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Background: It is known that autophagy is essential for cell survival under
stress conditions. Inorganic phosphate (Pi) is an essential nutrient for cell
growth and Pi-limitation can trigger autophagy and lipid accumulation in
oleaginous yeasts, yet protein (de)-phosphorylation and related signaling
events in response to Pi limitation and the molecular basis linking Pi-limitation
to autophagy and lipid accumulation remain elusive.

Results: Here, we compared the proteome and phosphoproteome of
Rhodotorula toruloides CGMCC 2.1389 under Pi-limitation and Pi-repletion.
In total, proteome analysis identified 3,556 proteins and the phosphoproteome
analysis identified 1,649 phosphoproteins contained 5,659 phosphosites
including 4,499 pSer, 978 pThr, and 182 pTyr. We found Pi-starvation-induced
autophagy was regulated by autophagy-related proteins, but not the PHO
pathway. When ATGYS was knocked down, the engineered strains produced
significantly less lipids under Pi-limitation, suggesting that autophagy required
Atg9 in R. toruloides and that was conducive to lipid accumulation.

Conclusion: Our results provide new insights into autophagy regulation
under Pi-limitation and lipid accumulation in oleaginous yeast, which should
be valuable to guide further mechanistic study of oleaginicity and genetic
engineering for advanced lipid producing cell factory.
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Introduction

The red yeast Rhodotorula toruloides is a basidiomycetous
yeast that has been explored for the production of lipids,
oleochemicals and related products (Hu et al., 2009; Xu et al,,
2012; Huang et al., 2013; Wen et al., 2020). While lipid production
by oleaginous yeasts occurs often under nitrogen limitation,
phosphate (Pi) limitation has also been demonstrated effective to
promote lipid accumulation (Wu et al., 2010; Wang et al., 2018).
Since phosphorus is an essential element, R. toruloides cells must
acquire phosphorus from the external environment during
proliferation under Pi-limitation. One of the key cellular responses
to nutrient depletion is the upregulation of autophagy.

Autophagy is an important cellular process that enables the
delivery of cytoplasmic contents and organelles to the vacuole or
lysosome for recycling or degradation (Levine and Klionsky, 2004;
Nakatogawa et al., 2009); it can be induced by depletion of various
nutrients such as nitrogen, amino acids, carbon, sulfur, zinc, and Pi
in yeasts (Takeshige et al., 1992; Kamada et al., 2000; Kawamata
et al., 2017; Yokota et al., 2017). The TORCI signaling pathway
senses nutrients and negatively regulates autophagy. In budding
yeast, when nutrients are deficient, the target of rapamycin complex
1 (TORCI1) activity is inhibited. The conserved TOR complex is
present in R. toruloides and nitrogen limitation inactivates TORC1;
inhibits ribosome biogenesis and activates autophagy (Zhu et al.,
2012). Pi-starvation-induced autophagy (PSiA) is nonselective
autophagy. Interestingly, Atgll, an adaptor protein for selective
autophagy, proved to achieve bulk autophagy in Pi starvation
conditions in Saccharomyces cerevisiae (Yokota et al, 2017).
However, the regulation of autophagy under Pi limitation has not
been studied in oleaginous yeast R. toruloides. Previously, a number
of post-translational modifications (PTM) on various Atg proteins
have been studied and showed to be crucial in regulating autophagy
activity. Moreover, protein phosphorylation is the best-characterized
PTM on Atg proteins (Cherra et al., 2010; Yi et al., 2012; Papinski
and Kraft, 2014). In eukaryotes, phosphorylation occurs more
frequently on serine (Ser) and threonine (Thr) than tyrosine (Tyr;
Yuan et al,, 2016). Nitrogen starvation enables a dephosphorylated
Atgl3 to interact with Atgl to form an active autophagy initiation
complex. However, Pi starvation caused Atgl3 dephosphorylation
with slower kinetics than nitrogen starvation, and induced poor
autophagic activity (Yokota et al.,, 2017). Furthermore, the multiple
spanning integral membrane protein Atg9 phosphorylation is

Abbreviations: AA, amino acids; AKT, serine/threonine kinase; ATG, autophagy
related; ATMT, Agrobacterium-mediated transformation; CDK, cyclin-
dependent kinase; CID, collision induced dissociation; DCW, dry cell weight;
DTT, dithiothreitol; FDRs, false discovery rates; IMAC, immobilized metal ion
affinity chromatography; PHO, phosphate responsive signaling; PSiA, Pi
starvation-induced autophagy; RP-SCX-RP, phase-strong cation exchange-
reversed phase; RT-PCR, Reverse transcription-polymerase chain reaction;
SCX, strong cation exchange; TORC, target of rapamycin complex; WT,
wild type.
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required for the efficient recruitment of Atg8 and Atgl8 to the site
of autophagosome formation (Papinski et al., 2014); making it an
essential component of the autophagic molecular machinery.

