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Abstract
With staggering progress on genetic manipulation strategies, Saccharomyces cerevisiae is becoming an ideal cell factory 
for the de novo biosynthesis of lipid compounds. However, due to their hydrophobicity, lipids tend to be accumulated 
within intracellular spaces and cause a high burden on cell activity and induce product inhibition effect, which ultimately 
restricted the lipids biomanufacturing for industrial application. Herein, an oleic acid stress (OAS) model was applied for 
the long-time domestication of BY4741 cells, and a subclone of A-22 was obtained through a series of acclimation (0.1% 
glucose and 0.2% oleic acid), showing increased accumulation of both biomass and intracellular lipid droplets compared 
to WT. Comparative transcriptome analysis indicated that compared to fatty acid metabolism, most transcripts enriched in 
the pathways of glucose catabolism (glycolysis and citrate cycle) and lipid synthesis (phospholipid and sterol) were down-
regulated under OAS. While interestingly, most the above transcripts tended to be ‘restored’ in adapted strain A-22. In 
addition, for physical adaptation, significant increase of phosphatidylcholines was identified by lipidomic analysis, which 
probably caused the subsequent subcellular expansion of peroxisomes and lipid droplets as observed in the adapted strain, 
since phosphatidylcholines are the major constituent of their membranes. The present study systematically investigated both 
the phenotype change and molecular mechanism on adaptation of S. cerevisiae towards oily environment. Detailed informa-
tion on functional transcripts may provide novel rational modification targets to reinforce the hydrophobic lipids biosynthesis 
within S. cerevisiae engineered cell factory.

Keywords Oleic acid stress · Saccharomyces cerevisiae · Lipidomics · Comparative transcriptome · Lipid droplets · 
Phosphatidylcholine

Introduction

Lipids are a group of diverse and ubiquitous hydrophobic 
compounds with important biological functions, including 
as structural components of cell membranes, energy storage 
sources and vital participation in signal pathways [1]. These 

chemical features are present in a broad range of molecules 
such as fatty acids, phospholipids, sterols, sphingolipids, tri-
acylglycerols, terpenes and other, estimated to have a thou-
sand or more lipid species, which have been widely applied 
in the industry of food, medicine, fuel, cosmetics and other 
fields [2–4]. Nowadays, with the staggering advance in 
synthetic biology, high-yield of lipid compounds has been 
achieved in metabolically engineered microorganisms [5, 
6], offering a promising approach in green and sustainable 
manner [7–9].

The well-characterized yeast Saccharomyces cerevisiae, 
aided by its GRAS (generally recognized as safe) status, 
has served as an attractive biosynthetic platform due to the 
inherent abilities such as ease of genetic editing, short gen-
eration time, and robustness and tolerance to harsh fermen-
tation conditions. For de novo biosynthesis of lipids, the 
glycolytic fluxes to fatty acid biosynthesis, specifically to 
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enhance the supply of precursors in S. cerevisiae has been 
considered the main strategy for metabolic engineering 
[10, 11], and high yields of fatty acids with different chain 
lengths, or its derivatives such as fatty alcohols, fatty acid 
esters or others have also achieved [4, 12–14]. In addition, 
the mevalonate (MVA) pathway presented in yeast as typi-
cally existed in most eukaryotic cells, providing the de novo 
biosynthetic route of high value terpenoids from acetyl-CoA 
[2], including sterols (stigmasterol, sitosterol, cholesterol), 
lycopene [15], β-carotene [16], arteannuic acid [17], taxene 
[18], α-santalene [19], ginsenoside [20], geraniol [21], etc., 
that can be obtained in S. cerevisiae cell factory fermented 
from simple carbon source.

Despite the advanced synthetic metabolic engineering 
strategies now available for detailed reinforcement of target 
lipids biosynthesis, developing new cell factories that meet 
the economic requirements for industrial scale production is 
still challenging [2, 22]. As a hydrophobic molecule, lipids 
tend to be accumulated within intracellular spaces rather 
than extracellular secretion, and the accumulated interme-
diates not only directly affect cell activity, but also induce 
product inhibitory effects [23]. Under normal physiologi-
cal condition, the intracellular lipids homeostasis of S. cer-
evisiae is dynamically and precisely regulated by the inner 
membrane system, where key steps such as ester synthesis, 
storage and hydrolysis of lipids take place [15, 24–26]. Espe-
cially, enzymes involved in the post-ergosterol pathway are 
mainly located in the endoplasmic reticulum membrane for 
correct scaffolding and effective electronic transfer [27]. The 
accumulated ergosterol was attend to be stored in lipid drop-
lets, a typical storage organelles at the centre of lipid and 
energy homeostasis that was composed of a monolayer phos-
pholipid membrane using phosphatidylcholine as the main 
component [28]. Recently, genetic modification of some key 
molecules involved in the regulation of lipid droplets [26, 
29, 30], cell wall structure [31] and extracellular secretion 
[32] manifested positive enhancement in lipid accumulation 
within S. cerevisiae. However, due to the unveiled molecu-
lar mechanism of lipids homeostasis especially for those S. 
cerevisiae cell factories that harboring overburdened lipids 
components, effective and direct cellular modification strat-
egy to alleviate “lipids toxicity” and to increase the specific 
productivity per unit cell is still limited.

