

we used an experimental design where 1.39 μM 

inositol and 0 mM choline represent low 

inositol-choline (LIC) condition and 75 µM 

inositol and 1 mM choline represent high 

inositol-choline (HIC) condition (see Fig. 1B). 

Strains, cultivation, and fermentation profile 

Two strains (the reference and snf1Δ) 

were grown in aerobic chemostat cultures were 

grown at 30 ˚C in 1.2 L bioreactors (DASGIP, 

Germany) with working volume of 0.5 L using a 

dilution rate of 0.10 (±0.005) h
-1

. According to 

the key physiology information of all conditions 

in table 1, the effects of SNF1 deletion and IC 

obviously influenced to the cell growth reflected 

on biomass yields. At C-limited condition, 

deletion of SNF1 resulted in substantial 

reduction in biomass yields by 34% and 22% at 

HIC and LIC conditions, respectively. At N-

limited, in contrast, all the wild type strain and 

snf1Δ seemed to have no significant different in 

biomass yield at both HIC and LIC condition. 

This evidence pointed to the similar responsive 

patterns of the yeast cells due to inactivated Snf1 

at N-limited compared to the SNF1 deletion. 

Focusing on the IC effects on the cell growth of 

both reference and snf1Δ, we found about 5% to 

15% increasing in biomass yield and about 30% 

to 60% increasing in biomass yield for C-limited 

and N-limited respectively. At HIC conditions, 

both strains produced a relatively high 

concentration of ethanol, glycerol and acetate 

compared to LIC by approximately 50% to 

100% during chemostat.  



   

 

 

Figure 1. Spot test on SD agar plates with different inositol concentrations after 24 h (A). Illustration of the 3 factor 

factorial design and schematic analysis of our workflow for integrated analysis involving transcriptome-lipid 

profiling analysis of the inositol-choline effect on lipid biosynthesis in snf1Δ yeast strain (B). 

 

Table 1. Key physiological parameters for all conditions in chemostat cultivations. 

Strains Conditions YSX
1
 YSE

2
 YSG

3
 YSA

4
 

reference LIC, C-limited 0.515±0.007 n.d. 0.008±0.001 n.d. 

reference LIC, N-limited 0.097±0.002 0.292±0.029 0.002±0.000 0.004±0.001 

snf1Δ LIC, C-limited 0.384±0.003 n.d. 0.014±0.002 n.d. 

snf1Δ LIC, N-limited 0.102±0.000 0.252±0.044 0.007±0.000 0.005±0.001 

reference HIC, C-limited 0.539±0.010 n.d. 0.019±0.001 n.d. 

reference HIC, N-limited 0.128±0.004 0.485±0.0479 0.008±0.000 0.007±0.001 

snf1Δ HIC, C-limited 0.442±0.008 n.d. 0.021±0.001 n.d. 

snf1Δ HIC, N-limited 0.164±0.011 0.483±0.030 0.012±0.001 0.010±0.002 
1
 Biomass yield on glucose (unit: g biomass formed/g glucose consumed) 

2
 Ethanol yield on glucose (unit: g ethanol formed/g glucose consumed) 

3
 Glycerol yield on glucose (unit: g glycerol formed/g glucose consumed) 

4
 Acetate yield on glucose (unit: g acetate formed/g glucose consumed) 

 

 

 

 

 



   

 

 

Global transcriptome changes due to IC level 

and deletion of Snf1 in nutrient-limited 

condition  

We used the Affymetrix DNA microarray 

platform to measure the expression level of all 

genes and access the global effect caused by 

deletion of SNF1, by a high inositol-choline level, 

and the combination of the two under two different 

kinds of nutrient-limitation (C- and N-limitation). 

The transcriptome data of the 8 different 

conditions derived from 24 yeast 2.0 Affymetrix 

DNA microarrays were decomposed using 

principal component analysis (PCA) and 3-factor 

ANOVA analysis (α=0.01) to obtain the global 

responses of gene expression at the different 

conditions. It is seen that the biological replicates 

are well grouped (Fig. 2A), showing very high 

reproducibility. Furthermore, the transcriptome 

data are presented in a Venn diagram (Fig. 2B) 

showing that the number of significant genes in 

response to the nutrient limited (CN) factor was 

about 2 times of that in response to the Snf1 

deficiency factor (ST) and the inositol-choline (IC) 

factors, showing that a change from carbon to 

nitrogen limitation is the dominant factor. This is 

in consistency with the PCA that also illustrated 

that the impact of nutrient limitation is the main 

factor separating the samples in the first principal 

component. We therefore re-analyzed the 

transcriptome data using 2-factor ANOVA analysis 

of the C-limited and N-limited data sets separately 

(Fig. 2C) to get better insight into the effect of the 

ST and IC factors. Based on this we found that 

there were more genes being significantly changed 

at C-limitation than that at N-limitation. The 

variance between the reference and the snf1Δ 

strain (represented by the distance between 

reference-snf1Δ, Fig.2A) was very small at N-

limited condition supported by the very small 

number of significant genes affected by the strain 

(ST) factor at N-limitation (see Venn diagram in 

Fig. 2C). This is due to general inactivation of 

Snf1 at N-limited growth conditions (Usaite et al. 

2009; Zhang et al. 2011), but still deletion of SNF1 

influences the transcription of around 250 genes. 

Subsequently, functional enrichment in 

response to each perturbed factor was calculated 

using our reporter algorithm, and the results are 

summarized in Fig. 2D. With this approach we 

identify GO terms that are enriched in response to 

the different factors, and this allows for direct 

interpretation of which biological processes are 

affected in response to the different factors 

evaluated. It is seen that the identified GO terms 

(biological process) grouped into 5 main clusters 

(Fig. 2D). Cluster 1 contains genes enriched in 

sugar transport and metabolism, which were 

mainly influence by the ST factor and only at N-

limited conditions. Cluster 2 contains genes 

involved in conjugation and reproduction, which 

were interaction effects of the ST and IC factors at 

N-limited condition only. Cluster 3 contains genes 

involving carbohydrate metabolism and stress 

response, which were mainly affected by the ST 

factor at C-limited conditions. Most biological 

processes of these three clusters are strongly 

influenced by a combination effect of the ST and 

IC factors that occur only in N-limited condition. 

Cluster 4 (The biggest group) contains genes 

mainly involved in fatty acid, phospholipids, 

inositol and biosynthesis process.  

Interestingly, not only individual factors 

like ST and IC influence the transcriptional 

changes of the processes in this cluster, there are 

also strong influences by the combination effect of 

the ST and IC factors indicating by the interaction 

p-values between ST and IC that only occurred at 

C-limited and not at N-limited condition. Cluster 5 

contains genes involved in the TCA cycle and 

mitochondrial functions, which were strongly 

affected by the ST factor at both C-limited and N-

limited conditions as previously known (Sanz 

2003; Thomas and Polge 2007; Woods et al. 

1994).  

To identify transcriptional regulation of 

metabolism in response to deletion of SNF1 and/or 

IC effect, we overlaid the tramscriptome onto a 

genome-scale metabolic model of S, .cerevisiae “ 

iIN800” (Nookaew et al. 2008).  This method  

(Oliveira et al. 2008; Patil and Nielsen 2005) is 

really useful for the identification of “reporter 

feature” (metabolites, transcription factors, etc) 

around which significant transcriptional activity 

occurred and also sub-networks of coordinated 

transcriptional changes. The results of the reporter 

GO term analysis are in agreement with analysis 

of reporter metabolites and reporter transcription 

factors (TFs). The results of this analysis (reporter 

metabolites and TFs) are reported as heatmaps in 

Fig. S4 and S5. The list of gene members 

corresponded by each reporter GO term and each 

TFs can be found in supplementary text files 

“GO_member.txt” and “TF_member.txt”, 

respectively.  



   

 

 

 
Figure 2. Transcription data analysis at a global view; (A) Principal component analysis of the transcriptome data. 

Each dot represents one biological replicate. The dots of same condition are connected by solid lines. C = C-limited , 

N = N-limited, W= wild type, S= snf1Δ, i = LIC, and I = HIC. (B) Venn diagram of 3-factor ANOVA analysis i.e. 

carbon/nitrogen limited (CN), strain (ST), inositol-choline (IC) and their interactions, p-value < 0.01 was used. (C) 

Venn diagrams of 2 factors ANOVA analysis i.e. IC, ST and their interaction when focus on C-limitation and N-

limitation separately, p-value < 0.01 was used. For figure 2B and 2C, the black numbers on top are the significant 

genes, green means down-regulated, red means up-regulated genes. In the intersection areas, only the genes that are 

down-regulated together or up-regulated together among those factors are represented. The small circles sticking out 

of the intersection areas represent the number of genes that are responded to each interaction effect deriving from 

those factors, and the numbers in the brackets show the number of overlapping genes which were also found in 

common with the intersection area. (D) A heat map of over-representation of GO terms (Biological Process) 

responded to each factor in the range of 0-10 of log(p-value).  

 

Lipid composition and content 

To link the transcription level to 

alterations in the cellular lipid composition, we 

measured different lipid classes at all conditions 

(with biological triplicate samples). This also 

allowed us to obtain insight into how the inositol-

choline level and the Snf1 activity affected the 

lipid biosynthesis at the metabolic level. For each 

sample, four neutral lipids (i.e. SE, TAG, FA, and 

ES) and five phospholipids (such as PA, PE, PC, 

PS, and PI) were separated and quantified (see 

Fig. S2-3). Moreover, the FA distributions in 

each phospholipid class and total fatty acids were 

monitored (supp. table 4-8). The FA analysis of 

the total lipid pool confirmed that the C16 and 

C18 fatty acids were the two major FAs in yeast. 

About 70-80% of yeast FAs are monounsaturated 

(Fig. S1) via a reaction catalysed by the ER-

bound Δ9 desaturase Ole1 (Tehlivets et al. 2007). 

The major parts of the lipid composition were 



   

 

 

phospholipids and storage lipids (TAG and ES), 

each in the range of 20-40% at all conditions. Both 

SE and free FAs were detected in very small 

amounts, around 2-8%, at all conditions. The IC 

effect had influence on the total lipid composition, 

and we found that at HIC conditions, the 

percentages of phospholipids were lower whereas 

the storage lipids (such as TAG and ES) were 

higher compared with LIC.  

 
Figure 3. Fluxes through the different reactions of lipid biosynthetic pathway for LIC (A) and HIC (B). All fluxes 

are shown in units of µmol/gDW/h. The upper value (normal font) is for the reference strain, the lower (italic font) is 

for snf1Δ strain, normal font (left) and bold font (right) indicate the value from C-limitation and in N-limitation 

respectively. The level, in units of mg/gDW, of the different lipid species is shown in the table. (C = C-limited, N= 

N-limited, W= wild type, S= snf1Δ, i = LIC, and I = HIC) 

Flux distribution in lipid pathway is highly 

influenced by IC and Snf1 

To explore the carbon channeling in 

lipid metabolism, the fluxes in lipid biosynthesis 

(in units of μmol/gDW/h) were calculated from 

the measured lipid profiles at all conditions (Fig. 

3) and this provides a clear picture of the 

changes in the flux distribution in response to the 

different factors evaluated. These fluxes were 

affected by many factors at several levels, such 

as gene transcription, protein phosphorylation, 

and enzyme activity. Thus at N-limited 

condition, where there is excess glucose 

available, the fluxes from AcCoA were about 3 

and 2 fold higher when compared to those at C-

limited conditions for LIC and HIC conditions, 

respectively. According to the reporter metabolite 

analysis (Fig S4.), AcCoA was found to be 

significantly different in response to the IC factor. 

At LIC condition, the flux to the phospholipid pools 

is larger than that to the storage lipids (i.e. TAG and 

SE). On the other hand, the flux to storage lipids at 

HIC condition was greater than that at LIC (since the 

IC effect result in down-regulation of the whole set 

of phospholipid synthesis genes). Interestingly, we 

found Gis1 as one of the most significant TFs that 

were strongly affected by the ST factor at C-

limitation and both the ST and IC factors at N-

limited condition. Since Snf1 has protein-protein 

interaction with Gis1p as a repressor (Balciunas and 

Ronne 1999), the expression level of Gis1 genes 

were increasing at HIC condition only at N-limited 



   

 

 

conditions where Snf1 is inactive. Moreover, this 

TF has interactions (directly or indirectly) with 

several genes involved in lipid biosynthesis (i.e. 

FAA2, ERG28, and DPP1) and also carbohydrate 

metabolism (i.e. PGM2, HOR2, TPK1, ICL1, and 

PCK1). Moreover, we also found inositol-3-

phosphate as a significant reporter metabolite in 

response to the IC factor at both C-limited and 

N-limited conditions. This directly resulted from 

addition of inositol-choline to the culture 

medium. Thus, through our experimental design 

we obtained significant alteration in the fluxes of 

the different branches of lipid metabolism, and in 

the following we will discuss how the changes in 

these different fluxes are linked to the 

transcriptome and the different factorial effects. 

Discussions 

Effect of inositol-choline, Snf1, and nutrient 

limitations on FA biosynthesis 

According to reporter GO terms as 

presented in Fig 2D, FA synthesis related genes 

(i.e. ELO1 and OLE1) had significant changes in 

expression in response to the IC factor 

(especially at C-limited conditions). It has been 

known that β-oxidation happens in the peroxisome 

associated with lipid droplets, so called pexopedia. 

At N-limited conditions there is accumulation of 

ethanol (table 1), and this could repress the synthesis 

of Fox1-3 proteins that are the core enzymes of fatty 

acid β-oxidation in the peroxisome (Hiltunen et al. 

2003). This repression of β-oxidation may explain 

the accumulation of TAG at these conditions. Pip2 

and Oaf1 were found to be significant reporter TFs 

in response to the IC factor and these transcription 

factors are regulating genes involved in FA β-

oxidation, and these genes are also found to be 

significantly regulated only in response to the IC 

factor. This is supported by findings by Jesch et al. 

(2005), who showed that the IC factor results in 

down regulation of FA β-oxidation genes (Jesch et 

al. 2005). Interestingly, we also found Mga2, which 

is the TF controlling the expression of OLE1 gene 

(Zhang et al. 1999), as a significant reporter TF at C-

limited condition in response to the IC factor. This 

explains the increased OLE1 expression (Fig. 4A); 

i.e. the expression level is higher at C-limited 

condition than at N-limited condition and seems to 

be up regulated at HIC condition (especially in the 

snf1Δ strain).   

 

Figure 4. Correlation between 

fatty acid ratio and their 

specific enzyme coding 

genes(C = C-limited, N= N-

limited, W= wild type, S= 

snf1Δ, i = LIC, and I = HIC). 

(A) Correlation between 

%unsaturation and OLE1 

expression.  (B) Correlation 

between %C18 FA and each 

FA elongase coding genes 

(ELO1, ELO2, and ELO3) 

expression. 

 

 

 

 

 

 

 

 



   

 

 

This result supports the evidence that 

inositol can induce OLE1 expression but repress 

INO1 expression (Gaspar et al. 2006). 

Furthermore, the correlation between the OLE1 

gene and  %unsaturation of phospholipids and 

total lipid were examined, and a Pearson’s 

correlation coefficient of 0.84 (p-value about 

2.55e-7) was found between OLE1 gene 

expression and %unsaturation of phospholipid, 

whereas there was no correlation found to the 

%unsaturation of the total lipids. Normally, the 

expression value captured by Microarray 

measurement has lesser dynamic range compared 

with quantitative real time PCR (QPCR). 

However, the significantly change derived from 

the both method are generally agreed (Canelas et 

al. 2010).  As seen in the figure 4 the expression 

of OLE1 (in Log2 scale) has small changes in 

low magnitude however the statistical different 

derived from one way ANOVA analysis 

indicates significantly different (P=1.86E-13). 

This strongly suggests that the %unsaturation of 

FA in phospholipids were highly regulated at the 

transcriptional level. This may be an important 

factor for controlling membrane fluidity that is 

exquisitely regulated by the 

ubiquitin/proteasome system (Braun et al. 2002), 

which is in agreement with our integrated 

analysis of the transcriptome data as illustrated in 

Figure 2, where we found a GO term associated 

with proteasomal ubiquitin dependent and 

independent protein catabolic processes in response 

to the IC factor at both C-limitation and N-

limitation. Consequently, the correlations between 

the genes coding for fatty acid elongase enzyme i.e. 

ELO1, ELO2, and ELO3 against %C18 FA in total 

lipid were also calculated and the Pearson’s 

correlation coefficient of 0.70, 0.38 and 0.49 were 

found between ELO1 ,ELO2 and ELO3 on %C18 

FA, respectively (figure 4B). Moreover, Hac1, 

which is the key transcription factor controlling the 

unfolded protein response (UPR), was also found to 

be significantly responding to IC (Fig. S5). This 

shows that the IC effects on fatty acid desaturation 

process is also linked to the UPR pathway through 

the OLE pathway as reported by Jesch et al.(2005) 

(Jesch et al. 2005). 

It has been reported that Snf1 kinase 

regulates negatively the activity of acetyl-CoA 

carboxylase Acc1 (the first enzyme of the fatty acid 

synthesis pathway), resulting in the inhibition of 

lipid biosynthesis (Woods et al. 1994; Usaite et al. 

2009) (see Fig. 5). There is, however, also a 

transcriptional response as we also found several 

types of AcylCoA as significant reporter metabolites 

as well as malonyl-CoA, which is the key precursor 

for FA biosynthesis (Fig. S4). Several FA types were 

significant reporter metabolites in response to the IC 

factor at C-limited condition and both the IC and ST 

factors at N-limited conditions. 

 
Figure 5. Biosynthetic pathway and regulation model of lipid metabolism in S. cerevisiae. The pathway shows the 

synthesis of neutral lipids (FA, ES, SE, DAG, and TAG) and phospholipids (PA, PI, PS, PE, and PC). The genes that 

are known to encode enzymes catalyzing individual steps in the lipid synthetic pathway are indicated. The co-

influence levels on gene expression and lipid metabolites by the combination of inositol-choline and Snf1 are 

evaluated by interaction p-values presented as significance heatmaps. 



   

 

 

IC and Snf1 in controlling phospholipids 

biosynthesis 

The rate of phospholipid synthesis is 

substantially decreased when inositol is added to 

the growth medium (Kelley et al. 1988; Loewen et 

al. 2004). At all HIC conditions, UASINO-

containing genes were significantly down 

regulated, at 70% on average (for more 

information, please see supplementary text files) 

when compared with LIC. Since Snf1 is active at 

C-limitation (Usaite et al. 2009; Zhang et al. 2011), 

this shows that Snf1 substantially affects the 

expression of the whole set of UASINO-containing 

genes when compared with N-limited conditions 

where Snf1 is not active (Usaite et al. 2009; Zhang 

et al. 2011) (mean adjusted P-value = 1.39 E-4, 

3.33E-2 for C- and N-limited, respectively (for 

more information, please see supplementary text 

file  “Specific Pval&FC Lipids and genes”). 

Furthermore, when Snf1 is active it will inhibit 

Acc1 and hereby result in reduced level of lipids in 

the cell as seen in Fig. 3.  The expression of 

UASINO-containing genes in the reference strain at 

C-limitation and LIC condition were therefore not 

as high as those in the snf1Δ strain and the 

reference strain at N-limitation where there is 

increased activity of Acc1 (see Fig. 3). There 

therefore seems to be co-ordination between 

regulation of the Acc1 activity and expression of 

down-stream UASINO genes. Recently, it has been 

found that mutations in ACC1 (encoding 

acetylCoA carboxylase) and FAS1 (encoding fatty 

acid synthase) suppress the inositol auxotrophy of 

the snf1Δ mutants, indicating that this auxotroph 

arises in part from increased Acc1 activity in the 

mutant (Sanz 2003). Considering the lipid content 

at all conditions, the reference strain at C-

limitation and LIC condition still was the one that 

had the highest level of phospholipid (almost 50% 

w/w total lipid). This may be caused by the high 

PA level since it this was found to be highest at 

this condition (Fig. 3 and Fig. S3). This may lead 

to inhibition of the master negative regulator of 

phospholipid biosynthesis, Opi1, which is 

associated with the nuclear/ER membrane through 

interaction with the integral membrane protein 

Scs2 (Fig. 5). At HIC conditions the PA will be 

consumed to produce PI, and this may resulted in 

reduced levels of PA in the cells (Fig. S3 and table 

S3). This can be directly sensed by Opi1, a 

component of the endoplasmic reticulum (ER)-

localized lipid sensing complex (Loewen et al. 

2003). Since Opi1 is free and hence able to migrate 

into the nucleus, where it interacts with Sin3 to 

inhibit the Ino2/Ino4 complex, and this results in 

down-regulation of the whole set of UASINO-

containing genes (Loewen et al. 2004; Kumme et 

al. 2008) leading to a 40% reduction in the 

phospholipid pool at HIC condition (see Fig. 3 and 

Fig. S2). Moreover, the lack of Snf1 activity in the 

snf1Δ strain also resulted in a 50% reduced 

phospholipid pools due to down regulation of 

INO1 at both C- and N- limited conditions. These 

effects are captured by our integrative analysis 

where Ino2, Ino4 and Opi1 were all found as 

reporter TFs in both IC and ST conditions 

(Fig.S6), but Opi1 had the highest significant score 

derived from the integrated analysis (Fig.S6), 

which is probably due to the fact that Opi1 is the 

direct target of the PA levels as a result of the IC 

effect while Ino2 and Ino4 are affected by Opi1, 

and hence are both lower in the regulatory cascade 

(Fig. 5).   

IC and Snf1 in controlling neutral lipid 

biosynthesis and accumulation 

In yeast, the neutral storage lipids are 

accumulated in lipid droplets consisting of TAG 

and SE, each consisting of about 50% (Leber et al. 

1994; Mullner and Daum 2004; Schaffner and 

Matile 1981). These storage lipids are normally 

synthesized in hydrophobic region of the ER 

membrane and later incorporated into lipid 

droplets and then released into the cytosol 

(Mullner and Daum 2004). Both TAG and ES 

synthesis are regulated and affected by IC and 

Snf1 at different levels, such as the transcription 

level, protein kinase level, and enzyme activity 

level. Even though the expression level of 

phosphatidic acid phosphatase (PAPs) genes 

coding for storage lipid enzyme (e.g. Pah1, Dpp1, 

and Lpp1) were not significantly changed at HIC 

condition, the percentage of storage lipids such as 

TAG and SE were still 11-14% higher than those 

at LIC and C-limited condition in both the snf1Δ 

and the reference strain. This must be due to 

changes at the metabolite and/or protein level, and 

not at the transcriptional level. Once PA has been 

converted to PI via the CDP-DAG intermediate, 

PAPs will be activated. We found CDP-DAG as 

well as PA as the top significant reporter 

metabolites (Fig. S4), and since CDP-DAG is the 

main regulator that can activate the enzyme 

activity of PAPs (Loewen et al. 2004) (Fig. 5), the 

fluxes through TAG were increased in HIC, which 

has a higher amount of CDP-DAG (Fig. 3). For ES 

biosynthesis, a similar pattern of expression levels 

of genes involved in ES synthesis was observed, 



   

 

 

i.e. expression was not significantly changed in 

response to the IC factor.  Moreover, we found key 

TFs involved in sterol biosynthesis (Upc2 and 

Ecm22) as reporter TFs in response to the ST 

factor, but only at C-limited conditions, and Sut1 

(involved in sterol uptake) as a reporter TF in 

response to both the IC and ST factors at N-limited 

condition (Fig S6). Since Upc2 and Ecm22 can be 

repressed by Snf1 (Nielsen 2009; Zhang et al. 

2010), ES genes (Erg1-27 and HMG1-2) had 

higher expression value at N-limitation and in the 

snf1Δ strain especially at HIC condition 

(supplementary text file “Specific Pval&FC Lipids 

and genes”). In addition, mevalonate and 

AceAcCoA were identified as reporter metabolites 

for the ST and IC factors, especially at C-limited 

condition (Fig S4), and this is consistent with the 

observed higher fluxes towards ES at HIC 

condition, in particular for the snf1Δ strain (Fig. 3). 

Co-influences of inositol-choline and Snf1 on 

lipid metabolism  

As previously described, the impact of IC 

and Snf1 individually on lipid metabolism and its 

regulations is substantial. Due to our factorial 

experimental design, the co-influences resulting 

from cross talking between inositol-choline and 

Snf1 could, however, also be evaluated. With our 

experimental setup it is possible to see the effects 

from the knocking out of SNF1 and also the 

substrate limitations that leads to changes in Snf1 

activity (i.e. with the ST factor it is presence versus 

absence of Snf1 and for C-limitation Snf1 is active 

and for N-limitation it is inactive). So we have two 

slightly different co-influences of inositol-choline 

with active Snf1 and inositol-choline with inactive 

Snf1. Based on the integrative analysis Figure 5 

summarizes the key regulation of the lipid 

biosynthesis pathways confirmed and identified by 

our study. The co-influences between Snf1 and 

inositol-choline are also reported as a heatmap in 

the figure for each gene expression and measured 

lipids (adjusted interaction p-values). The 

summarized figure provides compelling evidence 

of substantially co-influences of inositol-choline 

and Snf1 in terms of regulating the lipid 

metabolism. We can conclude that the co-influence 

of inositol-choline and Snf1 depends on the active 

state of Snf1 at both the transcription and lipid 

metabolite levels. Interestingly, INO1 was 

substantially influenced by both factors, which 

should be the consequence of the response of the 

regulators Ino2, Ino4 and Opi1, and this leads to 

changes in phospholipid metabolism. Transcription 

of genes in the ergosterol and sterol-ester synthesis 

pathway was also influenced by cross talking of 

inositol-choline and Snf1. Surprisingly, 

transcription of ACC1, encoding the rate 

controlling enzyme in fatty acid biosynthesis, was 

significantly influenced at both C- and N-

limitation indicating a special response to the 

combination of IC and Snf1 (both in active or 

inactive form). This evidence may link to the fact 

that inositol auxotrophy in a snf1Δ strain can be 

rescued by inhibiting Acc1 activity (Woods et al. 

