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Abstract 

Background: Lipid accumulation by oleaginous microorganisms is of great scientific interest and biotechnological 
potential. While nitrogen limitation has been routinely employed, low-cost raw materials usually contain rich nitroge-
nous components, thus preventing from efficient lipid production. Inorganic phosphate (Pi) limitation has been found 
sufficient to promote conversion of sugars into lipids, yet the molecular basis of cellular response to Pi limitation and 
concurrent lipid accumulation remains elusive.

Results: Here, we performed multi-omic analyses of the oleaginous yeast Rhodosporidium toruloides to shield lights 
on Pi-limitation-induced lipid accumulation. Samples were prepared under Pi-limited as well as Pi-repleted chemostat 
conditions, and subjected to analysis at the transcriptomic, proteomic, and metabolomic levels. In total, 7970 genes, 
4212 proteins, and 123 metabolites were identified. Results showed that Pi limitation facilitates up-regulation of 
Pi-associated metabolism, RNA degradation, and triacylglycerol biosynthesis while down-regulation of ribosome bio-
synthesis and tricarboxylic acid cycle. Pi limitation leads to dephosphorylation of adenosine monophosphate and the 
allosteric activator of isocitrate dehydrogenase key to lipid biosynthesis. It was found that NADPH, the key cofactor for 
fatty acid biosynthesis, is limited due to reduced flux through the pentose phosphate pathway and transhydrogena-
tion cycle and that this can be overcome by over-expression of an endogenous malic enzyme. These phenomena are 
found distinctive from those under nitrogen limitation.

Conclusions: Our data suggest that Pi limitation activates Pi-related metabolism, RNA degradation, and TAG biosyn-
thesis while inhibits ribosome biosynthesis and TCA cycle, leading to enhanced carbon fluxes into lipids. The informa-
tion greatly enriches our understanding on microbial oleaginicity and Pi-related metabolism. Importantly, systems 
data may facilitate designing advanced cell factories for production of lipids and related oleochemicals.
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Background
A small number of microorganisms can accumulate 
lipids intracellularly to over 20% of dry cell weight under 

nutrient limitation [1], while lipid contents of many oth-
ers are less than 10%. The conversion of carbohydrates 
and related materials into storage lipids by oleaginous 
microbes is of great scientific interest and biotechnologi-
cal potential [2, 3]. In particular, microbial lipid produc-
tion has been intensively studied because of its potential 
to supply alternative resources for functional lipids, 
renewable oleochemicals, and biodiesel [4]. It has been 
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known that nitrogen-limitation can induce lipid accu-
mulation, where cells down-regulate tricarboxylic acid 
(TCA) cycle and cell proliferation, but facilitate carbon 
flux for lipid biosynthesis [1, 5]. It should be noted that 
low-cost raw materials usually contain rich nitrogenous 
components, thus preventing from efficient lipid pro-
duction. Limitation of other nutrients such as inorganic 
phosphate (Pi), sulfate, or iron has also been known 
to facilitate lipid production [6–8]. As Pi can be read-
ily removed from aqueous streams at large scale, it is 
appealing to use Pi-limitation as a convenient strategy to 
explore nitrogen-rich raw materials for lipid production. 
Indeed, high cellular lipid contents were documented 
by different oleaginous hosts under Pi-limitation [8–
10], even in the presence of excess nitrogenous nutri-
ents [7, 11]. Nonetheless, the molecular basis of cellular 
responses to Pi-limitation and concurrent lipid accumu-
lation by oleaginous species remains elusive.

Because phosphorus is an essential element for DNA, 
RNA, several ubiquitous cofactors, and phosphoryl-
ated proteins, Pi-limitation has major affects on cellular 
metabolism and physiology. By studying model microbes 
such as Escherichia coli [12], Saccharomyces cerevisiae 
[13, 14], and Cryptococcus neoformans [15], some funda-
mentals of cellular responses to Pi-limitation have been 
documented. Compared with glucose-limited condition, 
under Pi-limited aerobic condition, the budding yeast S. 
cerevisiae up-regulated 292 genes and activated a regula-
tory mechanism known as the PHO pathway, leading to 
an increased expression of multiple genes involved in Pi 
acquisition and uptake [16]. However, these model spe-
cies did not accumulate lipids to a high content under Pi-
limited conditions.

The red yeast Rhodosporidium toruloides (synonym 
Rhodotorula toruloides), a basidiomycetous fungus, 
can accumulate neutral lipids mainly as triacylglycerols 
(TAG) up to 70% of dry cell weight [1, 17]. More attrac-
tively, R. toruloides and other closely related yeasts can 
utilize some challenging substrates including xylose, bio-
mass hydrolysates, waste glycerol and gas fermentation 
products [18, 19], and can co-produce valuable products 
such as carotenoids and useful enzymes [20]. In our pre-
vious studies, we completed genome annotation of R. 
toruloides np11 and did systems analysis of nitrogen-lim-
itation-induced lipid production [5]. More recently, we 
also defined the lipid droplets (LD) proteome of this yeast 
and found tight association of LD with a highly expressed 
perilipin family protein RHTO_05627, and subsequently 
renamed it as lipid droplet protein 1 (Ldp1) [21].

The aim of this study was to gain insights at the systems 
level into the mechanism that R. toruloides contends with 
Pi-limitation and concurrently accumulates lipids. We 
compared the transcriptome, proteome, and metabolome 

of samples obtained under Pi-limited conditions with 
those under Pi-replete conditions and carried out con-
firmatory biochemical and genetic experiments. For the 
first time, we were able to integrate such data sets to 
delineate the molecular basis of cellular responses to Pi-
limitation and establish key connections en route to lipid 
accumulation. Our results demonstrated that Pi-limita-
tion facilitates up-regulation of phosphate metabolism, 
RNA degradation, and TAG biosynthesis, while down-
regulation of ribosome biosynthesis and TCA cycle, lead-
ing to enhanced carbon flux for lipids. It was found that 
lipid production under Pi-limitation had unique mecha-
nisms in terms of regulation of isocitrate dehydrogena-
tion activity, NADPH supply, and diacylglycerol (DAG) 
metabolism. This study greatly enriched our understand-
ing on microbial oleaginicity, cellular Pi metabolism, 
and their crosstalk. The information should be valuable 
to design advanced cell factories for production of lipid 
biosynthesis-derived chemical entities that are inten-
sively pursued targets because of their diverse application 
potentials [22, 23].

Methods
Strain, media, and chemostat cultivations
The red yeast R. toruloides AS 2.1389 (China General 
Microbiological Culture Collection Center) was grown in 
3-l stirred tank reactor (Baoxing Bio-Engineering Equip-
ment, Shanghai, China) with a constant working volume 
of 2.0 l. The bioreactor was equipped with a 405-DPAS-
SC-K8S/225 pH electrode and an InPro 6800  O2 sensor 
(Mettler Toledo).

The seed medium contained (g/l): glucose·H2O 30, 
 (NH4)2SO4 5,  Na2HPO4 1,  KH2PO4 1, and  MgSO4 1.5, 
pH 6.0. The Pi-limited lipid production medium con-
tained (g/l): glucose·H2O 30,  (NH4)2SO4 5,  Na2SO4 0.94, 
 Na2HPO4 0.06,  K2SO4 0.64, and  MgSO4 1.5, pH 6.0 with a 
C/P molar ratio of 8000 and the Pi-replete medium (g/l): 
glucose·H2O 30,  (NH4)2SO4 5,  Na2HPO4 1,  KH2PO4 1, 
and  MgSO4 1.5, pH 6.0. After being sterilized at 121  °C 
for 15  min, the medium was supplemented with a 100-
fold diluted trace element solution [17]. The trace ele-
ment solution contained per liter:  CaCl2·2H2O 4.0  g, 
 FeSO4·7H2O 0.55  g,  ZnSO4·7H2O 0.10  g,  MnSO4·H2O 
0.076 g, and 100 μl of 18 M  H2SO4, and was sterilized at 
121 °C for 15 min.

The seed culture was done at 30  °C in 250-ml Erlen-
meyer flask on a rotary shaker at 200 rpm for 28 h. The 
chemostat culture was initiated by adding 200  ml of 
the seed culture into 1.8-l of sterilized lipid production 
medium and held at 30  °C, pH of 5.6 (maintained by 
automatic addition of 2 M NaOH) with a stirrer speed of 
500 rpm and a dissolved oxygen above 85% of air satura-
tion. The airflow was 100 l/h. The dilution rate was 0.085 
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and 0.3  h−1 for the culture feeding with the Pi-limited 
medium and the Pi-replete medium, and the samples 
were designated as P0 and F3, respectively. Steady-state 
samples were taken after five volume changes. The fer-
mentation media used in this work are listed in Table 1.

Total sugar content and lipid content
Glucose was measured using an SBA-40D glucose ana-
lyzer (Shandong Academy of Sciences, Jinan, China). 
Cells from 30-ml culture broth were harvested by cen-
trifugation at 8000g for 5 min and washed twice with dis-
tilled water. Cell mass, expressed as dry cell weight, was 
determined gravimetrically after drying the wet cells at 
105 °C for 24 h.