As the most abundant fatty acid species of the yeast 
cells [33], oleic acid (C18:1n-9) takes important role in the 
lipid homeostasis of S. cerevisiae. Accordingly, “oleic acid 
stress (OAS)” has been used as a classical model to monitor 
the phenotype change when cells exposed to the oleic acid 
instead of glucose, and the yeast cells exhibited induced fatty 
acid β-oxidation along with expansion of the peroxisomal 
compartment, which was based on the transcriptional induc-
tion of target genes with the oleate response element (ORE) 
by the transcription factor Pip2p–Oaf1p [34]. Speculating 

that the regulation of lipid hemostasis is a complicated and 
multiple-stage process that involved in extensive regulation 
and complex interactions between metabolic pathways as 
well as intracellular membrane re-organization, systemati-
cal in-depth investigation is therefore needed. Moreover, so 
far, the related research has mainly focused on the passive 
phenotypic change in S. cerevisiae when suddenly exposed 
to oleic acid, however, the initiative tolerance of oleic acid 
accumulation within S. cerevisiae has not been addressed 
[34, 35]. With the rapid advance in the integrated approach 
for the detection, quantitation and pathway reconstruction of 
lipids and related genes at a systems-biology level is becom-
ing a new trend [35–37], such as comparative transcriptome 
and lipidome analysis, detailed information involved in 
lipids homeostasis regulation is respected to be fulfilled.

In present study, an OAS adapted strain of S. cerevisiae 
A-22 was obtained after a serial process of domestication in 
YPO medium. To provide comprehensive understanding of 
the intracellular lipids regulation mechanism, differentially 
expressed genes as well as lipid components between the 
original stain S. cerevisiae BY4741 and the adapted stain 
A-22 were respectively monitored by transcriptome and 
lipidome analysis under OAS, essential genes involved in 
the significant metabolic change as well as inner-membrane 
reorganization were specially noted, providing detailed 
information of S. cerevisiae lipids homostasis regulation, 
which may offer further regional modification strategy of 
the lipid tolerated cell factory for enhanced biosynthesis of 
hydrophobic components.

Materials and methods

Yeast strains, culture condition and oleic acid‑stress 
adaptation

The BY4741 wild-type (WT) strain of S. cerevisiae (MATa, 
his3Δ, leu2Δ, met15Δ, ura3Δ) was obtained from Euro-
scarf (Institute for Molecular Biosciences, Frankfurt, Ger-
many) (http:// www. euros carf. de/) grown in YPD medium 
(2% peptone, 1% yeast extract, 2% glucose). For oleic acid 
stress, cells were transferred into YPO medium (0.5% pep-
tone, 0.3% yeast extract, 0.5%  KH2PO4, 0.2% Tween 80, 
0.1% glucose, 0.2% oleic acid), and changes in both growth 
behavior and inner membrane organization was respectively 
monitored by measuring  OD600 value and fluorescent stain-
ing. For oleic acid environment adaptation, S. cerevisiae 
BY4741 (WT) was propagated by successive batch refresh-
ments maintained constantly in YPO for 22 generations 
with 2% inoculum fermented at 180 rpm at 30 °C every 
24 h as one round of domestication, and the subpopulation 
of the domesticated culture solution was obtained and named 
as A-22, and the original culture solution after 1 round of 

http://www.euroscarf.de/
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YPO treatment was named as A-1. Reagents including yeast 
extract (Oxoid Ltd, England), peptone (Becton, Dickinson 
and Company, France), glucose (Aladdin Corp., China) and 
oleic acid (Aladdin Corp., China) was used in present study.

Growth curve determination

1 ml of culture solutions from YPO or YPD were collected 
at indicated time of fermentation and the corresponding 
 OD600 value was measured with a spectrophotometer (AOE 
instrument, Shanghai, China). Cells cultured in YPO were 
obtained by centrifugation, washed with 10% Tween 80 to 
remove oleic acid, and resuspended by deionized water to 
determine the  OD600 value.

Nile red staining and fluorescence microscopy

Cell staining was typically performed with 1 ml of cell 
suspension. Fluorescence dyes, Nile Red (Aladdin Corp., 
China), was added from stock solutions in DMSO at a final 
concentration of 2 μg/ml. Fluorescence microscopy was per-
formed after 20 min of incubation at 30 °C without subse-
quent washing of cells. Lipid droplets were observed under 
the RFP fluorescent cube (Ex = 531/40; Em = 593/40) by 
a fluorescence microscope (Carl Zeiss Microscopy LLC, 
USA).

Spectro‑fluoremetric quantification of lipid content

As in a previous study [38], spectro-fluoremetric quantifica-
tion of lipid content within yeast cell was performed by nile 
red staining and the fluorescence intensity was measured on 
a spectrofluorometer (Tecan Austria GmbH Untersbergstr. 
1A A-5082, Austria). Cells were cultured in YPD or YPO 
media for 24 h and collected by centrifugation, washed with 
10% Tween 80 to remove oleic acid combined with deion-
ized water for three times to completely remove the oleic 
acid within YPO. The  OD600 of the different culture solution 
was respectively adjusted to 1.0 with sterile water and cells 
were stained with 2 μg/L of nile red. The fluorescence inten-
sity of RFP (Ex = 531/40; Em = 593/40) was quantified after 
20 min of incubation at 30 °C, and the fold change of lipid 
content in different group was correspondingly compared.