Currently, the phosphorylation targets and signaling mechanism
for autophagy under Pi limitation remains not well understood.
Because phosphorylated proteins, by nature, are reversible and
ubiquitous, readily converted from one form to the other. In a typical
large-scale phosphorylation analysis, a preliminary enrichment step
of phosphopeptides is essential to reduce sample complexity and
increase their relative concentration. A wide variety of
phosphopeptide enrichment strategies have been proposed, including
chemical approaches using f-elimination or phosphoramidate
chemistry (Oda et al,, 2001; Zhou et al,, 2001; Tao et al., 2005), peptide
immunoprecipitation with phospho-specific motif antibodies (Rush
etal., 2005), affinity purification through metal complexation with the
Pi group [immobilized metal ion affinity chromatography (IMAC;
Ficarro et al., 2002)], acid base interaction with TiO, (Larsen et al.,
2005), solution-charge-based enrichment by strong cation exchange
(SCX) chromatography (Beausoleil et al., 2004), and combinations of
these (Gruhler et al., 2005; Zhang et al., 2005).

The aim of this study was to gain insight into the regulation of
autophagy in R. foruloides in response to Pi limitation. In addition,
although there are many studies on protein phosphorylation, little
is known about the phosphorylation of proteins under Pi
limitation. In this work, we compared and analyzed the proteome
and phosphoproteome of R. toruloides strains under Pi limitation
and Pi replete condition.

Materials and methods

Overview of the experimental and analytical strategy is shown
in Figure 1.

Chemostat cultivations: Strains and
media

The red yeast R. toruloides CGMCC 2.1389 (China General
Microbiological Culture Collection Center) was grown in 3-1
stirred tank reactor (Baoxing Bio-Engineering Equipment,
Shanghai, China) with a constant working volume of 2.0 liter. The
bioreactor was equipped with a 405-DPAS-SC-K8S/225 pH
electrode and an InPro 6,800 O, sensor (Mettler Toledo).

The seed medium contained (gl™): glucose-H,O 30, (NH,),SO,
5.0, Na,HPO, 1.0, KH,PO, 1.0, and MgSO, 1.5, pH 6.0. The Pi-limited
(PL) lipid production medium contained (gl™): glucose-H,O 30,
(NH,),SO, 5.0, Na,SO, 0.94, Na,HPO, 0.06, K,SO, 0.64, and MgSO,
1.5, pH 6.0 with a C/P molar ratio of 2,164 and the Pi-replete (PR)
medium (gl™): glucose-H,O 30, (NH,),SO, 5.0, Na,HPO, 1.0,
KH,PO, 1.0, and MgSO, 1.5, pH 6.0 with a C/P molar ratio of 63.
After being sterilized at 121°C for 15min, the medium was
supplemented with a 100-fold diluted trace element solution (Li et al.,
2007). The trace element solution contained per liter: CaCl,-2H,0
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FIGURE 1
Overview of the experimental and analytical strategy.

4.0g, FeSO,7H,0 0.55g, ZnSO,7H,0 0.10g, MnSO,H,O 0.076g,
and 100 pL of 18 M H,SO,, and was sterilized at 121°C for 15min.

The seed culture was done at 30°C in 250-mL Erlenmeyer
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 500rpm and a dissolved oxygen above 85% of air
saturation. The airflow was 1001h™". The dilution rate was 0.085h™"
and 0.3h™" for the culture feeding with the PL medium and the PR
medium, and the sample was designated as PO (PL condition) and
F3 (PR condition), respectively. Steady-state samples were taken
after five volume changes.

Quantitative proteomics and
phosphoproteomics enabled By
stable-isotopic dimethyl labeling