1994), probably due to a decreased flux through 

fatty acid synthesis, which may allow the mutant 

to synchronize fatty acid synthesis with the 

reduction of inositol synthesis when Snf1 is 

absent, and hereby ensure that phospholipid 

biosynthesis is balanced with the demand for 

cellular growth. Besides, we found that the 

interaction between IC and Snf1 did not influence 

the expression levels of most of the lipid genes 

much in N-limited condition (except a few genes 

e.g. ACC1, CHO2, PSD2, LPP1 and FAS1) since 

the global transcriptional responses caused by the 

ST factor were so small at N-limited conditions 

(where Snf1 were inactive). 

Through integrated analysis of the 

transcriptome, lipid profiling, and fluxome derived 

from a robust experimental setup we were able to 

get insight into how gene expression is linked to 

the fluxes in lipid biosynthesis at the global level. 

Among the interesting findings is an effect of 

inositol-choline, but not by Snf1, on the UPR 

pathway via the transcription factor Hac1. This 

evidence points to an interesting link between lipid 

metabolism and the protein secretory pathway, 

both involving activities in the endoplasmic 

reticulum. Globally, both Snf1 and inositol-choline 

influence and also co-influence lipid metabolism, 

especially phospholipid biosynthesis were affected 

via the transcription factors (i.e. Ino2, Ino4, and 

Opi1) or indirectly through other transcription 

factors e.g. Gis1, Mga2, Upc2, Ecm22, Pip2, Oaf1, 

Sut1, Hac1, etc. Our data also suggested that 

storage lipid synthesis and accumulation seem to 

be controlled at the enzyme activity level (i.e. 

Dpp1, Lpp1, Pah1, and Dgk1). Thus, through our 

genome-wide analysis of lipid metabolism we 

managed to both confirm earlier findings and map 

several novel regulatory circuits involved in 

controlling how carbon is directed into the 

different branches of lipid metabolism. 
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Figure S1. Abundance of fatty acids from the total lipid including neutral and 
phospholipids for all conditions in units of mg/gDW biomass. The abundance is based on 
the sum of Fas in the free as well as ester form. The error bar represent the SD from 
triplicate. (A) C14:0 – myristic acid; (B) C16:0 – palmitic acid; (C) C16:1 – palmitoleic acid; 
(D) C18:0 – stearic acid; (E) C18:1 – oleic acid; (F) C20:0 – arachoidic acid; (G) C20:1 – 
eicosenoic acid. 
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Figure S2.  Abundance of different lipid species in units of %content  w/w of total lipids 
 

 
 
 
 
 
Figure S3. Abundance of different lipid species in units of mmol/gDW of phospholipids 
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Figure S4. A heat map of reporter Metabolites of each factor comparison showing in range 
of 0-4 of log(p-value). 
 

 
 
 
 
 
 
 



Figure S5. A heat map of reporter TF of each factor comparison showing in range of 0-20 of 
log(p-value). 

 
 
 
 
 



Figure S6. The chromatographic separation of all lipid classes with optimized condition, 
separated on a HILIC column (Luna 5 µm 200Å 100 x 3.0 mm. 0.8 mL/min solvent flow rate 
at 35˚C) with triple gradient mobile phase. Cholesterol (CH) was used as an internal 
standard and the recovery was above 95%.  
 

 
 
 
 
Figure S7.  Identification of unknown FAME from yeast sample using GC-MS based on the 
retention time of the known standards. 17:0 FA was used as an internal standard and the 
recovery was above 95%. 
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Figure S8. Abundance of fatty acids from the total lipid including neutral and 
phospholipids for all conditions. The abundance is based on the sum of Fas in the free as 
well as bound fatty acid.  
 

 
 
 
Table S1. Average molecular weight for phospholipid amount calculation. 
 

Phospholipids Avg MW (g/mol) 

PA 691.53± 39.62 

PE 712.61±40.83 

PC 754.70±43.22 

PS 778.61±44.59 

PI 848.72±48.58 

 
 
 

Table S2. The level of different phospholipid species in units of %content (w/w 
phospholipids) 

 
 
 
 

conditions PA PE PC PS PI 

CWi 4.364±0.293 21.528±0.286 36.838±0.256 19.028±0.449 18.243±0.410 
NWi 3.424±0.445 35.126±0.413 34.687±0.639 12.527±0.421 14.236±0.181 

CSi 3.543±0.939 20.618±0.890 35.217±0.656 17.225±0.072 23.397±0.366 

NSi 3.436±0.108 14.677±0.483 33.719±0.180 16.310±2.367 31.859±0.110 
CWI 1.265±0.260 26.561±0.323 24.823±0.599 16.361±1.210 30.989±0.139 

NWI 2.022±0.668 20.529±0.631 31.396±0.593 18.302±0.476 27.751±0.177 

CSI 2.937±0.747 9.137±0.472 35.656±1.242 12.487±0.631 39.783±0.120 

NSI 2.011±0.500 14.316±0.468 29.924±0.489 15.729±0.432 38.019±1.864 



Table S3. The distribution of FA content in PA in units of %content (w/w fatty acids) 
 

Condition 14_0 16_0 16_1 18_0 18_1 

CWi 6.17±0.16 26.32±0.16 17.14±0.12 19.1±0.12 31.27±0.07 

NWi 2.82±0.42 27.75±0.24 9.81±0.20 39.99±0.16 19.63±0.17 

CSi 3.47±0.12 31.40±0.11 11.64±0.10 32.86±0.06 20.64±0.05 

NSi 14.35±0.09 25.44±0.08 8.75±0.08 29.16±0.04 22.30±0.04 

CWI 4.54±0.04 24.14±0.04 25.88±0.02 27.60±0.02 17.84±0.02 

NWI 3.82±0.11 34.88±0.08 9.30±0.08 30.32±0.06 21.68±0.04 

CSI 4.24±0.02 34.36±0.02 9.28±0.02 37.89±0.01 14.22±0.01 

NSI 5.44±0.05 35.74±0.02 10.64±0.02 31.14±0.02 17.05±0.02 

 
 
Table S4. The distribution of FA content in PE in units of %content (w/w fatty acids) 
 

Condition 14_0 16_0 16_1 18_0 18_1 

CWi 2.85±0.10 31.17±0.09 11.2±0.09 20.9±0.08 33.88±0.04 

NWi 2.67±0.49 25.93±0.45 12.33±0.44 30.07±0.19 29.00±0.21 

CSi 2.68±0.06 27.87±0.06 17.48±0.04 27.18±0.04 24.80±0.02 

NSi 7.02±0.21 28.30±0.19 11.17±0.18 23.95±0.16 29.56±0.08 

CWI 6.68±0.21 25.27±0.21 21.94±0.16 23.23±0.14 22.88±0.09 

NWI 4.57±0.35 35.35±0.34 8.55±0.32 27.48±0.31 24.05±0.14 

CSI 3.48±0.03 23.33±0.03 17.24±0.02 39.29±0.01 16.66±0.01 

NSI 4.80±0.17 30.42±0.17 14.36±0.17 28.29±0.17 22.13±0.07 

 
 
Table S5. The distribution of FA content in PC in units of %content (w/w fatty acids) 
 

Condition 14_0 16_0 16_1 18_0 18_1 

CWi 2.86±0.18 32.94±0.09 14.34±0.09 24.25±0.09 25.61±0.07 

NWi 3.48±0.52 28.42±0.46 15.29±0.46 10.50±0.45 42.30±0.21 

CSi 1.55±0.28 23.1±0.28 28.45±0.17 21.44±0.16 25.48±0.12 

NSi 3.68±0.17 20.16±0.18 25.38±0.17 24.42±0.15 26.36±0.07 

CWI 2.67±0.11 20.04±0.11 44.75±0.06 12.19±0.05 20.35±0.05 

NWI 3.16±0.46 37.12±0.43 15.72±0.42 21.81±0.42 22.19±0.19 

CSI 4.88±0.36 25.74±0.35 23.27±0.23 26.92±0.2 19.19±0.15 

NSI 2.97±0.40 18.74±0.40 20.82±0.38 21.48±0.38 35.99±0.17 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S6. The distribution of FA content in PS in units of %content (w/w fatty acids) 
 

Condition 14_0 16_0 16_1 18_0 18_1 

CWi 2.24±0.06 32.79±0.06 11.74±0.06 25.81±0.05 27.41±0.02 

NWi 4.70±0.17 24.58±0.16 14.24±0.15 21.54±0.13 34.94±0.07 

CSi 5.23±0.00 35.48±0.10 14.84±0.00 27.65±0.02 16.80±0.01 

NSi 12.31±0.65 34.55±0.60 9.00±0.56 23.1±0.40 21.03±0.26 

CWI 2.63±0.17 21.79±0.16 40.88±0.07 19.74±0.07 14.97±0.07 

NWI 3.60±0.23 36.48±0.23 9.22±0.22 34.90±0.18 15.80±0.09 

CSI 3.87±0.08 26.79±0.07 25.63±0.03 27.85±0.03 15.85±0.03 

NSI 10.16±0.09 26.6±0.09 9.44±0.09 23.04±0.09 30.77±0.04 

 
 
Table S7. The distribution of FA content in PI in units of %content (w/w fatty acids) 
 

Condition 14_0 16_0 16_1 18_0 18_1 

CWi 3.43±0.52 30.4±0.49 7.99±0.49 28.33±0.47 29.85±0.21 

NWi 5.37±0.21 26.94±0.22 16.38±0.18 23.90±0.18 27.41±0.09 

CSi 3.73±0.21 33.42±0.19 5.69±0.18 36.70±0.08 20.46±0.09 

NSi 3.43±0.25 27.91±0.21 6.57±0.20 33.94±0.17 28.15±0.09 

CWI 3.38±0.13 29.07±0.12 8.88±0.12 35.26±0.12 23.40±0.05 

NWI 5.99±0.03 28.94±0.02 10.27±0.02 31.29±0.02 23.50±0.02 

CSI 5.43±0.02 36.96±0.21 13.22±0.01 28.24±0.01 16.16±0.02 

NSI 3.50±0.53 27.62±0.53 12.13±0.52 26.59±0.52 30.17±0.22 
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Abstract  

Background: In the yeast Saccharomyces cerevisiae, genes containing UASINO 
sequences are regulated by the Ino2/Ino4 and Opi1 transcription factors, and this 
regulation controls lipid biosynthesis. The expression level of INO2 and INO4 genes 
(INO-level) at different nutrient limited conditions might lead to several responds in 
yeast lipid metabolism. 

Results: In this study, we undertook a global study on how INO-levels 
(transcription level of INO2 and INO4) affect lipid metabolism in yeast and we also 
studied the effects of single and double deletions of the two INO-genes (deficient 
effect). Using 2 types of nutrient limitations (carbon and nitrogen) in chemostat 
cultures operated at a fixed specific growth rate of 0.1 h-1 and strains having different 
INO-level, we were able to see the effect on expression level of the genes involved in 
lipid biosynthesis and the fluxes towards the different lipid components. Through 
combined measurements of the transcriptome, metabolome, and lipidome it was 
possible to obtain a large dataset that could be used to identify how the INO-level 
controls lipid metabolism and also establish correlations between the different 
components.  

Conclusion: Our analysis showed the strength of using a combination of 
transcriptome and lipidome analysis to illustrate the effect of INO-levels on 
phospholipid metabolism and based on our analysis we established a global regulatory 
map. 

 

Key words: phospholipid synthesis, gene regulation, enzyme regulation, phosphatidic 
acid, yeast 
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Introduction 

Phospholipid synthesis in the yeast 
Saccharomyces cerevisiae is a complex 
process that involves regulation by both 
genetic and biochemical mechanisms [1-
3]. The activity levels of phospholipid 
synthesis enzymes are controlled by gene 
expression, e.g., transcription, and by 
other factors, i.e., lipids, water-soluble 
phospholipid precursors and products, 
and covalent modification by 
phosphorylation.  

At the transcription level, the 
heterodimeric Ino2/Ino4 activator and 
the transcription factor Opi1 are global 
regulators affecting the expression of a 
large number of phospholipid 
biosynthetic genes [4-6]. Opi1, containing 
a leucine zipper motif, has been known as 
a negative regulator of phospholipid 
biosynthesis and it can also repress the 
transcription of INO2 and INO4 [7, 8]. In 
the absence of Opi1, the transcriptional 
level of both INO2 and INO4 (so called 
“INO-level”) will be up-regulated 
compared to the reference strain. Ino2p 
and Ino4p binds to so-called inositol-
choline response elements (ICRE), and 
ICRE-bound Ino2p can interact with 
coactivator complexes such as Snf1 
kinase that has histone kinase function, 
the SAGA complex, and the TFIIB 
complex when OPI1 is disrupted or not 
presented in the nucleus [9, 10]. Opi1 is 
also necessary for repression of ICRE-
dependent transcription when inositol-
choline is present in excess [8, 11]. Under 
this condition, Opi1 is localized in the 
nucleus [12] and prevent Ino2 from 
activation of target genes by recruiting 
the pleiotropic co-repressors such as the 
Cyc8/Tup1 complex[13, 14] or Sin3p[15-
19]. Consequently, Ino2 variants those 
are defective in interacting with Opi1 
leads to the repression of phospholipid 
synthetic genes [20].  However, a genome 
wide transcription analysis of the effect of 
varying INO-levels that effect lipid 
metabolism has never been studied 
before.  

It is known that the transcription of 
the phospholipid biosynthetic genes is 
maximally repressed in the presence of 
the phospholipid precursors inositol and 
choline (IC) [4, 21, 22]. A highly 
conserved 10bp-element (5’-
CATGTGAAAT-3’), in at least one copy 
is found in the promoters of the lipid co-
regulated genes such as INO1, CHO1, 
CHO2, OPI3, FAS1, FAS2, ACS2, and 
ACC1 [23-28]. This element has been 
shown to be both necessary and sufficient 
for the IC response, the so called 
“inositol/choline-responsive element” or 
“inositol-sensitive upstream activating 
sequence” (ICRE or UASINO motifs)[23, 
24, 29]. These motifs are bound by a 
heterodimer of positive regulators Ino2p 
and Ino4p containing a basic helix-loop-
helix (bHLH) structural motif [21, 30-32] 
which are necessary and sufficient for 
dimer formation and specific interaction 
with the UASINO motif [10, 32, 33]. 
Recent studies have shown that 
expression of several genes, probably 
unrelated to phospholipid metabolism, is 
also affected by Ino2p and Ino4p [22, 29, 
34].  Importantly, over-expression of 
INO2 (but not of INO4) counteracts IC 
repression, suggesting Ino2p as a possible 
target of the signal transduction pathway 
triggering IC repression [35, 36] 

At the biochemical mechanism level, 
the level of phosphatidic acid (PA) is 
controlled by the biochemical regulation 
of key phospholipid synthesis enzymes 
[12] and it plays a central role in the 
regulation of phospholipid synthesis gene 
expression) [1, 33, 37]. 

In this study, we undertook a global 
study of lipid metabolism in response to 
different INO-levels (INO2 and INO4): 
(1) normal INO-level using wild-type 
(CEN.PK113-7D), (2) high INO-level 
using a opi1Δ strain, and (3) low (or 
rather absent) INO-level using a ino2Δ 
ino4Δ double deletion strain. Moreover, 
we also focus on the deficient factors as a 
sub story comparing the individual 
knockout strains (ino2Δ and ino4Δ) with 
the double deletion strain. Using a 
systems biology approach [38] a global 
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regulatory model for lipid metabolism 
could be established. With 2 types of 
nutrient limitations (carbon and 
nitrogen) and different INO-level, we 
were able to see the effect on expression 
level of the genes involved in lipid 
biosynthesis and the fluxes towards the 
different lipid components. Through 
combined measurements of the 
transcriptome, metabolome, and 
lipidome it was possible to obtain a large 
dataset that could be useful to identify 
the effect of INO-level and also establish 
correlations between the different 
components. 

Materials and Methods 

1. Materials 

All chemicals were reagent grade. 
Phospholipids, fatty acid methyl ester and 
neutral lipids standards were purchased 
from Sigma. 

2. Agar spot test on SD media with 
different inositol concentrations. 

The reference strain CEN.PK 
113-7D and 5 mutants as shown in table 1 
were grown on SD agar plate (containing 
Yeast Nitrogen Base without amino acids 
and inositol, Formedium LTD, England) 
for 48 hours. The SD agar plates were 
supplemented with 0, 1.39, 75 or 220 µM 
of inositol. 

3. Strains, cultivation, and fermentation 
profile. 

The S. cerevisiae strains used in 
this study were a prototrophic strain 
CEN.PK 113-7D (Mata Mal2-8c SUC2) 
[39] and its derivative (opi1∆, ino2∆, 
ino4∆, and ino2∆ino4∆) supplied by Peter 
Kötter (Frankfurt, Germany). All strains 
in this study were prototrophic and with 
mating type a (Table 1). Steady-state 
aerobic chemostat cultures were grown at 
30 ˚C in 1.2 L bioreactors (DASGIP, 
Germany) with working volume of 0.5 L 
using a dilution rate of 0.10 (±0.005) h-1. 
For the C-lim and N-limit cultures, the 
medium composition was the same as in a 
previous study [40, 41] which contained 

75 μM of inositol and 1mM of choline 
[24, 42]. The pH was controlled at 
5.00±0.05 with 2M KOH and dissolved 
oxygen was kept above 30%.  Chemostat 
cultivation ensured that metabolic and 
regulatory changes observed were 
specific to the INO-level and also the 
disruptions of INO2 and/or INO4, and 
not complicated by external effects 
resulting from different specific growth 
rates.  

Samples were harvested from the 
cultivation media every second hour and 
immediately filtered through a 0.45 μm 
pore-size cellulose acetate filter (VWR) 
and stored at -20 ˚C until analysis. 
Biomass production was evaluated by 
measuring of optical density (OD600) and 
dry cell weight. Glucose, glycerol, 
ethanol, and acetate concentrations were 
determined by HPLC analysis using an 
Aminex HPX-87H column (Biorad, 
Hercules,CA) [43]. 

4. Transcriptome analysis 

4.1 Transcriptome data acquisition  

Samples for RNA extraction were 
taken after 50 h (i.e. 5 retention times) of 
steady-state by rapidly taking 20 ml of 
culture and mixing with 30 ml of crushed 
ice in a 50 ml Falcon tube to cool down 
the samples immediately. The cells were 
harvested by centrifuging at 4000 rpm 
and 2˚C for 3 min, and then frozen in 
liquid nitrogen and stored at -80˚C until 
subsequent RNA extraction. The cells 
were mechanically disrupted using 
FastPrep homogenizer (MP Biomedicals) 
and total RNA was isolated using the 
RNeasy Mini Kit (QIAGEN). The 
quality of total RNA was assessed using 
an Agilent 2100 Bioanalyzer (Agilent 
Technologies) with RNA 6000 Nano 
LabChip kit (Agilent Technologies). The 
labeled RNA was synthesized using the 
GeneChip 3’ IVT Express Kit 
(Affymetrix), which was then hybridized 
onto the GeneChip Yeast Genome 2.0 
Arrays (Affymetrix). Staining and 
washing of the hybridized arrays were 
carried out on the GeneChip® Fluidics 



4 

Station 450 (Affymetrix) and scanned 
using the GeneChip Scanner 300 7G 
(Affymetrix). All transcriptome data of 
this study can be found at Gene 
Expression Omnibus with accession 
number GSE36298. 

***Available for reviewer on private 
page at: 
http://www.ncbi.nlm.nih.gov/geo/query/ 
acc.cgi?token=hxqdbkcoeuskyfq&acc=G
SE36298 

4.2 Transcriptome data analysis 

The transcriptome data were 
analyzed using Bioconductor in R. Raw 
data were normalized and processed 
together with Probe Logarithmic 
Intensity Error (PLIER 
http://media.affymetrix.com/support/tech
nical/technotes/plier_technote.pdf). 
Pairwise T-test analysis was performed to 
determine the genes whose expression 
level is significantly changed due to INO-
level, as well as the sufficiency factor. 
The calculated P-values were corrected 
for multiple testing by FDR method. A 
cut-off value of adjusted P value<0.01 
was set to assess statistical significance.  

5. Lipid data acquisition 

5.1 Total lipid extraction 
The lipid extraction method was 

adapted from Bligh and Dyer[44]. First, 
15 mg of freeze-dried cell pellets were 
treated with 1 unit μl-1 of zymolyase 
digesting buffer (1.2 M glycerol, 100 mM 
sodium thioglycolate, 50 mM Tris-sulfate, 
pH 7.5) at 37°C for 15 min, followed by 
centrifugation at 3000 rpm for 3 min to 
collect the spheroplast, which was mixed 
with internal standards (heptadecanoic 
acid and glyceryl tri-heptadecanoate, 25 
µg of each). After the addition of 7 ml of 
chloroform-methanol (2:1, v/v), the 
mixture was shaken horizontally at 300 
rpm 4°C for 3 h, mixed with 1.7 ml of 
sodium chloride solution (0.73%) and 
centrifuged at 3000 rpm 4°C for 4 min for 
phase separation. The lower (organic)-
phase was collected and the remaining 
was re-extracted with 5 ml of chloroform-
methanol (85:15 v/v). The lower 

(organic)-phase was collected and pooled 
with the previous organic fraction and 
kept at -20°C until further analysis.  
 
5.2 Lipid class separation, identification, 
and quantification using HPLC-CAD 

Lipid separation and 
quantification were performed using the 
method modified from Silversand and 
Haux [45]. Lipid separation was 
accomplished by HPLC (Dionex) 
equipped with charge aerosol detector; 
CAD (Corona) and the gas connected 
was nitrogen gas with 35 psi gas pressure. 
All the separated fractions were then 
collected by automated fraction collector; 
AFC-3000 (Dionex). A 20 μl volume of 
sample was injected in to the Luna 5 µm 
HILIC 200 Å 100 x 3.0 mm LC Column 
(Phenomenex). The flow-rate was 0.8 
ml/min and the column temperature was 
kept at 25˚C during all runs. The 
chromatogram was record at 10 Hz 
frequency and gain for 100 pA. The polar 
and neutral lipid classes were separated 
by three solvent mixtures and gradient 
systems as follow: (A) hexane-acetic acid 
(99:1, v/v); (B) acetone-isopropanol-
acetic acid (29:70:1, v/v/v); (C) water-
acetone-isopropanol-acetic acid 
(9:20:70:1, v/v/v/v). Triethylamine 
(0.08%, v/v) was added to the solvent C 
to adjust pH.  The samples were injected 
at time 0 and the gradient profile started 
at 100% of Solvent A and the solvent B 
was gradually increased to 5% in 14 min 
and it was always kept at 5% along the 
process. At 15 min time point, solvent C 
was slowly entering to the system and 
rising up to 40 % in 5 min. Then solvent 
C was slowly increased until 45% in 20 
min. Finally, the gradient was reduced 
from 5% to 0% of solvent B and from 
45% to 0% of solvent C in 5 min and 
then maintained at 100% of solvent A for 
5 min. In total, the solvent program for 
the separation of all lipid classes took 45 
min.  
 
5.3 Identification and quantification 

Pure lipid standards were 
analyzed individually using 
chromatography to confirm their 

http://www.ncbi.nlm.nih.gov/geo/query/
http://media.affymetrix.com/support/technical/technotes/plier_technote.pdf
http://media.affymetrix.com/support/technical/technotes/plier_technote.pdf
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retention times and purity. Lipid 
standards were also co-eluted together 
with samples to identify peaks in 
unknown samples. Solutions of known 
concentrations of different lipid classes 
were mixed and lipid standard curves 
were generated to study the linearity of 
the detection method and to quantify 
lipid classes in unknown samples. 
Calibration curves were prepared for 5-
1000 μg ml-1 of PA, PE, PC, PS, PI, ES, 
TAG, FA, and ES. Each concentration of 
the standard solutions was injected twice 
and the average log10 peak area for each 
lipid was plotted against the absolute 
amount of lipid. Correlation (r2) was 
determined for all curves by linear 
regression. 
 
5.4 FAMEs analysis  

We used standard procedure 
developed in our laboratory which is 
based on the previous protocol by 
Khoomrung et al. [46]. Briefly, 10 mg of 
freeze-dried samples was mixed with 4 
mL of hexane, 2 mL of 14 % BF3 (in 
Methanol) and 5 µg of internal standard 
(17:0 fatty acid standard was added. The 
sample was then flushed into the tube’s 
head space with nitrogen gas for 30s and 
closed tightly with a Teflon screw cap. 
The tube was placed in a vessel 
containing 30 mL of milliQ water and 
then sealed with TFM screw cap. The 
tube was heated using microwave 
digestion system (milestone start D, 
Sorisole Bergamo, Italy) equipped with 
rotor PRO-24. The temperature 
programming of microwave digestion was 
ramped (from room temperature) to 120 
˚C within 6 min and maintained for 10 
min. After cooling down sample at the 
room temperature, 2 mL of milliQ water 
was added and shaken vigorously for 1 
min and centrifuged at 2500 rpm for 5 
min. The upper phase (hexane phase 
which contained the FAMEs) was 
analysed by GC-MS.  
The FAMEs were separated and 
quantified using Focus GC ISQ single 
quardrupole GC-MS (Thermo Fisher 
scientific, Germany). The separation of 
FAMEs was performed on Zebron (ZB-

WAX) GC column (30 m x 0.25 mm I. 
D., 0.25 μm film thickness) from 
Phenomenex, Macclesfield, UK. Sample 
was injected in splitless injection mode 
(1μL at 240 ˚C) and Helium was a carrier 
gas (1 mL/min). The column temperature 
was initially set at 50 °C (1.5 min), then 
temperature was ramped to 180 °C 
(25°C/min) for 1 min, then increased to 
220 °C (10°C/min) and held for 1 min. 
Finally, temperature was increased to 250 
°C (15°C/min) and held for 3.0 min. Mass 
transfer line and ion source were set at 
250 °C and 200 °C, respectively. The 
FAMEs were detected with electron 
ionization (70 eV) in scan mode (50-650 
m/z) and selected ion monitoring mode at 
m/z 55, 67, 74 and 79 (for quantitative 
analysis). The identification of unknown 
FAMEs was achieved by comparing their 
retention times and mass spectrum 
profiles with known standards (Sigma-
Aldrich, USA). The quantification of 
FAMEs was performed using 
QuanBrowser function in Xcalibur 
software version 2.0 (Thermo Fisher 
Scientific). According to the serial 
dilution of FAME mix standards and 
were normalized according to the 
internal standard fatty acid C17:0. The 
average molecular weights of each PL 
(Table.S1) were used for mg/gDW and 
mmol/gDW units conversion (were later 
used for metabolic fluxes analysis).   