RNA‑seq analysis

Three groups of experiment samples including BY4741 cells 
of WT, A-1 and A-22 were collected by centrifugation after 
24 h of fermentation respectively in YPD, YPO and YPO. 
Collected cells were washed twice with ice-cold  ddH2O 
and the total RNAs were extracted with RNA Prep Pure 
Cell/Bac-teria Kit (DP430) (TIANGEN, Beijing, China) 
according to manufacturer’s instructions and prepared for 

transcriptomics analysis. The RNA amount and purity of 
each sample was quantified using NanoDrop ND-1000 
(NanoDrop, Wilmington, DE, USA) and the RNA integrity 
was assessed by Agilent 2100. A total amount of 3 μg RNA 
per sample was used for the sample preparations. The RNA 
sequencing was performed on an Illumina Hiseq platform 
(NEB, USA) according to the manufacturer’s instructions by 
Lianchuan Bioinformation Technology Co., Let (Hangzhou, 
China) as previously reported [39]. For detailed analysis of 
read counts, the following software was used for trimming, 
mapping, and determination: Cutadapt software was used 
to remove the reads that contained adaptor contamination. 
And after removed the low quality bases and undetermined 
bases,we used HISAT2 software to map reads to the genome. 
The mapped reads of each sample were assembled using 
StringTie with default parameters. Then, all transcriptomes 
from all samples were merged to reconstruct a comprehen-
sive transcriptome using gffcompare software. After the final 
transcriptome was generated, StringTie and ballgown were 
used to estimate the expression levels of all transcripts and 
perform expression level for mRNAs by calculating FPKM. 
The differentially expressed mRNAs were selected with 
fold change ≥ 2 or fold change ≤ 0.5 and p value ≤ 0.05 by 
R package edgeR or DESeq2, and then analysis GO enrich-
ment and KEGG enrichment to the differentially expressed 
mRNAs.

Lipidomic analysis

Yeast cells for BY4741 WT, A-1 and A-22 was collected by 
centrifugation after 24-h fermentation in shake-flask bot-
tle at 30 °C in YPD, YPO and YPO medium, respectively. 
Six independent repetitions were executed for the extraction 
and subsequent analysis process. The collected samples were 
thawed on ice, and metabolites were extracted from 20 µL of 
each sample using 120 µL of precooled 50% methanol buffer. 
Then the mixture of metabolites was vortexed for 1 min and 
incubated for 10 min at room temperature, and stored at 
− 20 °C overnight. The mixture was centrifugated at 4000g 
for 20 min, subsequently the supernatant was transferred to 
96‐well plates. The samples were stored at − 80 °C prior to 
the LC‐MS analysis. Pooled quality control (QC) sample 
were also prepared by combining 10 μL of each extraction 
mixture. All chromatographic separations were performed 
using an ultra-performance liquid chromatography (UPLC) 
system (SCIEX, Cheshire, UK). An ACQUITY UPLC BEH 
Amide column (100 mm × 2.1 mm, 1.7 µm, Waters, UK) 
was used for the reversed phase separation according to a 
previous report [40]. A high-resolution tandem mass spec-
trometer TripleTOF5600plus (SCIEX, Cheshire, UK) was 
used to detect metabolites eluted from the column. The com-
bined retention time (RT) and m/z data were used to identify 
each ion. KEGG pathway (https:// www. kegg. jp/ kegg/ pathw 

https://www.kegg.jp/kegg/pathway.html
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ay. html) and HMDB (http:// www. hmdb. ca/) databases were 
used to perform level-one and level-two identification and 
annotation. Screening and quantitative analysis for differ-
ential metabolites were conducted using metaX software 
(http:// metax. genom ics. cn/).

Results and discussion

Oleic acid stress induced significant growth 
inhibition and lipid droplets accumulation in S. 
cerevisiae

Saccharomyces cerevisiae BY4741 was extensively used 
as a basic cell model in previous study. Herein, changes 

in the phenotype of both growth behavior and inner mem-
brane organization was respectively investigated after OAS 
exposure. As shown in Fig. 1A, after 16 h, the consump-
tion of glucose induced significant growth inhibition in 
YPO medium, and after 48 h of fermentation, no further 
accumulation of biomass of A-1 was observed in YPO 
 (OD600 = 0.35) compared with WT in YPD  (OD600 = 4.32), 
and the content of oleic acid (0.2%) within YPO medium 
remained un-utilized. Distinct from the serious growth inhi-
bition after OAS, the biomass of the adapted strain A-22 
increased uniformly by 2.5-folds during the initial 16 h and 
the final biomass was 1.17-folds higher compared with the 
original strain (Fig. 1B). A-22 also had slightly higher uti-
lization of oleic acid than A-1, although not obviously. The 
effect of OAS on the cellular inner-membrane organization 

Fig. 1  Changes in growth behavior and cell-membrane organization 
of BY4741 under oleic acid stress. (A). Growth curve of A-1 and WT 
and concentrations of glucose; (B). Growth curve of A-1 and A-22 
and concentrations of glucose and oleic acid; (C). Fluorescence 
microscope of lipid droplets within A-1, A-22 and WT strain by nile 

Red staining; (D). Comparison of fluorescence intensity of nile red 
between A-1, A-22 and WT strain. Three independent experiments 
were carried out and the data were presented with standard deriva-
tions

https://www.kegg.jp/kegg/pathway.html
http://www.hmdb.ca/
http://metax.genomics.cn/
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as well as the neutral lipids content in S. cerevisiae was fur-
ther analyzed by the probe nile red (Fig. 1C). Cells demon-
strated remarkable enlargement of lipid droplets under OAS, 
and the phenotype was even dominant in the adapted strain 
A-22 both by the number and volume of accumulated lipid 
droplets. The total content of neutral lipids in each strain 
was subsequently quantified by the fluorescence intensity of 
nile red. In line with the cellular lipid droplets accumulation, 
strain A-22 exhibited strongest intensity per unit cell, which 
was 1.45-fold and 3.67-fold higher compared with A-1 and 
WT stain, respectively, demonstrating that long time expo-
sure to OAS induced significant lipid droplets accumulation 
in the domesticated strain A-22 (Fig. 1D).