For cell lysis, cultured yeast cells were thoroughly ground
in a mortar in the presence of liquid nitrogen. The homogenate
was suspended in 1 x TEAB (Triethylammonium bicarbonate,
Sigma-Aldrich, 100 mM, pH 7.4) buffer supplemented with 8 M
Urea, 65mM dithiothreitol (DTT), 1mM EDTA, 0.5mM
EGTA, phosphatase inhibitor (1 mM NaF and 1 mM Na,VO,),
1% Triton X-100 (v/v) and 2% protease inhibitor cocktail (v/v,
Sigma-Aldrich, United States) and then sonicated in ice bath
at 400 W for 120s. If the extracted protein was not used for
phosphoproteome analysis, there was no need to add the
phosphatase inhibitor into the lysis buffer. For proteomic
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analysis, the protein sample was obtained by methanol-
chloroform treatment. Briefly, the cell lysate was centrifuged at
25,000 g at 4°C for 30 min. One volume of the supernatant was
mixed with four volumes of methanol and vortexed for 30s;
then mixed with one volume of chloroform and vortexed for
another 30, and last mixed with three volumes of water and
vortexed for 30s. The mixture was centrifuged at 14,000 g for
3 min at room temperature, and the upper aqueous phase was
discarded while keeping the white precipitate (the protein
precipitate is between the two layers). Another four volumes of
methanol were added, and vortexed for 30s followed by
centrifugation at 14,000 g for 3min. The supernatant was
removed as much as possible without disturbing the protein
pellets. Finally, the protein pellets were obtained for
bottom-up proteomics.

The obtained proteins were dissolved in 8 M Urea, 100 mM
TEAB buffer (pH 8.2), and the concentration were determined by
Bradford reagent assay kit (Beyotime Biotechnology Corporatio4n,
Shanghai, China). For protein digestion, the sample was reduced
with 20mM DTT at 37°C for 2h and alkylated with 40 mM TAA
for 40 min, respectively. The solution was diluted to 1 M urea using
100 mM TEAB buffer (pH 8.2) and incubated with trypsin at the
ratio of trypsin-to-protein of 1/25 (w/w) at 37°C overnight. All the
resulting peptides were stored at —80°C.

For quantitative proteomics enabled by stable-isotopic
dimethyl labeling, the PO and F3 samples were labeled with
intermediate and heavy dimethyl isotope labels, respectively.
Firstly, 500 uL of CD,0 (4%, V/V) and PCD,0 (4%, V/V) were
added into the PO and F3 samples, respectively, and then 500 pL
of freshly prepared NaBH;CN (0.6 M) and NaBD;CN (0.6 M)
were added subsequently to both samples. The resultant mixtures
was incubated for 1h at room temperature followed by the
addition of 20 uL of 25% ammonia (v/v) and stand for 15 min.
50 pL of FA was added to react with the excess labeling reagents
to terminate the reaction. Finally, the two labeled samples were
mixed in the ratio of 1:1 (w/w) based on the total peptide
amount. The labeling peptide mixtures were desalted on an
OASIS HLB column, lyophilized and stored at —80°C for
further analysis.

Phosphopeptides enrichment by Ti (IV)-
immobilized metal ion affinity
chromatography beads

The labeled peptides were enriched by Ti (IV)-IMAC
microspheres without any desalting step. Briefly, the peptide
solution was incubated with Ti (IV)-IMAC beads at the ratio of
1:10 (w/w) in the loading buffer (80% ACN, 6% TFA), and then
the beads were washed by washing buffer 1 (50% ACN, 6% TFA,
200mM NaCl) and washing buffer 2 (30% ACN, 0.1% TFA),
respectively to remove the non-specifically bound peptides (Zhou
et al., 2013). The bound phosphopeptides was finally eluted by
10% ammonia-water (v/v) and dried down in a Speed-Vac.
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Online reversed phase-strong cation
exchange-reversed phase
multidimensional separation and mass
spectrometry analysis

Lyophilized peptides and phosphopeptides were
redissolved in 0.1% FA/H,O for online RP-SCX-RP LC-MS/
MS analysis. It was performed on LTQ Orbitrap Velos (Thermo
Fisher Scientific, San Jose, CA, United States), with an Accela
600 HPLC system for separation (Thermo Fisher Scientific, San
Jose, CA, United States). The automatic sample injection and
multidimensional separation system included a RP-SCX
biphasic column and a RP separation column (Li et al., 2009).
The SCX segment of the biphasic column was a monolithic
column (200pM i.d.) as a plug and the RP segment was a
capillary column packed with C;; AQ beads (5uM, 120 A).
Also, the separation column was a 75 uM i.d. capillary column
in-house packed with C,3 AQ beads (3 uM, 120 A). Flow rate of
the LC-MS/MS system was adjusted to about 200 nl/min. The
peptides or phosphopeptides were firstly loaded onto the RP
segment of the biphasic column in order to reduce the sample
loss, and then were transferred into the SCX segment under a
RP gradient (0 mM NH,Ac). A series of stepwise increasing salt
concentrations were used to elute the peptides to second
dimensional RP separation column. Mobile phase 0.1% FA
aqueous solution (buffer A) and 0.1% FA acetonitrile solution
(buffer B) were used for RPLC separation. 1,000 mM NH,Ac
(buffer C, pH 2.7) and 100 mM NH,Ac (buffer D, pH 2.7) were
applied to form the salt concentration.