 

6. Integrated analysis 

The statistical adjusted P-values 
of each hypothesis testing were overlaid 
on the three networks graph of Gene 
Ontology, Transcription factor-gene 
interaction and genome-scale metabolic 
model iIN800 [47] (metabolite-gene 
interaction). Then reporter algorithm 
[48] was performed to obtain significant 
values (reporter p-value) of GO terms, 
Transcription factors (TF) and 
metabolites. All the features presented in 
heatmaps are those features that have 
reporter P-value < 0.001 and P-value < 
0.01 were considered for INO-level and 
deficient factors, respectively. 
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Table 1 List of strains used in this study and their genotypes. 

Strain Genotype Remark 
CEN.PK113-7D MATa URA3 HIS3 LEU2 TRP1 SUC2 Reference 
CEN.PK1029-1A MATa URA3 HIS3 LEU2 TRP1 SUC2 opi1Δ::loxP-Kan-loxP opi1Δ 

(high INO) 
CEN.PK1033-9A MATa URA3 HIS3 LEU2 TRP1 SUC2 ino2Δ::loxP-Kan-loxP 

ino4Δ::loxP-Kan-loxP 
ino2Δino4Δ 
(low INO) 

CEN.PK1027-1B MATa URA3 HIS3 LEU2 TRP1 SUC2 ino2Δ::loxP-Kan-loxP ino2Δ 
CEN.PK1028-2A MATa URA3 HIS3 LEU2 TRP1 SUC2 ino4Δ::loxP-Kan-loxP ino4Δ 

 

Results and Discussions 

Inositol is essential in the low INO-
level yeast  

 To estimate the required inositol 
concentration for low INO-level (either 
ino2Δ, or ino4Δ, or double deletion of 
them), a spot test with the 5 yeast strains 
on different concentrations of inositol 
were performed (Fig.1A). Since the Ino2-
Ino4 heterodimer regulates positively the 
expression of INO1 (a structural gene for 
inositol-1-phosphate synthase which is 
required for inositol synthesis) and other 
phospholipid genes containing UASINO 
element [31, 49], deletion of INO2 and 
INO4 results in a requirement for 
supplementation of myo-inositol. 
However, myo-inositol is included in our 
minimal medium in a concentration of 
250 µg/L (corresponding to about 1.39 
µM) [41].  The spot test showed that 
opi1Δ as well as reference strain are 
prototroph for inositol but at least 75 µM 
of inositol is sufficient for low INO-level 
strains (either single or double deletion 
of INO2 and INO4) to grow. However, 
higher concentrations of inositol (even 
200 µM) did not make much difference in 
term of growth. Based on this we 
conclude that the low INO-level strains 
are auxotroph for inositol, and this leads 
us to an experimental design using 75 µM 
of inositol in the medium for all the 
chemostat cultures. 

Cell physiology and carbon metabolism 

 To see the effects on cell growth 
of each mutant strain, 5 strains (the 
reference, opi1Δ, ino2Δino4, ino2Δ, 
ino4Δ) were grown in batch cultivations 
using a defined minimum medium and 
switched to chemostat immediately after 
glucose was depleted. Table 2 
summarizes the basic physiological 
parameters for growth on glucose for all 
the strains in either C-limited or N-
limited conditions. During the batch, 
ino2Δ ino4Δ double deletion had the 
highest maximum specific growth rate in 
the C-limited medium but the lowest 
maximum specific growth rate in the N-
limited medium (Fig. 1B). However, it 
was clear that the double deletion strain 
had longer lag phase during batch 
cultivation in both C-limited and N-
limited conditions (25h and 60h, 
respectively). Interestingly, during the 
chemostat cultivation we found this 
double deletion strain had the lowest 
biomass yields compared to to the other 
strains. Interestingly, we found that the 
opi1Δ strain exhibited metabolic 
oscillations in the glucose limited 
chemostat cultures. We therefore 
sampled at two time points, at the 
maximum and minimum level of CO2 

production.  

These two samples represent 
reductive-building (R/B) and reductive- 
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Figure 1. Spot test of all strains on SD agar plates with different inositol concentrations 
(A). Off gas CO2 profile of each mutant strain during the chemostat cultivation at C-
lim and N-lim (B). Schematic analysis of a workflow for integrated analysis, 
transcriptome-lipidome, of INO-level (key factor) and deficient factor effect on lipid 
biosynthesis (C). 

 

 

Table 2 Physiological parameters of reference and mutants in chemostat cultivation. 

Strains µmax
1 Left Glc 

(g/L) 
RQ YSX

2 YSE
3 YSG

4 YSA
5 YSS

6 YSC
7 

RefC 0.384±0.001 0.015±0.000 0.817±0.007 0.539±0.010 n.d. 0.019±0.001 n.d. n.d. 0.124±0.003 
Opi1CT 0.343±0.001 0.009±0.001 1.058±0.020 0.557±0.002 0.004±0.000 0.019±0.000 0.003±0.000 n.d. 0.208±0.004 
Opi1CB 0.343±0.001 0.009±0.001 0.819±0.003 0.550±0.001 n.d. 0.019±0.000 n.d. n.d. 0.106±0.003 
Ino2C 0.340±0.000 0.018±0.001 0.805±0.011 0.597±0.020 n.d. 0.018±0.001 0.003±0.000 n.d. 0.129±0.006 
Ino4C 0.369±0.001 0.010±0.000 0.837±0.009 0.571±0.007 n.d. 0.018±0.002 n.d. n.d. 0.135±0.002 
Ino24C 0.436±0.000 0.039±0.001 0.889±0.013 0.362±0.028 0.098±0.011 0.022±0.003 0.019±0.000 0.002±0.000 0.101±0.002 
RefN 0.486±0.000 20.387±1.667 1.286±0.008 0.128±0.004 0.485±0.048 0.008±0.000 0.007±0.001 0.002±0.000 0.124±0.004 

Opi1N 0.499±0.001 15.521±1.809 1.260±0.001 0.096±0.003 0.316±0.017 0.005±0.000 0.005±0.000 n.d. 0.075±0.017 
Ino2N 0.495±0.001 28.286±0.877 1.159±0.008 0.168±0.002 0.305±0.015 0.009±0.000 0.006±0.001 n.d. 0.102±0.005 
Ino4N 0.494±0.001 28.837±0.427 1.261±0.017 0.164±0.003 0.337±0.010 0.008±0.000 0.006±0.000 n.d. 0.103±0.001 

Ino24N 0.410±0.000 35.944±1.867 1.269±0.010 0.058±0.008 0.370±0.026 0.017±0.001 0.038±0.001 n.d. 0.076±0.005 
Note: All values are average ± SD from three biological replicates. 
1 maximum specific growth rate on glucose during batch cultivation (with 10 g/L and 60 g/L initial glucose for C-limited 
and N-limited conditions, respectively)  
2 Biomass yield on glucose in chemostat cultures (g biomass formed/g glucose consumed) 
3 Ethanol yield on glucose in chemostat cultures (g ethanol formed/g glucose consumed) 
4 Glycerol yield on glucose in chemostat cultures (g glycerol formed/g glucose consumed) 
5 Acetate yield on glucose in chemostat cultures (g acetate formed/g glucose consumed) 
6 Succinate yield on glucose in chemostat cultures (g succinate formed/g glucose consumed) 
7 CO2 yield on glucose in chemostat cultures (mg CO2 formed/g glucose consumed) 
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charging (R/C) of the yeast metabolic 
cycle respectively [50] and the 
transcriptional data analysis for both of 
them were performed to see the 
differences from 2 metabolic phases (Fig. 
S1). The heatmap of reporter shows that 
the differences between these 2 
metabolic phases mainly affects genes 
associated with differences in cell cycles 
period. According to the respirative 
quotient (RQ) from Table 2, the phase of 
the population at maximum CO2 

production showed about 20% higher 
RQ compared with all the other strains at 
C-limitation. Based on this we therefore 
decided to exclude this sample and only 
use the sample from the minimum CO2 

production as a high INO-level 
representative at C-limitation condition. 

Double deletion of Ino2 and Ino4 
resulted in a substantial reduction (about 
35% in C-limited and 55% in N-limited 
conditions) in biomass yield compared 
with the reference strain (Table 2). 
Interestingly, deletion of Opi1 resulted in 
a small reduction (approx. 25%) in 

biomass only at N-limited but not at C-
limited conditions.  

INO-level in nutrient-limited 
conditions 

The levels of INO-gene (INO2 
and INO4) expression in both C-limited 
and N-limited conditions were 
investigated according to the expression 
level from micro array results (Fig. 2). 
Even though there were metabolic cycle 
patterns with the opi1Δ strain grown at 
C-limited condition, the expressions of 
the INO genes were consistently high 
(Fig. 2A). This evidence shows that INO 
genes are up-regulated when their 
repressor, Opi1, is absent. At C-limited 
condition, INO levels are low in both the 
two single and the double deletion strains 
(Fig. 2A and 2C).  Interestingly, the 
INO4 gene seems to be expressed at a 
high level at N-limitation (Fig. 2B) and it 
possibly also try to compensate the 
failure of INO2 expression by up-
regulating its expression in the ino2Δ 
strain at N-limitation (Fig. 2D).  

 

Figure 2. The normalized expression values of INO2 and INO4 (INO-level) for each 
strain. The key factor set shows the different INO-level at C-limitation (A) and N-
limitation (B). The deficient factor group set shows the different INO-level at C-lim 
(C) and N-lim (D) 
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Global transcriptome changes due to 
INO-level in nutrient-limited 
conditions 

We used the Affymetrix DNA 
microarray platform to measure the 
expression level of all genes and access 
the global effect caused by the INO-level 
under nutrient-limited conditions (C-lim 
and N-lim). The transcriptome data were 
decomposed using principal component 
analysis (PCA) and student T-test 
analysis (α=0.001). The transcriptome 
data are presented in Venn diagrams at 
C-limited (Fig. 3A) and at N-limited (Fig. 
3B) showing that the high INO-level 
(opi1Δ) strain had more genes being 
significantly changed at C-limitation. On 
the other hand, the low INO-level 
(ino2Δino4Δ double deletion) strain had 

more genes being significantly changed at 
N-limitation.  

From clustering of reporter GO 
terms (biological process at P<0.001), 4 
main clusters were identified (Fig. 3C). 
Cluster 1 which is the largest group 
contains the genes involving the 
phospholipid biosynthesis, myo-inositol 
biosynthesis and transport, fatty acid 
metabolic process, cell conjugation, and 
ribonucleoside biosynthetic process 
which were highly up-regulated due to 
the deletion of OPI1 (high INO-level), 
especially at N-limited condition, but 
down-regulated at low INO-level at both 
C- and N-limitation. Cluster 2 contains 
genes involving maltose and sucrose 
catabolic process which were highly up-
regulated due to the C-limitations.  
Cluster 3 contains genes involving

 

Figure 3. Transcriptional data analysis; Venn’s diagram of significant genes of mutant 
strains caused by different INO-level when focus on C-limitation (A) and N-limitation 
(B) separately, p-value < 0.001 were considered. (C) A heat map of overrepresented 
GO terms (Biological Process) of each factor comparison showing in the range of -4 to 
4 of log(p-value).  The green color indicates down-regulation and red indicates up-
regulation compared to the reference strain. 
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nitrogen compound metabolism, amino 
acid and peptide transport, and proton 
transport which were down-regulated in 
the double mutant at N-limited 
condition. Cluster 4 contains genes 
involving amino acid biosynthesis, 
mitochondria biogenesis, and 
endoplasmic reticulum associated 
unfolded protein responses (ER-UPR) 
which were highly significant in the 
double mutant strain. These genes were 
up-regulated at low INO-level and N-
limitations but down-regulated at C-
limitation.  

To identify specific 
transcriptional regulation of metabolism 
in response to deletion of INO2 and/or 
INO4, we performed transcriptome 
comparison of the three INO deficient 
mutants (defined as deficient factor in 
Fig. 1C). For each strain we identified 

genes with significantly changed 
expression compared with the reference 
strain and then presented the results for 
the three strain as Venn diagrams for 
both C-limited (Fig. 4A) and N-limited 
(Fig. 4B) conditions.  Even though it has 
been known that Ino2 and Ino4 are 
heterodimeric transcription factor, we 
found some specific changes upon 
deletion of each of these genes (Fig. 4A 
and 4C). Interestingly, ino4Δ has more 
significant genes due to the absent of 
INO4 compared with the two other 
mutants at C-limitation. At N-limitation, 
on the other hand, the effect is when 
both INO2 and INO4 was deleted.  
Interestingly, most of the genes involving 
nitrogen compounds metabolism and 
carbon utilization (Fig. 4C, Cluster 1) 
were down-regulated due to the absence 
of INO2 and INO4 but up-regulated

Figure 4. Transcriptional data analysis; Venn’s diagram of significant genes of mutant 
strains caused by different deficient factors (single and double deletions) when focus 
on C-limitation (A) and N-limitation (B) separately, p-value < 0.01 were considered. 
(C) A heat map of overrepresented GO terms (Biological Process) of each factor 
comparison showing in range of -4 to 4 of log(p-value). The green color indicates 
down-regulation and red indicates up-regulation compared to the reference strain. 
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when only INO2 or INO4 were knocked 
out individually at N-limitation.  
Moreover, we found that the genes 
involving ribosome biogenesis and rRNA 
processing (in cluster 2 Fig. 4C) are 
dramatically down-regulated when INO4 
was knocked out especially at C-limited 
conditions. The evidence showed that 
Ino4 (probably together with other TFs) 
could possibly play role in ribosome 
biogenesis (which supports protein 
synthesis). Surprisingly, most of the 
genes involving protein translation 
(Cluster 3 in Fig. 4C, including 
mitochondria translation) were up-
regulated in the double mutant at N-
limited conditions while they were only 
up-regulated when either INO2 or INO4 
were deleted at C-limitation. 
Consistently, the genes involving 
phospholipid, inositol, and fatty acids 
(UASINO-contained genes in cluster 6, 
Fig. 4C) were down regulated in all three 

strains at both C-limited and N-limited 
conditions. However, they were 2 other 
clusters that also captured down-
regulated genes in all three INO-deleted 
strains, but different for the two nutrient 
limitations. The first group listed in 
cluster 4 (involving fatty acids 
biosynthesis and β-oxidation, TCA cycle, 
ATP, NAD, magnesium ion, and proton 
transport) were mainly down-regulated 
at N-limited condition. Cluster5, on the 
other hand, contains genes involving ER-
UPR and stress response, ethanol and 
amino acids biosynthesis that were 
mainly down-regulated only at C-
limitation. 

Effects of INO-level on fatty acid 
biosynthesis 

With UASINO sites in their 
promoters, the expression of fatty acid 
synthase genes such as ACC1, FAS1, and

Figure 5. Fluxes through the different reactions of the lipid biosynthetic pathways for 
diferrent INO-levels (A) and diferrent deficient factors (B). All fluxes are shown in 
units of μmol/gDW/h. The normal font (left) and bold font (right) indicate the value 
from C-limitation and in N-limitation respectively. The level, in units of mg/gDW 
(±SD), of the different lipid species are shown in the table. (C = C-limited, N= N-
limited). 
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FAS2 are subject to control by the 
Ino2/Ino4 and Opi1 transcription factors 
[26, 51, 52]. At low INO-level strain, the 
fatty acid synthase genes (FAS1 and 
FAS2) were down-regulated at both C-
limited and N-limited condition (Fig. S8).  
However, single deletion of each INO 
gene seems to have effect only at C-
limitation when FAS1, FAS2, and also 
ACC1 were down-regulated (Fig. S8). In 
contrast, the high INO-level strains 
especially at N-limited condition showed 
an increase in FAS2 expression and none 
of the fatty acid synthase genes were 
down-regulated.  This enhanced the 
ability to produce more FA needed for 
phospholipid biosynthesis.  From the 
reporter metabolite heatmap (Fig. S2), 
the FA pools and also fatty acyl-ACP 
were increasing for high INO-level 
strains especially at N-limited condition. 
All the low INO-level strains showed a 
dramatic decrease in FA and fatty acyl-
ACP pools as reporter metabolites. 
However, it seems like the effects of 
lacking INO genes have higher effect at 
C-limited than at N-limited conditions 
(Fig. S2). The transcription factors 
involving beta-oxidation, OAF1 and 
PIP2, were found as reporter TF which 
were highly up-regulated at high INO-
level but down-regulated at low INO-
level (Fig. S3). Moreover, we found a 
significant increase in the free fatty acid 
(FA) pool of all the mutants compared to 
the reference strain (Fig. 5). However, 
the low INO-level strains showed slightly 
higher amount of accumulated FAs due 
to the lower fluxes towards PLs. From 
the plots of correlation between each 
fatty acid chain and their elongase 
enzyme coding genes (Fig. S7), we found 
a correlation between C18 fatty acid 
products (stearic and oleic acid) and the 
expression value of ELO1 to be about 
0.65 while the correlation between C20 
fatty acids and ELO2-ELO3 
transcription were found in a negative 
direction (about -0.42 and -0.27, 
respectively). Presumably, C20 fatty acid 
might have a regulatory mechanism by 
repression their own elongase genes.  

 

Effects of INO-level on phospholipids 
biosynthesis and accumulation 

As mentioned above the whole 
set of UASINO-contained genes were 
extremely up-regulated at high INO-level 
(Fig. S8).  However, to get a clearer 
picture about the carbon channeling in 
lipid metabolism at the metabolite level, 
the fluxes in lipid biosynthesis (in units of 
μmol/gDW/h) were calculated from the 
measured lipid profiles at all conditions 
(Fig. 5) and this provides a clear picture 
of the changes in the flux distribution in 
response to the different factors 
evaluated. These fluxes were affected by 
many factors at several levels, such as 
gene transcription, protein 
phosphorylation, and enzyme activity. At 
high INO-level, the fluxes through CDP-
DAG and phospholipids synthesis 
pathway were higher than the reference 
about 45-55 % at C-limitation and N-
limitation, respectively. Moreover, the 
expression of the genes coding for myo-
inositol transporter (ITR1) and choline 
transporter (HNM1) were highly up-
regulated in opi1Δ. This supported the 
synthesis of PI and also enhanced the 
Kennedy’s pathway to produce more PC 
using choline and DAG as precursors 
and it was consistent with the highly up-
regulation of the genes coding for 
Kenedy’s pathway enzymes such as 
CPT1 and CKI1 (Fig. S8). On the other 
hand, the ITR1 were constantly down-
regulated in all low INO-level strains 
either double or single deletion in both 
limitation conditions. The low INO-level 
strain showed about 40-60% decreasing 
fluxes through the CDP-DAG pathway 
which caused a dramatically decrease in 
the phospholipid pool especially at N-
limitation. The metabolite reporter heat 
map showed a large increase of PL pools 
in the high INO-level strain. In contrast, 
we found a dramatically decreasing of 
PLs in low INO-level compared to the 
reference strain. 

Focusing on the deficient effects, 
double deletion of INO genes (especially 
at N-limitation) can cause more effect to 
the dramatically reduction of 
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phospholipids than the effect of single 
deletions (Fig. 5). About a 70% decrease 
in PLs can be found when both INO 
genes were deleted, but there were only 
50% or 60% decreasing in PLs when 
INO2 or INO4 were deleted respectively. 
Even though this double deletion effects 
did not make much changes in the PLs 
pool at C-limitation, it still caused about 
50% lower level of PI when compare to 
the single deletion strains. From the 
heatmap of reporter metabolites (Fig. 
S4), S-adenosyl-L-methyonine or SAM 
(the only donor of PE methylation 
reaction) was strongly decreased in all 
low INO-level strains and this lead to a 
decrease of PLs (especially PC) since it is 
required for production of PC by Cho2 
and Opi3.  

Effects of INO-level on storage lipids 
biosynthesis and accumulation 

The production rate and 
accumulation of PC can cause ER stress 
and UPR activation which lead to the up-
regulation of TAG and ES biosynthesis 
[53]. At N-limitation, the low INO-level 
strain (double mutant) could produce 
and accumulate TAG and SE about 1.2 
folds more when compared to the high 
INO-level strain (opi1Δ) and about 1.5 
folds when compare to the reference 
strain (Fig. 5).  Presumably, the down-
regulation of LPP1 at both C- and N-
limitation for the high INO-level strain 
led to a decrease in TAG biosynthesis 
and accumulation compared to the 
reference strain and other mutants (Fig. 
S8). Consistently, almost the whole set of 
the ES genes (the green group in Fig. S8) 
were down-regulated compared to the 
reference and this was associated with a 
dramatically decreasing levels of ES and 
SE.  This correlation between 
transcription of ES genes and ES level 
was also supported by the up-regulation 
of several ES genes in all low INO-level 
strains especially at N-limited condition 
(Fig. S8). Interestingly, the double 
deletion strain showed a greater effect in 
increasing TAG only at N-limitation. 
This evidence was supported by the up-
regulation of the ARE1 gene in the 

double deletion strain (Fig. S8) which 
codes for the enzyme for the first step of 
SE biosynthesis. At C-limited condition, 
on the other hand, ino2Δ ino4Δ has a 
larger effect on decreasing the TAG level 
compared with the single deletion strains. 
Moreover, the fluxes through ES of the 
ino2Δ strain was about 80% lower when 
compare to INO4 deletion and double 
deletion at C-limited condition.  

Ino4 might have an extra function, 
beside the regulator of phospholipid 
biosynthesis, response to nitrogen 
starvation and amino acids starvations 

It is possible that Ino4, but not 
Ino2, plays a role as a regulator for 
amino acid metabolism. It may not be 
Ino4 alone since Ino4, unlike Ino2, does 
not have a trans-activating domain 
(TAD) which is recognized for the RNA 
polymerase II complex [33, 54, 55]. In 
ino4Δ, the genes involving ribosome 
biogenesis and assembly were extremely 
down regulated especially at C-limited 
conditions and this was exactly the 
responsive process for amino acids (and 
of cause nitrogen) starvation. There are 
indications that the induction of Ino4-
regulated lipid biosynthesis genes may be 
connected to the immediate need of 
membrane material used for the 
autophagocytosis process [56]. This 
process is utilized by yeast in order to 
regulate the equilibrium between 
proteins and the diminishing set of amino 
acids due to starvation conditions [57]. 
From the reporter metabolite heatmap 
(Fig. S4), most of the amino acids were 
found to be greatly down-regulated 
(especially at N-limitation) in all low 
INO-level strains which pointed an 
amino acid starvation response.  

To identify the extra function of 
Ino4 on protein biosynthesis, we also 
performed the Pearson correlation 
analysis of INO4 to all other genes based 
on the normalized expression values 
from transcriptome data of all strains and 
all conditions. Using the cut off at 0.50 
absolute correlation value, about 470 
genes were selected as the high 
correlated genes of INO4 (91 genes were
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positively correlated and 380 genes were 
negatively correlated). The 
overrepresentation of gene ontology 
categories (biological process) were 
identified and analyzed using BiNGO, a 
Cytoscape plugin [58]. From the INO4 
positively correlated genes listed in table 
S2, it confirmed the main function of Ino4 
(together with Ino2 as listed in table S4) 
as a positive regulators of lipid 
biosynthesis and inositol-choline 
transport involved genes as it has been 
reported before by many researchers. 
However, the list of INO4 negatively 
correlated genes in table S3 showed the 
new findings that Ino4 is actually play an 
extra role as the negative regulator of the 
translation process, protein biosynthesis 
and assembly, and also involves in 
mitochondrial translation. Ino2, on the 
other hand, had about 200 negatively 
correlated genes that passed through the 
cut off at 0.50 absolute Pearson 
correlation value. This particular group 
contains many interesting genes involving 
protein transport, protein catabolic 
process, and proteolysis which might also 
responds for amino acid starvation as 
summarized in table S5. 
 
Linkage among sulfur-phospholipis, 
protein synthesis, and ER-UPR 
pathway. 