Dried yeast cells were digested with 4 M HCl at 78 °C 
for 1 h before extraction with chloroform/methanol (1:1, 
vol/vol). The extracts were washed with 0.1% NaCl, dried 
over anhydrous  Na2SO4, and evaporated in vacuo, and 
the residue was dried at 105 °C for 24 h to give the total 
lipid [17]. Lipid content was expressed as gram lipid per 
gram DCW. The lipid content was calculated as gram 
lipid produced per gram sugar consumed and the results 
are listed in Table 1.

RNA sampling and isolation
Samples for RNA isolation from chemostat cultures 
were taken by rapidly sampling 40  ml of culture into a 
tube with ice to decrease the sample temperature. Cells 
were then centrifuged (8000 rpm at 4  °C for 2 min) and 

instantly stored at − 80  °C until further use. Total RNA 
was extracted from samples using RNAiso Plus (Takara, 
Dalian, China) in accordance with the manufacturer’s 
instructions and samples were stored at − 80  °C. The 
RNA concentration and quality were tested using the 
SMA1000 UV spectrophotometer (Merinton, Beijing, 
China).

Library preparation and sequencing
For library preparation, the mRNA was enriched using 
the oligo(dT) magnetic beads, mixed with the fragmenta-
tion buffer, and fragmented into short fragments (about 
200 bp). Then, the first strand of cDNA was synthesized 
using random hexamer primer. Buffer, dNTPs, RNase H, 
and DNA polymerase I were added to synthesize the sec-
ond strand. The double-strand cDNA was purified with 
magnetic beads. End repair and 3′-end single-nucleo-
tide A (adenine) addition was then performed. Finally, 
sequencing adaptors were ligated to the fragments. The 
fragments were enriched by PCR amplification. During 
the quality control step, Agilent 2100 Bioanaylzer and 
ABI Step One Plus Real-Time PCR System were used to 
qualify and quantify of the sample library. The library 
products were ready for sequencing via Illumina HiSeq™ 
2000 platform.

Mapping reads to the reference genome
As the raw reads which were transferred from base 
calling may contain low-quality reads and/or adaptor 
sequences, preprocessing is necessary before starting fur-
ther analysis [24, 25]. Clean reads were mapped to R. tor-
uloides NP11 and R. toruloides ATCC 204091 combined 
reference gene sequences [5, 26] and to R. toruloides ref-
erence genome sequences set using SOAPaligner/SOAP2 
[27]. Not more than two mismatches were allowed in the 
alignment.

Gene expression analysis
The expression level for each gene was determined by the 
numbers of reads uniquely mapped to the specific gene 
and the total number of uniquely mapped reads in the 
sample. The gene expression level was then calculated 
using the reads per kilobases per million reads (RPKM) 
method [28], which quantified transcript levels in reads 
per kilobase of exon model per million mapped reads and 
computed RPKM by software package Cufflinks. The sta-
tistical significance of the differential expression of each 
gene was determined using the P value. The FDR (false 
discovery rate) ≤ 0.001 and |log2 Ratio| ≥ 1 were used to 
identify differentially expressed genes (DEGs) [29]. The P 
value and FDR were acquired by a more commonly used 
software package DEseq.

Table 1 Parameters and results of chemostat culture of R. 
toruloides 

F3, medium with abundant phosphate with dilution rate of 0.3 h−1; P0, medium 
with trivial amount of phosphate with dilution rate of 0.085 h−1; ND, not 
detectable
a Average ± s.d. of three biological samples

Culture code F3 (Pi-replete) P0 (Pi-limited)

Feeding nutrients

 Glucose (g/l) 27 27

 PO4
3− (mM) 10.14 0.11

 C/P molar ratio 63 2164

 Dilution rate  (h−1) 0.3 0.085

Effluent nutrients

 Glucose (g/l) 22.3 ± 0.6a 22.3 ± 0.6a

 PO4
3− (mM) 7.35 ± 0.25a ND

Production parameters

 Cell mass (g/l) 0.30 ± 0.07a 0.83 ± 0.06a

 Lipid content (%) 7.3 ± 2.3a 43.9 ± 0.5a

 YX,S (g cell mass per g glucose) 0.06 ± 0.01a 0.18 ± 0.01a

 YP,S (mg oil per g glucose) 4.5 ± 1.4a 88.3 ± 5.8a

 YX,Pi (g cell mass per g  PO4
3−) 1.1 ± 0.2a 79.4 ± 6.7a

 YP,Pi (g oil per g  PO4
3−) 0.08 ± 0.02a 34.8 ± 2.1a
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Gene ontology and pathway enrichment analysis
Gene ontology (GO) is an international standard-
ized gene functional classification system which offers 
a dynamic-updated-controlled vocabulary and strictly 
defined concepts to comprehensively describe the prop-
erties of genes and their products in any organism [30, 
31]. GO contains cellular component, molecular func-
tion, and biological process domains. GO enrichment 
analysis provides all GO terms that are significantly 
enriched in DEGs compared with the genome back-
ground, and filters the DEGs that correspond to biologi-
cal functions. With nr annotation, the Blast2GO program 
was used to obtain the GO annotation of the DEGs. 
WEGO software [32] was then used to perform GO func-
tional classification for DEGs and determine the distribu-
tion of gene functions of the species at the macrolevel. 
The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
is the major public pathway-related database [33]. Path-
way enrichment analysis identifies significantly enriched 
metabolic pathways or signal transduction pathways in 
DEGs compared with the whole genome background. 
A Q value ≤ 0.05 was defined as a significantly enriched 
pathway in terms of DEGs.

Protein extraction, digestion, and labeling with iTRAQ 
reagents
For cell lysis and protein extraction, all steps were car-
ried out on ice to avoid denaturation of proteins. Yeast 
cells were collected and washed as previously. Lysis 
buffer containing the following compositions gave the 
highest and most stable protein level when treating the 
same amount and batch of cells: 8-M Urea, 50-mM DTT, 
50-mM Tris–Cl (pH7.6), 100-mM NaCl, 0.1% Triton 
X-100, 1-mM EDTA, and 1-mM PMSF. The pH value 
of lysis buffer was adjusted to 7.4 using 1-M HCl. Three 
hundred microliter lysis buffer and approximate 200  µl 
glass beads were added to the pellet and disruption was 
conducted in the homogenizer by shaking ten periods of 
30 s with 2-min cooling intervals on ice. Cell lysates were 
centrifuged at 8000 rpm for 10 min at 4 °C and superna-
tant was transferred to clean tubes and stored at − 80 °C.

Prior to further treatment, lipid contaminants in pro-
tein extract were removed by organic solvents accord-
ing as demonstrated [34]. Protein concentration was 
determined using Quick Start Bradford Protein Assay 
(Bio-Rad) according to Bradford method [35] followed 
by precipitation by 2-D Clean-Up Kit (GE Healthcare). 
Sample preparation and iTRAQ labeling was carried out 
using an iTRAQ 8-plex kit from AB Sciex. Briefly, pro-
tein pellets were re-dissolved in 20-µl 0.5-M triethyl-
ammonium bicarbonate and 1-µl 2% SDS. Afterwards, 
2-µl 50-mM tris(2-carboxyethyl)phosphine was added 

to reduce the disulfide bonds of the proteins at 60  °C 
for 1  h. Alkylation was carried out by adding 1-µl 200-
mM methyl methanethiosulfonate to reversibly block 
cysteine group at room temperature for 15  min. Diges-
tion of each sample was then processed at 37 °C for 16 h 
with a final concentration of 10-ng/µl sequencing grade-
modified trypsin solution (AB Sciex). The digested pep-
tides were labeled with the iTRAQ tags (AB Sciex) as 
follows: Rt-1, iTRAQ 113; Rt-2, iTRAQ 114; F3-1, iTRAQ 
115; F3-2, iTRAQ 116; F3-3, iTRAQ 117; P0-1, iTRAQ 
118; P0-2, iTRAQ 119; P0-3, iTRAQ 121. Among them, 
Rt-1 and Rt-2 were independent samples of R. toruloides 
cells cultured under Pi-replete conditions. The labeled 
samples were then combined together accordingly and 
desalted by C18 Cation Exchange Cartridge system (AB 
Sciex) together with C18 Sep-Pak Plus Short Column 
(55–105  µm) (Waters) to clean up mixture and remove 
salt and contaminants. The samples were then lyophi-
lized and dissolved with 5% acetonitrile with 0.1% for-
mic acid to proper concentration, and subjected to 2-D 
Nanoflow LC–MS/MS as described [36]. The collected 
peptides were detected by 5600 Triple TOF Analyzer (AB 
Sciex). A maximum of 30 precursors per cycle from each 
MS spectrum were selected for MS/MS analysis. Tandem 
mass spectrum was recorded in high-sensitivity mode 
with rolling collision energy on and iTRAQ reagent colli-
sion energy adjustment on.