For proteomics analysis, the salt concentrations were
0mM, 50 mM, 100 mM, 200 mM, 300 mM, 400 mM, 500 mM,
and 1,000 mM NH,AC. The RP gradient elution was performed
as follows: 2-5% B for 2 min; 5-35% B for 150 min; 35-90% B
for 3min; 90% B for 10min and finally equilibration with
mobile phase A for 20 min. For phosphoproteomics analysis,
because of the hydrophilic ability of the phosphopeptides, the
salt concentrations were 0 mM, 10 mM, 20 mM, 30 mM, 50 mM,
75mM, 100 mM, 200 mM, and 1, 000mM NH,Ac. The RP
gradient was performed with a gradient of 0-2% B in 2 min;
2-25% B in 90 min; 25-35% B in 5min; 35-80% B in 3 min;
80% B in 10 min and 100% A in 20 min. Each salt fraction
lasted 10 min followed by a 15min equilibrium with buffer
A. For biological replicates, all the procedures were the same
as describe above.

The mass spectrometer was operated in data-dependent
MS/MS acquisition mode. The parameters were set as: ion
spray voltage, 2.2KkV; ion transfer capillary, 250°C; full mass
scan, 400-2000 m/z; resolution, 60,000 at m/z 400; the 20 most
intense precursors were selected to fragmentation via collision
induced dissociation (CID) at a minimum signal intensity 300;
and the multistage activation was enabled for phosphopeptides
analysis. The dynamic exclusion function was set as follows:
repeat count 1; duration 30s; exclusion list size 500; exclusion
duration 90s.
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Quantification by MaxQuant

All the RAW files were searched by software MaxQuant
version 1.3' against a NCBI yeast protein database, which has
10,957 sequences and was downloaded from website.” For
phosphopeptides database searching, oxidation on methionine
(+15.9949 Da), phosphorylation on serine, threonine and tyrosine
(+79.96633 Da) were set as variable modification, while for total
protein analysis, only oxidation (M) was set as variable
modification. Carbamidomethylation on cysteine (+57.0215Da)
was set as fixed modification for both analyses. Triplets were
selected as quantification mode and the dimethyl Lys 0, 4, 8, and
dimethyl N-termini 0, 4, 8 were set as light, intermediate and
heavy labels, respectively. Mass tolerance for precursor ion was
10 ppm and 0.5 Da for fragment ion. Specific trypsin (KR/P) was
set as the enzyme and up to two missed cleavage sites were
allowed. The false discovery rates (FDRs) for both peptide and
protein identifications were set to 0.01. All the other parameters
in MaxQuant used Default settings.

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 further analysis. Clean
reads were mapped to R. foruloides NP11 reference gene sequences
(Zhu et al,, 2012) and to R. toruloides reference genome sequences
set using SOAP aligner/SOAP2 (Li et al., 2009). No more than two
mismatches were allowed in the alignment.

Atg9-RNAi: Strains, plasmids and media

Strains and plasmids used in this study are summarized in
Table 1. The RNAI strains such as Atg9-RNAi-1, 2 and 3 were
obtained from the NP1l by delivered the RNAi vector
(Supplementary Figure S1). Escherichia coli DH5a was routinely
used for gene cloning and manipulation. The plasmid pZPK-Ppg-
HYG-Tyos-Papp-Atg9-1-sen-Atg9-1-anti-Tygp and pZPK-Ppgk-
HYG-Tyos-Papp-Atg9-2-sen-Atg9-2-anti-Tysp were constructed
and stored in our laboratory, with the first and second exon of
Atg9 from the genome DNA of NP11.

To construct the RNAi vector, two reverse complement
fragments of the target sequence was amplificated, respectively. To
clone the forward and reverse segments of the first exon of Atg9
gene, we used the primer RtAtg9-1-sen-F, RtAtg9-1-sen-R-Ncol
and RtAtg9-1-anti-F, RtAtg9-1-anti-R-Ncol summarized in
Supplementary Table S1 in PCR amplification, respectively. The
product of the primer pair RtAtg9-1-sen-F, RtAtg9-1-sen-R-Ncol
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TABLE 1 Strains and plasmids used in this study.