The double deletion of INO2 and 
INO4 at N-limitation showed some 
effects from amino acid starvation. UPR 
genes were also down-regulated when 
amino acids are decreasing (less missed 
fold proteins). It also has been known 
that decreasing PC levels leads to the 
accumulation of saturated PC molecular 
species in the ER membrane which 
causes ER stress, UPR activation and 
these evidences lead to the up-regulation 
of FA, TAG, and sterol biosynthesis in 
the end [53]. Therefore, in the low INO-

level strain, the KAR2 gene which is a 
responsive gene for ER-UPR were up-
regulated especially at N-limitation. The 
high INO-level on the other hand, 
showed a large decrease in expression of 
KAR2 especially at C-limited condition. 
These evidences show that there is  a 
linkage which plays a role in regulating 
the homeostasis among amino acids 
biosynthesis, phospholipids biosynthesis, 
and the ER-UPR pathway. As it has been 
reported before most of the genes coding 
for enzymes involved in cysteine-
methionine biosynthesis, i.e. MET2, 
MET8, MET14, MET16, SAH1, SAH2, 
contain ICRE or UASINO sequences in 
their upstream regions [52], and these 
genes were up-regulated at high INO-
level while OPI1 (the repressor) was 
disturbed. Consequently, we found down-
regulation of MET6 and SAH1 and 
especially SAH2 in all low INO-level 
mutants, especially at C-limited 
condition. This leads to reduced synthesis 
and accumulation of storage lipids at C-
limited condition compared to their 
references (Fig. 6). This pointed out that 
amino acid synthesis genes might be 
controlled by the regulation of Snf1 
kinase (via Gln3 or Gdh3) which is 
always activated at low glucose (C-
limited) condition and consistent with our 
previous study [40]. Consistently, MET6 
and SAH1 were up-regulated at high 
INO-level at N-limitations where Snf1 is 
consistently repressed by excess glucose 
in the culture media, and this leads to the 
slightly higher biosynthesis of TAG and 
hence TAG accumulation (Fig. 6). Based 
on our findings and some supporting 
knowledge from the previous study [40], 
the overall regulation systems linking 
amino acids-protein synthesis, lipid 
metabolism and ER-UPR is summarised 
in Fig. 7 which has kinase proteins and 
several transcription factors involved. 
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Figure 6.  The coupled-reaction of methylations of phosphoethanolamine from S-
adenosyl-L-methionine (AdoMet) by Cho2 and Opi3 enzymes. (A) A comparison of 
expression level (log2 fold change) of each genes coding for sulfur-phospholipids 
couple d metabolism. (B) The effects of low INO-level on ER stress and UPR inducing 
the up-regulation of FA and storage lipids [53] 

 

Figure 7.  Summary of the multilevel regulation network among amino acids 
biosynthesis, lipid metabolism, and ER-UPR. 
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Conclusions 

Through integrated analysis of 
transcriptome and lipidome derived from 
robust experimental setup, it was possible 
to obtain a large-scale dataset that could 
be used to systematically identify 
correlations and associations between the 
different components. We were able to 
see the effect on expression of the genes 
involved in lipid biosynthesis and 
metabolic fluxes through lipid 
biosynthesis pathway. We found that 
there is an effect of Ino4, but not by Ino2, 
on the ribosome biogenesis and assembly 
which involves an amino acid starvation 
response. It points to an interesting link 
between lipid metabolism and the amino 
acid starvation response and we also 
found an effect of phospholipids on ER-
UPR activation. Moreover, we found a 
close linkage among INO genes, amino 
acid genes, and probably Snf1 kinase in 
controlling lipid biosynthesis and 
accumulation. Following our analysis by 
genome-wide strategy and analysis of 
generated complex data by integrated 
analysis approach enable us to explore 
correlations and association of changes in 
a concerted fashion.  
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Figure S1. A heat map of over-representation of GO terms (Biological Process) responded to 
the 2 different phases of opi1Δ at C-limitation (top phase and bottom phase of CO2 profile)  
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Figure S2. A heat map of reporter Metabolites of INO-level comparison  
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Figure S3. A heat map of reporter transcription factors of INO-level comparison  
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 Figure S4. A heat map of reporter metabolites of deficient effects comparison 
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 Figure S5. A heat map of reporter transcription factors of deficient effects comparison. 
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Figure S6. Abundance of different phospholipid species in units of mg/gDW 

 

 

 

 
Figure S7. Correlations between the transcription level of fatty acid enzymes (synthase and 
elongases)and their products.  (A) Correlation between expression value (log2) of ELO1 and 
percentage of C18 fatty acids. (B) Correlation between expression value (log2) of ELO2, 
ELO3 and percentage of C20 fatty acids. (C) Correlation between expression value (log2) of 
OLE1 and percentage of unsaturated fatty acids. (D) Correlation between expression value 
(log2) of ELO1, FAS1, FAS2, ACC1 and total fatty acids in the unit of mmol/gDW. 
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Figure S8. The heatmap of overrepresented lipid involved genes and all lipid classes showing 
in the range of -20 to 20 of log (p-value) from T-test analysis. The green color indicates down-
regulation and red indicates up-regulation compared to the reference strain. 

 

 

Table S1. The list of average molecular weights for phospholipid amount calculation. 

Lipids Average MW (g/mol) 

PA 685.10 

PE 706.19 

PC 748.27 

PS 772.18 

PI 842.29 
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Nutrient sensing and coordination of metabolic pathways are crucial functions for all living
cells, but details of the coordination under different environmental conditions remain elusive.
We therefore undertook a systems biology approach to investigate the interactions between the
Snf1 and the target of rapamycin complex 1 (TORC1) in Saccharomyces cerevisiae. We show that
Snf1 regulates a much broader range of biological processes compared with TORC1 under both
glucose- and ammonium-limited conditions. We also find that Snf1 has a role in upregulating the
NADPþ -dependent glutamate dehydrogenase (encoded by GDH3) under derepressing condition,
and therefore may also have a role in ammonium assimilation and amino-acid biosynthesis, which
can be considered as a convergence of Snf1 and TORC1 pathways. In addition to the accepted role of
Snf1 in regulating fatty acid (FA) metabolism, we show that TORC1 also regulates FA metabolism,
likely through modulating the peroxisome and b-oxidation. Finally, we conclude that direct inter-
actions between Snf1 and TORC1 pathways are unlikely under nutrient-limited conditions and
propose that TORC1 is repressed in a manner that is independent of Snf1.
Molecular Systems Biology 7: 545; published online 8 November 2011; doi:10.1038/msb.2011.80
Subject Categories: metabolic and regulatory networks; cellular metabolism
Keywords: carbon metabolism; nitrogen metabolism; nutrient sensing; Snf1; TORC1

Introduction

Cells commonly face environmental changes such as varying
availability of nutrients. Therefore, it is of crucial impor-
tance for them to adjust the metabolism accordingly. In this
context, the nutrient sensing and related regulatory pathways
are particularly important. Since there is a high degree of
conservation in the functionality of these regulatory pathways
in all eukaryotes, the budding yeast Saccharomyces cerevisiae
serves as an excellent model and has been used for many
studies on nutrient sensing and regulation in eukaryotic cells
(Petranovic and Nielsen, 2008). S. cerevisiae senses extra-
cellular nutrients and controls its metabolism through a
complex regulatory network (Zaman et al, 2008). Key compo-
nents in this regulatory network include the Snf1 kinase
complex and the target of rapamycin complex 1 (TORC1). Snf1
complex belongs to a remarkably conserved serine/threonine
kinase family called AMP-activated kinase (AMPK) that exists
in all eukaryotes (Polge and Thomas, 2007). The Snf1 kinase
was first identified as the key enzyme in releasing the glucose
repression on glucose depletion (Celenza and Carlson, 1984),
and later found to be involved in the regulation of transcription
through post-translational modifications of histone H3 and
Gcn5 (Lo et al, 2001; Liu et al, 2010) and interaction with
RNA polymerase II holoenzyme (Kuchin et al, 2000). Upon
activation by phosphorylation, Snf1 induces genes involved
in gluconeogenesis, glyoxylate cycle and b-oxidation of fatty

acids (FAs) by regulating a set of different transcription factors
(TFs) (Soontorngun et al, 2007; Ratnakumar and Young, 2010)
and represses lipid biosynthesis by inhibiting Acetyl-CoA
carboxylase (Acc1) (Woods et al, 1994), the committed step of
FA synthesis pathway. Besides the aforementioned processes,
Snf1 is also involved in the general stress response, pseudo-
hyphal growth, ageing and ion homeostasis (Alepuz et al,
1997; Kuchin et al, 2002; Lin et al, 2003; Portillo et al, 2005;
Hong and Carlson, 2007; Ye et al, 2008)

TORC1 was first identified in the screening of yeast mutants
against the antifungal reagent rapamycin. Similarly to Snf1,
TORC1 is also highly conserved in eukaryotes (Schmelzle and
Hall, 2000). TORC1 in S. cerevisiae (and some other unicellular
eukaryotes such as Schizosaccharomyces pombe) consists of
either Tor1 or Tor2, two homologous proteins, as well as
other components, while in metazoans like flies, worms and
mammals only one Tor protein can form the TORC1 (Inoki
et al, 2005). However, unlike Tor1, Tor2 can also form the
TOR complex 2 (TORC2), which is insensitive to rapamycin
and has distinct structures and functions compared with
TORC1 (Loewith et al, 2002; Jacinto et al, 2004; Wullschleger
et al, 2005). TORC1 senses the availability and quality of
the nutrients and regulates cell growth by antagonizing
a spectrum of TFs in the cytoplasm. For example, TORC1
induces ribosome biogenesis through the TFs Sfp1 and
Fhl1, in coordination with the protein kinase A (PKA)
pathway, thus promotes protein translation and cell growth
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(Marion et al, 2004; Martin et al, 2004). TORC1 also negatively
regulates those genes whose expression is induced by
limitation of nitrogen sources through the transcription
activators Gln3 and Gat1 (Beck and Hall, 1999), prevents
amino-acid biosynthesis by modulating Gcn4 translation
(Valenzuela et al, 2001) and represses stress responses through
the TFs Msn2 and Msn4 (Monteiro and Netto, 2004; Petkova
et al, 2010). It has been shown that TORC1 is also involved in
many other processes such as autophagy, ageing and cell cycle
(Kamada et al, 2000; Colomina et al, 2003; Medvedik et al,
2007).

Recent systematic approaches indicate some coordination
between Snf1 and TORC1 signaling pathways under nutrient-
excess conditions (Zaman et al, 2008; Smets et al, 2010).
However, it is not clear if there is any interaction between them
under nutrient limitation. Although AMPK was shown to
directly inhibit mTORC1 (AMPK and mTORC1 are the
orthologs of Snf1 and TORC1 in mammals, respectively),
a similar interaction was not identified in yeast (Hardie, 2007).
Instead, it was suggested that Snf1 may be involved in nitrogen
metabolism through the regulation of the transcription
activators Gln3 and Gcn4 (Bertram et al, 2002; Shirra et al,
2008), which are targets of TORC1 and positively regulates
genes that are subject to nitrogen catabolic repression. It has
also been shown that Snf1 is directly involved in nitrogen
signaling and regulated by nitrogen availability (Orlova et al,
2006).

Thus far, our knowledge of nutrient sensing and related
regulatory pathways is limited to studies conducted under
nutrient-excess conditions (e.g., shake flask batch cultivation
with excessive amount of carbon and nitrogen sources). The
coordination of the signaling pathways under nutrient limita-
tion remains largely obscure. To address this limitation, we
took advantage of the chemostat cultivations, which permit
correlating observations with the limiting nutrient (Daran-
Lapujade et al, 2009). We focused on the cellular response to
carbon (glucose) or nitrogen (ammonium) limitation in
S. cerevisiae strains that lacked SNF1, TOR1 or both. We also
assessed the role of Snf1 and TORC1 as kinases under these
conditions using the state of the art phosphoproteomics
technology, and their impact on gene expression with
transcriptomics. We used the levels of selected metabolites,
such as free amino acids and total FAs, as read-outs of the net
contribution of these kinases, as amino-acid and FA metabo-
lisms are known to be regulated by Snf1 and TORC1,
respectively. By integrating these comprehensive data sets,
we obtained substantial new insights into how Snf1 and
TORC1 coordinate nutrient sensing and metabolic regulation.

Results and discussion

Cell physiology under nutrient-rich and -limited
conditions

To evaluate the effects of deleting Snf1 and TORC1 on cell
growth, we characterized the basic physiology of mutant
strains snf1D, tor1D and snf1Dtor1D together with the
reference strain CEN. PK113-7D (Supplementary Table S1) by
growing them first in batch and then switched to chemostat,
both using defined minimum medium with glucose as the sole

carbon source. Chemostat cultures were used for several
reasons. First, it is possible to correlate the observations with
the limiting nutrient. Second, since the mutants have different
maximum specific growth rates, chemostats offer a platform
for comparing different strains at the same growth rate,
thereby eliminating any growth-related effects (Fazio et al,
2008). Finally, since the mutant strain snf1D is unable to grow
on non-fermentable carbon sources (such as ethanol and
glycerol), glucose-limited chemostat is the only option to
ensure Snf1 activity under comparable growth conditions.
There are several good nitrogen sources for yeast, such as
glutamine and ammonium (Zaman et al, 2008); however,
glutamine can also be used as a carbon source and is therefore
unsuitable for nutrient-limited cultures.

All mutant strains grew slower (by 12–22%) using glucose
as the sole carbon source and ammonium as the sole nitrogen
source, compared with the reference strain, indicating the
contribution of Snf1 and TORC1 during exponential growth
and deletion of either protein reduces cell growth on defined
minimum medium (Table I). However, the observation of an
equivalent reduction (about 20% lower) in the maximum
specific growth rate for the snf1Dtor1D strain seems to
contradict the hypothetic genetic interaction between Snf1
and TORC1 on these conditions, as one would expect a more
severe phenotypic change in the double mutant strain if a
genetic interaction was present (Boone et al, 2007). Deletion
of Snf1 (snf1D and snf1Dtor1D) resulted in a substantial
reduction (B25%) in the biomass yield compared with
the reference strain in glucose-limited chemostat cultures
(Table I). On the contrary, we observed a small increase in
biomass yield for tor1D under these conditions. The double
mutant produced acetate and glycerol, even under completely
respiratory conditions. Interestingly, we did not see any
substantial difference in the biomass yield on N-limited
condition.

The effects of deleting Tor1 were relatively moderate, given
that the TORC1 is the main regulator in cell growth and
proliferation (Schmelzle and Hall, 2000). This could be due to
the compensatory role of Tor2, which can also form TORC1. To
evaluate this hypothesis, we examined the sensitivity of the
reference and tor1D strains in the presence of rapamycin.
While the reference strain could tolerate up to 2 nM of

Table I Cell physiology of all strains in batch and chemostat cultivations

Medium Strain mmax YSX YSAc

h�1 g g�1 Cmol Cmol�1

C-limited Reference 0.37±0.01 0.515±0.007 o0.002
snf1D 0.29±0.00 0.384±0.003 0.007±0.004
tor1D 0.33±0.01 0.534±0.003 o0.002
snf1Dtor1D 0.30±0.00 0.382±0.002 0.028±0.003

N-limited Reference 0.097±0.002 0.006±0.000
snf1D 0.102±0.000 0.008±0.000
tor1D 0.095±0.000 0.008±0.001
snf1Dtor1D 0.107±0.001 0.009±0.000

All values are average±s.e.m. from at least three biological replicates. mmax,
maximum specific growth rate on glucose in batch cultures; YSX, biomass yield
on glucose in chemostat cultures; YSAc, acetate yield on glucose in chemostat
cultures. mmax for each strain was determined based on the CO2 emission during
the batch phase of the culture.
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rapamycin in the growth media, there was no observable
growth of the tor1D strain at any concentration of rapamycin
(Supplementary Figure S1). The increased sensitivity to
rapamycin caused by loss of Tor1, which was consistent with
previous findings (Chan et al, 2000; Reinke et al, 2004; Xie
et al, 2005), suggested that the deletion of TOR1 gene caused a
substantial reduction in TORC1 signaling or complex activity
and Tor2 could hence not fully compensate for the loss of Tor1
function. Since rapamycin inhibits the TORC1 by physically
binding to the complex, these results clearly show that Tor1 is
responsible for a majority of the TORC1 activity and the tor1D
strain, therefore, represents a knockdown, but not necessarily
a complete loss of function, of TORC1.

Global transcriptome changes due to loss of SNF1
but not TOR1

We used the Affymetrix DNA microarray platform to measure
the expression level of all genes and evaluate the global effect
caused by deletion of the SNF1 and TOR1 genes under nutrient-
limited conditions. The transcriptome data were decomposed
using principal component analysis (PCA). The first principal
component (PC1), which accounted for about 40% of the total
variation in the data (Supplementary Figure S2A), primarily
distinguished the impact of nutrient limitation (Figure 1A),
which was expected as the cells were respiring at C-limited
condition while they were respiro-fermenting at N-limited
condition. The second principal component (PC2) accounted
for the impact of SNF1 deletion. It is also evident that
the variance between snf1D and reference (represented by
the distance between reference and snf1D in Figure 1A) is
much larger at C-limited condition compared with N-limited

condition, confirming that Snf1 has a bigger role on glucose-
limited condition. Surprisingly, our data did not reveal any
transcriptional role for the TOR1 gene, indicated by the
overlapping of tor1D and the reference strain at all nutrient
limitations (Figure 1). Furthermore, TOR1 deletion did not
seem to have a large impact even in the snf1D background, as
evident from the close proximity of the snf1Dtor1D with snf1D
under all the conditions studied. This result suggests that Tor1
is dispensable under either of nutrient-limited conditions. It is
not clear whether the dispensability arises due to its partial
redundancy with Tor2 or due to the suppression of the Tor1
function under these conditions. To further examine the extent
of the changes in each mutant strain, we performed pair-wise
comparisons. On the C-limited condition, the expression of 519
and 603 genes was changed significantly (adjusted po0.001)
in snf1D and snf1Dtor1D, respectively, relative to the reference
strain. Gene ontology (GO) terms analysis revealed that
transcription of genes involved in nitrogen metabolism,
ethanol metabolism and pheromone-dependent signal trans-
duction appears to be specifically controlled by Tor1, other
processes such as stress response and biosynthesis of
ergosterol and glutamate were governed by Snf1 (Figure 1B).

The measurement of global gene expression provided clear
insight into the metabolic differences between the strains.
Increased acetate production (Table I) was in line with the
lower expression of ACS1 (encoding acetyl-CoA synthetase) in
the snf1D and snf1Dtor1D strains (Supplementary Figure S3).
The expression of the other acetyl-CoA synthetase (encoded by
ACS2) that is not subject to glucose repression increased
slightly in the snf1D strain, which is consistent with previous
findings (van den Berg et al, 1996). Two other genes in acetate
metabolism, ADY2 (encodes an acetate transporter) and ALD4
(encodes a mitochondrial aldehyde dehydrogenase), showed
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Figure 1 Deletion of SNF1 but not TOR1 caused global change in transcriptome. (A) Principal component analysis (PCA). Dark blue circles: reference on C-limited;
dark green squares: snf1D on C-limited; dark red triangles: tor1D on C-limited; dark purple diamonds: snf1Dtor1D on C-limited; light blue circles: reference on N-limited;
light green squares: snf1D on N-limited; light red triangles: tor1D on N-limited; light purple diamonds: snf1Dtor1D on N-limited. (B) The biological processes that were
affected by deletion of SNF1 (snf1D and snf1Dtor1D) on C-limited condition.
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similar expression patterns (Supplementary Figure S3). The
change in gene expression for both ACS1 and ADY2 was more
prominent in the snf1Dtor1D strain compared with the snf1D
strain. However, the expression of these genes being
unchanged in the tor1D strain indicates that the role of TORC1
in acetate metabolism relies on Snf1 activity, or in other words
it seems like TORC1 has a role in the metabolism of alternative
carbon sources through an active Snf1 kinase.

To identify transcriptional regulation of metabolism in
response to deletion of SNF1 and/or TOR1, we overlaid the
transcriptome onto a genome-scale metabolic model of
S. cerevisiae. This method (Patil and Nielsen, 2005; Oliveira
et al, 2008) allows identifying the so-called reporter features
(metabolites, TFs, etc) around which significant transcrip-
tional activity occurred and also subnetworks of coordinated
transcriptional changes. On C-limited condition, deleting SNF1
(snf1D and snf1Dtor1D) resulted in an extensive transcrip-
tional reprogramming around redox cofactors (NAD(P)þ/
NAD(P)H), Coenzyme A, several amino acids and a-ketoglu-
tarate (Z-score 41.5) (Supplementary Table S2). These
differences were identified primarily though global TFs such
as Msn2/4, Cat8, Ino2/4, Oaf1/Pip2, and Hap1 that regulate
stress response, aerobic respiration, as well as glucose and
sterol metabolism (Supplementary Table S2). Although delet-
ing TOR1 alone did not have any significant transcriptional
response, deleting TOR1 in the snf1D background resulted in
an altered expression for a small subset of genes (involved in
several processes including stress response, tRNA methyla-
tion, protein targeting to vacuole, ammonium transport,
intracellular protein transport), indicating that these processes
might be co-regulated by Snf1 and TORC1. Overall transcrip-
tome data from glucose limitation contradict the hypothesis
that Snf1 inhibits TORC1.

TOR1 deletion had no distinct phosphorylation
response

Since both Snf1 and TORC1 are kinase complexes and regulate
several processes mainly through phosphorylation of their
respective target proteins (Zaman et al, 2008; Smets et al,
2010), we measured the level of phosphorylation of various
proteins for all strains under C- and N-limited conditions. As
with the transcriptome data, the phosphoproteome data were
also analyzed using PCA. The analysis revealed that the TOR1
deletion did not lead to a distinct phosphoproteome profile
compared with the reference strain, irrespective of the nutrient
limitation. Under all conditions studied, the phosphoproteome
profile of tor1D always clustered with that of the reference and
the phosphoproteome profile of snf1Dtor1D always clustered
with that of snf1D (Figure 2). The reference and tor1D strains
on C-limited were separated farthest from the other strains/
conditions (Figure 2), indicating that the deletion of Snf1 has
a dominant response irrespective of the limiting nutrient. Out
of the 1714 phosphopeptides that were detected and identified,
399 and 206 peptides had significantly changed phosphoryla-
tion level in at least one mutant compared with the reference
strain, on C- and N-limited conditions, respectively.

We observed a clear Snf1-dependent pattern of phosphor-
ylation (lower phosphorylation level in snf1D and snf1Dtor1D

but not tor1D) for transcription repressor Cyc8 and its co-
component Tup1 (Supplementary Figure S4). Since the Cyc8–
Tup1 complex generally represses the transcription of many
genes through different modes (Smith and Johnson, 2000), it
may be responsible for upregulation of a subset of genes in the
snf1D and snf1Dtor1D strains. This further supports that the
transcriptome profile for snf1D and snf1Dtor1D was signifi-
cantly changed directly due to the role of Snf1 in the regulation
of transcription. This is supported by findings that several
other proteins involved in regulation of transcription by
histone modification (Bdf1, Eaf1, Leo1, Rph1 and Sin3) were
also found to be differentially phosphorylated only in the
snf1D and snf1Dtor1D strains. Significantly changed expres-
sion of ACS1 in snf1D and snf1Dtor1D might also contribute to
changes in histone acetylation and global changes in
transcription observed in these mutants (Takahashi et al,
2006). These results are in complete consistence with the
important role of Snf1 in the regulation of gene transcription
(Usaite et al, 2009).

Mammalian TORC1 (mTORC1) is repressed by AMPK
(Dennis et al, 2001; Bolster et al, 2002; Inoki et al, 2003),
and several lines of evidence suggest direct or indirect
interaction between Snf1 and TORC1 (Bertram et al, 2002;
Orlova et al, 2006) in yeast. However, in our analysis, we did
not find any change in the phosphorylation level of TORC1 due
to loss of Snf1 kinase or vice versa (Supplementary Figure S5).
Only Tco89 (a non-essential component of TORC1) was
identified as differentially phosphorylated in a Tor1-dependent
manner. Despite the state-of-art methods used in identifying
phosphoproteins, it is likely that some phosphopeptides have
not been identified due to low abundance, inefficient purifica-
tion, poor ionization, etc. Considering this limitation, the
absence of all components of the Snf1 and TORC1 pathways in
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Figure 2 Principal component analysis of phosphoproteome data for all
strains on C- and N-limited conditions. Dark blue circles: reference on C-limited;
dark green squares: snf1D on C-limited; dark red triangles: tor1D on C-limited;
dark purple diamonds: snf1Dtor1D on C-limited; light blue circles: reference
on N-limited; light green squares: snf1D on N-limited; light red triangles: tor1D on
N-limited; light purple diamonds: snf1Dtor1D on N-limited.
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our phosphoproteome analyses compels us to conclude that
Snf1 and TORC1 do not regulate the phosphorylation of each
other under the conditions studied. It has been shown that
phosphorylation of residual T210 on Snf1 is regulated by the
nitrogen source or rapamycin through TORC1 (Orlova et al,
2006), which raised the possibility that TORC1 negatively
regulates Snf1. However, both transcriptome and phospho-
proteome data revealed a negligible role for Tor1 irrespective
of Snf1 deletion, suggesting that TORC1 was mainly repressed
at C-limited condition and this repression may be independent
of Snf1. Based on these inferences, we propose that the Snf1
and TORC1 pathways only crosstalk via intermediate(s) under
nutrient limitation. Such an intermediate would operate at the
upstream of Snf1 and TORC1 and switches between the Snf1
and TORC1 activity (i.e., either Snf1 or TORC1, but not both,
could be active under nutrient-limited conditions). One such
intermediate could be the PKA/RAS pathway, which together
with Snf1 can be perceived as a switch that senses the glucose
concentration and regulates the cell metabolism accordingly
(Zaman et al, 2009). The identification of significantly
decreased phosphorylation of Bcy1, the regulatory subunit of
PKA pathway, in the snf1D and snf1Dtor1D strains suggests a
possible link between the Snf1 and PKA pathways (Supple-
mentary Figure S5). PKA interacts with TORC1 in the
regulation of protein translation and cell cycle (Martin et al,
2004; Wanke et al, 2005), and it may therefore bridge the Snf1
and TORC1 pathways. Since PKA and TORC1 are active in
nutrient excess, while Snf1 is only fully active under glucose
limitation or stress conditions, the media and growth condi-
tions are essential for studying the regulatory pathways
involved in nutrient sensing, because a shake flask cultivation
using a rich medium (typically the YPD medium supplemented
with 2% of glucose) is a completely different scenario from the
chemostat culture fed with C- or N-limited medium.