Data analysis and interpretation of protein identification
Protein identification and relative iTRAQ quantification 
were performed with ProteinPilot software 5.0 (AB Sciex) 
using the Paragon algorithm for the peptide identification 
which was further processed by Pro Group algorithm 
where isoform specific quantification was adopted to 
trace the differences between expressions of various iso-
forms. The complete set of raw data files of each run was 
searched against the annotated genome including 8171 
proteins [5] using the Paragon and Pro Group algorithms 
(AB Sciex). For iTRAQ quantification, the peptide was 
automatically selected by Pro Group™ algorithm to calcu-
late the reporter peak area, error factor (EF), and P value. 
The resulting data set was auto bias-corrected to get rid 
of any variations imparted due to the unequal mixing 
during the combination of different labeled samples. This 
software counts each modified peptide as a unique one. 
The peak areas are extracted from the database by Pro-
teinPilot to process the raw data to yield quantification 
data. The intensities of the reporter ions were obtained 
from each spectrum. The quantification was obtained 
from the normalized data, which were the total intensi-
ties of all peptide fragments for each protein. In addi-
tion, a reverse database search strategy was also adopted 
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to estimate the false discovery rate (FDR) for peptide 
identification. In this study, only peptides identified with 
confidence interval values of no less than 95% (unused 
confidence threshold ProtScore > 1.3) were reported, and 
the EF < 2, P < 0.05, corresponding to FDR < 5% were used 
for protein identification compilation and subsequent 
quantitation calculation. The relative abundance of pro-
teins was calculated based on individual peptide ratios 
from three experimental replicates, and the relative val-
ues for protein differential expression were presented as 
mean ± SD. The results were then exported into Micro-
soft Excel for manual data interpretation. The meaningful 
cut-off value with a 1.5 fold-change was used to designate 
significant differences in protein expression among the 
Pi-limited group and the Pi-replete group. Subsequently, 
the up-regulation and down-regulation of proteins was 
finalized.

Metabolomic analysis procedure
The five parallel samples of each experimental group were 
harvested as previously and methanol was used to extract 
metabolites [37]. Cells were rapidly freeze-dried at a low 
temperature. After that, 800 ml of methanol was added to 
100 mg of the cells and then extracted by ultrasound for 
30 min. The extract solution was centrifuged at 12,000g 
for 10 min. After extraction, samples were determined by 
LC-Q/TOF–MS (Agilent, 1290 Infinity LC, 6530 UHD 
and Accurate-Mass Q-TOF/MS). An UPLC C18 column 
(100 × 2.1 mm, ø 1.8 μm, Agilent Technologies) was used 
to perform the chromatographic separation and the C18 
column temperature was maintained at 40 °C. The mobile 
phase consisted of 0.1% formic acid in water (A) and 0.1% 
formic acid in acetonitrile (B). The flow rate was 0.4 ml/
min. The gradient was applied as follows: t = 0 min, 95% 
A and 5% B; t = 2 min, 95% A and 5% B; t = 17 min, 5% A 
and 95% B; t = 19 min, 5% A and 95% B.

The mass spectrometer was operated in both positive 
and negative ion modes and set to the total ion chroma-
togram (TIC) mode. Operating conditions of positive 
ions were as follows: capillary voltage, 4  kV; sampling 
cone, 35  kV; source temperature, 100  °C; desolvation 
temperature, 350  °C; cone gas flow, 50  l/h; desolvation 
gas flow, 600 l/h. The conditions of negative ions were as 
follows: capillary voltage, 3.5  kV; sampling cone, 50  kV; 
source temperature, 100  °C; desolvation temperature, 
300 °C; cone gas flow, 50 l/h; desolvation gas flow, 700 l/h. 
To ensure that the mass was measured accurately [38], 
leucine-enkephalin was used as a reference lock-mass 
compound at a concentration of 2 ng/μl and a flow rate of 
5 μl/min. In both positive and negative modes, leucine-
enkephalin was detected at 556.2771 and 554.2615 Da, as 
[M+H]+ and [M−H]− ions, respectively.

Metabolomic data analysis and interpretation
The metabolomics data were extracted and pre-pro-
cessed by the Mass Profiler software developed by Agi-
lent and edited in the EXCEL 2007 software to organize 
the final results into a two-dimensional data matrix, 
including variables (rt/mz, i.e., retention time/mass 
ratio), observed quantity (sample) and peak intensity. 
All data were then normalized to total signal integration, 
and the edited data matrix was imported into Simca-P 
software (version 11.5), which provides effective algo-
rithms for principal component analysis (PCA), partial 
least-squares-discriminant analysis (PLS-DA) and the 
orthogonal partial least-squares-discriminant analysis 
(OPLS-DA).

We used the VIP (variable importance in the projec-
tion) value (threshold > 1) of the OPLS-DA model and the 
P value (threshold < 0.05) of the t test to find the differen-
tial metabolites. The qualitative method for metabolites 
was to search the online database (http://metli n.scrip 
ps.edu/) (compare mass-to-mass ratio m/z or exact 
molecular mass). The meaningful cut-off value with a 1.2 
fold-change was used to designate significant differences 
in metabolites among the Pi-limited group and the Pi-
replete group.

Real-time quantitative PCR analysis
RT-qPCR analysis was used to verify the DGE results. 
The RNA samples were the same as for the DGE experi-
ments. Gene-specific primers were designed according 
to the reference unigene sequences using Primer Express 
3.0 software for RT-qPCR analysis (Additional file  1: 
Table  S1). RT-qPCR was performed according to the 
TaKaRa manufacturer specifications (TaKaRa  SYBR® Pri-
meScript™ RT-qPCR Kit, Dalian, China) and performed 
on an Eco Real-Time PCR System (Illumina, USA). RT-
qPCR was conducted in duplicate for each gene. The 
reaction mixture contained 5  μl SYBR Green (TaKaRa), 
1  μl each of forward and reverse primers (2  μM), 1  μl 
template DNA, and nuclease-free water diluted to a 
final volume of 10  μl. RT-qPCR conditions were as fol-
lows: 95 °C for 30 s, (95 °C for 5 s, 60 °C for 30 s) for 40 
cycles, 95  °C for 15  s, 55  °C for 15  s, 95  °C for 15  s. To 
ensure the specificity of the RT-qPCR products, melting 
curves of the amplifications were checked after thermal 
cycling. GAPDH was used as a normalizer, and the rela-
tive expression levels of genes were presented by  2−∆∆CT 
method [39].

Partial purification of recombinant NAD-dependent IDH
Total RNA was isolated from R. toruloides AS 2.1389 as 
described [40]. The full-length cDNA fragments of IDH1 
and IDH2 were obtained previously [41] and ligated with 

http://metlin.scripps.edu/
http://metlin.scripps.edu/
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pMD18-T, resulting in T-IDH1 and T-IDH2. The full-
length cDNA fragments coding Idh1 (RHTO_01289) and 
Idh2 (RHTO_01290) were individually cloned into the 
plasmid pET28a by RF cloning method, and the plasmids 
including Idh1 and Idh2 were transformed into E. coli 
BL21(DE3). Recombinant Idh1 and Idh2 were produced 
upon isopropyl-β-d-thiogalactoside induction, purified 
by Ni-affinity chromatography, and analyzed by SDS-
PAGE gel scan analysis. Activity assays were done with a 
1:1 molar ratio of Idh1 and Idh2 mixture in triplicates.

Over-expressing ME1 in R. toruloides AS 2.1389
All the binary vectors were constructed based on the 
pZPK plasmid, which could be selected in both E. coli 
and Agrobacterium tumefaciens AGL1 with kanamycin 
[42]. The pZPK-pPGK-HYG-Tnos-pPHO89-MCS-Thsp 
vector [43] harbored a PGK1 and PHO89 promoter, 
the nos and hsp terminator, respectively, hygromycin 
marker and MCS contains three endonuclease restric-
tion sites EcoRV, NcoI, and SpeI. The gene ME1 (Gene ID: 
27367808) was PCR amplified from the cDNA of R. toru-
loides and the PCR products were purified, digested by 
NcoI and SpeI, and ligated with the vector pZPK-pPGK-
HYG-Tnos-pPHO89-MCS-Thsp digested by the same 
pair enzymes. The ligation mixtures were used to trans-
form E. coli DH5α competent cells and the transformants 
were selected on LB plates supplemented with 50-μg/ml 
kanamycin. Positive colonies were further identified by 
colony PCR, and then, the plasmids were extracted and 
verified by DNA sequencing. The correct plasmids were 
transformed into A. tumefaciens AGL1 by electropora-
tion and strains were selected on LB plates supplemented 
with 50  μg/ml kanamycin. Transformants were con-
firmed by colony PCR. Transformation of R. toruloides 
was done according to a published method [42].

Lipid production experiment
Lipid production experiments of the strains over-express-
ing Me1 were done in duplicates at 30 °C for 120 h in 250-
ml flasks on a rotary shaker at 200  rpm. Cultures were 
initiated upon 45  ml of the lipid production medium 
inoculated with 5 ml of 28-h-old seed culture (the same 
as chemostat cultivations). The lipid production medium 
had the same C/P ratio as chemostat cultivations, but the 
glucose content was 50 g/l. Cells in 30 ml of culture broth 
were harvested by centrifugation, washed twice with dis-
tilled water, and then dried at 105  °C for 24 h to obtain 
dry cell weight (DCW). Cellular lipid was extracted with 
chloroform–methanol [17]. Lipid content was calculated 
as gram lipid per gram and then multiplied by 100%.