Pathways of lipid metabolism revealed significant 
enrichment by RNA‑seq comparison assay

To explore the detailed information on molecular mechanism 
of S. cerevisiae adaptation under OAS, three strains of WT, 
A-1 and A-22 was respectively transcriptome sequenced. 
Under the OAS, S. cerevisiae BY4741 showed a series of 
changes in KEGG pathway, among which, pathways of ribo-
some (ko03010), proteasome (ko03050) and nitrogen metab-
olism (ko00910) were noted significantly changed, perhaps 
due to the serious growth inhibition under OAS. In addition, 
pathways involved in the carbonhydrate metabolism, lipids 
biosynthesis including fatty acid metabolism (ko01212), 
terpenoid skeleton metabolism (ko00900), glycolysis/glu-
coneogenesis (ko00010) were found most significantly 
changed (p ≤ 0.05) (Table 1). Correspondingly, the number 
of significantly changed genes in relevant KEGG pathway 
was listed in Fig. 2, most of which was related with lipid 
metabolism or glucose metabolism and most of the tran-
script involved in the above pathways were down-regulated 
when cells initially stressed by oleic acid (A-1 vs. WT), but 
after the cells adapted to the oleic acid environment, these 
transcripts within the inhibited pathways showed significant 
up-regulation (A-22 vs. A-1).

The expansion of peroxisomes under oleic acid environ-
ment cannot be ignored due to its close relationship with 
β-oxidation [41]. The significantly differentially expressed 

with peroxisome-related function genes were listed in 
Table S1, most of which were remarkably up-regulated and 
main function in detoxification, fatty acid oxidation and 
the metabolism of nitrogen-containing substances, such 
as POX1, POT1 (Peroxisomal Oxoacyl Thiolase 1), SPS19 
(SPorulation-Specific) and FAA2 (Fatty Acid Activation 2) 
were up-regulated by 25.2, 9.5, 10.3, and 3.2 times respec-
tively compared A-1 to WT. In addition, obvious upregula-
tion of PEX (PEroXin) family genes that involved in the 
biogenesis of peroxisomes were also observed. Especially, 
PEX11, involved in the proliferation of peroxisomes, defined 
as an increase in size and/or number of peroxisomes[42], 
was up-regulated 3.6 times in strain-A-1 relative to WT, and 
was further up-regulated by 1.5 times in strain-A-22, sup-
porting that S. cerevisiae accumulated peroxisomes under 
oleic acid pressure.

Lipid metabolism was partially restored in strain 
A‑22 after oleic acid adaption

To provide further information on metabolic reprogramming 
under OAS of S. cerevisiae, transcriptome sequencing was 
carried out and differentially expressed transcripts between 
A-1 vs. WT and A-22 vs. A-1 was respectively compared. 
Accordingly, the corresponding enrichment pathways were 
especially depicted with specific genes and their transcrip-
tion levels were noted in different color. As shown in Fig. 
S1, under OAS condition, most genes involved in glucose 
metabolism, such as PGK1 (3-PhosphoGlycerate Kinase 
1), PDA1 (Pyruvate Dehydrogenase Alpha 1), PDB1 (Pyru-
vate Dehydrogenase Beta subunit 1), and PDC1 (Pyruvate 
DeCarboxylase 1), were significantly down-regulated by 8.4, 
2.8, 2.0, and 7.2 times in strain A-1 compared with WT. 
However, there were still some transcripts up-regulated, such 
as PFK1 (PhosphoFructoKinase 1) and FBA1 (Fructose-
1,6-Bisphosphate Aldolase 1) respectively increased by 2.0 
and 4.5 times, both involved in the synthesis of glycerone-P 
from D-glucose, an important intermediate for the synthesis 
of PA (Phosphatidic acid). Furthermore, the down-regulated 
transcripts including PGK1, PDA1, and PDC1 were notably 
up-regulated by 4.8, 4.1, and 4.6 times, respectively in the 

Table 1  KEGG enrichment 
pathway with significant change 
(P < 0.05) identified by the 
comparison of RNA sequencing 
data

Pathway ID Pathway name S gene number B gene number P value

ko03010 Ribosome 127 178 0.00
ko03050 Proteasome 31 40 0.00
ko00910 Nitrogen metabolism 11 13 0.00
ko01212 Fatty acid metabolism 18 27 0.01
ko00900 Terpenoid backbone biosynthesis 15 22 0.02
ko00010 Glycolysis / Gluconeogenesis 38 67 0.02
ko00052 Galactose metabolism 19 31 0.03
ko00510 N-Glycan biosynthesis 19 32 0.05
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adapted strain of A-22 compared with A-1, which were even 
higher than WT-group as shown in Table S2. Considering 
that the glucose metabolism pathway is not only a way for 
cells to use glucose as a carbon source to supply energy, but 
also produces many important intermediates, the increase of 
key enzyme transcription may provide the molecular founda-
tion of A-22 for the long-time adaptation to OAS.