Convergence of Snf1 and TORC1 onto amino-acid
biosynthesis

Neither the transcriptome nor the phosphoproteome data
supported a direct link between Snf1 and TORC1 or the
pathways they regulate. However, integration of these data

using a metabolic model revealed extensive regulation around
biosynthesis of amino acid and lipid (Supplementary Table
S2). To investigate the regulation of amino-acid biosynthesis
by Snf1 and TORC1, we quantified the intracellular level of 17
proteinogenic amino acids in all strains grown under both
nutrient-limited conditions (Supplementary Table S3). Serine
and arginine cannot be measured using the method applied
and the cysteine level was below detection threshold. The free
amino-acid pool under C-limited condition was 2- to 4.5-fold
higher compared with that for N-limited condition for all the
strains. During glucose limitation, the tor1D strain had about
17% higher level of free amino-acid pool, while the snf1D
strain had a level about 29% lower compared with the
reference strain (Figure 3A). During ammonium limitation, the
strain snf1D had a similar level as the reference, while the
tor1D and snf1Dtor1D strains had 170 and 93% higher total
amino-acid level compared with the reference, respectively
(Figure 3A). A substantial part of these differences was due
to changes in glutamate and glutamine, which accounted for
60–75% of the total amino acid (Figure 3B and C).

To identify transcriptional regulation of amino-acid meta-
bolism, we correlated the amino-acid levels with the expres-
sion of genes involved in their biosynthesis. Surprisingly,
many genes responsible for the amino-acid biosynthesis were
negatively correlated with the amino-acid levels (Figure 3;
Supplementary Figure S6), indicating that the changes in the
amino-acid abundance were not due to differential expression
of corresponding amino-acid biosynthetic genes. We speculate
that it may be due to that TORC1 senses a low level of
glutamine (Figure 3B; Crespo et al, 2002) and consequently,
the inhibition on Gcn4 is relieved (Valenzuela et al, 2001).
Next, we studied the drain from the central carbon metabolism
into the amino-acid biosynthesis. Since the expression of genes
in TCA cycle is highly regulated by the nature and availability
of carbon sources in an Snf1-dependent manner (Young et al,
2003), one may speculate if the lower level of Glx and other
amino acids was due to the generally downregulated TCA cycle
in the snf1D strain on C-limited and hence shortage of
a-ketoglutarate, the direct precursor for amino acids of
the glutamate family. However, a clear retrograde signaling
response in the snf1D and snf1Dtor1D strains, reflected by both
an induction of CIT2 (about 4-fold) and genes responsible for
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Figure 3 Intracellular levels of free amino acids. (A) Free amino-acid pool; (B) glutamate; (C) glutamine and (D) lysine. The error bars represent the s.e.m. from
biological replicates from three chemostat cultures. Black—C-limited condition and white—N-limited condition.
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the early steps in the TCA cycle (CIT1, ACO1/ACO2, IDH1/
IDH2) (Liu and Butow, 2006), confirmed that the amino-acid
biosynthesis was not limited by the supply of a-ketoglutarate.
Instead, a plausible explanation for the lower level of amino-
acid pool in the snf1D and snf1Dtor1D strains would be that
the expression of GDH3, which encodes one of the isoforms
of glutamate dehydrogenase when cells are grown under
derepressive conditions (DeLuna et al, 2001), was transcrip-
tionally downregulated by 44-fold in the snf1D and
snf1Dtor1D strains. The amino-acid biosynthesis was,
therefore, likely limited by the inefficient conversion of
a-ketoglutarate to glutamate, which is the main nitrogen
source for cell growth. This phenomenon is similar to the one
that was previously reported, where simply overexpression of
GDH2 in the mutant strain gdh1D grown on batch culture
(where the Gdh1 is the major isoform of glutamate dehydro-
genase) changed the overall amino-acid pool significantly
(Villas-Boas et al, 2005). On the other hand, the increased level
for amino acids in tor1D could be attributed to an impaired
balance between protein synthesis and degradation as a
consequence of TOR1 deletion (Inoki et al, 2005).

We also found that amino-acid biosynthesis is regulated at
the post-translational level. For example, homocitrate
synthase (encoded by LYS20 and LYS21), which catalyzes the
condensation of acetyl-CoA and a-ketoglutarate to form
homocitrate, was found to be significantly more phosphory-
lated in the snf1D strain and to a lesser extent in the snf1Dtor1D
strain. However, the phosphorylation of only LYS20 decreased
in the tor1D strain (by B2-fold; Supplementary Figure S7).
Since the intracellular lysine level significantly increased in all
mutant strains (being highest in tor1D) at C-limited condition
(Figure 3C), we could conclude that the homocitrate synthase
isoenzymes (Lys20 and Lys21) are not only regulated through
feedback inhibition by lysine, but could also be regulated
through phosphorylation of these enzymes in an Snf1/TORC1-
dependent manner. Collectively, we propose that Snf1 and
TORC1 regulate the amino-acid biosynthesis via two indepen-
dent mechanisms.

TORC1 may have a role in the regulation of FAs

To unravel the role of Snf1 and TORC1 in the regulation of FA
metabolism, we measured the relative abundance of FAs,
including the free and ester form (e.g., in triacylglycerol), in
the reference and mutant strains on both C- and N-limited
conditions. Since Snf1 regulates FA biosynthesis by inhibiting
acetyl-CoA carboxylase (Acc1) under derepressive conditions
(Woods et al, 1994), the significant increase of total FA in the
snf1D and snf1Dtor1D strains on C-limited condition was
expectable (Figure 4). However, there was a significant
variation in the FA species between different strains and the
two growth conditions. The most abundant species was C18:1,
where the largest differences between strains were observed
(Figure 4E). The snf1D and snf1Dtor1D strains had higher
levels of C18 (i.e., both C18:0 and C18:1) and longer FAs, on
both C- and N-limited conditions, compared with the reference
strain (Figure 4D–F), except for C14 where the result was
contrary (Figure 4A). The snf1Dtor1D strain had higher
amounts of C18 compared with the snf1D strain irrespective
of the growth condition. The tor1D strain had higher C14 and

C16 on N-limited condition, but the levels were lower on
C-limited condition, compared with the reference strain.

However, this was only observed for C18 and longer FAs in
these two strains (Figure 4D and E), while the abundance of
C14 was reduced in the mutant strains in which SNF1 was
deleted. There may be two mechanisms that can explain the
different patterns between the FAs with different length. One
possibility could be that while the inhibition of acetyl-CoA
carboxylase by Snf1 was relieved, and the FA synthetase
(encoded by FAS1 and FAS2) is constitutively functional and
steadily converting short chain FAs to synthesize up to C16.
Consistently, the elongase I (encoded by ELO1) that convert
C12–16 to C18 was also found to be transcriptionally
upregulated in snf1D and snf1Dtor1D; therefore, C16 was not
accumulated in the strain snf1D and snf1Dtor1D (Figure 4B
and C). It could also be that a lower peroxisome biogenesis
due to the loss of Snf1 leads to a lower level of b-oxidation of
the long chain FAs (Ratnakumar and Young, 2010), therefore
not only the biosynthesis, but also the degradation of FAs is
regulated by Snf1. We also observed that the deletion of TOR1
had some effect on the abundance of FAs, although to a lesser
extent compared with those for SNF1 deletion (Figure 4D and
E). The deletion of TOR1 in the snf1D background strength-
ened the changes caused by the deletion of SNF1 for C18:0,
but rather dampened the changes for C18:1 (the most
abundant FA species). The FA data support the hypothesis
that Tor1 has a role in the regulation of FAs. However, TORC1 is
unlikely involved in the regulation of acetyl-CoA carboxylase,
and we suspect that the TORC1 may have a role in the regula-
tion of peroxisome and b-oxidation of FAs. It is also interesting
to notice that although deletion of TOR1 had not caused an
evident change to the transcription and phosphorylation,
many amino acids and FA species had changed significantly
(Figures 3 and 4). This observation further supports the ideas
that the intermediate metabolites are much more sensitive to
mutations, while metabolic fluxes are rather robust (Cornish-
Bowden and Cardenas, 2001; Raamsdonk et al, 2001).

Regulation of translation and cell growth

Since TORC1 promotes biosynthesis of ribosome and protein
(Wullschleger et al, 2006), while Snf1 represses the energeti-
cally expensive processes such as biosynthesis of lipid and
proteins (Hardie, 2007), we looked at the Snf1 and TORC1
regulation of protein translation, both at the transcriptome
and at the phosphoproteome levels. Surprisingly, the deletion
of SNF1 led to a significantly (despite o2-fold) increased
expression of many genes involved in translation initiation
or elongation, while the deletion of TOR1 alone did not cause
any changes (Figure 5A). This held true even for the
translation initiation or elongation factors (with only a few
exceptions) that were found to be differentially phosphory-
lated in the mutant strains compared with the reference strain
(Figure 5C). The observation that protein synthesis being
primarily regulated by Snf1 instead of TORC1 seems to
contradict the common knowledge that TORC1 is the main
regulator for ribosomal translation (Inoki et al, 2005).
However, taken the growth conditions (i.e., glucose limitation)
into account it is actually consistent with the role of Snf1 as
a global regulator of energy homeostasis and a repressor of
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anabolic processes (Hardie, 2007). The relative small changes
in the snf1Dtor1D strain compared with the snf1D strain may
advocate an inhibition of TORC1 under C-limited condition, as
the TORC1 activity may require a high level of both ammonium
and glucose (Figure 6). Interestingly, many genes involved in
the mitochondrial ribosome and protein translation also had a
similar pattern of expression where it was increased in the
snf1D and snf1Dtor1D strains, and deletion of TOR1 had either
no effect or similar effect with a lower magnitude (Figure 5B).
Collectively, we conclude that the Snf1 has a major role in cell
the mitochondrial proteome under C-limited condition.

Conclusion

Through integration of different omics data sets with meta-
bolite profiles and strain physiology, we address the question

of how Snf1 and TORC1, the two key regulators in the nutrient
sensing pathways, coordinate metabolism with nutrient avail-
ability. The regulatory network is summarized in Figure 6.
First, we showed that deletion of SNF1 caused bigger
phenotypic changes compared with deletion of TOR1 grown
on both nutrient-excess and -limited conditions and we
demonstrate that it is likely due to that Snf1 kinase regulates
a much broader range of biological processes such as global
transcription, translation of protein, biogenesis of peroxisome
and mitochondrion. The expression of NADPþ -dependent
glutamate dehydrogenase (Gdh3), which is upregulated under
derepressing conditions (e.g., glucose limited), is regulated by
Snf1, and the deletion of SNF1 likely results in an inefficient
condensation of a-ketoglutarate and ammonium to form
glutamate. Consequently, the synthesis of glutamine as well
as the other amino acids is limited, resulting in a moderate
induction of amino-acid biosynthetic genes through the
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Figure 4 Abundance of fatty acids for all strains and two growth conditions. The abundance is based on the sum of FAs in the free as well as ester form. The error
bars represent the s.e.m. from at least three replicates. (A) C14:0—myristic acid; (B) C16:0—palmitic acid; (C) C16:1—palmitoleic acid; (D) C18:0—stearic acid;
(E) C18:1—oleic acid and (F) C20:0—arachidic acid and C22:0—behenic acid. Black—C-limited condition and white—N-limited condition.
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TORC1/Gcn4 regulatory circuit (Figure 6). However, to
elucidate the molecular mechanism by which Snf1 upregulates
GDH3 gene requires extensive targeted studies such as the
protein–protein/protein–DNA interaction assays. We also
showed that besides Snf1, TORC1 may also have a role in
the regulation of FAs, probably through modulating the
peroxisome biogenesis and b-oxidation of FA, but via an
unidentified mechanism than that of Snf1 pathway. Finally,
we conclude that Snf1 and TORC1 do not seem to interact
with each other directly under nutrient-limited conditions,
although they have functional overlaps. We propose that
TORC1 might be repressed by another regulator (or a signal
molecule), which is activated (or raised) under nutrient-
limited conditions, and this repression may not depend on
the Snf1 activity. Furthermore, this unknown upstream
regulator (or signal molecule) might also toggle switch

between Snf1 and TORC1 activity to coordinate the cell
growth and stress response under nutrient-rich and -limited
conditions.

Materials and methods

Strains

The S. cerevisiae strains used in this study are the commonly used
reference strain CEN.PK 113-7D (van Dijken et al, 2000) and its
derivative strains (Supplementary Table S1). The tor1D strains
(CEN.PK JZH-F1 and CEN.PK JZH-F2) were constructed by transform-
ing the reference strains CEN.PK 113-7D and CEN.PK 113-1A (Mata)
with a PCR amplified KanMX (from the strain BY4741) including
B400 bp upstream and downstream of the TOR1 locus. The strain
CEN.PK JZH-G1 snf1Dtor1D was constructed by crossing the strain
CEN.PK 506-1C and CEN.PK JZH-F2, followed by dissection and
screening as described previously (Zhang et al, 2010). The gene
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Figure 5 Regulation of genes and proteins involved in translation on C-limited condition. The red–blue heat map represents the relative changes of gene involved in
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deletions were verified by PCR using primers outside the SNF1 and
TOR1 loci and one primer inside the gene KanMX.

Chemostat cultivations

Chemostat cultures were grown at 301C in 1.2 l bioreactors (DASGIP)
with working volume of 0.5 l. The pH was controlled at 5.00±0.05
with 2 M KOH and the dissolved oxygen was kept above 30%. The
dilution rate was adjusted to 0.10 h�1. For the C-limited cultures, one
liter medium contained 10 g of glucose, 15 g of (NH4)2SO4, 3 g of
KH2PO4, 1.5 g of MgSO4 � 7H2O, 1 ml of vitamin solution (Usaite
et al, 2008), 1 ml of trace metal solution (Usaite et al, 2008), and 50ml
of Antiform 204 (Sigma-Aldrich, USA). For N-limited cultivation,
the medium was the same as the one used in C-limited cultures
except that the concentrations for (NH4)2SO4 and glucose were 1.0
and 60.0 g l�1, respectively. The CO2 emission (and residual O2) was
monitored from the exhaust gas using the gas analyzer (DASGIP,
Germany) and was used to determine the maximum specific growth
rate during the batch growth phase. Samples for cell dry weight,
extracellular and intracellular metabolites, transcriptome and prote-
ome were taken from the cultures after steady state was achieved for
about 50 h.

Transcriptome

The samples for transcriptome were taken as described previously
(Zhang et al, 2010). The cells were mechanically disrupted using
FastPrep homogenizer (MP Biomedicals) and total RNA was isolated
using the RNeasy Mini Kit (QIAGEN). The quality of total RNA was
assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies)
with RNA 6000 Nano LabChip kit (Agilent Technologies). The labeled
RNA was synthesized using the GeneChips 30 IVT Express Kit
(Affymetrix), which was then hybridized onto the GeneChips Yeast
Genome 2.0 Arrays (Affymetrix). Staining and washing of the
hybridized arrays were carried out on the GeneChips Fluidics Station
450 (Affymetrix) and scanned using the GeneChips Scanner 3000 7G
(Affymetrix). Affymetrix microarray data are available at GEO with the
accession numbers GSE24421.

The transcriptome data were analyzed using Bioconductor in
R. MAANOVA (MicroArray ANalysis Of VAriance) was performed
to determine the genes whose expression level have signifi-
cantly changed due to their genetic differences. PCA was applied
to reduce the number of dimensions of the data set and simplify
the data structure. Selected significant genes were clustered using
a consensus clustering methods (Grotkjaer et al, 2006), and the
GO terms for the genes in each cluster were analyzed using the
Saccharomyces Genome Database (SGD) (http://www.yeastgenome.
org/) to find the significant biological processes in each cluster
(Po0.01). The Reporter Metabolite and Reporter Effector algo-
rithms were applied to the transcriptome data to identify the
‘hot-spots’ in the metabolic or regulatory network, around which
the significant changes have occurred (Patil and Nielsen, 2005;
Oliveira et al, 2008).

Phosphoproteome

The samples collected from the chemostat cultures were rapidly
quenched by adding trichloroacetic acid to a final concentration of
6.25%, incubated on ice for 10 min and spinned down by centrifuging
(5000 r.p.m. at 41C for 5 min). For each of the three replicates, 3 mg
proteins were digested by trypsin (1:125 w/w) and cleaned by reverse
phase chromatography. Phosphopeptides were enriched by titanium
dioxide resin (1.25 mg GL Science resin for each sample) as previously
described (Bodenmiller and Aebersold, 2010). The isolated phospho-
peptides were analyzed by an LTQ-FT Ultra mass spectrometer
(Thermo Scientific, Germany), interfaced with a nano-electrospray
ion source. Chromatographic separation of peptides was performed
on a Proxeon Easy-nLC II system (Odense, Denmark) using a
10.5 cm� 75 mm column packed with 3mm Magic C18 material.
Peptides were separated at a flow rate of 300 nl min�1 with a gradient
increasing from 5 to 40% acetone. The five most intense ions detected

in each MS1 scan were selected for fragmentation. The mass
spectrometer data were searched against an SGD decoy database for
yeast proteins using Sequest (Lundgren et al, 2009). OpenMS version
1.7 (Sturm et al, 2008) was used both to detect MS1 features and to
align them between the different experimental conditions. By using a
decoy database (Kall et al, 2008), a Peptide Prophet’s probability
threshold (0.9) was computed in order to achieve a false discovery rate
o1%, and was used to filter OpenMS results. Phosphopeptides
features with identical sequence and phosphorylation state but
different charge were merged together. Only features which were
detected at least twice in the three replicates were considered for
statistical analysis by BAMarray version 3.0 (Ishwaran et al, 2006),
which was used to compute the statistical significance of the regulated
features. Two replicas for tor1D grown on N-limited condition were
removed from statistical analysis due to their low data quality. The
data can be downloaded from Tranche using the following link:
https://proteomecommons.org/dataset.jsp?id¼5JoVUbWQTC1tQWzv
MlovAN8GJNgGqoWwZsdmcLwhgAjp4xJvlrJipf8V%2BbiCh2VjatUQ
aDbyCd%2F51j7%2B%2B5vI1EjfI9MAAAAAAAACUQ%3D%3D.

Free amino acids

The extraction of free amino acids was performed as described with
modifications (Smits et al, 1998). First, 20 mg of freeze-dried cell
pellets was suspended in 2.5 ml of cold methanol and 1 ml of
chloroform, followed by addition of 4 ml of chloroform (�201C) and
2 ml of Pipes-EDTA (3 mM each, pH 7.0). After shaking horizontally at
300 r.p.m. and�201C for 45 min, the mixture was centrifuged at 3000 g
and �101C for 20 min, and the upper (aqueous) phase was collected.
The free amino acids were concentrated and derivatized using the
EZ:faastt kit (Phenomenex) and quantified using GC-MS (Thermo
Scientific) as described in the kit manual. The measurements are listed
in Supplementary Table S3.

Fatty acids

The total FA was extracted and esterificated as described previously
with modifications (Abdulkadir and Tsuchiya, 2008). First, about
15 mg of freeze-dried biomass was mixed with 5mg of heptadecanoic
acid (internal standard) in 625ml of hexane and 250ml of 14% BF3 in
methanol. The head space of the tube was flushed with nitrogen gas to
avoid oxidation and capped tightly before heated in a water bath
(Grant OLS200, Cambridge, UK) at 1001C for 90 min with shaking at
70 r.p.m. After cooling to room temperature, 125 ml of hexane was
added followed by addition of 250ml distilled water. The tube was then
shaken vigorously for 1 min and centrifuged for 3 min at 2500 r.p.m.
(650 g). Finally, 750ml of the upper phase, that is, hexane containing
the FA methyl ester (FAME), was transferred into a gas chromato-
graphy-mass spectrometry (GC-MS) vial using a Pasteur pipette. The
FAMEs were separated and quantified using Trace GC DSQII single
quadrupole GC-MS (Thermo Scientific). Separation was performed
with an Omegawax 250 (Supelco, Bellefonte, PA) column
(30 m� 0.25 mm internal diameter, 0.25mm film thickness). Helium
was used as a carrier gas and the program was as follows. After the
injection at 501C, the oven temperature was raised to 1801C
(201C min�1), held for 1 min, raised to 2101C (31C min�1), held for
5 min, raised to 2151C (11C min�1), held for 3 min, raised to 2211C
(11C min�1), held for 5 min, raised to 2301C (31C min�1), held for
5 min, raised to 2501C (31C min�1), held for 2 min, and finally raised
to 2701C (41C min�1), held for 2 min. Mass transfer line and ion source
were held at 250 and 2001C, respectively. FAME peaks were identified
by searching their spectrum pattern against the NIST library. The
FAME mixture (C14–22) standard (Sigma-Aldrich) and heptadecanoic
acid (Sigma-Aldrich) serial diluted in hexane were injected in the same
analysis to generate standard curves for the quantification. The
measurements are listed in Supplementary Table S4.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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1 Introduction

Baker’s yeast, Saccharomyces cerevisiae, is an im-
portant cell factory used for the biotechnological
production of a range of fuels, chemicals, and food
ingredients. However, its ability to produce lipid
species as alternatives to vegetable oils for human

consumption, petroleum-based fuels, or as compo-
nents in pharmaceuticals has not been explored, to
date, because it accumulates only minor amounts of
lipids; estimated at less than 15% of its biomass [1].
Instead, the focus has been on the use of oleagi-
nous yeasts, such as Yarrowia lipolytica, which have
a capability to accumulate lipids at levels corre-
sponding to more than 36% of their biomass [1].
Unfortunately, to achieve these high lipid levels,
special cultivation conditions must be ensured and
are presently restricted to laboratory-scale growth
[2]. The thought of using S. cerevisiae instead as a
study organism for lipid biosynthesis is therefore
tempting because this organism is tolerant to harsh
industrial conditions, is very well characterized,
and is already used for large-scale production of
different products.
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All eukaryotic cells have a pool of neutral lipids
stored as cytoplasmic droplets, which serve as
reservoirs of cellular energy and building blocks
for membrane lipids, consisting of triacylglyceride
(TAG) and steryl esters [3, 4] surrounded by a
monolayer of phospholipids and associated pro-
teins [5–7]. In yeast, the lipid droplets consist of
about 50% each of TAG and steryl esters [6, 8, 9]; the
total amount of which is, in general, considered to
be low relative to the dry cell mass (<15%). Howev-
er, we hypothesize that the amount of neutral lipid
storage in yeast is a highly dynamic variable be-
cause a unicellular organism, such as yeast, is able
to quickly and easily adjust the internal metabo-
lism to new conditions. Indeed, environmental
stress and starvation induce increased synthesis
and accumulation of neutral lipids [6, 10]. Clearly,
fundamental insights into lipid droplet cell biology
are of utmost importance for efficient utilization of
the yeast lipid metabolism for the biosynthesis of
valuable lipid species using S. cerevisiae as a cell
factory.

To support this development, we have quanti-
fied the accumulation of TAG throughout different
metabolic stages (i.e., glucose, ethanol, and station-
ary phases in batch cultivation) characteristic for
industrially grown yeast and carried out unique
single-cell monitoring of the three-dimensional
distribution and amounts of lipids stored in living,
unlabeled cells by coherent anti-Stokes Raman
scattering (CARS) microscopy.This emerging tech-
nique has several advantages over present tech-
nology based on fluorescence microscopy, the main
disadvantage of which is necessary labeling with
fluorescent markers, resulting in a strong depend-
ence on labeling efficiency or expression of fluo-
rescent protein in the structure of interest.Togeth-
er with dependence on fluorescence yield, which is
determined by the local chemical environment, this
introduces variations and uncertainties in quanti-
tative analysis, for example, reported for the com-
monly used lipid stains Nile red and boron di-
pyrromethene (Bodipy) [11]. Furthermore, by us-
ing labeling, the cells are studied in a modified state
with possible effects on their properties and for
lipids it was shown that the use of alcohols in stain-
ing protocols influenced lipid droplet morphology
[12]. It is often also of interest to co-localize visual-
ized lipid droplets with other organelles by means
of double labeling protocols. However, this possi-
bility is often limited due to the broad fluorescence
emission of Nile red or the combined green and red
fluorescence identified for Bodipy and recently ad-
dressed by Ohsaki et al. [13]. Fluorescence mi-
croscopy is also, in many situations, limited by sam-
ple photo-bleaching, in particular, when using pro-

tein tagging. Nevertheless, intracellular lipid
droplets in S. cerevisiae have been visualized by
fluorescence tagging the protein Erg6 with green
fluorescent protein (GFP) [7].Thus, the drawbacks
of established technology make a label-free
method for lipid visualization and quantification
without these limitations of high interest. CARS
microscopy probes intrinsic molecular vibrations,
making it a label-free technique that allows live-
cell studies under native conditions. In addition, it
offers the advantages of three-dimensional imag-
ing with high spatial resolution, good sample pen-
etration, and low risk for photo-induced effects and
damage. CARS is a laser-induced nonlinear optical
four-wave mixing process in which combined exci-
tation and scattering generates blueshifted anti-
Stokes scattered photons in a sample.An enhanced
CARS signal is achieved as the applied laser fields
are tuned into resonance with a Raman-active mo-
lecular vibration, and thereby, target specific
species or molecular groups. Compared with spon-
taneous Raman scattering, which also allows spe-
cific imaging probing molecular vibrations, CARS is
induced by resonant vibrational excitation and re-
sults in coherent, directed signal emission that al-
lows efficient collection.Thus, CARS signals are or-
ders of magnitude higher than those of sponta-
neous Raman scattering, effectively reducing im-
age acquisition times, clearly favorable for studies
in living cells. CARS probing the symmetric
stretching vibration of CH2 groups in lipid acyl
chains has become an established method for
chemically specific imaging of lipids [14, 15] and
applied in studies on single cells [16], multi-cellu-
lar organisms [17], and tissues [18, 19]. Specific im-
aging of intracellular lipid droplets in S. cerevisiae
by CARS microscopy has also been presented [20].