Results
Lipid production under Pi-replete and Pi-limited 
chemostat conditions
To prepare reliable samples representing cellular perfor-
mance under Pi-replete and Pi-limited conditions, we 
grew chemostat cultures of R. toruloides cells using mini-
mal medium with 27  g/l glucose but different Pi load-
ings to ensure the initial carbon-to-phosphorus molar 
ratio (C/P) of 63 and 2164, and samples were coded as F3 
and P0, respectively. Results showed that both effluents 
contained identical residual glucose, while Pi dropped 
to below detection limit for the Pi-limited (P0) culture 
(Table  1). Cellular lipid contents for the Pi-replete and 
Pi-limited samples were 7.3 and 43.9%, respectively. 
Furthermore, under Pi-limitation, the cell mass yield on 
glucose (YX,S) and lipid yield (YP,S) of 180 and 88.3 mg/g, 
respectively, were 3.0- and 18.6-fold higher than those 
under Pi-replete conditions. These results showed that 
cells had lipids less that 10% without nutrient limita-
tion, while cells accumulated lipids to over 40% under 
Pi-limitation. Our data were in agreement with a number 
of earlier observations that Pi-limitation facilitated lipid 
production by oleaginous fungi [6, 8–10]. More interest-
ingly, the much greater increase in lipid yield than in cell 
mass yield suggested that cells used glucose more effi-
ciently for lipid biosynthesis under Pi-limitation. Concur-
rently, the apparent cell mass yield on Pi (YX,Pi) and lipid 
yield (YP,Pi) were 72- and 435-fold, respectively, higher 
under Pi-limitation (Table 1), indicating that cells turned 
over Pi much more efficiently for metabolic activities.

RNA-seq and digital gene expression analysis
To illuminate the transcriptome response to Pi-limitation 
by R. toruloides, we performed high-throughput RNA-
seq and digital gene expression analysis of those samples 
obtained under chemostat conditions. Total RNA sam-
ples were extracted, and mRNA was enriched using the 
oligo(dT) magnetic beads and sheared into short frag-
ments. These mRNAs of about 200 bases were used as 
templates for cDNA synthesis. The cDNAs were then 
PCR amplified and sequenced using an Illumina HiSeq™ 
2000 platform. There were approximately 11 million 
raw reads per library for quantitative analysis of gene 
expression. Of those reads, 54.42 and 51.36% from the 
Pi-replete and Pi-limited samples, respectively, mapped 
to R. toruloides np11 reference genes, and slightly more 
reads mapped to the genome (Additional file 2: Table S2). 
After filtering the adaptor sequences, regions containing 
N sequences and low-quality sequences, there were still 
over 10 million clean reads in each RNA-Seq library. The 
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percentages of clean reads among the raw reads reached 
over 95% in both libraries, indicating high-quality origi-
nal data (Additional file 2: Table S2).

In total, there were 7970 genes observed in this study 
(Additional file  3: Table  S3). Of 7797 and 7868 genes 
that were detected in the Pi-replete and Pi-limited 
sample, respectively; many genes were differentially 
expressed (Fig.  1a). Compared with the Pi-replete sam-
ple, the Pi-limited samples had 585 and 817 genes 
being up- and down-regulated, respectively. Those dif-
ferentially regulated genes are involved in a number of 

biological processes including Pi-related metabolism, 
ribosome biogenesis, RNA degradation, and response 
to stimulus (Fig.  1b). Specifically, gene encoding  H+/Pi-
symporter PHO84 (RHTO_06822),  Na+/Pi-symporter 
PHO89 (RHTO_01284), and the cyclin-dependent kinase 
(CDK) inhibitor PHO81 (RHTO_02991), were all signifi-
cantly up-regulated (Fig. 1c). Besides, the polyphosphate 
(polyP) degradation enzymes PHM5 (RHTO_03914) and 
PPX1 (RHTO_07023), and the secretory phosphatases 
Pho5 (RHTO_04431), were slightly up-regulated (Fig. 1c). 
In general, the biological consequences of such changes 

a
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b

d

Fig. 1 Differential transcriptomic analysis of R. toruloides in response to phosphate-limitation. a Global profiling of gene expression changes in P0 
vs F3. b Gene ontology enrichment analysis of differentially expressed genes. GO terms of biological process (level 3) were analyzed and enriched. c 
Genes being up-regulated shown in red for Pi-related metabolism. d Multi-omic responses to Pi-limitation and lipid accumulation. The red indicated 
up-regulated gene, protein, or enriched metabolite, while the green indicated down-regulated gene, protein, or lowered metabolite. e Comparison 
of transcription levels of representative genes between RNA-Seq data and RT-qPCR results
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should lead to activating Pi-associated metabolism and 
increasing Pi supply. The down-regulated genes were 
related to ribonucleoprotein complex biogenesis. At the 
transcription level, 94 of the 111 genes being annotated 
as ribosome structural components were down-regu-
lated. This suggested that, under Pi-limitation, ribosome 
synthesis was suppressed. During ribosome degradation, 
not only ribosomal proteins, but also a large amount of 
ribosomal RNAs should be degraded in the vacuole/lyso-
some. Indeed, RNY1 (RHTO_05069), the gene encoding 
an endonuclease with weak nucleobase specificity was 
65.5-fold up-regulated, and two nucleotidase-encoding 
genes, PHM8 (RHTO_07849) and PHO8 (RHTO_03053), 
were up-regulated by 2.8- and 80-fold, respectively. It 
should be noted that up-regulation of PHM8 was con-
firmed by RT-qPCR analysis (Fig.  1e). It is known that 
these nucleosides may be further converted to bases by 
endogenous hydrolyases [44]. Thus, our data suggested 
that Pi-limitation induces degradation of RNA and 
nucleotides and activation of pathways to source more Pi. 
Meanwhile, Pi consumption process is inhibited such as 
ribosome biosynthesis.

To get more insights on lipid accumulation under Pi-
limitation, we analyzed the changes of those genes related 
to central metabolism and lipid biosynthesis. There were 
significant transcriptional differences for genes involved 
in the late stage of TAG biosynthesis. Specifically, phos-
phatidate phosphatase (Pah) gene PAH1 (RHTO_04894) 
was 2.1-fold up-regulated, while DAG kinase gene DGK1 
(RHTO_06970) was 2.1-fold down-regulated, leading to 
enhanced DAG formation and reduced consumption of 
DAG for phospholipids synthesis, respectively (Fig.  1d). 
It should be noted that up-regulation of PAH1 and 
down-regulation of DGK1 were confirmed by RT-qPCR 
analysis (Fig. 1e). Interestingly, no significant change was 
observed for those genes involved in lipid degradation 
(i.e., lipolysis and the β-oxidation cycle), indicating that 
lipid accumulation was not a resulted of down-regulation 
of lipid degradation. However, under nitrogen-limita-
tion, a number of genes related to lipid degradation were 
up-regulated [5]. In terms of those 226 genes encoding 
proteins associated with LD [21], there were 80 genes 
up-regulated under Pi-limitation. Notably, the transcrip-
tion level of LDP1 (RHTO_05627) was up-regulated by 
40-fold in this study, while it was up-regulated by 20-fold 
under nitrogen-limitation [5].

In R. toruloides, 32 genes associated with autophagy 
were identified [5]. It should be noted that about 25% 
of those genes associated with autophagy were up-
regulated under Pi-limitation. These included ATG1 
(RHTO_06351), ATG11 (RHTO_00852), ATG14 
(RHTO_05412), ATG15 (RHTO_00361), and PEP4 
(RHTO_07813). Autophagy has been suggested to make 

more room for lipid accumulation through the clearance 
of other organelles or portions thereof. In fact, up-regu-
lation of the autophagy process was demonstrated under 
nitrogen-limited lipid production [5].

Comparative proteomic analysis
Total proteins of both Pi-replete and Pi-limited samples 
were extracted, digested by sequencing grade trypsin, 
labeled with the isobaric tags for relative and absolute 
quantitation (iTRAQ) tags, and subjected to shotgun 
liquid chromatography (LC)–MS analysis. Each MS/
MS spectrum was searched against the R. toruloides 
proteome database being generated locally. A total of 
73815 unique peptides were identified. These peptides 
could be mapped to 4212 of R. toruloides protein mod-
els (Additional file  4: Table  S4), representing 51.5% of 
the annotated coding sequences. Further analysis using a 
stringent criterion (i.e., differential of quantitative infor-
mation based on peptides identified to each protein was 
below 2) led to identification of 2438 proteins with high 
quantification confidence. The heatmap of comparative 
protein distribution is shown in Fig. 2a. Compared to the 
Pi-replete sample, the Pi-limited sample had 187 proteins 
up-regulated and 760 down-regulated. Gene ontology 
term enrichment indicated that proteins associated with 
lipid metabolism and reproductive process were up-reg-
ulated, while translation, transport and structural mole-
cule-associated proteins were down-regulated (Fig.  2b), 
suggesting that the protein biosynthesis machinery 
was suppressed. While there were major differences 
between differential transcriptomic and proteomic data 
(Fig.  2c), proteins related to the PHO system, including 
Pho81, Pho84, and Pho89, were up-regulated (Fig.  2b). 
These data were in good agreement with the transcrip-
tomic data (Additional file  3: Table  S3). We also found 
up-regulation of Pho8 and Phm8, two proteins related to 
nucleotide degradation, which would lead to enhanced 
formation of nucleosides and bases. Thus, both transcrip-
tomic and proteomic data suggested that R. toruloides 
cells activated processes to source Pi under Pi-limitation.