10.3389/fmicb.2022.1046114

Strain or plasmid Relevant characteristics Source
Strains
Rhodotorula toruloides NP11 MAT A, haploid strain This lab
Rhodotorula toruloides CGMCC 2.1389 Diploid strain CGMCC
Agrobacterium tumefaciens AGL1 AGLO recA::bla pTiBo542/\T Mop* CbR Lazo et al. (1991)
AGLI-HYG-pGPD -MCS$ AGL1/pZPK-Pp-HYG-Tyo5-Pepn-MCS-Tisp This lab
Escherichia coli DH5« F~, 80dlacZAMI5, A(lacZYA-argF)U169, deoR, recAl, endAl, hsdR17(rK-, TaKaRa
mK"), phoA, supE44, A, thi-1, gyrA96, relAl
Rhodotorula toruloides Atg9-RNAi-1 NP11/ pZPK-Ppr-HYG-Tyos-Pgep-Atg9-1-sen-Atg9-1-anti -Tygp This study
Rhodotorula toruloides Atg9-RNAi-2 NP11/ pZPK-Ppe-HYG-Tyos-Pepp-Atg9-2-sen-Atg9-2-anti - Tysp This study
Rhodotorula toruloides Atg9-RNAi-3 NP11/ pZPK-Ppox-HYG-Tyos-Pgep-Atg9-1-sen-Atg9-1-anti -Tygp This study
Plasmids
PZPK-Pyi-HYG-Tyos-Pipp-MCS-Thsp Kan® This study
PZPK-Ppe-HYG-Txos-Pepp-Atg9-1-sen-Atg9-1-anti-Tygp Kan® This study
PZPK-Ppex-HYG-Txos-Pepp-Atg9-2-sen-Atg9-2-anti-Tygp Kan® This study

contain the first intron as the loop of the RNAi fragment. Then
we cut the end with Ncol (Takara, Dalian, China) and then used
the DNA Ligation Kit Ver.2.1 (Takara, Dalian, China) to connect
two fragments. We made the connected fragment and the plasmid
PZPK-Ppek-HYG-Tyos-Peppo-MCS-Tysp enzyme-cut with EcoRV
and Spel and link up as a new vector named pZPK-Pys-HYG-
Tros-Pepp-Atg9-1-sen-Atg9-1-anti-Tyse  As  the  process
we construct the vector pZPK-Ppcx-HYG-Tyos-Pgpp-Atg9-2-sen-
Atg9-2-anti-Tygp with the primer RtAtg9-2-sen-F, RtAtg9-2-sen-
R-Ncol and RtAtg9-2-anti-F, RtAtg9-2-anti-R-Ncol and the RNAi
target is the second exon of Atg9 gene. The constructed vector
transformed into E. coli DH5a for gene cloning.

The two RNAI vector were digested by Spel and EcoRV
together for identification. The DNA fragments were run on 1.0%
agarose gel with GoldView (Dingguo, Beijing, China) in 0.5 x TBE
buffer. The recombinant plasmid was cut out of a fragment of
1.6kb with Spel and EcoRV (Supplementary Figure S1), which
equaled double sizes of the first exon of Atg9 gene plus one intron
as the loop. According to the electrophoresis map, we got three
correct plasmids. We transformed the vector into the
Agrobacterium tumefaciens AGL1 by electrotransformation.
Finally, we got three RNAi engineered strains by Agrobacterium-
mediated transformation (ATMT; Lin et al., 2014). Yeast strains
were grown in PL and PR medium supplemented with trace
element solution as described at the second part of chemostat
cultivations: strains and media.

RT-PCR

As the RNA extraction process, we got the RNA of the RNAi
strains and wild type (WT) NP11. RT-PCR was employed to
validate the decrease or disappear of Atg9 mRNA with
PrimeScript™ II High Fidelity RT-PCR Kit (Takara, Dalian,
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China). The products of RT-PCR was run on 1.0% agarose gel in
0.5 x TBE buffer. The test primers in RT-PCR were the same in the
process of vector construction.

Live-cell fluorescence microscopy

Yeast cells cultured in PL and PR culture medium were stained
with LysoTracker dye (Invitrogen, CA, United States). The loading
pieces of RNAi and WT strains after staining were observed
through fluorescent microscope. Images were captured using
NIS Elements.

Total sugar content and lipid content

Glucose was measured using an SBA-40D glucose analyzer
(Shandong Academy of Sciences, Jinan, China). Cells from 30 mL
cultures broth were harvested by centrifugation at 8,000g for
5min and washed twice with distilled water.

To obtain dry cell weight (DCW) and lipid content, methods
reported before were implemented (Li et al., 2007). Lipid content
was expressed as gram lipid per gram DCW. Lipid yield was
calculated as gram lipid produced per gram sugar consumed.

Results
Chemostat cultures

To study the influence of Pi limitation stress on R. foruloides,
we grew chemostat cultures of R. foruloides using minimal medium

with 27 gI™! glucose but different Pi loadings to ensure initial carbon-
to-phosphorus (C/P) molar ratio of 63 and 2,164, and samples were
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coded as F3 and PO, respectively. After chemostat cultures, cells
accumulated lipids to 7.3% and the residual Pi concentration was
7.35mM in F3. In PO, the cellular lipid content was 43.9% and the
residual Pi concentration was under the detection limit. These results
were reported by our lab and clearly indicated that Pi limitation
significantly promoted lipid accumulation (Wang et al., 2018).