In this study, the levels of lipid accumulation in
yeast were investigated for two nutrient stress con-
ditions: (i) high carbon and low nitrogen access and
(ii) low carbon and high nitrogen access [21]. The
overall yeast metabolism was monitored by bio-
mass measurements and analysis of all key extra-
cellular metabolites, temporal profiles of OD600, dry
cell weight, CO2, and chromatography (HPLC)
measurements. In addition, TAG analysis was car-
ried out to obtain a population-based average of
triacylglyceride contents for comparison with sin-
gle-cell data obtained from CARS microscopy. This
experimental outline allowed us to monitor and
quantify lipid accumulation under conditions typi-
cal for large-scale industrial growth at both popu-
lation-averaged and single-cell levels and to iden-
tify phases for optimal lipid yield using the con-
ventional and robust yeast strain S. cerevisiae.
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2 Materials and Methods

2.1 Yeast strain and cultivation conditions

Batch cultivations of yeast strain CEN.PK 113-7D
MATα SUC2 MAL2-8C (Scientific Research and De-
velopment GmbH, Germany) were set up in dupli-
cate under two different conditions, corresponding
to nitrogen and carbon starvation. Aerobic batch
cultivations were carried out in well-controlled 1-L
bioreactors (DASGIP) with a working volume of 
700 mL.The growth medium employed in the culti-
vations was that specified by Verduyn et al. [22], but
the initial concentrations of nitrogen ((NH4)2SO4)
and carbon (glucose) sources were adjusted, ac-
cording to the stoichiometry for cell growth as de-
scribed by Stephanopoulos et al. [23] and the “calo-
rie restriction condition” defined by Lin and Sinclair
[24]. A glucose concentration of at least 20 g/L and
an ammonium sulfate concentration of 3.5 g/L are
required in the medium to reach a biomass concen-
tration of 12 gram dry weight (gDW)/L for the
CEN.PK 113-7D yeast strain.Therefore, glucose and
(NH4)2SO4 concentrations of 20 g/L and 2 g/L, re-
spectively, were used in the medium to achieve a
condition of nitrogen starvation, the high glucose,
low nitrogen (HGLN) condition.To instead induce a
glucose starvation condition (low glucose, high ni-
trogen (LGHN)), a glucose concentration of 5 g/L
and a (NH4)2SO4 concentration of 3.5 g/L were used.

Cells were transferred from the pre-culture to
obtain initial cell concentrations corresponding to
an OD600 of around 0.01. The fermentations were
carried out with aeration using atmospheric air set
to 30 L/h (1 atm., 30ºC) and agitation at 800 rpm.
The temperature was kept constant at 30ºC and the
pH was maintained at 5.0 by the addition of 2M
KOH. The concentrations of carbon dioxide and
oxygen in the exhaust gas were monitored by an
off-gas analyzer (DASGIP).

Samples were harvested from the cultivation
media every second hour and immediately filtered
through a 0.45 µm pore-size cellulose acetate filter
(VWR) and stored at –20ºC before analysis. Bio-
mass production was evaluated by measurements
of OD600 and dry cell weight. Glucose, glycerol,
ethanol, and acetate concentrations were deter-
mined by HPLC analysis using an Aminex HPX-
87H column (Biorad, Hercules, CA) [25].

2.2 CARS microscopy

CARS microscopy measurements were carried out
using a laser system consisting of a Nd:Vanadate
pump laser (Picotrain, HighQ Lasers GmbH) com-
bined with a ring-cavity optical parametric oscilla-

tor (OPO; Levante, APE GmbH). The system pro-
vided two laser beams of picosecond pulse trains
required to induce the CARS process: one from the
Nd:Vanadate laser at 1064 nm and one from the
OPO at 817 nm. The frequency shift between the
beams corresponds to the symmetric stretching vi-
bration of acyl-chain CH2 groups, at 2845 cm–1, and
therefore, gives rise to a resonantly enhanced
CARS signal from CH2 bonds in the sample.The co-
propagating beams were directed into an inverted
laser-scanning microscope (Eclipse TE-2000-E,
Nikon) equipped with a beam scanner (Nikon C1)
and focused on the sample (objective 40× Nikon
Plan Fluor, N.A. 1.3). Typical average laser powers
at the sample were 20 mW per beam.The forward-
propagating CARS signal, generated at 663 nm, was
collected to a photomultiplier tube (Hamamatsu
R6357) equipped with bandpass filters. Three-di-
mensional image data, z stacks, were acquired by
scanning different horizontal planes in the sample.
A further description of the CARS microscopy set-
up can be found in reference [15].

The yeast-cell samples for CARS microscopy
were prepared by taking cell culture suspension
from the fermentation vessel after 12, 21, and 38 h
of growth. A small volume, 3 µL, was transferred to
a chamber consisting of two cover-glass slides and
a gasket (Invitrogen, Secure Seal Spacer d = 9 mm
h = 0.12 mm) mounted in a sandwich construction.
The cells were immobilized during measurements
by coating the lower cover slide with poly-L-lysine
to attach the cells to the glass surface.

For each condition and time point studied, z
stacks of CARS images were measured, covering an
area of 20 × 20 µm2 (256 × 256 pixels) and a depth
of 10 µm (vertical step size 0.5 µm).The spatial res-
olution of the CARS microscopy setup was estimat-
ed to 0.4 µm laterally and 1 µm axially, correspon-
ding to a probe volume of 0.13 µm3 (fL). Numbers
and sizes of lipid droplets in 232 and 197 yeast cells
were evaluated for the HGLN and LGHN condi-
tions, respectively.

Image analysis consisted of two major steps: a
local intensity thresholding procedure [26] was
employed to identify lipid droplets, which were
then automatically counted and measured using a
plug-in tool (3D Object Counter) for the ImageJ im-
age analysis software [27]. Although the lipid
droplets were monitored in three dimensions
through the cells, evaluation of droplet size was
based on two-dimensional information due to the
lower spatial resolution of the microscope in the
axial (z) direction. Hence, lipid droplet sizes were
determined using the built-in ImageJ particle ana-
lyzer routine for analysis of the image plane corre-
sponding to the central position of the imaged cells.

Biotechnol. J. 2011, 6 www.biotechnology-journal.com
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2.3 Lipid extraction and TAG measurement

The freeze-dried samples from each time point
were extracted and analyzed in technical repli-
cates. The lipid extraction method was adapted
from Bligh and Dyer [28]. 20 mg of freeze-dried
yeast cells were incubated with 7 mL chloro-
form/methanol (2:1, v/v) for 3 h at 4°C on a rotary
shaker with a speed of 200 rpm and supplemented
with 1.7 mL of 0.73% sodium chloride, vigorously
shaken. Following centrifugation at 3000 rpm at 4°C
for 4 min, the organic phase was collected for later
analysis, whereas the remaining aqueous phase
was vigorously mixed and centrifuged with 5 mL
chloroform/methanol (85:15, v/v). The total proce-
dure was repeated three times. The collected or-
ganic material was combined and evaporated un-
der a nitrogen stream at 40°C.Total lipids were dis-
solved in 0.5 mL chloroform/methanol (2:1, v/v)
and kept at –30°C. The resulting lipid extract was
further fractioned using TLC, in which the lipid so-
lution was applied to a TLC plate (Silica gel 60,
20 × 20 cm, 0.5 mm layer, Merck, Darmstadt, Ger-
many) using a solvent system of heptane/2-pro-
panol/acetic acid (95:5:1, v/v/v). Individual lipids
were visualized by spraying the sample with 0.2%
2’,7’-dichlorofluoresceine in ethanol and identified
by comparison of their Rf values with known stan-
dards. The bands corresponding to triacylglyc-
erides were manually scraped off for TAG meas-
urement, using the commercial kit “Triglycerides
Liquid Stable Reagent” (Thermo Scientific). Re-
sults were given in mmol/gDW, which was convert-
ed into % (w/w) using an approximate molar mass
for TAG in yeast of 819 g/mol, assuming a composi-
tion of 33% 16-carbon chains (three chains; 769.2 g/
mol) and 61% 18-carbon chains (three chains; 846 g/
mol) [29].

2.4 Statistical analysis

To ensure that the biological duplicates in each
condition and also the technical replicates were not
significantly different, the student paired t test was
performed. SPSS software version 17.0 (SPSS Inc,
Chicago, IL) was used for all analyses and P values
of ≤ 0.05 were considered to differ significantly.

3 Results and discussion

The population-averaged data show general trends
for the impact of starvation on the cell metabolism.
Under HGLN conditions, the cells took approxi-
mately 21 h to finish their exponential phase with
a glucose consumption rate of 0.019 g/(gDW h) 

(Figs. 1A and B and Table 1). In contrast, the condi-
tion with glucose starvation and excess nitrogen
(LGHN) made the cells finish their exponential
phase faster; the shift from glucose to ethanol
phase occurred within 15 h with a glucose con-
sumption rate of 0.012 g/(gDW h) (Figs. 2A and B,
and Table 1).This resulted in 2.5 times less biomass
production and a lower maximum specific growth
rate than that of the HGLN condition. In addition,
the total yields of ethanol, glycerol, and acetate

Figure 1. Fermentation profiles for the HGLN condition. (A) CO2 profiles
measured on duplicate fermenters and showing two peaks, representing
growth on glucose and ethanol, respectively. The vertical dashed lines rep-
resent the time points for lipid analysis (12, 21, 28, and 38 h). (B) Profiles
of biomass and metabolite concentrations (glucose, glycerol, acetate, and
ethanol) measured during fermentation. (C) Cellular lipid content during
fermentation presented as average lipid volume per cell with standard de-
viation (for details, see the Results and discussion), evaluated from CARS
microscopy images (n = 232) and amount of TAG (n = 6). Data are pre-
sented as means ± SD. The evaluated lipid volumes correspond to 4.5,
3.5, and 3.8 lipid droplets per cell for the time points 12, 21, and 38 h, re-
spectively.
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were lower (Table 1) due to a lack of the primary
nutrient source, glucose.

Both nutritional conditions (Figs. 1 and 2)
showed fermentative metabolism in which con-
sumption of glucose resulted in production of bio-
mass, ethanol, glycerol, and acetate. In parallel,
high glucose concentrations lead to a higher pro-
duction of fatty acids, resulting in an accumulation
of lipid droplets, probably by the integration of sig-
nals through the protein kinase Snf1 [30]. After 
12 h of growth in the glucose phase, the amount of
TAG, about 0.25 mmol/gDW (20.5% w/w), was sim-
ilar for both excess and limited access to glucose.
The corresponding data obtained from the single-
cell CARS microscopy studies were 4.5 and 3.8 lipid
droplets per cell on average and evaluated lipid
droplet diameters of 0.4 and 0.5 µm for the HGLN
and LGHN conditions, respectively. Sizes of intra-
cellular lipid droplets in S. cerevisiae were deter-
mined, using electron microscopy, by Czabany et al.
[31], resulting in diameters in the range of 0.3–
0.5 µm. Typical lipid droplet sizes are thus similar
to the spatial resolution of optical microscopy and
imaging results in a size overestimation due to con-
volution with the microscope point-spread func-
tion [32]. For CARS microscopy, the nonlinear de-
pendence on excitation intensity and density of
probed molecular bonds reduces such an effect to
some extent [26]. Nevertheless, an overestimation
can still be expected for the diameters evaluated
from CARS microscopy, which also seems probable
in relation to the electron microscopy results. As-
suming spherical lipid droplets, average lipid vol-
umes per cell of 0.2 fL (Figs. 1C and 2C) can be es-
timated for both conditions and, in relation to the
spatial resolution, apparent differences in diame-
ters and calculated volumes must be considered of
low significance. Nevertheless, the evaluated aver-
ages provide volume estimations as presented in
Figs. 1C and 2C.Thus, both methods for lipid quan-
tification indicated that lipid accumulation could
not be significantly enhanced by loading the medi-
um with excess amounts of glucose.After 21 h, cor-
responding to the glucose-ethanol transitional

phase for HGLN fermentation, the TAG amount
decreased to around 0.12 mmol/gDW (9.8% w/w),
also found by CARS measurements, corresponding
to 3.5 lipid droplets per cell on average. With an
evaluated droplet diameter of 0.4 µm, this amounts
to a lipid volume of 0.1 fL per cell for this condition
and time point. The observed decrease is reason-
able, considering that the cells need to mobilize
TAG when glucose is depleted before ethanol me-
tabolism increases and becomes effective. In con-
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Table 1. Specific rates and yields for the two sets of fermentations

Condition μμmax
a) Ysx

b) Yse
c) Ysg

d) Ysa
e) rs

f)

HGLN 0.21 0.089 0.42 0.078 0.093 0.019
LGHN 0.17 0.070 0.35 0.035 0.046 0.012

a) The specific growth rate of biomass (unit: h–1).
b) Biomass yield on glucose (unit: g biomass formed/g glucose consumed).
c) Ethanol yield on glucose (unit: g ethanol formed/g glucose consumed).
d) Glycerol yield on glucose (unit: g glycerol formed/g glucose consumed).
e) Acetate yield on glucose (unit: g acetate formed/g glucose consumed).
f) Specific glucose uptake rate (unit: g glucose/g biomass/h).

Figure 2. Fermentation profiles for the LGHN condition (A) CO2 profiles
measured on duplicate fermenters and showing two peaks representing
growth on glucose and ethanol, respectively. The vertical dashed lines rep-
resent the time points for lipid analysis (12, 16, 21, and 38 h). (B) Profiles
of biomass and metabolite concentrations (glucose, glycerol, acetate, and
ethanol) measured during fermentation. (C) Cellular lipid content during
fermentation presented as average lipid volume per cell with standard de-
viation (for details, see the Results and discussion), evaluated from CARS
microscopy images (n = 197) and amount of TAG (n = 6). Data are pre-
sented as means ± SD. The evaluated lipid volumes correspond to 3.8,
6.2, and 3.6 lipid droplets per cell for the time points 12, 21, and 38 h,
respectively.
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trast, the amount of TAG remained constant for
LGHN conditions during the glucose–ethanol tran-
sition phase at 16 h (Fig. 2C). For the ethanol phase,
an increase in TAG to about 0.31 mmol/gDW (25.4%
w/w) and an increase in the number of lipid
droplets to 6.2 per cell (diameter 0.5 µm, volume
per cell 0.3 fL) is observed (Fig. 2C). A slight in-
crease in TAG level (≈ 20%) was found after 28 h
when the cells shifted to the ethanol phase in
HGLN cultivation (Fig. 1C). Under the LGHN fer-
mentation conditions, lipid accumulation is stimu-

lated by conversion of ethanol into lipid precursors
in S. cerevisiae [33], exhibiting TAG densities also
reported for the oleaginous yeast strain Yarrowia
lipolytica [1]. The quantitative single-cell analysis
made by CARS microscopy indicates that by har-
vesting the population in the ethanol phase, when
many cells show a high number of lipid droplets,
the maximal lipid yield can be achieved, estimated
to be 0.3 fL per cell. In the subsequent stationary
phase, sampled at 38 h, both conditions show simi-
lar numbers of lipid droplets per cell: 3.8 and 3.6 for

Figure 3. CARS microscopy images showing horizontal (x–y)
and vertical (x–z, y–z) views of yeast cells measured after
growth for 21 h. Positions of the vertical views are indicated
by white lines. Image sizes, 20 × 20 μm and 20 × 10 μm.
Cells grown under HGLN conditions (A and B), on average
show a lower number of lipid droplets per cell compared with
cells exposed to LGHN conditions (C and D). The higher av-
erage lipid content for the LGHN condition is represented by
cells containing multiple lipid droplets indicated by an aster-
isk in (C) and (D). The two conditions also show different
lipid droplet distribution patterns. Whereas HGLN cells in
the transition phase exhibit an even distribution of lipid
droplets throughout the intracellular volume, LGHN cells
enter the ethanol phase and lipid droplets can often be ob-
served in the periphery surrounding larger vacuoles (indicat-
ed by arrows). This arrangement can also be seen in the ren-
dered volume images, showing complete three-dimensional
representations of yeast cells (magenta) and lipid droplets
(yellow) under HGLN (E) and LGHN (F) conditions.
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HGLN and LGHN, respectively. The evaluated av-
erage lipid droplet diameters were 0.5 µm for both
HGLN and LGHN conditions at this time point and
calculated volumes per cell were 0.2 and 0.3 fL, re-
spectively. A difference could be observed in the
corresponding TAG levels, 0.18 mmol/gDW (13.86%
w/w) for HGLN conditions and 0.25 mmol/gDW
(19.25% w/w) for LGHN condition.Thus, in the sta-
tionary phase,TAG production increased following
the ethanol phase for HGLN, whereas TAG was
mobilized for LGHN. CARS microscopy measure-
ments signify that the mechanisms of droplet for-
mation appear to be a fundamental, standardized
process in which average sizes and lipid densities
are more or less constant, irrespective of nutrition-
al conditions or fermentative phases. Note that the
normalized CARS signal varied by merely 15%
throughout the different metabolic conditions in-
vestigated, indicating similar lipid droplet densi-
ties.

The error bars for the evaluated volumes per
cell (Figs. 1C and 2C) indicate cell-to-cell variations
also observed in the CARS microscopy images
shown in Figs. 3A–D. Images were measured after
growth for 21 h for the HGLN (Figs. 3A and B) and
LGHN (Figs. 3C and 3D) conditions. In addition to
horizontal x–y plane views, vertical x–z and y–z
plane views measured at the positions of the white
lines are shown. Even though individual HGLN
cells in Figs. 3A and B show up to 5 droplets per cell,
most cells show less, resulting in the reported aver-
age value of 3.5 droplets per cell for this condition
and time point. In contrast, a higher number of lipid
droplets per cell was more common for LGHN
(Figs. 3C and 3D, cells indicated by asterisks). CARS
data show a larger spread than the TAG levels,
based on measurements of much larger cell popu-
lations. However, it should be noted that the data
spread does not represent the precision of the
CARS technique, but rather cell-to-cell variations
encountered with any microscopy technique based
on single-cell measurements. Nevertheless, it is in-
teresting to see that the average trends of the CARS
measurements are consistent with those of the
TAG levels. More in-depth comparison between
data evaluated from CARS microscopy images and
TAG values needs to take lipid droplet sizes more
into account and is dependent on the previously
discussed size accuracy. In addition, effects such as
cell shrinking, resulting in a reduction in cell size
without a decrease in cell mass, may need to be
considered for a comparison of CARS and TAG re-
sults of the stationary phase.

In addition to quantitative measurements of
lipid content at the single-cell level, CARS mi-
croscopy z stacks provide unique three-dimension-

al information on the lipid droplet distribution rep-
resented by the planar horizontal and vertical
views shown in Figs. 3A–D and the volume images
in Figs. 3E and F. This allows us to evaluate the in-
tracellular arrangement of the lipid droplets and a
significant difference was observed for the two nu-
tritional conditions after 21 h. Whereas the lipid
droplets were evenly distributed in cells under
HGLN conditions (still in the transition phase at 
21 h), they were located in the periphery of cells ex-
posed to LGHN conditions (early ethanol phase at
21 h). This was most likely due to the formation of
vacuoles in many LGHN cells, of which 89% exhib-
ited a vacuole, in contrast to the HGLN cells (18%).
This trend can be seen in Fig. 3, where several of
the LGHN cells in Figs. 3C and D have a vacuole, as
indicated by arrows.This difference in lipid droplet
arrangement is also shown in the single-cell vol-
ume images in Figs. 3E and F (see the Supporting
information for 360º rendering movies).

Together, the results clearly show that there is
dynamic regulation of the lipid metabolism in the
widely utilized yeast strain S. cerevisiae and these
dynamic changes can be captured at the single-cell
level using CARS microscopy. The accumulation of
TAG involves both nutrient sensing of nitrogen,
carbon, and energy sources [6], probably by the in-
tegration of signals through the protein kinase Snf1
[30].

4 Concluding remarks

We have demonstrated the strength of combining
population-averaged metabolic analysis with sin-
gle-cell imaging using CARS microscopy. S. cere-
visiae, which is widely used in the biotechnical in-
dustry, had a highly dynamic ability to accumulate
lipids, depending on nutritional conditions and fer-
mentative phase. By controlling parameters such
as nitrogen, carbon, and energy sources, lipid
biosynthesis can be influenced. Interestingly, the
amount of accumulated lipids during the glucose
phase was not significantly influenced by the initial
glucose concentration, indicating that it could not
be used to enhance lipid synthesis. The highest
amounts of accumulated neutral lipids, about 
0.3 fL/cell and 0.31 mmol TAG/gDW (25.4% w/w),
were found in the ethanol phase and exceeded the
amount of lipids synthesized during glucose fer-
mentation.
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Abstract 

We present a rapid quantification of yeast lipids using microwave-assisted total lipid extraction 

followed by HPLC-CAD. The microwave extraction was completed within 10 min at 60˚C and 

the quantification of all lipid classes can be done in 45 min per sample at 35˚C by HPLC-CAD 

analysis, which is significantly faster than with conventional lipid extraction methods. The 

developed method was validated in two ways; (I) through comparison with a conventional 

method (by Schneiter & Daum, 2006) and (II) through validation with spiked lipid standards (CH, 

TAG, FA) into the extraction solvent. There were no significant differences (P>0.01) in yields of 

lipid classes with both validations. By performing a simple modification of closed-vessel 

microwave extraction it was possible to carry out the cell disruption and extraction in Pyrex glass 

tubes kept inside the closed vessel. Hereby we are able to increase the number of sample 

preparations to several hundred samples per day. Pre-treated cell disruption steps are not required 

since the microwave extraction method provides equally quantitative results. The new 

microwave-assisted extraction method facilitates the preparation of extracted total lipid directly 

from yeast cells, but the method is likely to also be applicable for other biological samples. 

List of Abbreviations 

CL = cardiolipin, ES = ergosterol, FA = fatty acid, HILIC = hydrophilic interaction liquid 

chromatography, PA = phosphatidic acids, PC = phosphatidylcholine, PE = 

phosphatidylethanolamine, PI = phosphatidylinositiol, PL = phospholipids, PS = 

phosphatidylserine, SE = sterylester, SM = sphingomyelin, TAG = triacylglycerol 

Key Words 

Yeast, total lipid extraction, lipid quantification, Microwave, HPLC-CAD 



   

1. Introductions 
Lipids are energy storage molecules and 

important structural components of all 

eukaryotic cell membranes. Yeast cell 

membranes are composed of three main 

components: phospholipids, sterols, and 

intramembrane proteins(1-3). The principal 

sterol in Saccharomyces cerevisiae is 

ergosterol (3). The principal phospholipids in 

this organism have been shown to be 

phosphatidic acid, phosphatidylethanolamine, 

phosphatidyl-inositol, phosphatidylserine, and 

phosphatidylcholine with fatty acid chains that 

are predominantly oleic acid (C18:1) and 

palmitoleic acid (C16:1), with smaller 

amounts of palmitic acid (16:0) and stearic 

acid (18:0), and very low amount of myristic 

acids (C14:0) (4, 5). Like other eukaryotes, 

yeast cells also have a pool of neutral lipids 

stored as cytoplasmic droplets (which serve as 

reservoirs of cellular energy and building 

blocks for membrane lipids) consisting of 

triacylglycerides (TAG) and steryl esters (SE) 

(6, 7) surrounded by a monolayer of 

phospholipids and associated proteins (2, 8, 9). 

In yeast, lipid droplets consist of TAG and SE 

in a ratio of about 1:1 (9-11).  The total 

amount of lipids stored in lipid droplets is in 

general considered to be low relative to the dry 

cell mass (<15%), but we hypothesize that the 

amount of neutral lipid storage in yeast is a 

highly dynamic variable as a unicellular 

organism, like yeast, is able to fast and easily 

adjust its internal metabolism to new 

environmental conditions. Indeed, 

environmental stress and starvation have been 

shown to induce increased synthesis and 

accumulation of neutral lipids (9, 12). 

For analysis of lipid compositions in yeast 

cells lipid extraction is a key process and the 

efficiency of extraction depends of the method 

applied. Lipid is most efficiently extracted 

from freeze-dried or freeze-thawed yeast 

cells(13) and these are the most commonly 

applied methods Mechanical disintegration of 

the cells (sonication and bead mills), cell wall 

digestion (using zymolyase) or drying yeast at 

moderate temperatures can, however, enhance 

lipid extraction (3, 14, 15).  The addition of 

steps for sample preparation and extraction do, 

however, cause problems about increasing 

labor time but also imposes requirements for 

advanced skills to perform each specific step 

as well as it increases the possibility of errors 

because of sample loss during the multiple 

steps.  
Recently, microwave technology has been 

introduced for lipid extraction in terms of 

performing fatty acid methyl ester (FAME) 

derivatization of fatty acids derived from 

several eukaryotic cells such as plant, animal, 

and fungal cells (16-20). To improve the 

sampling time we recently developed a 

modified closed-vessel method with 

microwave-assisted derivatization and 

demonstrated its application yeast fatty acid 

analysis (21). However, the application of 

microwave technology for total lipid 

extraction followed by analysis of all the lipid 

has not been studied before. 

For lipid class separation and quantification, 

numerous high performance liquid 

chromatography (HPLC) methods have been 

used and developed for plant, animal, and 

microbial lipids (22, 23).  Hydrophilic 

interaction chromatography (HILIC) is one of 

the most useful columns not only in 

metabolomic profiling but also for lipid 

profiling (24) . This column is a relatively 

recent development, also termed reverse 

normal phase chromatography, which uses a 

polar stationary phase and its associated layer 

of water to promote chromatographic retention 

with partitioning against a mobile phase which 

has a high content of organic solvent.(25, 26) 

In this mode polar compounds are retained 

strongly and their elution is promoted by 

gradually increasing the aqueous content of 

the mobile phase.  