Pathway enrichment results also demonstrated that 
lipids metabolism was significantly enhanced under OAS 
(Table 1), which was further confirmed in the adapted 
strain A-22. As shown in Fig. S2, due to the change of 
carbon source, the energy required by A-1 and A-22 cells 
was mainly come from the oxidation of fatty acids under 
OAS. In line with previous reports [34], main genes that 
involved in fatty acid oxidation were significantly up-reg-
ulated. For example, The FAA family member of FAA1, 
FAA2, FAA4 were respectively up-regulated by 2.1, 3.2, 
and 2.1-folds, and combined with an obvious induction 
of POX1, POT1 and INO1 (INOsitol requiring 1) respec-
tively by 25.2, 9.5 and 12.1-folds that participate in fatty 
acids oxidation in peroxisomes. Compared with A-1, the 
transcript level of most genes in A-22 remained no obvi-
ous change in fatty acid oxidation pathway. However, the 
expression level of several genes were notably recovered in 
A-22 compared with A-1. ETR1 (Enoyl-acyl-carrier-pro-
tein reductase 1), which functions in the elongation of fatty 

acids [43], was significantly down-regulated in A-1while it 
was up-regulated by 3.8 times in A-22, indicating that the 
catabolic pathway of fatty acid was slightly biased towards 
biosynthesis. In addition, three transcripts of FAS1 (Fatty 
Acid Synthetase 1), FAS2, and HTD2 (Hydroxyacyl-Thi-
oester Dehydratase) involved in the oxidation of fatty acids 
in the cytoplasm, mitochondria and plastids, were down-
regulated under sudden OAS by 2.9, 1.4, and 1.2-fold in 
A-1, but were respectively up-regulated by 2.3, 4.0, and 
2.7-fold in A-22. As shown in Table S3, fold-changes of 
genes related with the fatty acid oxidation pathway also 
showed the “restoration” performance in A-22, which may 
also support its adaptation to the oleic acid environment.

An obvious reduction of transcripts (up to 90%) was 
observed in steryl ester (SE) biosynthesis pathway as 
shown in Fig. 3. It is worth mentioning that the originally 
down-regulated ERG (Ergosterol biosynthesis) genes were 
significantly up-regulated in the adapted A-22 after long 
time of domestication, and detailed information of their 
fold-change was shown in Table S4. It seems that the inhi-
bition of key enzymes in the ergosterol synthesis pathway 
led to the accumulation of some intermediate products, 
and ARE1 (Acyl-coenzyme A: cholesterol acyl transferase-
Related Enzyme 1) acylated them to prevent their accu-
mulation from causing toxicity [22]. Correspondingly, the 
down-regulation of ARE1 and up-regulation of ARE2 as 

Fig. 2  The number of significantly changed genes in the relevant 
KEGG pathway of (A). A-1 vs. WT; (B). A-22 vs. A-1. The paths 
represented by the numbers on the abscissa are as follows: 1. Glycoly-
sis / Gluconeogenesis; 2. citrate cycle (TCA cycle); 3. pentose phos-
phate pathway; 4. fatty acid biosynthesis; 5. fatty acid elongation; 6. 
fatty acid degradation; 7. biosynthesis of unsaturated fatty acids; 8. 
fatty acid metabolism; 9. steroid biosynthesis; 10. ubiquinone and 
other terpenoid-quinone biosynthesis; 11. terpenoid backbone biosyn-
thesis; 12. sesquiterpenoid and triterpenoid biosynthesis; 13. inositol 

phosphate metabolism; 14. glycosylphosphatidylinositol(GPI)-anchor 
biosynthesis; 15. glycerophospholipid metabolism; 16. phosphati-
dylinositol signaling system; 17. ether lipid metabolism; 18. sphin-
golipid metabolism; 19. protein processing in endoplasmic reticu-
lum; 20. peroxisome; 21. oxidative phosphorylation. These paths 
are classified into five groups: sugar metabolism (paths 1–3), fatty 
acid metabolism (paths 4–8), sterol and terpenoid metabolism (paths 
9–12), phospholipid metabolism (paths 13–16), and other pathways 
(paths 17–21). They are represented by different colors in Fig. 2
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found in A-22 strain further supported the tendency of 
sterol synthesis restoration.

Physiological adaptation of strain A‑22 by enhanced 
phosphatidylcholine biosynthesis and lipid droplets 
expansion

Results from comparative transcriptome assay exhibited 
that the phospholipid synthesis pathway was significantly 
enriched and most of the transcripts were obviously up-
regulated (Fig. 4). To provide the direct evidence, compara-
tive lipidome analysis was further performed to compare 
changes in lipid components within yeast cells after adapt-
ing to the oleic acid environment. The principal compo-
nent analysis of lipids between the three strains showed 
significant differences in the PCA diagram (Fig. 5B). The 
differentially expressed lipids (DELs) between the A-1 
vs. WT group and the A-22 vs. A-1 group are shown in 
the volcano maps (Fig. 5C), in which 3570 (A-1 vs. WT, 
FC ≥ 2.0, Q value ≤ 0.05) and 1843 (A-22 vs. A-1, FC ≥ 2.0, 
Q value ≤ 0.05) substances were significantly up-regulated, 
and 1461 (A-1 vs. WT, FC ≤ 0.5, Q value ≤ 0.05) and 501 
(A-22 vs. A-1, FC ≤ 0.5, Q value ≤ 0.05) substances are 
significantly down-regulated. Heat maps of DELs in A-1 
vs. WT group and A-22 vs. A-1 group were drawn to show 
the distribution of DELs (Fig. 5D). The “restoration” of 
A-22 from A-1 can also be seen through the heat map. We 
also conducted pathway enrichment analyses of the DELs 
based on the KEGG database to explore the changes of 
metabolic pathways in A-22 vs. A-1 as shown in Table 2. 
Pathways related to glycerophospholipid metabolism, sphin-
golipid metabolism, linoleic acid metabolism were the most 