There were 30 proteins involved in central/lipid 
metabolism found at elevated levels under Pi-limita-
tion, namely, P0/F3 value higher than 1.2. For example, 
the LD structural protein Ldp1 had 17.8-fold higher 
level in the Pi-limited samples, which was consistent 
with the up-regulation at the transcription level and 
its potential biological function. Fatty acid biosynthe-
sis-associated protein acetyl-CoA carboxylase (Acc1, 
RHTO_02004) and 3-hydroxyacyl-CoA dehyrogenase 
(Hcd1, RHTO_05520) was 3.0- and 3.3-fold, respec-
tively, up-regulated. Interestingly, over-expression of 
native Acc1 has been shown to improve lipid produc-
tion by a R. toruloides strain [45]. Three enzymes, 
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ATP-citrate lyase (Acl1, RHTO_03915), acetyl-CoA syn-
thase (Acs1, RHTO_08027), and pyruvate decarboxylase 
(Pdc1, RHTO_00098), were up-regulated by 1.9-, 2.0-, 
and 3.3-fold, for enhanced conversion of citrate, acetate 
and pyruvate, respectively, into acetyl-CoA, the common 
intermediate for fatty acid biosynthesis. It was also note-
worthy that homocitrate synthase (Lys20, RHTO_06979) 
level in the Pi-limited samples was only 13% that of the 
Pi-replete samples, this should lead to a reduced acetyl-
CoA consumption (Fig. 2d).

The levels of proteins associated with the TCA cycle, 
including Idh1 (RHTO_01289), Sdh1 (RHTO_05714), 
Sdh2 (RHTO_06068), and Mdh1 (RHTO_04363), 
decreased in the Pi-limited sample, namely, P0/F3 value 
below 0.8, indicating that the TCA cycle activity was 
reduced under Pi-limitation. In fungi, the transhydro-
genation machinery, composed of pyruvate carboxylase 
(Pyc),  NADP+-dependent malic enzyme (Me), and malate 
dehydrogenase, can convert NADH to NADPH [1]. It was 
found that both Pyc1 and Me1 had reduced levels, sug-
gesting that NADPH formation through transhydrogena-
tion was suppressed under Pi-limitation. Interestingly, 
however, the transcription of ME1 (RHTO_03795) was 

up-regulated by 3.6-fold, suggesting that malic enzyme 
activity was regulated at different levels.

Metabolomic analysis
To find more insights at the molecular level into Pi-
related metabolism and lipid accumulation, we ana-
lyzed the metabolome of samples using an LC-Q/TOF 
MS-based approach. Cells were rapidly freeze-dried and 
the metabolites were extracted by cold methanol. Total 
ion chromatograms of quality control (QC) samples 
are shown in Additional file 7: Figure S1a and b. To test 
whether there were metabolic differences between the 
Pi-limited group and the Pi-replete group, we performed 
principal components analysis (PCA) with biological sex-
tuple. Two principal components were obtained under 
positive and negative ion models, and the score plots 
are shown in Additional file 7: Figures S2 and S3. As the 
R2X values were both higher than 0.4 (Additional file 5: 
Table S5), the non-supervised model suggested the pres-
ence of metabolic differences between the two groups. 
We further adopted partial least-squares-discriminant 
analysis (PLS-DA) and the orthogonal partial least-
squares-discriminant analysis (OPLS-DA). One princi-
pal component was identified under both positive and 
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negative ion models, and the PLS-DA and OPLS-DA 
modeling of P0 vs F3 are shown in Additional file 7: Fig-
ures S2 and S3. Data for quality control of the modeling 
process are shown in Additional file 5: Table S5. In PLS-
DA, the score of Q2 in P0 vs F3 was higher than 0.89, sug-
gesting that the model was believable. In OPLS-DA, the 
result of Q2 higher than 0.5 in P0 vs F3 indicated that the 
model was authentic.

We identified 123 metabolites of which concentrations 
had significant changes between the two groups. Specifi-
cally, 63 metabolites had higher concentrations and 60 
had lower contents in the Pi-limited group (Additional 
file 6: Table S6). A few nucleosides and bases derivatives 
exhibited much higher concentrations in the Pi-limited 
samples (Additional file  7: Figure S1c). These results 
thus provide direct evidences to correlate up-regulation 
of degradation of RNA and nucleotides at the transcrip-
tional and translational levels (vide ante).

Three TCA cycle intermediates were found. Aco-
nitate, citrate, and fumarate had 2.5-, 2.2-, and 1.7-fold, 
respectively, higher level in the Pi-limited sample. One 

explanation for higher contents of aconitate and citrate 
was that the activity of a downstream reaction decreased. 
In oleaginous yeasts, it has been known that the down-
stream enzyme isocitrate dehydrogenase (Idh) requires 
adenosine monophosphate (AMP) for full activity [1]. To 
test whether Idh can be activated by AMP, we expressed 
R. toruloides Idh in E. coli BL21 (DE3) and purified the 
recombinant protein to homogeneity. Activity assays 
indicated that Idh had roughly twofold higher activities 
in the presence of AMP, and that adenosine had no such 
activating effects (Fig.  3). Moreover, crude cell extracts 
of R. toruloides cells cultivated under either Pi-limited 
or Pi-replete conditions also showed similar Idh activity 
profiles. These biochemical data confirmed that Idh can, 
indeed, be activated by AMP. Under Pi-limitation, cellu-
lar level of AMP was low due to up-regulation of nucleo-
tide degradation enzymes, Pho8 and Phm8, thus leading 
to reduced Idh activity. Therefore, the flux of isocitrate to 
oxalosuccinate was reduced, resulting in accumulation of 
aconitate and citrate.

More importantly, the Pi-limited samples had 170,000- 
and 180,000-fold lower contents of PE (18:2) and PC 
(16:0), respectively, than the Pi-replete samples, indi-
cating that phospholipids synthesis was reduced under 
Pi-limitation. These data were in agreement with tran-
scriptional up-regulation of phosphatidate phosphatase 
(PAH1) while down-regulation of DGK1. Reduced forma-
tion of phospholipids may provide more DAG for TAG 
production.

Notably, the Pi-limited sample had 57,000-fold lower 
NADPH content than the Pi-replete sample. The con-
tents of phosphogluconate, ribose 5-phosphate, and 
sedoheptulose 7-phosphate, three intermediates involved 
in the pentose phosphate (PP) pathway, were 190,000-, 
390,000- and 6,3000,000-fold, respectively, lower in the 
Pi-limited sample. Albeit there was no apparent down-
regulation of genes or enzymes associated with the PP 
pathway, drastically reduced concentrations of metabolic 
intermediates suggested a lower pathway activity. This 
should lead to less NADPH production as the PP path-
way can generate NADPH. In addition, down-regulation 
of Me1 could further reduce NADPH formation through 
the transhydrogenation cycle, also known as the pyru-
vate–oxaloacetate–malate cycle. These results suggested 

I II III

Control

0.5 mM Adenosine

0.5 mM AMP

10

5

90

120

150

180

210

0

A
ct

iv
it

y 
(

n
m

o
l/m

in
m

g
)

Fig. 3 Effects of adenine derivatives on the activity of NAD-specific 
Idh. (I) Recombinant Idh1 and Idh2 at 1:1 molar ratio; (II) Crude cell 
extracts from cells under Pi-replete conditions; (III) Crude cell extracts 
from cells under Pi-limited conditions. All assays were performed in 
triplicates

Table 2 Results of lipid production by wild-type R. toruloides and the engineered strain R. toruloides-Me1

Cells were cultivated with 50 g/l glucose at an initial C/P molar ratio of 2159

Sample ID DCW (g/l) Lipid content (wt%) Lipid (g/l) Relative fatty acid content (%)

C14:0 C16:0 C16:1 C18:0 C18:1 C18:2

R. toruloides 9.8 ± 0.2 32 ± 1 3.2 ± 0.1 1.9 ± 0.1 23.8 ± 0.6 0.5 ± 0.0 10.6 ± 0.3 58.6 ± 0.3 4.6 ± 0.4

R. toruloides-Me1 10.3 ± 0.6 59 ± 5 6.1 ± 0.2 1.7 ± 0.3 21.9 ± 2.0 0.2 ± 0.2 15.6 ± 0.4 56.8 ± 0.7 3.7 ± 0.6
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that lipid production may be improved which should 
more NADPH be produced to fuel fatty acid biosynthe-
sis. To test this idea, we constructed a cassette ensuring 
over-expression of Me1 and transformed R. toruloides 
AS 2.1389 cells using the Agrobacterium-mediated 
transformation approach [42]. Results showed that the 
engineered strain had 1.8-fold higher lipid content, and 
produced 1.9-fold more lipids, than the parent strain 
did under identical culture conditions in the Pi-limited 
medium (Table  2). Interestingly, it has been shown that 
over-expression of Me1 in R. toruloides IFO0880 led to 
only minor (24%) lipid titer increase in low-nitrogen 
media [46].

Discussion and conclusions
While the molecular basis behind microbial lipid pro-
duction under nitrogen-limitation has been explored 
over the years, there was no system study on the mecha-
nism of Pi-limitation-induced lipid accumulation. Here, 
we prepared samples of R. toruloides cells in triplicates 
under Pi-limited chemostat conditions, and performed 
transcriptomic, proteomic, and metabolomic analysis. 
These multi-omic data were compared with those under 
Pi-replete conditions and integrated to reveal mecha-
nistic insights. As a result, a brief picture was drawn to 
elaborate how cells respond to Pi-limitation and accu-
mulate lipids (Fig. 1d). Major changes at different levels 
were identified along two apparently separated biological 
processes, namely, Pi-related metabolism and lipid accu-
mulation, while key crosstalk between the two processes 
was also suggested.