Like ELSD, CAD allows HPLC detection of 

non-volatile or semi-volatile compounds and it 

has been used for lipid analysis (27). 

However, conventional UV detection is often 

not adequate and limited to chromophores (28) 

while other methods such as flame ionization 

detection (FID) or evaporative light-scattering 

detection (ELSD) have limitations in terms of 

precision, sensitivity and dynamic range (29, 

30). For detection purposes, the usual optical 

methods (UV and fluorescence) are not well 

adapted to the direct analyses of lipids. 

Currently, ELSD and CAD detection methods 



   

are used for the direct analyses of lipid classes. 

Both detection methods share the same 

principle of operation: (1) the mobile phase 

leaving the column is sprayed using a 

pneumatic nebulizer, (2) the droplets enter the 

heated tube where the solvent (partially) 

evaporates, (3) the solute particles enter into 

the detection chamber. However, the principal 

difference between the two detection methods 

is the technology used for solute particles 

detection: light diffusion for ELSD and 

aerosol charging for CAD(30).  The CAD as a 

detector for lipid analysis has advantages over 

ELSD by higher sensitivity and better 

precision judged by both lowest limits of 

detection (LOD) and repeatability (RSD) 

values (30, 31).  Comparing to another popular 

detector for lipid analysis mass spectrometry 

(MS) detector, CAD is cheaper and easier to 

use.   

  Here we present a new method for 

rapid quantification of yeast lipids using 

microwave-assisted total lipid extraction 

followed by HPLC-CAD. The method is 

validated and demonstrated for use in analysis 

of yeast lipids. 

 

2. Material and Methods 

2.1 Chemicals and Standards  

All solvents and reagents in our study are 

analytical grade. Hexane and BF3 (14% in 

MeOH), GC grade were purchased from 

Sigma-Aldrich, Germany. Milli-Q water 

(Gradient A10) was used throughout this 

study. All lipid standards and FAMEs 

standards were analytical grade, purchased 

from Sigma-Aldrich, Germany.  

 

2.2 Yeast Strain and Cultivation Conditions 

The yeast strain CEN.PK 113-7D MATα 

SUC2 MAL2-8C (Scientific Research and 

Development GmbH, Germany) were grown 

aerobically in 50 mL Yeast Extract Peptone 

Dextrose (YPD) medium in 500-mL baffled 

shake flasks at 30 ˚C and 230 rpm. The initial 

glucose was 20 g/L concentration and the 

initial cell concentrations corresponding to an 

OD600 around 0.01 were inoculated.  

Samples were harvested from the cultivation 

media during the stationary phase at 36 hours 

and transferred into 50 mL- falcon tubes 

(VWR, Sweden) and centrifuged at a speed of 

3,000 rpm for 5 min at 4˚C to collect the 

biomass. The samples were then immediately 

frozen in liquid nitrogen and placed in freeze-

dryer (instrument info) at -40 ˚C overnight. 

 

2.3 Microwave-assisted lipid extraction 

The lipid extraction method was performed 

based on the total lipid extraction protocol by 

Bligh and Dyer (1959) (32) with several 

modifications and the modified closed-vessel 

microwave system was adopted from 

Khoomrung et al (2012) (21). First, 10 mg of 

freeze-dried cell were weighed into the 

extraction tube and 10 µg of the internal 

standard (cholesterol) was added. After the 

addition of 7 ml of chloroform-methanol (2:1, 

v/v), the tubes were flushed with N2 gas into 

the tube to get rid of air and closed tightly with 

a Teflon screw cap. All the extraction tubes 

were vortexed vigorously before placed in the 

microwave extraction capsule that contained 

30 ml water inside. The extraction method was 

performed by reaching 60 °C in 6 min with 

800 watt and stay at 60 °C for 10 min. After 

the samples cooled down to room temperature, 

1.7 ml of 0.73% NaCl was added and and the 

sample was vortexed vigorously. Thereafter 

the sample was centrifuged at 3000 rpm for 5 

min for phase separation and the organic phase 

(at the bottom) was transferred into a new 

clean extraction tube. After the sample had 

been dried under vacuum and re-suspended 

with 200 µl of chloroform-methanol (2:1, v/v) 

the total lipid sample was transferred into the 

amber HPLC vials.   

 

2.4 Lipid analysis via HPLC-CAD 

Lipid separation and quantification were 

performed using the method modified 

from Silversand and Haux (33). Lipid 

separation was accomplished by HPLC 

(Dionex) equipped with a charge aerosol 

detector; CAD (Corona) supplied with 

nitrogen gas at 35 psi gas pressure. All the 

separated fractions were collected by an 

automated fraction collector; AFC-3000 

(Dionex). A 5 μl volume of sample was 

injected in to the Luna 5 µm HILIC 200 Å 

100 x 3.0 mm LC Column (Phenomenex). The 



   

flow-rate was fixed at 0.8 ml/min during all 

runs. In this study, the proper column 

temperature was optimized by scanning the 

range 20 - 55˚C. The chromatogram was 

record at 10 Hz frequency and gain for 100 

pA. The polar and neutral lipid classes were 

separated by three solvent mixtures and 

gradient systems as follow: (A) hexane-acetic 

acid (99:1, v/v); (B) acetone-isopropanol-

acetic acid (29:70:1, v/v/v); (C) water-acetone-

isopropanol-acetic acid (9:20:70:1, v/v/v/v). 

Triethylamine (0.08%, v/v) was added to the 

solvent C to adjust pH.  The samples were 

injected at time 0 and the gradient profile 

started at 100% of Solvent A and the solvent B 

was gradually increased to 5% in 14 min and it 

was always kept at 5% along the process. At 

the 15 min time point, solvent C was added to 

the system in a gradient where it was 

increasing to 40 % in 5 min, followed by a 

slower increase to 45% in 20 min. Finally, the 

gradient was reduced from 5% to 0% of 

solvent B and from 45% to 0% of solvent C in 

5 min and then maintained at 100% of solvent 

A for 5 min. In total, the solvent program for 

the separation of all lipid classes took 45 min. 
Pure lipid standards were analyzed 

individually using chromatography to confirm 

their retention times and purity. Lipid 

standards were also co-eluted together with 

samples to identify peaks in unknown 

samples. Solutions of known concentrations of 

different lipid classes were mixed and lipid 

standard curves were generated to study the 

linearity of the detection method and to 

quantify lipid classes in unknown samples. 

Calibration curves were prepared for 5-1000 

µg ml
-1

 of PA, PE, PC, PS, PI, ES, TAG, FA, 

and ES. Each concentration of the standard 

solutions was injected twice and the average 

log10 peak area for each lipid was plotted 

against the absolute amount of lipid. 

Correlation (r
2
) was determined for all curves 

by linear regression. 

 

2.5 FAMEs analysis  

We used a standard procedure developed in 

our laboratory (21). Briefly, 10 mg of freeze-

dried samples was mixed with 4 mL of 

hexane, 2 mL of 14 % BF3 (in Methanol) and 

5 µg of internal standard (17:0 fatty acid 

standard was added. The sample was then 

flushed into the tube’s head space with 

nitrogen gas for 30s and closed tightly with a 

Teflon screw cap. The tube was placed in to 

vessel containing 30 mL of milliQ water and 

then sealed with TFM screw cap. The tube 

was heated using a microwave digestion 

system (milestone start D, Sorisole Bergamo, 

Italy) equipped with rotor PRO-24. The 

temperature programming of microwave 

digestion was ramped (from room 

temperature) to 120 ˚C within 6 min and 

thereafter maintained at this temperature for 

10 min. After cooling the sample to room 

temperature, 2 mL of milliQ water was added 

and the sample was shaken vigorously for 1 

min followed by centrifugation at 2500 rpm 

for 5 min. The upper phase (hexane phase 

which contained the FAMEs) was analysed by 

GC-MS.  

The FAMEs were separated and quantified 

using Focus GC ISQ single quardrupole GC-

MS (Thermo Fisher scientific, USA). The 

separation of FAMEs was performed on 

Zebron (ZB-WAX) GC column (30 m x 0.25 

mm I. D., 0.25 μm film thickness) from 

Phenomenex, Macclesfield, UK. The sample 

was injected in splitless injection mode (1µL 

at 240 ˚C) and Helium was used a carrier gas 

(1 mL/min). The column temperature was 

initially set at 50 °C (1.5 min), where after the 

temperature was ramped to 180 °C (25°C/min) 

for 1 min, followed by a further increased to 

220 °C (10°C/min) where it was held for 1 

min. Finally, the temperature was increased to 

250 °C (15°C/min) and held for 3 min. The 

mass transfer line and ion source were set at 

250 °C and 200 °C, respectively. The FAMEs 

were detected with electron ionization (70 eV) 

in scan mode (50-650 m/z) and selected ion 

monitoring mode at m/z 55, 67, 74 and 79 (for 

quantitative analysis). The identification of 

unknown FAMEs from yeast cells was 

achieved by comparing their retention times 

and mass spectrum profiles with known 

standards (Fig. 1). The quantification of 

FAMEs was performed using QuanBrowser 

function in the Xcalibur software version 2.0 

(Thermo Fisher Scientific). 

 

2.5 Data analysis  



   

Result were expressed as mean ± standard 

deviation from three independent replicates. 

The statistic program for social science (SPSS) 

software version 19.0 (SPSS Inc.) was used 

for statistical analysis. P values <0.01 were 

considered as statistically significant. 

 

3. Results and Discussions 

 
3.1 Chromatographic separation and lipid 

quantification using HPLC-CAD 

 The optimized separation and 

quantification method is to be used further in 

the validation part of the microwave-assisted 

extraction procedure and to obtain a solid 

protocol for lipid classes separation by the 

HILIC column, the column temperature, 

memory effect and quantification method were 

evaluated. 

 

3.1.1 Effect of column temperature on the 

separation of lipid classes 

One of the most investigated parameter for 

lipid separation using HPLC is the column 

temperature. To select a moderate temperature 

for lipid separation, we performed the lipid 

analysis using the HILIC column operated in a 

range of 20 – 55 ˚C. The chromatographic 

results in Fig. 1A show the effects of column 

temperature to the separation of all lipid 

classes. For neutral lipids, the two yeast 

storage lipids such as steryl ester (SE) and 

triacylglycerol (TAG) seem to separate well 

only at ≥ 25˚C, since a low column 

temperature effects the eluting time of TAG 

resulting in a broad peak at 20 ˚C. However, 

this evidence was not found to affect the SE 

peak at all. The free fatty acid (FA) peak was 

sharper at higher column temperature and had 

peak tail problems at low column temperature.  

We used cholesterol (CH), which yeast 

cannot produce, as the spiked internal 

standard. It is therefore important to have a 

good separation between CH and ergosterol 

(ES), which is the main sterol in yeast. 

Focusing on the two sterol standards, CH and 

ES, just like TAG, were separated well only at 

≥ 25˚C and a higher column temperature speed 

up the eluting time. Therefore, the sterol peaks 

were sharper, came out faster, and separated 

better at higher column temperatures.  

Phospholipids (PL) separation, on the other 

hand, could be separate well only at 30-35 ˚C. 

The lower column temperature affects 

separation of all PLs, i.e. PA had peak tailed 

effect and there were co-elution problems for 

PE-PC and PS-PI. The higher column 

temperature, in contrast, results in increasing 

eluting time. Thus, the PI peak was broad and 

low at high column temperatures (≥40 ˚C).   

To investigate the specific effect of column 

temperature on the PI peak, we perform the 

exact same optimization but using only PI 

instead of mixed standards as shown in Fig. 

S1.  We found the same pattern as found for 

mixed standards which proves that when PI is 

delayed in elution it is detected as a broad and 

low peak at high column temperature. 

Considering all the effects of column 

temperature for each lipid peak, we selected 

35 ˚C as the optimal for lipid class separation 

for both neutral lipids and phospholipids. At 

this selected column temperature, all the peaks 

are well separated without peak tails effect. 

 

3.1.2 Sample carryover  

Sample carryover is a significant 

problem when dealing with HPLC 

separation(34), the % column recovery 

normally can be used to evaluate sample 

carryover. However, it was not possible to 

determine the column recovery when the 

analysis was performed on gradient HPLC-

CAD. Because the analyte intensity obtained 

from CAD detector depends on the 

composition of the mobile phase and increases 

with organic solvent. To evaluate sample 

carryover, we run a modified gradient-HPLC 

program that similar to the program we used 

for lipid classes separation with increasing 

solvent C up to 65% (held for 5 min) instated 

of the 45% in normal run time (data not 

shown). The increasing solvent C in system is 

intended to increase polarity to the system to 

elute polar lipids that may remain from the 

previous run. There were no peak in those test 

run was detected and this was an evidence for 

no sample carryover.    

  



   

Figure 1.  Effect of column temperature on the separation of all lipid classes, separated on a 

HILIC column (Luna 5 µm 200Å 100 x 3.0 mm. 0.8 mL/min solvent flow rate) with triple 

gradient mobile phase.  



   

 
Figure 2.  Example calibration curves and response model for lipid analysis by HPLC-CAD 

analysis. 

3.1.3 Response model for calibration curve 

The Calibration standards were diluted with 

chloroform-methanol (2:1, v/v), which was 

also used as blank and extraction solution 

throughout this lipid analysis study. Triplicate 

5 μL injections of each solution with variable 

amount of lipid compounds in the range of 5-

1000 μg/mL were investigated.  

The relationship between the lipid 

concentration and CAD response (peak area) 

has been reported as having a non-linear 

pattern, but a Log model or a power-law 

model can describes the detector response 

more accurately(30, 31). To select the 

appropriate model to generate calibration 

curves for lipid class quantification, we 

evaluated both models in our mixed standard 

concentration range. 

Examples of calibration curves for SE 

(neutral lipid) and PC (phospholipids) are 

shown in Fig. 2 and it is seen that non-linear 

regression was preferred using a classical log-

log transformation of both lipid concentration 

(on X-axis) and peak area (on Y-axis). 

Plotting log y = log A + b log x is also often 

used to linearlize the ELSD response 

function (30), and we therefore selected the 

log model to generate our calibration curve 

for quantification. 

 

3.1.4 Validation of the lipid 

quantification method 

The accuracy expresses the closeness of 

agreement between the reference value 

and the value determined by the analytical 

method. Typically, accuracy is 

represented and determined by recovery 

studies, but there are three ways to 

determine accuracy: (1) by comparison to 

a reference standard, (2) recovery of the 

analyte spiked into blank matrix, or (3) 

standard addition of the analyte (35). In 

this study, evaluation of accuracy was 

carried out by spiking at three levels of 

the expected concentration for individual 

lipid class into the blank matrix 



   

(extracting solvent). Accuracy values were 

reported as RSD value calculated from our 

quantification method based on the calibration 

curve (Table 1). 

At low concentrations (low injection mass 

about 5-50 μg/mL), the repeatability is about 

15% (SRD) whereas a 5% repeatability can be 

reached at higher injected amounts (100-500 

μg/mL). A repeatability of less than 5% is 

encountered for CH, PE, PC, and PS. The 

intermediate precision (RSD values) of all 

lipid classes were varying between 7.3 

and 19.2 which are consistent with the 

precision range for the CAD detector as 

earlier reported by Ramos et al (30). 

 

 

Table 1 Repeatability and intermediate precision study of CAD detection based on 

the calibration curve generated from log transformation. 

Lipids 

Levels N˚ (µg/mL) 

Repeatablity 

(%RSD) at level N˚ 

Intermediate 

precision 

(%RSD at level 2) 1 2 3 1 2 3 

SE 50 100 250 15.6 8.9 5.2 8.7 

TAG 50 100 250 13.2 9.2 5.1 9.4 

FA 5 10 50 17.5 11.7 8.3 11.4 

CH 100 250 500 9.4 7.4 3.2 7.3 

ES 50 100 250 12.6 8.1 6.3 8.5 

PA 10 50 100 19.3 14.1 9.7 13.8 

CL 10 50 100 20.1 13.5 9.3 13.7 

PE 50 100 250 14.7 7.3 4.4 7.5 

PC 50 100 250 11.5 5.9 2.8 11.1 

PS 10 50 100 22.3 15.8 3.5 15.6 

PI 10 50 100 19.1 15.5 5.4 19.2 

 

3.2 Sample preparation for total lipid 

extraction using microwave 

The closed-vessel system for 

microwave-assisted lipid extraction is 

illustrated in Fig.3 and was modified from 

Khoomrung et al (2012) (21).  The ideal 

method used for sample preparation in 

biological research should be simple, 

rapid, precise and accurate. Besides these 

essential factors, sample preparation rate 

(number of samples that can be performed 

per hour or per day) is also important. 

Normally, the conventional lipid 

extraction procedure by Schneiter and 

Daum (36) contains 4 key steps; (1) cell 

disruption, (2) extraction of the lipids with 

chloroform/ methanol (2:1, v/v), (3) removeal 

of nonlipid contaminants by washing the 

extraction with aqueous salt solutions, and (4) 

Drying of the extraction by removal of the 

organic solvent. 

In order to perform fast sample preparation, 

we replaced the conventional extraction with 

microwave-assisted extraction that can extract 

the total lipid without the requirement of a cell 

disruption step, which dramatically reduces the 

extraction time. Moreover, we increased the 

speed of sample preparation by using a 

modified closed-vessel systems to be able to 

carry out the whole extraction process within 

one Pyrex glass tubes. With this approach, we 

eliminated most of the time consuming steps 



   

for transferring of mixture solution from 

one extraction tube to new glass tubes or 

flasks several times (at the glass beads 

removal, washing, and phase separation 

steps). Hereby we are able to reach a 

sample preparation rate of up to several 

hundred samples per day. 

From, microscopic analysis we found 

that microwave-assisted extraction at low 

extraction temperature (room temperature 

and 40 ˚C) was not able to break the freeze- 

dried yeast cells as we can still see 

subcellular compartments (Fig.4). At 

medium temperature 60 ˚C, yeast cells 

seem to be disintegrated and the sub 

cellular structure were not found inside the 

yeast cells, which indicate leakage and infusion 

of extraction solvent into the cells.  At high 

temperature (80˚C), however, we started to see 

formation of some cell debris caused by over 

heating, and even more damaged cell debris 

was found at higher temperatures (100-120 ˚C). 

Based on these findings, we strongly believe 

that the extraction temperature of the 

microwave must have some effect on the total 

lipid yield that can be detected by subsequent 

HPLC-CAD analysis.  We therefore evaluated 

lipid yields from extraction at different 

temperatures in the following section. 

 

 

Figure 3.  The modified closed-vessel system for total lipid extraction using microwave.  

 



   

 
Figure 4.   Microscopic results showing the effect of different extraction temperatures on cell 

disintegration. 

 

3.3 Optimization of extraction 

temperature 

 The extraction temperature and duration 

are the most important factors contributing 

to the yield of microwave extraction. To 

select the suitable temperature for 

microwave extraction, we performed lipid 

extraction by the microwave-assisted 

method at different temperatures (from 40- 

120 ˚C) with 10 minutes as fixed extraction 

time. 

 

3.3.1 Yields of total lipid extraction at 

different temperatures. 

Due to the rigid cell wall of yeast, which 

can stand a high pressure of more than 300 

Mpa (37), yeast samples are more difficult to 

handle in term of obtaining complete 

extraction compared to many other 

biological samples. Although the 

microscopic results showed the ability to 

disintegrate yeast cells by the microwave 

extraction method, this analysis method do 

not provide quantitative data on the 

extraction yield. The accuracy of the 

extraction method was therefore further 

investigated by measurement of the total 

lipid yield obtained from different extraction 

conditions with the microwave method.  

 



   

Figure 5.  Optimizing extraction temperature. All reactions were performed in 10 min. 

Cholesterol was used as internal standard. Error bars correspond to standard deviation (n = 

3).  

 

The yields of different lipid classes 

extracted by different temperatures in a 10 

min period are shown in Fig. 5.  Based on 

these results, 60 ˚C was found to be the most 

moderate temperature for microwave 

extraction since it provided the highest 

yields for all lipid classes and gave the best 

reproducibility (judged by the error bar). At 

40 ˚C there was only extracted 50-70% of 

each lipid class compared with the lipid 

yields obtained at 60 ˚C. At higher 

temperatures (80-120˚C) the lipid yields 

were also significantly reduced (P<0.05) 

especially the ES seems to have a 35-50% 

reduction. This drop can be explained by 

enhanced lipid degradation at high 

termperatures. In particularly, ES has been 

known as a lipid compound that is sensitive 

to light and heat, and temperatures ≥70˚C 

can damage it’s structure(38). The yield 

results were also consistent with the 

microscopic results (Fig. 4) which indicated 

that the cell could be disrupted at ≥ 60 ˚C 

and that this effected the extraction 

efficiency and that high temperatures (80-

120˚C) can cause overheating of the cells 

and hereby reduce the extraction yields. We 

therefore selected 60 ˚C as the operational 

temperature.  

 

3.3.2 Effect of the extraction temperature 

on bound and free FA 

In the presence of methanol in the 

extraction solvent, esterification of bound or 

free fatty acids can happen and this might 

affect the yield and structure of all extracted 

lipid classes. Even though it has been known 

that high temperature and a catalyst (such as 

BF3) are needed for the esterification 

reaction, we still wanted to make certain that 

there was no esterification happening during 

our extraction method.  

To ensure that the microwave extraction 

method did not enhance the esterification of 

yeast lipid samples, we decided to perform 

an experiment where we spiked TAG (bound 

FA) and FA (free FA) into a blank sample 

and measured the remaining concentrations 

and also the FAME (esterified FA) levels 

which might have be generated after both 

conventional and microwave extraction at 

different extraction temperatures.  

The results of this analysis are collected in 

Fig. 6, and based on the results we found that 

when 100 μg of TAG (19:0) and 100 μg  of 

FA (19:0) were spiked into the extraction 

solvent, the detected results of TAG and FA 

by HPLC-CAD and FAME (19:0) by GC-

MS were comparable (P<0.01) at low 

temperature (40-60˚C) with our microwave 

method as well as with the conventional 



   

method. There was no significantly changed 

in %recovery of the spiked standards.  In 

general, bound fatty acids require longer 

time to complete the conversion as 

compared to free fatty acids (39). 

Comparing the bound FA (TAG) and free 

FA, the results showed a higher sensitivity 

to free FA that is a better substrate for 

esterification as it results in about 10-15% 

reduction at 80-120˚C while TAG were 

esterified about 10-15% only at higher 

temperatures, i.e. 100-120˚C. This 

experiment confirms that the selected 

extraction temperature (60˚C) is the most 

reasonable candidate for our microwave 

extraction method as there is hardly any 

esterification or trans-esterification 

happening. 

 

 
Figure 6.  Heat-induced esterification effect by 

extraction temperature. The bound fatty acid 

standard (TAG, 19:0) and Free fatty acid (FA) 

were spiked into the blank extraction solvent. 

The %recovery of TAG and FA were detected by 

HPLC-CAD and the de novo esterified fatty 

acids (FAME, 19:0) were quantified by GC-MS. 

All reactions were performed in 10 min. Error 

bars correspond to standard deviation (n = 3).  

3.4 Optimization of the extraction time 

The optimum reaction time for lipid 

extraction depends on type and size of the 

sample. A sample in complex matrices may 

require longer time for complete conversion 

compared with a sample in a simple matrix. 

To identify the optimal reaction time, we 

performed microwave-assisted lipid 

extraction between 5 and 30 min (Fig. 7), 

and this showed that a reaction time of 10 

min was sufficient to complete the lipid 

extraction using the microwave-assisted 

method for yeast. In general, extraction 

duration using microwave is very short 

compared to conventional extraction because 

the low temperature and closed-vessel 

microwave can disintegrate yeast cells and 

enhance the extraction efficiency. Although a 

reaction time shorter than 10 min may also 

provide complete extraction, it would not 

make a significant difference in practice, and 

we therefore selected 10 min reaction time as 

the optimal condition. 

3.5 Validation of microwave-assisted 

extraction method  

To validate the efficiency of our 

microwave extraction method, we compared 

the extracted lipid yields of each lipid class 

by our optimized method (60˚C, 10 min) 

with the conventional method (Fig. 8). The 

results indicated that microwave-assisted 

extraction method for total lipids was equally 

effective as compared to the conventional 

method. This could be due to the fact that the 

extraction occurred in closed-vessel 

microwave operated under higher 

temperature and pressure (60 °C, 30 bars), 

and the yeast cell wall could simply be 

disrupted by this treatment. Clearly it is 

advantageous with lipid extraction using the 

microwave method as this is simple, rapid 

and involves fewer costs. 

Moreover, based on the recovery of the 

spiked CH standard, the efficiencies of total 

lipid obtained from both methods were found 

to be the same, i.e. there was an insignificant 

difference (P>0.01) in %recovery of CH 

(conventional closed-vessel: 92 ± 6% and 

modified closed-vessel: 93 ± 8%). The high 

%recovery of CH and also TAG&FA (in the 

Effect of the extraction temperature on 

bound and free FA section) obtained from 

both methods indicates that these two 

methods are equally efficiently for lipid 

extraction, as shown by low amounts of 

spiked lipid standards lost during the entire 

process of sample preparation. In contrast, 

the reproducibility (judged by the standard 

deviations shown as error bars in Fig. 8) 

were significant better with our new method 

compared to the conventional method 

(P>0.01). Presumably, this is due to the non-

homogenously disruption of using glass 



   

beads in the conventional method, probably 

resulting in varying efficiency of cell 

disruption in each extraction tubes.   

 

 
Figure 7. Optimizing extraction duration. All reactions were performed at 60 ˚C. Cholesterol was 

used as internal standard. Error bars correspond to standard deviation (n = 3). 

 

 

 

 

 

 

Figure 8. Comparison of microwave (10 min at 60 °C) and conventional method (3 hr at room 

temperature). Cholesterol was used as internal standard. Error bars correspond to standard 

deviation (n = 3). 