significantly enriched.. The DELs are mainly phosphatidyl-
cholines, phosphatidylethanolamines, phosphatidylinositols, 
phosphatidylserines, phosphatides and other phospholipid 
related compounds. Fold changes of related genes in phos-
pholipid synthesis pathway were listed in Table S5. A joint 
analysis of both transcriptome and lipidome of the phospho-
lipid metabolism pathway demonstrated the linkage between 
changes in gene expression levels with the changes in lipid 
metabolite levels, revealing that the biosynthesis of some 
types of PC was up-regulated. Among them, fatty acids are 
mainly 16–20 carbon chain lengths, especially oleic acid 
and linoleic acid. This is not surprising when oleic acid 
was the only carbon source at the late stage of OAS. And 
related genes such as EKI1 (Ethanolamine KInase 1), OPI3 
(OverProducer of Inositol 1) and CHO2 (CHOline requiring) 
related to the formation of PC (Phosphatidylcholine) from 
PE (Phosphatidylethanolamine), were up-regulated by 2.1 
times, 3.8 times and 6.8 times, respectively, resulted in the 
significant accumulation of PCs [35]. In addition, It is noted 
that PSD1 (PhosphatidylSerine Decarboxylase 1) and PSD2 
in the path from PS to PE were respectively down-regulated 
by 2.2 and 2.3 times that may cause PE (Phosphatidylser-
ine) reduction. The linkage analysis of the changes in gene 
expression levels with the changes in lipid metabolite levels 
in A-22 revealed that, during adaptation to the oleic acid 
environment, the yeast cells further increased the PC accu-
mulation and restored PI (Phosphatidylinositol) synthesis, 
which is necessary for the enrichment of membrane compo-
nents [44]. Accordingly, increase in LPCs (Lysophophatidyl-
cholines), PC and PI-Cer (Ceramide phosphoinositol) were 
associated with overexpression of some key genes such as 
OPI3, CPT1 (CholinePhosphoTransferase 1), CKI1 (Choline 

Fig. 3  Changes in steryl ester 
biosynthetic pathway of A-1 vs. 
WT and A-22 vs. A-1, respec-
tively. Changes in related genes 
in pathway were represented by 
FC values, from significantly 
down-regulated (blue) to signifi-
cantly up-regulated (red). The 
color on the left of each gene 
represents A-1 vs. WT, and the 
color on the right represents 
A-22 vs. A-1. Some specific 
metabolic intermediates are 
represented by boxes
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KInase 1) and PIS1 (Phosphatidyl Inositol Synthase 1). 
Therefore, the changes in the phospholipid composition of 
A-22 indicated that PC was important during the adaptation 
to the oleic acid environment, which was corresponded to 
the results from comparative transcriptional analysis.

Lipid droplets are the most important lipid storage orga-
nelles in yeast cells with the monolayer phospholipid mem-
brane coating that well separates the internal hydrophobic 
compounds from the external water [45, 46]. Combining the 
above results of the strengthened PC synthesis pathway and 
the expansion of lipid droplets, thereby the storage of hydro-
phobic compounds in yeast was subsequently enhanced [25]. 
To provide in-depth exploration on functional genes involved 
in the formation of lipid droplets, GO pathway enrichment 

assay was conducted and the most differentially expressed 
transcripts were listed in Table 3. Moreover, key steps par-
ticipated in lipid droplets formation were demonstrated in 
Fig. 6. The results showed that a series of genes involved in 
lipid droplet formation experienced down-regulation in A-1 
and further “restoration” in A-22. Lipid droplets are reported 
to form from ER where TAGs (Triacylglycerols), SEs (Steryl 
esters) and related proteins were aggregated [47]. In yeast, 
the activity of SEI1p (SEIpin 1 protein) is inseparable from 
Ldb16p (Low Dye Binding 16 protein) [48] (Fig. 6A). The 
two form LDB16/SEI1 complex and bind to the specific 
ER area as the origin of lipid droplets formation, then both 
the lipid droplet content and lipid droplet-related protein 
aggregated and helped lipid droplet formation in a correct 