Quantitative proteome and
phosphoproteome analysis

To describe the molecular changes underlying the observed
phenotype, an in-depth quantitative profile of R. toruloides
phosphoproteomics was performed. As it is important to increase the
number of quantified peptides for improved protein quantification
coverage and accuracy, we fractionated each sample into 8
(proteomics) or 9 fractions (phosphoproteomics) by on-line 2D
SCX-RP system for MS analysis, which reduced the complexity of
each fraction while maintained a global peptide screen. While for
phosphoproteomics profiling, multiple technical or biological
replicate analyses were often adopted to control the quantification
accuracy, as a phosphorylation site was quantified by a single
phosphopeptide. Therefore, biological triplicates were conducted for
proteomics and phosphoproteomics analysis.

It is crucial for quantification analysis to guarantee a high-
quality profile. Only the proteins and phosphorylation sites
quantified in at least two biological replicates were counted. The
results were further filtered by the coefficient of variation (CV) of
the biological replicates less than 50%. As for phosphoproteomics
analysis, the high quality of phosphorylation sites were also satisfied
with the criteria of phosphorylation site localization probability
>0.75 (class I phosphorylation sites) and phosphorylation site score
difference>5. A total of 3,556 proteins were identified and 460
proteins were found up-regulated in PO sample and 782 were found
down-regulated (relative expression >1.2 or <0.8) when a threshold
of 1.2-fold up or down were considered to show a significant
expression change. In addition, a total of 4,280 phosphopeptides
and 5,659 phosphosites belonging to 1,649 phosphoproteins, were
identified  through  analysing the  phosphoproteome
(Supplementary Tables S2-54). A threshold of 1.2-fold up or down
in phosphoproteomics analysis were selected, 890 and 708
phosphosites were found up-regulated and down-regulated in PO
sample, respectively (apart from the changes of proteins themselves.

Phosphorylation motif discovery

The distribution of 7 amino acids (AA) surrounding the 5,659
phosphosites were shown, and the sequence logo was created by
WebLogo online software® for Ser, Thr, and Tyr, respectively
(Supplementary Figure S2). Given that protein phosphorylation
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appears to be an important feature of the proteotype, motifs associated
with localized phosphorylation sites were identified using Motif-X*
(Schwartz and Gygi, 2005). To do this, 4,499 pSer, 978 pThr, and 182
pTyr were all aligned, and their lengths were also adjusted to 7 AA
from the central position. Supplementary Table S5 lists the motifs
generated containing a minimum of 50 pSer, 20 pThr and 3 pTyr
occurrences. In total, 29 phosphoserine motifs, 18 phosphothreonine
motifs, and none phosphotyrosine motif were identified. The
phosphoserine motifs could be grouped into three major classes:
Pro-directed, basic, and acidic. Meantime, we did not discovery basic
motif in phosphothreonine motifs (Figure 2). Interestingly, the
phosphoserine motifs were consistent between the samples under Pi
limitation and Pi repletion.

Certain motifs are commonly associated with specific kinases
(Peri et al, 2004) and were prevalent in our data set
(Supplementary Table S5). Proline-directed motifs (sP and tP)
were recognized by cyclin-dependent kinase 5 (Cdk5; Pinna and
Ruzzene, 1996). Besides, PxtP recognized by MAP kinase was well
represented in our data, with substrates including MAPK2 and
several Rsk family members (Ballif et al., 2005). Basophilic kinase
motifs such as Rxxs (PKA) were identified (Huang et al., 2007). In
addition, several acidic casein kinase IT (CK2) motifs (e.g., SDXE,
sDxD, and tD) were identified in our data set.

Intracellular regulators associated with
autophagy analysis

Intracellular Pi levels are maintained by the Pi responsive
signaling (PHO) pathway that modulates expressions of
Pi-responsive genes. In the metabolism of phosphorus, Pho85
(RHTO_01208), is best known for its pivotal role in the PHO
pathway, a signaling pathway that coordinates the responses of
yeast to Pi-starvation (Carroll and O’Shea, 2002). Autophagy is an
important aspect of cells survival strategy against stressful
conditions, and it would be activated under Pi-limitation.