First, Pi-limitation leads to Pi starvation in the cyto-
sol, which triggers a global regulator of nutrient signal-
ing. The CDK inhibitor Pho81 was up-regulated, leading 
to activation of the PHO pathway by up-regulating cyc-
lin-dependent protein kinase complex Pho80–Pho85, 
high-affinity Pi transporters Pho84 and Pho89, as well as 
secretory phosphatases Pho5 (Fig.  1c). The high-affinity 
transporters could facilitate better Pi uptake, while the 
secretory phosphatases help Pi scavenging by cleaving 
phosphate ester bonds from different phosphorylated 
substrates including nucleic acids and phospholipids [47, 
48]. In addition, there were other paths including degra-
dation of polyphosphate and nucleotides being activated 
to liberate Pi. Thus, it was clear that cells reached a state 
with improved ability for Pi uptake and recycle under Pi-
limited conditions [14, 48].

Second, Pi-limitation leads to activation of RNA deg-
radation and inhibition of ribosome biosynthesis. This 
was a direct result of up-regulation of RNase Rny1 and 
down-regulation of many genes related to ribonucleo-
protein biogenesis, respectively. Metabolomic analysis 
indicated that the contents of several nucleosides, bases, 

and their derivatives were significantly higher in cells 
cultivated under Pi-limitation (Additional file  7: Fig-
ure S1c). It should be mentioned that about 80% of total 
RNA is within ribosome located in the cytoplasm, and 
that cellular ribosome contents correlate closely with cell 
growth rate [49]. Thus, RNA degradation should result in 
reduced cell proliferation. As RNA degradation has nei-
ther been observed in oleaginous yeasts under nitrogen-
limitation [5, 50], nor been documented for a number of 
microorganisms under Pi-limitation [15, 51–53], it thus 
turned out to be a unique biological feature awaiting fur-
ther study.

Third, our data suggest that lipid accumulation under 
Pi-limitation is facilitated by several cellular process 
changes. The lipid droplet protein Ldp1 showed consid-
erably higher levels in the Pi-limited sample, providing 
structural constituents to embrace more lipids and pro-
tect lipids from degradation. Higher levels of DAG were 
expected due to up-regulation of phosphatidate phos-
phatase Pah1 and down-regulation of DAG kinase Dgk1. 
The protein level of Acl1, Acs1, and Pdc1 were notably 
higher in the Pi-limited sample, indicating that more 
acetyl-CoA was produced from citrate, pyruvate, and 
acetate, respectively; while the protein level of Lys20 was 
remarkably lower, indicating that less acetyl-CoA was 
consumed for production of other metabolites. These 
results showed increased the formation of precursors 
at the early stage and late stage of TAG biosynthesis. In 
addition, up-regulation of the autophagy process could 
degrade some cellular organelles and provide more space 
and metabolites for lipid biosynthesis.

Fourth, our data suggest that nucleotide monophos-
phates’ (NMP) degradation mediated by phosphatases is 
one of the key metabolic events to establish molecular 
connection between Pi-limitation and lipid accumula-
tion. The up-regulation of phosphatases Pho8 and Phm8 
led to reduced contents of nucleotides but higher con-
tents of nucleosides. Our biochemical data and previous 
studies [54, 55] indicate that one particular nucleotide, 
AMP, is an allosteric activator of Idh of oleaginous yeasts. 
Thus, down-regulation of Idh activity by reduced AMP 
level led to accumulation of citrate, which was readily 
converted into acetyl-CoA by Acl1.

Finally, Pi-limitation induced lipid accumulation is 
mechanistically distinguished in several aspects from the 
nitrogen-limitation induced process (Fig.  4). Under Pi-
limitation, reduced cell proliferation is mainly resulted 
from RNA degradation and down-regulation of ribo-
some biogenesis; however, under nitrogen-limitation, cell 
proliferation is repressed due to down-regulation of bio-
synthesis of nucleic acids and protein. While TCA cycle 
activity is reduced due to allosteric down-regulation 
of Idh by lowered AMP levels, AMP is converted into 
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adenosine (Ade) upon dephosphorylation under Pi-lim-
itation but inosine monophosphate (IMP) upon deami-
nation under nitrogen-limitation. Much lower NADPH 
level was observed due to reduced flux through the PP 
pathway and the Me-mediated transhydrogenation cycle 
together with enhanced NADPH consumption for lipid 
biosynthesis. Remarkably, under nitrogen-limitation, 
NADPH was in excess, and the transhydrogenation cycle 
was notably up-regulated. An early modeling study sug-
gested that the PP pathway provides 63% of the required 
NADPH for lipid production on glucose, and the tran-
shydrogenation cycle contributes a significant portion. In 
addition, the NADPH supply system is depending on dif-
ferent substrates [56]. While over-expression of Me1 in R. 
toruloides drastically enhanced lipid production on glu-
cose under Pi-limited condition in this study, only minor 
lipid titer increase was observed in low-nitrogen media 
[46]. These differences are a striking reminder that the 
performances of engineered strains are ultimately highly 
contingent on the culture conditions.

Although we tried our efforts to line up evidences and 
build mechanistic insights, it should be emphasized that 
much information embedded in these omic data sets 

remains to be deconvoluted and verified in the future. 
For example, the connections among Pi-limitation, 
autophagy, and lipid accumulation are an interesting 
topic for in-depth analysis. It is also worthwhile studying 
those transcription factors being up- and down-regulated 
under Pi-limitation. Nonetheless, we have already been 
guided to engineer R. toruloides strain over-expressing 
malic enzyme, and indeed, the engineered strain pro-
duced more lipids than the wild-type strain did under Pi-
limited conditions.

In summary, we have acquired multi-omic data to dem-
onstrate that Pi-limitation facilitates up-regulation of 
Pi-related metabolism, RNA degradation, and TAG bio-
synthesis, while down-regulation of ribosome biosynthe-
sis and TCA cycle, leading to enhanced carbon fluxes into 
lipids. This study greatly enriched our understanding on 
microbial oleaginicity, cellular responses to Pi-limitation, 
and their crosstalk. As products derived from the fatty 
acid biosynthetic pathway remain intensively pursued 
targets [2, 22, 23, 57] and genetic tools for R. toruloides 
are readily available [26, 42, 58, 59], we expect that the 
knowledge and data should help designing advanced cell 
factories for the production of various lipid derivatives.

Fig. 4 Global differences of cellular responses to Pi-limitation and nitrogen-limitation and lipid accumulation by R. toruloides. The red indicated 
activated process, up-regulated protein, or enriched metabolite, and the green indicated inhibited process, down-regulated protein, or lowered 
metabolite



Page 13 of 15Wang et al. Biotechnol Biofuels  (2018) 11:148 

Abbreviations
Acc: acetyl-CoA carboxylase; Acl: ATP-citrate lyase; Acs: acetyl-CoA synthase; 
AMP: adenosine monophosphate; CDK: cyclin-dependent kinase; DAG: diacyl-
glycerol; DCW: dry cell weight; DEGs: differentially expressed genes; DGK: dia-
cylglycerol kinase; FA: fatty acids; Fas: fatty acid synthetase; FDR: false discovery 
rate; GO: gene ontology; Hcd: 3-hydroxyacyl-CoA dehyrogenase; Idh: isocitrate 
dehydrogenase; iTRAQ: isobaric tags for relative and absolute quantitation; 
LD: lipid droplets; Me: malic enzyme; NMP: nucleotide monophosphates; 
OPLS-DA: orthogonal partial least-squares discriminant analysis; Pah: phos-
phatidate phosphatase; PCA: principal components analysis; Pdc: pyruvate 
decarboxylase; Pi: inorganic phosphate; PLS-DA: partial least-squares-discri-
minant analysis; polyP: polyphosphate; PP: pentose phosphate; Pyc: pyruvate 
carboxylase; RPKM: reads per kilo bases per million reads; TAG : triacylglycerols; 
TCA : tricarboxylic acid; TIC: total ion chromatogram.

Authors’ contributions
ZKZ, YW, and SZ conceived the project and designed the experiments. YW, 
HS, XL, and XJ performed the experiments. YW, ZZ, and SZ did bioinformatics 
analysis. YW and ZKZ wrote and revised the manuscript. All authors discussed 
the results and commented on the manuscript. All authors read and approved 
the final manuscript.

Author details
1 Division of Biotechnology, Dalian Institute of Chemical Physics, CAS, 457 
Zhongshan Road, Dalian 116023, People’s Republic of China. 2 Dalian National 
Laboratory for Clean Energy, Dalian Institute of Chemical Physics, CAS, 457 
Zhongshan Road, Dalian 116023, People’s Republic of China. 3 School of Food 
Science and Technology, Dalian Polytechnic University, Dalian 116034, People’s 
Republic of China. 4 Beijing Bio-Fly Bioscience Co. Ltd., Beijing 100080, People’s 
Republic of China. 

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The data sets used in this study are included in the published article and its 
additional information files. Raw data are available upon request and can 
also be accessed via the link: https ://www.ncbi.nlm.nih.gov/geo/query /acc.
cgi?acc=GSE11 3097.