Fig. 4  Comparative transcriptome phospholipid synthesis pathway of 
A-1 vs. WT and A-22 vs. A-1, respectively. Changes in related genes 
in pathway were represented by FC values, from significantly down-
regulated (blue) to significantly up-regulated (red). The color on the 

left of each gene represents A-1 vs. WT, and the color on the right 
represents A-22 vs. A-1. Some specific metabolic intermediates are 
represented by boxes
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Fig. 5  Comparative analysis of the significantly different lipid 
metabolites ( A1 vs. WT and A22 vs. A1, respectively) under oleic 
acid stress. (A) HMDB Super class of metabolites involved in dif-
ferent pathways. (B) PCA score plot for QC(blue), WT(purple), A1 
(red) and A22 (green). (C) Volcano plots of the significantly differ-
ent metabolites in group of WT vs. A1 (left) and A22 vs. A1 (right) 

based on the following criteria: log2 fold change > 1 and adjusted 
P-value < 0.05. The red indicates significantly up-regulated metabo-
lites, and the green represents significantly downregulated metabo-
lites. (D) Cluster diagram of the significantly different metabolites. 
Each column in the heatmap represents a sample and each row repre-
sents a metabolite
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direction [48]. Transcriptome results showed that the tran-
scription levels of LDB16 and SEI1 were down-regulated by 
3.3 and 2.4 times respectively in A-1. This seems to be in 
contradiction with the phenotype of lipid droplets expansion 
under OAS, which was probably due to the large amounts 
of TAG produced in A-1 the Ldb16p/SEI1p complex that 
become no longer essential for the formation of lipid drop-
lets. Because large amounts of TAGs do not require the 
Ldb16p/SEI1p complex to aggregate to form LDs [49]. After 
all, lipid droplets could still be produced in SEI1-knocked 
out strain, although the size of the lipid droplets was not 
uniform [50–52]. Moreover, LDB16 and SEI1 were signifi-
cantly up-regulated in A-22 strain, which further increased 
the intracellular lipid droplets accumulation (Fig. 1D). In 
addition, Ldo16p (LD Organization protein of 16kD) and 
Ldo45p (Lipid Droplet Organization protein of 45 KD) could 
form a complex and combine with Ldb16p/SEI1p. Among 
them, Ldo45p promoted the aggregation of neutral lipids 
and lipid droplet proteins, and Ldo16p was related to lipid 
droplet lipophages [53, 54], both of which were synchro-
nized with the Ldb16p/SEI1p complex at transcription level. 
With the enrichment of lipid droplet contents on the ER 
membrane, the "lens" structure was formed [44], and more 
PLs (Phospholipids) were also recruited. At this time, Scs3p 
(Suppressor of Choline Sensitivity 3 protein) and Yft2p 
would also bind here [50, 55] (Fig. 6B) to facilitate the for-
mation of "lens". In A-1, YFT2 and SCS3 were up-regulated 
by 1.1 and 2.2 times, respectively, which ensured the occur-
rence of lipid droplets. In A-22, SCS3 was adjusted-down 
by 1.2 times and YFT2 was adjusted-up by 1.8 times to cope 
with the down-regulation of SCS3. Although the two are 

homologous proteins, they seemed to have different expres-
sion levels at different stages. In addition, they also have 
complex relationships with a series of gene networks, such 
as pathways for the synthesis of sphingolipids, phospholip-
ids and inositol phosphates. Recent studies have also shown 
their function as acyl–coenzyme A diphosphatase and play 
an important role in ER homeostasis. However, the detailed 
mechanisms, including whether they complement or inter-
changeable each other, have not yet been resolved [55, 56]. 
Lipid droplets will remain in contact with the ER membrane 
after maturation to achieve a real-time lipid exchange with 
the ER membrane [57] (Fig. 6C). At this time, lipid droplets 
would also have active contact with other organelles that 
depends on the kind of lipid droplet protein, which can vary 
greatly depending on the growth state. Some related genes 
not mentioned above were shown in Fig. 6. In addition, the 
significantly differential transcripts with lipid droplet-related 
functions were also listed in Table 3 and Table S6, all of 
which were involved in the morphology of lipid droplets 
(ENV9) [58], cell detoxification (YIM1) [59], metabolism 
of lipid droplet contents (ERG gene [2] and FAA gene [60]). 
These genes often showed opposite trends in different com-
parison groups, such as AYR1, ERG27, TDH3, etc., which 
were down-regulated in A-1 vs. WT group and significantly 
up-regulated in A-22 vs. A-1 group. Most recently, rational 
modulation of lipid droplets is becoming a new research hot 
spot to reinforce the hydrophobic component storage within 
yeast cells [47]. With the regard that the lipid droplets are 
extremely active organelles [28, 61–63], the above noted 
transcripts may provide new modification targets.

Table 2  KEGG pathway enrichment by comparison the significantly different metabolites of A22/A1 by lipidomic assay

Pathway Num Feature Num 
Com-
pound

Background P value FDR Compound Compound ID

Glycerophospholipid 
metabolism

6 3 52 9.44E-08 7.55E-07 Phosphatidylcholin
e;Phosphatidylser
ine;1-Acyl-sn-glycero-
3-phosphocholine

C00157; C02737; 
C04230

Sphingolipid metabolism 13 2 25 1.72E-06 6.90E-06 Sphingomyelin; Sul-
fatide

C00550; C06125

Linoleic acid metabo-
lism

1 1 28 0.00040423 0.001077934 Phosphatidylcholine C00157

Alpha-Linolenic acid 
metabolism

1 1 42 0.00091473 0.001829462 Phosphatidylcholine C00157

Glycine, serine and 
threonine metabolism

2 1 50 0.00129658 0.002074535 Phosphatidylserine C02737

Arachidonic acid 
metabolism

1 1 75 0.00290294 0.003870583 Phosphatidylcholine C00157

Metabolic pathways 16 4 1681 0.00910806 0.010409216 Phosphatidylcholine; 
Sphingomyelin; 
Phosphatidylserine; 
Sulfatide