Pho85 negatively regulates starvation-induced autophagy
antagonistically with a positive regulator of autophagy, Snfl, the
closest yeast homolog of the mammalian AMP-activated protein
kinase (AMPK; Wang et al., 2001). The cyclins Pho80 and Pcl5, in
concert with Pho85, negatively regulate autophagy through
downregulating the protein kinase Rim15 and the transcription
factors Pho4 and Gen4. When complexed with the cyclins Clgl
and Pho80, Pho85 positively regulates autophagy through
promoting the degradation of Sicl, a negative regulator of
autophagy that targets Rim15 (Yang et al., 2010). In addition, the
rapamycin-sensitive TORCI, the Ras/cAMP-dependent protein
kinase A (PKA) signaling pathway, and Sch9, a homolog of
mammalian protein kinase B (PKB)/Akt also negatively regulate
autophagy (Budovskaya et al., 2004; Schmelzle et al., 2004;
Yorimitsu et al., 2007; Chang and Neufeld, 2009). In contrast, the

4
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Phosphorylation-specific motifs using the Motif-X algorithm (Schwartz and Gygi, 2005). The complete set of motifs is shown in
Supplementary Table S5. (A) In total, 5,659 phosphosites (4,499 pSer, 978 pThr, and 182 pTyr) were identified. (B,C) Sequence logos for some
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Gcen2 kinase pathway is involved in the positive regulation of
autophagy (Talloczy et al., 2002). To explore autophagy regulation
under Pi-limitation, we focused on PHO proteins and many
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protein kinases which play roles in the regulation of autophagy,
including TORC1, PKA and Sch9 (Figure 3). Interestingly,
autophagy inhibitory proteins Sicl (RHTO_02516), PKA
(RHTO_02603) and Pho85 were all up-regulated expression in
proteomics, which repressed autophagy under Pi-limitation
(Supplementary Table S2). Moreover, Pho80 (RHTO_03958),
Riml5 (RHTO_04687), Gecn2 (RHTO_01618), Sch9
(RHTO_07033), Snfl (RHTO_04494), TORC1 (RHTO_05832)
were not changed. Pho4 (RHTO_00753), Gen4 (RHTO_01666),
Pcl5 (RHTO_02398) and Clgl (RHTO_08156) were not detected
(Supplementary Table S3). These data suggest that autophagy may
not be induced by proteins associated with the metabolism of
phosphorus. We therefore concluded that PSiA was not under the
control of the PHO pathway.

In proteomics, 109 of the 112 genes being annotated as
ribosome structural components were down-regulated expression
(Supplementary Table S2). This suggests that ribosome synthesis
is suppressed and superfluous ribosome is degraded under
Pi-limitation, providing more Pi for cell survival.

Autophagy-related proteins analysis
As a major intracellular degradation pathway, autophagy is

tightly regulated to prevent cellular dysfunction in all eukaryotic
cells. In proteomics and protein phosphorylation quantitative
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TABLE 2 List of the regulation of autophagy-related proteins in proteome and phosphoproteomics.

Changein Changein
Accession  Annotation proteome phosphorproteomics (site;
(PO:F3) PO:F3)
Atg3 RHTO_01636 Autophagy-related protein 3 0.67 NaN
Pcl5 RHTO_06785 Autophagy-related protein 5 1.72 NaN
Atg7 RHTO_00622 Autophagy-related protein 7 1.38 NaN
Atg8 RHTO_06526 GABA(A) receptor-associated protein 2.00 NaN
Atg9 RHTO_06411 Autophagy-related protein 9 NaN 4.85 (307); 2.57 (128)
Atgll RHTO_00852 Autophagy-related protein 11 1.36 NaN
Atgl2 RHTO_01037 Autophagy-related protein 12 1.11 NaN
Atgl3 RHTO_02383 Autophagy-related protein 13 NaN 2.27 (553)
Atgl8 RHTO_02334 WD repeat domain phosphoinositide-interacting protein 1.28 NaN
Atg20 RHTO_04181 Sorting nexin-41 0.67 NaN
Atg24 RHTO_04976 Lipid binding protein 1.72 NaN
Atg26 RHTO_07138 Sterol 3-beta-glucosyltransferase, glycosyltransferase 1.38 NaN
family 1 protein
Atg27 RHTO_06153 Autophagy-related protein 27 2.00 NaN

NaN, not detectable.