Additional files

Additional file 1: Table S1. Primers used in this study.

Additional file 2: Table S2. Composition of total raw reads and statistical 
results of samples mapped to gene and genome.

Additional file 3: Table S3. Differentially expressed genes between “P0” 
and “F3”.

Additional file 4: Table S4. Differentially expressed proteins between “P0” 
and “F3”.

Additional file 5: Table S5. Model summaries for the discrimination 
between the Pi-replete and Pi-limited samples from LC-MS data for 
metabolomic analysis.

Additional file 6: Table S6. Metabolites detected in sample “P0” and “F3”.

Additional file 7: Figure S1. Comparative metabolomic analyses of 
R. toruloides samples prepared under Pi-limited (P0) and Pi-replete (F3) 
conditions. a Total ion chromatogram of quality control (QC) sample 
(positive). b Total ion chromatogram of QC sample (negative). c Changes 
of some cellular nucleoside derivatives and bases. Figure S2. Metabo-
lomic analysis of R. toruloides during phosphate-limitation. a Score plot 
of PCA in P0 vs F3 (positive). b Score plot of PLS-DA in P0 vs F3 (positive). 
c Sorting plot of PLS-DA in P0 vs F3 (positive). d Score plot of OPLS-DA in 
P0 vs F3 (positive). Figure S3. Metabolomic analysis of R. toruloides during 
phosphate-limitation. a Score plot of PCA in P0 vs F3 (negative). b Score 
plot of PLS-DA in P0 vs F3 (negative). c Sorting plot of PLS-DA in P0 vs F3 
(negative). d Score plot of OPLS-DA in P0 vs F3 (negative).

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Funding
This work was financially supported by the National Natural Science Founda-
tion of China (Grant Nos. 51761145014, 31370128, 21721004, and 21325627).

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Received: 19 February 2018   Accepted: 28 April 2018

References
 1. Ratledge C, Wynn JP. The biochemistry and molecular biology of lipid 

accumulation in oleaginous microorganisms. Adv Appl Microbiol. 
2002;51:1–51.

 2. Levering J, Broddrick J, Zengler K. Engineering of oleaginous organisms 
for lipid production. Curr Opin Biotechnol. 2015;36:32–9.

 3. Bellou S, Triantaphyllidou IE, Aggeli D, Elazzazy AM, Baeshen MN, Aggelis 
G. Microbial oils as food additives: recent approaches for improving 
microbial oil production and its polyunsaturated fatty acid content. Curr 
Opin Biotechnol. 2016;37:24–35.

 4. Jin M, Slininger PJ, Dien BS, Waghmode S, Moser BR, Orjuela A, Sousa Lda 
C, Balan V. Microbial lipid-based lignocellulosic biorefinery: feasibility and 
challenges. Trends Biotechnol. 2016;33:43–54.

 5. Zhu Z, Zhang S, Liu H, Shen H, Lin X, Yang F, Zhou YJ, Jin G, Ye M, Zou H, 
Zhao ZK. A multi-omic map of the lipid-producing yeast Rhodosporidium 
toruloides. Nat Commun. 2012;3:1112.

 6. Wu S, Hu C, Jin G, Zhao X, Zhao ZK. Phosphate-limitation mediated 
lipid production by Rhodosporidium toruloides. Bioresour Technol. 
2010;101:6124–9.

 7. Wu S, Zhao X, Shen H, Wang Q, Zhao ZK. Microbial lipid production by 
Rhodosporidium toruloides under sulfate-limited conditions. Bioresour 
Technol. 2011;102:1803–7.

 8. Granger L-M, Perlot P, Goma G, Pareilleux A. Effect of various nutrient limi-
tations on fatty acid production by Rhodotorula glutinis. Appl Microbiol 
Biotechnol. 1993;38:784–9.

 9. Nambou K, Zhao C, Wei L, Chen J, Imanaka T, Hua Q. Designing of a 
‘‘cheap to run’’ fermentation platform for an enhanced production of 
single cell oil from Yarrowia lipolytica DSM3286 as a potential feedstock 
for biodiesel. Bioresour Technol. 2014;173:324–33.

 10. Bao R, Wu X, Liu S, Xie T, Yu C, Lin X. Efficient conversion of fructose-based 
biomass into lipids with Trichosporon fermentans under phosphate-
limited conditions. Appl Biochem Biotechnol. 2018;184:113–23.

 11. Zhao X, Wu S, Hu C, Wang Q, Hua Y, Zhao ZK. Lipid production from 
Jerusalem artichoke by Rhodosporidium toruloides Y4. J Ind Microbiol 
Biotechnol. 2010;37:581–5.

 12. Maín JF. Phosphate control of the biosynthesis of antibiotics and other 
secondary metabolites is mediated by the PhoR-PhoP system: an unfin-
ished story. J Bacteriol. 2004;186:5197–201.

 13. Mouillon JM, Persson BL. New aspects on phosphate sensing and signal-
ing in Saccharomyces cerevisiae. FEMS Yeast Res. 2006;6:171–6.

 14. Tomar P, Sinha H. Conservation of PHO pathway in ascomycetes and the 
role of Pho84. J Biosci. 2014;39:525–36.

 15. Toh-e A, Ohkusu M, Li HM, Shimizu K, Takahashi-Nakaguchi A, Gonoi 
T, Kawamoto S, Kanesaki Y, Yoshikawa H, Nishizawa M. Identification of 
genes involved in the phosphate metabolism in Cryptococcus neofor-
mans. Fungal Genet Biol. 2015;80:19–30.

 16. Tai SL, Boer VM, Daran-Lapujade P, Walsh MC, de Winde JH, Daran JM, 
Pronk JT. Two-dimensional transcriptome analysis in chemostat cultures: 
combinatorial effects of oxygen availability and macronutrient limitation 
in Saccharomyces cerevisiae. J Biol Chem. 2005;280:437–47.

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113097
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE113097
https://doi.org/10.1186/s13068-018-1134-8
https://doi.org/10.1186/s13068-018-1134-8
https://doi.org/10.1186/s13068-018-1134-8
https://doi.org/10.1186/s13068-018-1134-8
https://doi.org/10.1186/s13068-018-1134-8
https://doi.org/10.1186/s13068-018-1134-8
https://doi.org/10.1186/s13068-018-1134-8


Page 14 of 15Wang et al. Biotechnol Biofuels  (2018) 11:148 

 17. Li Y, Zhao ZK, Bai F. High-density cultivation of oleaginous yeast Rho-
dosporidium toruloides Y4 in fed-batch culture. Enzyme Microb Technol. 
2007;41:312–7.

 18. Yaegashi J, Kirby J, Ito M, Sun J, Dutta T, Mirsiaghi M, Sundstrom ER, Rodri-
guez A, Baidoo E, Tanjore D, Pray T, Sale K, Singh S, Keasling JD, Simmons 
BA, Singer SW, Magnuson JK, Arkin AP, Skerker JM, John M, Gladden JM. 
Rhodosporidium toruloides: a new platform organism for conversion of 
lignocellulose into terpene biofuels and bioproducts. Biotechnol Biofuels. 
2017;10:241.

 19. Fei Q, O’Brien M, Nelson R, Chen X, Lowell A, Dowe N. Enhanced lipid 
production by Rhodosporidium toruloides using different fed-batch feed-
ing strategies with lignocellulosic hydrolysate as the sole carbon source. 
Biotechnol Biofuels. 2016;9:130.

 20. Park Y-K, Nicaud JM, Ledesma-Amaro R. The engineering potential of Rho-
dosporidium toruloides as a workhorse for biotechnological applications. 
Trends Biotechnol. 2018;36:304–17.

 21. Zhu Z, Ding Y, Gong Z, Yang L, Zhang S, Zhang C, Lin X, Shen H, Zou H, 
Xie Z, Yang F, Zhao X, Liu P, Zhao ZK. Dynamics of the lipid droplet pro-
teome of the oleaginous yeast Rhodosporidium toruloides. Eukaryot Cell. 
2015;14:252–64.

 22. Zhou YJ, Buijs NA, Zhu Z, Qin J, Siewers V, Nielsen J. Production of fatty 
acid-derived oleochemicals and biofuels by synthetic yeast cell factories. 
Nat Commun. 2016;7:11709.

 23. Fillet S, Ronchel C, Callejo C, Fajardo MJ, Moralejo H, Adrio JL. Engineer-
ing Rhodosporidium toruloides for the production of very long-chain 
monounsaturated fatty acid rich oils. Appl Microbiol Biotechnol. 
2017;101:7271–80.

 24. Lindgreen S. Adapter removal: easy cleaning of next-generation sequenc-
ing reads. BMC Res Notes. 2012;5:337.

 25. Kerpedjiev P, Frellsen J, Lindgreen S, Krogh A. Adaptable probabilistic 
mapping of short reads using position specific scoring matrices. BMC 
Bioinform. 2014;15:100.

 26. Koh CMJ, Liu Y, Du M, Ji L. Molecular characterization of KU70 and KU80 
homologues and exploitation of a KU70-deficient mutant for improving 
gene deletion frequency in Rhodosporidium toruloides. BMC Microbiol. 
2014;14:50.

 27. Li R, Yu C, Li Y, Lam TW, Yiu SM, Kristiansen K, Wang J. SOAP2: an improved 
ultrafast tool for short read alignment. Bioinformatics. 2009;25:1966–7.