4. Conclusions 
There were no significant differences 

(P>0.01) in yields of lipid classes with both 

validations. By performing a simple 

modification of closed-vessel microwave 

extraction it was possible to carry out the cell 



   

disruption and extraction in Pyrex glass tubes 

kept inside the closed vessel at 60˚C for 10 

min. Hereby the sample preparations rate can 

reach several hundred samples per day. The 

new microwave-assisted extraction method 

facilitates the preparation of extracted total 

lipid directly from yeast cells, but the method 

is likely to also be applicable for other 

biological samples. 

The optimized condition for lipid class 

quantification is with the HILIC column at 35 

˚C for 45 min at a flow rate 0.8 mL/min and 

detection using CAD. To obtain an acceptable 

accuracy value, log transformation is needed 

for generating calibration curves for 

quantifications of each lipid class.  
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Abstract 

We present a fast and accurate method for preparation of fatty acid methyl esters 
(FAMEs) using microwave-assisted derivatization of fatty acids present in yeast samples. The 
esterification of free/bound fatty acids to FAMEs was completed within 5 min, which is 24 
times faster than with conventional heating methods. The developed method was validated in 
two ways; (I) through comparison with a conventional method (hot plate) and (II) through 
validation with the standard reference material 3275-2 omega-3 and omega-6 fatty acids in fish 
oil (from the Nation Institute of Standards & Technology, USA). There were no significant 
differences (P>0.01) in yields of FAMEs with both validations. By performing a simple 
modification of closed-vessel microwave heating it was possible to carry out the esterification 
in Pyrex glass tubes kept inside the closed vessel. Hereby we are able to increase number of 
sample preparations to several hundred samples per day as the time for preparation of re-used 
vessels was eliminated. Pre-treated cell disruption steps are not required since the direct 
FAMEs preparation provides equally quantitative results. The new microwave-assisted 
derivatization method facilitates the preparation of FAMEs directly from yeast cells, but the 
method is likely to also be applicable for other biological samples. 
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Fatty acid methyl esters, fatty acid analysis, microwave-assisted derivatization, Saccharomyces 
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Introduction 

Baker’s yeast, Saccharomyces 
cerevisiae is an important and widely utilized 
cell factory for a number of biotechnological 
applications. There is an increasing interest 
in metabolic engineering of lipid metabolism 
in different cell factories as these can be used 
for biotechnological production of a range of 
fuels, chemicals and food ingredients. S. 
cerevisiae is the key biofuel cell factory as it is 
used to produce bioethanol, and the industry 
is therefore keen to further exploit this cell 
factory as a platform for production of more 
advanced biofuels (de Jong et al. 2011; Shi et 
al. 2011). Not only because there is much 
knowledge available for this organism due to 
its use as a eukaryotic model organism, but 
also because it is tolerant to harsh industrial 
conditions and already used for large-scale 
production of different products. The total 
cell lipids and fatty acid composition (which 
is the key precursor for biofuel production) is 
quite diverse among various yeast strains, 
and a fast and accurate method for 
quantification of fatty acids is needed for 
high through-put screening for the best 
producing strains.  

The procedure for the quantification 
of fatty acids by GC-MS consists of several 
steps, i.e. esterification of fatty acids (sample 
preparation), sample injection, separation, 
identification and quantification (Eder 1995). 
The accuracy of total fatty acids 
quantification is generally influenced by a 
number of experimental factors, and the 
esterification of lipids is the most critical step 
among these. Acid-catalyzed 
transesterification is the most common used 
method for preparation of fatty acid methyl 
esters (FAMEs) and it is found in various 
applications (Abdulkadir and Tsuchiya 2008; 
Khoomrung et al. 2008; Ichihara and 
Fukubayashi 2010; Glaser et al. 2010). 
Although, preparation of FAMEs with this 
method delivers precise and accurate results, 
the reaction time to complete the conversion 
of lipids to FAMEs (from one to four hours) 
is time consuming when using conventional 
heating method (Ulberth and Henninger 
1992b; Shimasaki et al. 1977; Masood et al. 
2005). Recently, there has been growing 
interest to speed up reaction of chemical 
synthesis by microwave irradiation in 

different applications (Söderholm et al. 
2010). The applications of microwave-
assisted derivatization to prepare FAMEs 
from fatty acids (free & bound fatty acids) 
can be found in various types of biological 
samples i.e. edible oil, bacterial cells, animal 
tissue, and plasma samples  (Zhang et al. 
2000; Tomas et al. 2009; Itonori et al. 2004; 
Jeyashoke et al. 1998; Liebeke et al. 2010). 
However, there has been no attempt to 
establish a proper method for FAMEs 
preparation in yeast samples. 

Yeast differs from other biological 
samples because of their rigid cell wall 
structure, leading to difficulties to isolate and 
analyze lipids and other intracellular 
metabolites. This could be confirmed by a 
recent study (Canelas et al. 2010) showing 
that accurate quantitative analysis of 
metabolite levels in yeast samples is difficult 
to obtain whereas the relative metabolite 
levels can be measured consistently in 
different laboratories. Several methods used 
for FAMEs preparation in yeast originate 
from Moss et al. (1974), which was originally 
developed for bacterial fatty acids analysis 
(Moss et al. 1974). This FAMEs preparation 
method has been applied to yeast samples in 
several studies (Sancho et al. 2000; Noronha-
da-Costa et al. 1996; Wei et al. 2006). Briefly, 
bound fatty acids have to be split from lipids 
by saponification and then converted into 
methyl esters by esterification. Although this 
method delivers accurately quantitative 
results, having several steps of sample 
preparation (saponification, esterification, 
extraction, and base wash) is time consuming 
and increases the possibility of errors 
because of sample loss during the multi steps 
in the sample preparation processes. To 
overcome those problems, a one-step method 
combining saponification and esterification 
in one step (Abdulkadir and Tsuchiya 2008), 
was recently introduced for analysis of yeast 
FAMEs (Zhang et al. 2011). Although the 
one-step method provides quantitative data 
and simplifies sample handling, the long 
reaction time (at least 1.5 hour) of FAME 
preparation remains an issue when dealing 
with a large number of samples. 
Furthermore, conventional heating by a hot 
plate cannot provide homogeneously 
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radiated heat to the whole chamber leading 
to reduced precision of the measurement.  

Here, we present a fast, accurate, 
reliable and simple method for preparation 
of FAMEs by microwave-assisted 
derivatization specified to yeast samples. The 
developed method was further applied with 
and without different cell disruption. We 
believe that this novel approach can be 
applied for lipid analysis in other fungi and 
microbial cells which have similar matrices to 
yeast cells. 

 
Materials and Methods 
 
Chemicals and Standards  
Reagents 

Hexane and BF3 (14% in MeOH), GC 
grade were purchased from Sigma-Aldrich, 
Germany. Milli-Q water (Gradient A10) was 
used throughout this study.     
 
Standards and standard reference material 

Standard FAMEs and heptadecanoic 
acid (17:0) were analytical grade, purchased 
from Sigma-Aldrich, Germany. The standard 
reference material (SRM) 3275-2 omega-3 
and omega-6 fatty acids in fish oil was 
purchased from the National Institute of 
Standards & Technology, Gaithersburg, 
Maryland, USA. 
  
Yeast Strain and Cultivation Conditions 

The yeast strain CEN.PK113-7D MATα 
SUC2 MAL2-8C (Scientific Research and 
Development GmbH, Germany) were grown 
aerobically in 50 mL Yeast Extract Peptone 
Dextrose (YPD) medium in 500-mL baffled 
shake flasks at 30 ˚C and 230 rpm. The initial 
glucose concentration was 20 g/L 
concentration and the inoculum cell 
concentration was corresponding to an OD600 
of about 0.01.  

Samples were harvested from the 
cultivation media during the early stationary 
phase at 20 hours and transfer into 50 mL- 
falcon tubes (VWR, Sweden) and 
centrifuged at 3,000 rpm for 5 min at 4˚C to 
collect the biomass. The samples were then 
immediately frozen in liquid nitrogen and 
placed in freeze-dryer (alpha 1-4 LSC, 
CHRIST, Gmbh, Germany) at -40 ˚C at 1.03 
atm overnight. 

Preparation of FAMEs 
The procedure developed was modified 

from the method of Abdulkadir and 
Tsuchiya (Abdulkadir and Tsuchiya 2008). 
The biomass sample (~ 10 mg) was mixed 
with 4 mL of hexane, 2 mL of 14 % BF3 in 
MeOH and 25 µL of internal standard (17:0; 
4000 µg/mL). The sample was flushed into 
the tube with nitrogen gas for 30s and closed 
tightly with a Teflon screw cap. The tube was 
placed in a vessel (12 cm X 3 cm I. D., 0.5 cm 
thickness; Milestone Start D, Sorisole 
Bergamo, Italy) containing 30 mL of Milli-Q 
water and then sealed with a TFM screw cap. 
The vessel was heated using a microwave 
digestion system equipped with PRO-24 
medium pressure high throughput rotor 
(Milestone Start D, Sorisole Bergamo, Italy). 
The temperature programming of the 
microwave derivatization was ramped to 120 
˚C (from room temperature) within 6 min 
and maintained at 120 ˚C for 5 min. After 
cooling down the sample to room 
temperature, 2 mL of Milli-Q water was 
added and shaken vigorously for 1 min and 
centrifuged at 2500 rpm (1328 g) for 5 min. 
The upper phase (hexane phase which 
contained the FAMEs) was analyzed by GC-
MS. 
 
Determination of FAMEs by GC-MS 

The FAMEs were separated and 
quantified using Focus GC ISQ single 
quardrupole GC-MS (Thermo Fisher 
scientific, USA). The separation of FAMEs 
was performed on Zebron (ZB-WAX) GC 
column (30 m x 0.25 mm I. D., 0.25 μm film 
thickness) from Phenomenex, Macclesfield, 
UK. The sample was injected in splitless 
injection mode (1μL at 240 ˚C) and Helium 
was used a carrier gas (1 mL/min). The 
column temperature was initially set at 50 °C 
(1.5 min), where after the temperature was 
ramped to 180 °C (25°C/min) for 1 min, 
followed by a further increased to 220 °C 
(10°C/min) where it was held for 1 min. 
Finally, the temperature was increased to 250 
°C (15°C/min) and held for 3 min. The mass 
transfer line and ion source were set at 250 
°C and 200 °C, respectively. The FAMEs 
were detected with electron ionization (70 
eV) in scan mode (50-650 m/z) and selected 
ion monitoring mode at m/z 55, 67, 74 and 79 
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(for quantitative analysis). The identification 
of unknown FAMEs from yeast cells was 
achieved by comparing their retention times 
and mass spectrum profiles with known 
standards (Fig. 1). The quantification of 
FAMEs was performed based on the five 

points external calibration curve in the range 
of 0.1 - 25 µg/mL. The FAMEs data analysis 
was performed by QuanBrowser function in 
the Xcalibur software version 2.0 (Thermo 
Fisher Scientific). 

 

Figure 1. Identification of FAMEs from yeast sample with known standards. 

 

Cell disruptions 
All yeast samples were disrupted using 

three different methods. After the disruption 
procedure, all samples were freeze-dried 
overnight to eliminate digesting buffers and 
were further prepared using the method 
described in 2.3. The disruption protocols 
used are given as follows:   

Cell wall digestion using zymolyase: Cell wall 
digestion with zymolyase was slightly 
modified from Gu et al. (2004) (Gu et al. 
2004). Freeze-dried cell pellets (~10 mg) 
were treated with 5 unit of zymolyase in 0.5 
mL of digesting buffer (1.2 M glycerol, 100 
mM sodium thioglycolate, 50 mM Tris-
sulfate, pH 7.5) at 30°C for 45 min.  

Cell disruption by bead mills: 0.5 mL of 
digesting buffer was added to ~10 mg of 
freeze-dried cell pellets in Pyrex tubes. 
Thereafter 20-30 acid washed glass beads 
(425-600 µm) were added and vigorously 
vortex for 45 min. 

Cell disruption by sonication: 0.5 mL of 
digesting buffer was added to ~10 mg of 
freeze-dried cell pellets in Pyrex tubes. 
Thereafter sonication was performed using 
Elma S180H (Elmasonic) at 30°C for 45 min. 

Data analysis 
Results were expressed as mean ± 

standard deviation from three independent 
replicates. The statistic program for social 
science (SPSS) software version 19.0 (SPSS 
Inc.) was used for statistical analysis. P 
values <0.01 were considered as statistically 
significant. 

Results  

Comparison of the modified closed-vessel 
method and the conventional microwave 
method 

To compare the esterification yields from 
conventional closed-vessel method and from 
our modified closed-vessel system as 
illustrated in Fig. 2, we performed the 
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FAME synthesis experiment of yeast 
samples using both methods. We then 
evaluated the efficiency of FAME formation 
of our modified method and the 

conventional microwave operating 
procedure which involves direct heating of 
the sample inside the closed vessel at high 
pressure (30 bars).  

 

Figure 2. Experimental designed. Conventional closed-vessel (A) and Modified closed vessel (B).   

          

Figure 3. Comparison of conventional vessel and modified vessel. The reaction containing a mixture of 
yeast sample ~10 mg, BF3 in MeOH (2 mL) and hexane (4 mL) was heated at 120 ˚C for 5 min. 
Heptadecanoic acid (17:0) was used as internal standard. *significantly different (P <0.01). Error bars 
correspond to standard deviation (n = 3).

S. cerevisiae was used as a model in the 
study, the esterification was carried out in the 
microwave at 120 ˚C for 5 min and 17:0 fatty 

acid was added as an internal fatty acid 
standard. Based on the recovery of 17:0 
(Fig.3), the efficiencies of esterification 
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obtained from both methods were found to 
be the same, i.e. there was an insignificant 
difference (P>0.01) in %recovery of 17:0 
(conventional closed-vessel: 90 ± 4% and 
modified closed-vessel: 93 ± 3%). The high 
%recovery of 17:0 obtained from both 
methods indicates that these two methods 
are equally efficiently for the preparation of 
FAMEs, as shown by low amounts of 17:0 
lost during the entire process of sample 
preparation. In contrast, the yields of 18:1n-9 
and 20:1n-9 fatty acids from yeast samples 
which are mostly bound fatty acids (Leber et 
al. 1994) were significant higher with the 
modified method compared with the 
conventional method (P>0.01). Presumably, 
this is due to incomplete conversion of bound 
fatty acids to FAMEs with the conventional 
method, probably because the heat used for 
esterification in the conventional vessel only 
comes from absorption of energy by 2 mL 
MeOH (hexane does not absorb microwave 
energy). Since the efficiency of the 

preparation of FAMEs by microwave 
derivatization is influenced by several 
parameters, we further investigated different 
operational parameters. Based on the better 
efficiency in generating FAMEs from yeast, 
being simpler and less time consuming, the 
modified closed-vessel was selected for 
further studies. 

Optimizing parameters for esterification 
 Extraction temperature and extraction time  

The extraction temperature and duration 
are the most important factors contributing 
to the yield of FAMEs. To select the suitable 
temperature for the derivatization method, 
we performed the FAME reaction at 
different temperatures (from 80- 120 ˚C) with 
10 minutes as fixed reaction time. The results 
of using three different temperatures (Fig. 4) 
showed that the optimum temperature was 
100-120˚C, with an insignificant difference in 
yield of all FAMEs (P>0.01) for these two 
temperatures.  

 

Figure 4. Optimizing derivatization temperature. All reactions were performed in 10 min. 
Heptadecanoic acid (17:0) was used as internal standard. *indicates that the fatty acids performed at 
80°C were significantly lower (P <0.01) than 100 and 120°C. Error bars correspond to standard 
deviation (n = 3). 



7 
 

 
Figure 5. Optimizing the reaction time. All reactions were performed at 120 °C. Heptadecanoic acid 
(17:0) was used as internal standard. Error bars correspond to standard deviation (n = 3). 

 

 

 

Figure 6. Optimizing solvent (Hexane : MeOH) ratio. The volume of MeOH was varied from 1-5 mL. 
All reactions were performed at 120 °C for 5 min. Heptadecanoic acid (17:0) was used as internal 
standard. Error bars correspond to standard deviation (n = 3). 
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To identify the optimal reaction time, we 
performed microwave-assisted derivatization 
between 5 and 30 min (Fig. 5), and this 
showed that a reaction time of 5 min was 
sufficient to complete the conversion of all 
fatty acids in S. cerevisiae.  
 
Methanol volume 

Here we evaluated variation of the 
MeOH volume between 1 and 5 mL with the 
amount of sample kept constant of 
approximately 10 mg. Based on this we 
found that a volume of at 1 mL MeOH was 
sufficient to complete the conversion of 
FAMEs (Fig. 6), increasing the volume of 
MeOH to 5 mL did not increase the yield 
(insignificant difference P>0.01), and this 
indicated that 1 mL of MeOH was sufficient 
to complete the trans-esterification for a ~ 10 
mg yeast sample. As the lipid content of 
yeast may vary we though recommend to use 
2 mL of MeOH. Using higher amounts of 
MeOH will result in increasing costs of BF3, 
and 2 mL represents a compromise between 
keeping costs low and ensuring efficient 
extraction also in yeast samples where the 
lipid content may be high.  

 
Figure 7. Comparison of microwave (5 min at 120 
°C) and hot plate heating methods (120 min at   
120 °C). Heptadecanoic acid (17:0) was used as 
internal standard. Error bars correspond to 
standard deviation (n = 3). 

Method validation 
Comparison microwave method with 
conventional method (hot plate) 

In order to compare our microwave 
method with the conventional method using 
a hot plate, we first optimized the necessary 
conditions for preparation of FAMEs by the 
conventional method. The optimum 
conditions were found to be 120 ˚C and 120 

min reaction time (see Fig. S1 and S2). There 
was no significant difference (P>0.01) 
between results (Fig. 7) obtained with the 
conventional method and the method 
developed here, which indicated that they 
are equally effective, but reducing the 
FAME preparation time (from 120 min to 5 
min) represents a clear advantage of the 
microwave-assisted derivatization method 
compared with the conventional method. 

 
Method validation with standard reference 
material (SRM) 

Validation of the new method using 
SRM was intended for quality assurance for 
the entire measurement process (May et al. 
1992). Accurate and quantitative analysis of 
fatty acids in biological samples requires 
complete esterification of lipids to FAMEs 
independently of changes in the fatty acid 
composition and that there are no changes in 
the fatty acid structures during the 
esterification process.  

To evaluate whether our new method do 
not have any problems of this sort we 
analyzed a, SRM. We could not identify a 
SRM that contains an identical matrix to S. 
cerevisiae (Sander et al. 2009), and we 
therefore used SRM 3275-2 (omega-3 and 
omega-6 fatty acid) from National Institute 
of Standards & Technology, USA, to 
validate the accuracy of our method.  

 

 
Figure 8. Results from validation method with 
SRM 3275-2 (omega-3 and omega-6 fatty acid). 
All reactions were performed at 120 °C for 5 min. 
Heptadecanoic acid (17:0) was used as internal 
standard. Error bars correspond to standard 
deviation (n = 3). 
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The results in Fig. 8 show that there is no 
significant difference (P>0.01) between the 
experimental results obtained here and 
certified values for each of the selected fatty 
acids. This strongly indicates a high accuracy 
of our developed method, as well as that 
heating by microwave irradiation do not 
cause any change in either the structure of 
the fatty acids. 

 
Determination of total fatty acids in yeast 
samples (S. cerevisiae) 

Although the method was validated with 
SRM (at stated above), it is scientifically 
difficult to conclude that yields of FAMEs 
obtained from microwave method was 
absolutely correct because of their large 
differences in matrices. The possibility to 
improve the accuracy of the method was 
therefore further investigated. Four different 
ways of sample pre-treatment (cell 

disruption to break down cell wall) before 
preparation of FAMEs was evaluated. All 
the conditions used for sample pre-treatment 
were optimized (Fig. S3).  
The yields of FAMEs (Fig. 9) from yeast 
samples prepared by three different ways of 
cell disruption (zymolyase digestion, bead 
mills mechanical disruption, and sonication) 
were comparable (P>0.01) to the non-
disrupted cells. The results indicated that 
direct preparation of FAMEs by the 
microwave method was equally effective as 
compared to other ways of FAME 
preparation. This could be due to the fact 
that the esterification occurred in closed-
vessel microwave operated under high 
temperature and pressure (120 °C, 30 bars), 
and the yeast cell wall could simply be 
disrupted by this treatment. 

 

Figure 9. Comparison yields of FAMEs between non-disrupted cells and three different ways of sample 
pre-treatment (zymolyase digestion, bead mills, and sonication). All reactions were performed at 120 °C 
for 5 min. Heptadecanoic acid (17:0) was used as internal standard. Error bars correspond to standard 
deviation (n = 3). 
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Discussions 
The ideal method used for sample 

preparation in biological research should be 
simple, rapid, precise and accurate. Besides 
these essential factors, sample preparation 
rate (number of samples that can be 
performed per hour or per day) is also 
important. In order to perform fast sample 
preparation, we replaced the conventional 
heating (using hot plate or water bath) with 
microwave heating, which dramatically 
reduces the FAME reaction time. Moreover, 
we increased the speed of sample 
preparation by modifying the conventional 
closed-vessel to be able to use with Pyrex 
glass tubes (Fig. 2). With this approach, we 
eliminated most of the time consuming steps 
for vessel preparation, such as cleaning or 
drying (vessel can be immediately re-used for 
the next reaction) including the transferring 
of mixture solution from the vessel to the 
glass tube (at the separation state). Hereby 
we are able to reach a sample preparation 
rate of up to several hundred samples per 
day. 

The choosing of solvents is also 
important for FAME synthesis. Although 
water has been known as the best solvent for 
microwave extraction when compared with 
other solvents because of the high efficiency 
in energy transfer (Sanchez-Prado et al. 
2010), the presence of water (>2% in 
reaction mixture) in esterification reactions 
could significantly affect the FAME yields 
(Ulberth and Henninger 1992a; Lepage and 
Roy 1986). Here we designed the procedure 
such that we can use water as the solvent to 
absorb the microwave energy outside the 
Pyrex glass tube. This enables a high 
efficiency of heat transfer through the Pyrex 
glass tube containing the sample, BF3 in 
MeOH, and hexane. Methanol is considered 
as a key solvent for FAME reactions as the 
yields of FAMEs from lipids are directly 
influenced by the ratio between MeOH and 
lipids in the sample (Liu 1994). Hexane is 
used in the reaction to maintain the solubility 
of lipids and fatty acids and also trapping 
FAMEs after the conversion process. 
Normally, the amount of hexane used in the 
trans-esterification reaction is larger than 
that of MeOH in order to simplify sample 
collection and minimize sample loss. Even 

though MeOH is able to absorb microwave 
energy it has much less capacity than water 
(Eskilsson and Bjorklund 2000). It could be 
possible to increase yields of those FAMEs 
in the conventional method by increasing the 
volume of MeOH (which we used 2 mL for 
our experiment) or increasing the reaction 
time (longer than 5 min), but this will 
increase cost or time for the sample 
preparation.  

In general, bound fatty acids require 
longer time to complete the conversion as 
compared to free fatty acids (Ichihara and 
Fukubayashi 2010), and as mentioned above 
this could explain the similar results of 17:0 
recovery obtained with the two methods and 
the different yields of 18:1n-9 and 20:1n-9 
FAMEs from yeast samples.  

The optimum derivatization temperature 
found from this study was in good agreement 
with what has been reported earlier using 
conventional heating (Masood et al. 2005; 
Ichihara and Fukubayashi 2010; Abdulkadir 
and Tsuchiya 2008; Eder 1995). Although the 
higher temperature may provide equal or 
higher yields of FAMEs, the operation of 
derivatization above 120 ˚C was not possible 
due to the damaging of the sample. The 
temperature at 120 ˚C was therefore selected 
as an optimum point and used for further 
investigation. The optimum reaction time for 
preparation of FAMEs depends on type and 
size of the sample. A sample in complex 
matrices may require longer time for 
complete conversion compared with a sample 
in a simple matrix. In general, derivatization 
time using microwave is very short compared 
to conventional heating because the solvents 
(water and MeOH) are directly absorbing 
the microwave energy and release it to the 
surrounding solution efficiently. Although a 
reaction time shorter than 5 min may also 
provide complete conversion, it would not 
make a significant difference in practice, and 
we therefore selected 5 min reaction time as 
the optimal condition. 

Due to the rigid cell wall of yeast, which 
can withstand a pressure of >300 Mpa 
(Hartmann and Delgado 2004), yeast 
samples are more difficult to handle in term 
of completeness of extraction compared to 
many other biological samples. However, we 
have already proved by our results that the 
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modified closed-vessel system can also obtain 
the same yield of FAME even the yeast cell 
are disrupted or not. Clearly it is 
advantageous with direct preparation of 
FAME using the microwave method as this is 
simple, rapid and involves little costs. 

In summary, the preparation of FAMEs 
from S. cerevisiae can be done rapidly by 
microwave-assisted derivatization and 
complete esterification can be obtained 
within 5 min. The preparation of FAMEs 
using the method developed here is not only 
a rapid method for sample preparation but 
also simple, provides high accuracy and 
precision, and the method is likely to be 
applicable to other biological samples 
besides yeast.   
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Figure S1. Optimizing derivatization temperature. All reactions were performed in 120 min. Error bars 
correspond to standard deviation (n=3). 

 

 

Figure S2. Optimizing the reaction time. All reactions were performed at 120 °C. Error bars correspond 
to standard deviation (n=3) 
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Figure S3. Optimizing the disruption method for yeast cell using zymolyase, sonication, and bead mills 
from 15 to 45 min. The white scale bar is equal to 10 µm for all frames. 

 

 

 

Figure S4. The microscopic result of yeast cells after microwaved at 120 ˚C for 5 min. 
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