C00157; C00550; 
C02737;C06125
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Table 3  Significantly different transcripts related with lipid droplet formation function involved in GO pathway

Gene ID Gene name Fold change 
(A-1 vs. WT)

P value (A-1 vs. 
WT)

Fold change 
(A-22 vs. 
A-1)

P value (A-22 vs. 
A-1)

Description EC Number

854,682 AYR1 0.831 0.647 5.505 4.25 ×  10–53 Bifunctional tria-
cylglycerol lipase 
and 1-acyl DHAP 
reductase

EC:1.1.1.101

851,215 LDS1 2.614 3.66 ×  10–6 4.106 1.00 ×  10–10 Involved in spore 
wall assembly

NA

850,790 ERG27 0.287 1.20 ×  10–6 4.099 2.56 ×  10–53 3-keto sterol reduc-
tase

EC:1.1.1.270

853,106 TDH3 0.687 0.492 3.799 5.185 ×  10–42 Glyceraldehyde-
3-phosphate 
dehydrogenase 
(GAPDH), 
isozyme 3

EC:1.2.1.12

851,120 SEI1 0.416 0.051 3.291 3.24 ×  10–14 Seipin involved in 
lipid droplet (LD) 
assembly

NA

856,270 YPR147C 0.645 0.366 3.143 1.36 ×  10–29 Bifunctional triacyl-
glycerol lipase and 
short chain ester 
hydrolase

NA

853,395 TDH1 0.096 2.57 ×  10–20 3.061 2.53 ×  10–39 Glyceraldehyde-
3-phosphate 
dehydrogenase 
(GAPDH), 
isozyme 1

EC:1.2.1.12

850,351 LDB16 0.3 9.46 ×  10–7 3.038 2.22 ×  10–36 Protein involved in 
lipid droplet (LD) 
assembly

NA

853,086 ERG1 0.449 0.0772 0.254 1.30 ×  10–40 Squalene epoxidasee EC:1.14.14.17
852,287 RER2 1.831 1.01 ×  10–7 0.295 3.80 ×  10–27 Forms the dehydrod-

olichyl diphosphate 
synthase (DDS) 
complex with 
NUS1

EC:2.5.1.87

851,096 CSR1 3.359 1.89 ×  10–17 0.328 1.07 ×  10–29 Phosphatidylinositol 
transfer protein

NA

851,868 BSC2 2.493 2.58 ×  10–7 0.386 1.39 ×  10–31 unknown NA
855,490 PDR16 0.603 0.227 0.412 2.72 ×  10–20 Phosphatidylinositol 

transfer protein 
(PITP)

NA

853,964 TGL4 0.828 0.920 0.412 1.08 ×  10–28 Multifunctional 
lipase/hydrolase/
phospholipase

EC:3.1.1.3 3.1.1.13 
3.1.1.4 2.3.1.51

852,503 LDH1 0.68 0.291 0.46 2.16 ×  10–11 Serine hydrolase NA
854,490 SPS4 1.888 7.85 ×  10–5 0.48 1.04 ×  10–3 Protein whose 

expression is 
induced during 
sporulation

NA

854,248 TGL5 0.628 0.127 0.488 6.48 ×  10–14 Bifunctional tria-
cylglycerol lipase 
and LPA acyltrans-
ferase

EC:3.1.1.3 3.1.1.13 
3.1.1.4 2.3.1.51
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Conclusion

In present study, both the transcriptome and lipidome was 
respectively conducted during the oleic environment adap-
tation of S. cerevisiae BY4741. Comparative data indicated 
that WT cells underwent significant metabolic reprogram-
ming when exposed to sudden oleic acid stress. While 

interestingly, pathways involved in lipid metabolism were 
partially restored in the adapted strain A-22 after long time 
of domestication. Besides, strain A-22 demonstrated signifi-
cant expansion of cell inner-membrane with an obvious PC 
accumulation, enrichment of the functional genes involved 
in the biosynthesis of both lipid droplets and peroxisomes 
were specially noted. The above data systematically fulfilled 

Fig. 6  Changes of related gene involved in lipid droplet formation 
process. Genes were represented by FC values, from significantly 
down-regulated (blue) to significantly up-regulated (red), and the 
changes of A-1 vs. WT and A-22 vs. A-1 are shown in the left and 
right regions of the gene, respectively. (A) The lipid droplet contented 
TAG and SE, which accumulated in the lumen of the ER membrane, 
while the LDB16/SEI1 complex bound to the ER membrane and pro-

moted the aggregation of the contents and lipid droplet protein. The 
required phospholipids were synthesized by phospholipid synthesis-
related proteins; (B) with the increase of TAG and SE, SCS3p and 
YFT2p helped to form "lens", while more proteins were added to 
promote the formation of lipid droplets; (C) after the lipid droplets 
matured, they still kept in touch with the ER to realize the real-time 
exchange of neutral lipids
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molecular mechanism on the multi-stage regulation of lipids 
biosynthesis, transportation and storage, the differentially 
expressed genes as noted in our manuscript provides the 
potential targets of genetic modification to facilitate the bio-
synthesis of PC, enlarge the lipid storage organelles such 
as lipid droplets and peroxisomes in addition to the solely 
reinforcement in lipid metabolic engineering, all of which 
may provide new ideas on regional design of lipid tolerated 
cell factory for enhanced de novo biosynthesis of hydropho-
bic products.
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