 28. Moatazavi A, Williams BA, McCue K, Schaeffer L, Wold B. Mapping and 
quantifying mammalian transcriptomes by RNA-Seq. Nat Methods. 
2008;5:621–8.

 29. Benjamini Y, Drai D, Elmer G, Kafkafi N, Golani I. Controlling the 
false discovery rate in behavior genetics research. Behav Brain Res. 
2001;125:279–84.

 30. Ashburner M, Ball CA, Blake JA, Botstein D, Butler H, Cherry JM, Davis 
AP, Dolinski K, Dwight SS, Eppig JT, Harris MA, Hill DP, Issel-Tarver L, 
Kasarskis A, Lewis S, Matese JC, Richardson JE, Ringwald M, Rubin GM, 
Sherlock G. Gene ontology: tool for the unification of biology. Nat Genet. 
2000;25:25–9.

 31. Zhou X, Su Z. EasyGO: gene ontology-based annotation and functional 
enrichment analysis tool for agronomical species. BMC Genomics. 
2007;8:246.

 32. Ye J, Fang L, Zheng H, Zhang Y, Chen J, Zhang Z, Wang J, Li S, Li R, Bolund 
L, Wang J. WEGO: a web tool for plotting GO annotations. Nucleic Acids 
Res. 2006;34:W293–7.

 33. Kanehisa M, Araki M, Goto S, Hattori M, Hirakawa M, Itoh M, Katayama 
T, Kawashima S, Okuda S, Tokimatsu T, Yamanishim Y. KEGG for linking 
genomes to life and the environment. Nucleic Acids Res. 2008;36:D480–4.

 34. Wang W, Vignani R, Scali M, Sensi E, Tiberi P, Cresti M. Removal of lipid 
contaminants by organic solvents from oilseed protein extract prior to 
electrophoresis. Anal Biochem. 2004;329:139–41.

 35. Bradford M. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. 
Anal Biochem. 1976;72:248–54.

 36. Ghosh D, Li Z, Tan X, Lim TK, Mao Y, Lin Q. iTRAQ based quantitative 
proteomics approach validated the role of calcyclin binding protein 
(CacyBP) in promoting colorectal cancer metastasis. Mol Cell Proteomics. 
2013;12:1865–80.

 37. Tokuoka M, Sawamura N, Kobayashi K, Mizuno A. Simple metabolite 
extraction method for metabolic profiling of the solid-state fermentation 
of Aspergillus oryzae. J Biosci Bioeng. 2010;110:665–9.

 38. Kim N, Ryu SM, Lee D, Lee JW, Seo EK, Lee JH, Lee D. A metabolomic 
approach to determine the geographical origins of Anemarrhena aspho-
deloides by using UPLC–QTOF MS. J Pharm Biomed. 2014;92:47–52.

 39. Lee C, Kim J, Shin SG, Hwang S. Absolute and relative QPCR quan-
tification of plasmid copy number in Escherichia coli. J Biotechnol. 
2006;123:273–80.

 40. Yang F, Tan H, Zhou Y, Lin X, Zhang S. High-quality RNA preparation from 
Rhodosporidium toruloides and cDNA library construction therewith. Mol 
Biotechnol. 2011;47:144–51.

 41. Yang F, Zhang S, Zhou YJ, Zhu Z, Lin X, Zhao ZK. Characterization of 
the mitochondrial  NAD+-dependent isocitrate dehydrogenase of the 
oleaginous yeast Rhodosporidium toruloides. Appl Microbiol Biotechnol. 
2012;94:1095–105.

 42. Lin X, Wang Y, Zhang S, Zhu Z, Zhou YJ, Yang F, Sun W, Wang X, Zhao ZK. 
Functional integration of multiple genes into the genome of the oleagi-
nous yeast Rhodosporidium toruloides. FEMS Yeast Res. 2014;14:547–55.

 43. Ma S, Wang Y, Jiao X, Zhang S, Zhao ZK. Phosphate starvation depressed 
expression vector for engineering oleaginous yeast Rhodosporidium 
toruloides. Acta Microbiol Sin. 2015;55:1505–11.

 44. Lecoq K, Belloc I, Desgranges C, Konrad M, Daignan-Fornier B. YLR209c 
encodes Saccharomyces cerevisiae purine nucleoside phosphorylase. J 
Bacteriol. 2001;183:4910–3.

 45. Zhang S, Skerker JM, Rutter CD, Maurer MJ, Arkin AP, Rao CV. Engineer-
ing Rhodosporidium toruloides for increased lipid production. Biotechnol 
Bioeng. 2016;113:1056–66.

 46. Zhang S, Ito M, Skerker JM, Arkin AP, Rao CV. Metabolic engineering of 
the oleaginous yeast Rhodosporidium toruloides IFO0880 for lipid over-
production during high-density fermentation. Appl Microbiol Biotechnol. 
2016;100:9393–405.

 47. Secco D, Wang C, Shou H, Whelan J. Phosphate homeostasis in the yeast 
Saccharomyces cerevisiae, the key role of the SPX domain-containing 
proteins. FEBS Lett. 2012;586:289–95.

 48. Kamlesh KY, Neelima S, Ram R. Responses to phosphate deprivation in 
yeast cells. Curr Genet. 2016;62:301–7.

 49. Warner JR. The economics of ribosome biosynthesis in yeast. Trends 
Biochem Sci. 1999;24:437–40.

 50. Pomraning KR, Kim Y-M, Nicora CD, Chu RK, Bredeweg EL, Purvine SO, 
Hu D, Metz TO, Baker SE. Multi-omics analysis reveals regulators of the 
response to nitrogen limitation in Yarrowia lipolytica. BMC Genomics. 
2016;17:138.

 51. Romano S, Schulz-Vogt HN, González JM, Bondarev V. Phosphate 
limitation induces drastic physiological changes, virulence-related gene 
expression, and secondary metabolite production in Pseudovibrio sp. 
strain FO-BEG1. Appl Environ Microbiol. 2015;81:3518–28.

 52. Woo HM, Noack S, Seibold GM, Willbold S, Eikmanns BJ, Bott M. Link 
between phosphate starvation and glycogen metabolism in Corynebac-
terium glutamicum, revealed by metabolomics. Appl Environ Microbiol. 
2010;76:6910–9.

 53. Gutteridge A, Pir P, Castrillo JI, Charles PD, Lilley KS, Oliver SG. Nutrient 
control of eukaryote cell growth: a systems biology study in yeast. BMC 
Biol. 2010;8:68.

 54. Evans CT, Ratledge C. The role of  NAD+: isocitrate dehydrogenase in lipid 
accumulation by the oleaginous yeast Rhodosporidium toruloides CBS 14. 
Can J Microbiol. 1985;31:845–50.

 55. Lin AP, McAlister-Henn L. Homologous binding sites in yeast isocitrate 
dehydrogenase for cofactor  (NAD+) and allosteric activator (AMP). J Biol 
Chem. 2003;278:12864–72.

 56. Bommareddy RR, Sabra W, Maheshwari G, Zeng A-P. Metabolic network 
analysis and experimental study of lipid production in Rhodosporidium 
toruloides grown on single and mixed substrates. Microb Cell Fact. 
2015;14:36.

 57. Wang Y, Zhang S, Pötter M, Sun W, Li L, Yang X, Jiao X, Zhao ZK. 
Overexpression of Δ12-fatty acid desaturase in the oleaginous yeast 
Rhodosporidium toruloides for production of linoleic acid-rich lipids. Appl 
Biochem Biotechnol. 2016;180:1497–507.



Page 15 of 15Wang et al. Biotechnol Biofuels  (2018) 11:148 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 58. Liu Y, Koh CM, Sun L, Hlaing MM, Du M, Peng N, Ji L. Characterization 
of glyceraldehyde-3-phosphate dehydrogenase gene RtGPD1 and 
development of genetic transformation method by dominant selection 
in oleaginous yeast Rhodosporidium toruloides. Appl Microbiol Biotechnol. 
2013;94:719–29.

 59. Liu H, Jiao X, Wang Y, Yang X, Sun W, Wang J, Zhang S, Zhao ZK. Fast and 
efficient genetic transformation of oleaginous yeast Rhodosporidium 
toruloides by using electroporation. FEMS Yeast Res. 2017;17:fox017.


	Systems analysis of phosphate-limitation-induced lipid accumulation by the oleaginous yeast Rhodosporidium toruloides
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Methods
	Strain, media, and chemostat cultivations
	Total sugar content and lipid content
	RNA sampling and isolation
	Library preparation and sequencing
	Mapping reads to the reference genome
	Gene expression analysis
	Gene ontology and pathway enrichment analysis
	Protein extraction, digestion, and labeling with iTRAQ reagents
	Data analysis and interpretation of protein identification
	Metabolomic analysis procedure
	Metabolomic data analysis and interpretation
	Real-time quantitative PCR analysis
	Partial purification of recombinant NAD-dependent IDH
	Over-expressing ME1 in R. toruloides AS 2.1389
	Lipid production experiment

	Results
	Lipid production under Pi-replete and Pi-limited chemostat conditions
	RNA-seq and digital gene expression analysis
	Comparative proteomic analysis
	Metabolomic analysis

	Discussion and conclusions
	Authors’ contributions
	References