M123 E
GAPDH
Mabcd

FIGURE 4

RT-PCR detection of the first (1) and second (2) exon in ATG9
gene and the first exon with intron (3) to detect the gDNA. (A—-C)
Three ATG9 RNAI strains. (D) The wild type strain NP11. (E) There
is an endogenous gene GAPDH as a reference.

analysis, autophagy-related (Atg) proteins were analyzed (Table 2).
We found that Atg5 (RHTO_06785), Atg7 (RHTO_00622), Atg8
(RHTO_06526), Atgll (RHTO_00852), Atg24 (RHTO_04976)
and Atg27 (RHTO_06153) were upregulated in proteomics under
Pi-limitation (Supplementary Table S2). Interestingly, the Atgl3
(RHTO_02383) and Atg9 (RHTO_06411) were significantly
phosphorylated in phosphoproteome, while they had not been
detected in Pi-limitation (Table 2;

proteome  under
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Supplementary Table S4). In previous reports, Atgl3 was
dephosphorylated rapidly in response to nitrogen starvation and
slowly under Pi-starvation in S. cerevisiae (Suzuki et al., 2015;
Yokota et al., 2017). As the pivotal regulator of autophagy induction,
Atgl-dependent Atg9 phosphorylation regulated autophagy
(Papinski and Kraft, 2014). In view of the above-mentioned facts,
as the only transmembrane Atg protein, Atg9 has been regarded as
key to one of the major driving forces of autophagy (Munakata and
Klionsky, 2010). We suppose that Atg9 play a crucial role in
response to Pi starvation, and the influence of Atg9 on autophagy
and lipid accumulation in R. toruloides was further investigated.

Autophagy and lipid accumulation
influenced by Atg9

To investigate whether Atg9 is required in autophagy
pathways, Atg9-RNAi strains was constructed: firstly, the
recombinant plasmids was verified by digestion by Spel and
EcoRV together (Supplementary Figure S3). Secondly, the vector
was transferred to R. toruloides NP11 by ATMT. Three ATG9
RNAI engineered strains were selected randomly and R. toruloides
NP11 was selected as the WT. At the end, RT-PCR was
implemented and the electrophoresis map is shown in Figure 4.

The autophagosome of RNAI strains and the WT NP11
were recorded by fluorescent microscope and the images were
captured using NIS Elements. As shown in Figure 5, under
starvation conditions, autophagy was induced in NP11 cells
but not in ATG9-silencing cells. These data suggested that
Atg9 plays important roles in the formation of autophagosome
under Pi limitation. At the same time, total lipids of NP11 cells
and ATGY-silencing cells were extracted by the established
method (Li et al., 2007), and lipid contents were estimated. It
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The R. toruloides WT and RNAi strains cultured in the PL medium with the fluorescence microscope after LysoTracker® Green DND-26 staining
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was found that the lipid content of ATG9-silencing cells was
significantly lower than that of NP11 cells cultured under Pi
limitation conditions (Figure 6). These results suggested that
lipid content was reduced as autophagy was suppressed and
there was a very close relationship between lipid accumulation
and autophagy.

Discussion

In order to study the influence of Pi limitation on autophagy
in oleaginous yeast and the relationship between autophagy and
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lipid accumulation, here we implemented proteomic and
phosphorylation quantitative analysis of R. toruloides under Pi
limitation and Pi replete conditions.

Phosphate limitation culture has been practiced in various
species for further research (Wu et al., 2010; Kamlesh et al., 2016;
Wang et al., 2018; Salmanzadeh et al., 2020). Moreover, Pi limitation
leads to phosphoric acid starvation in the cytosol and autophagy
would be activated against stressful conditions to maintain cell
survival. In previous report, upon nitrogen starvation, ribosome
synthesis is immediately stopped and superfluous ribosomes are
degraded (Zhu et al., 2012). The expression of ribosomal proteins was
significantly down-regulated in PO sample. This, in turn, led to the
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repression of ribosome biogenesis and degradation of superfluous
ribosomes. During ribosome degradation, not only ribosomal
proteins, but also a large amount of ribosomal RNAs should
be degraded, providing more Pi for cell survival. Under nutrient
starvation conditions, TORCI is inhibited and autophagy is induced
in S. cerevisiae (Chang and Neufeld, 2009). PSiA was regulated by
TORC 1, but not by the PHO pathway in S. cerevisiae (Yokota et al.,
2017). Atalow Pi concentration, Pho81 inhibits Pho85 to prevent the
transcriptional activator Pho4 from phosphorylation, resulting in its
nuclear localization and transcriptional activation of PHO genes
(Oshima et al., 1996). Although Pho85 does not play a major role in
regulating autophagy compared to the TORCI complex, the
multifunctional Pho85 is critical to ensure appropriate autophagy
activity during intracellular stress conditions (Yang et al., 2010).
We first investigated whether PHO proteins and protein kinases
associated with the regulation of autophagy could be involved in PSiA
in R. toruloides.

We found that the protein levels of Pho85, Sicl, and PKA were
all up-regulated, which repressed autophagy. In addition, Pho80,
Rim15, Gen2, Sch9, Snfl, TORC1 were not changed. Pho4, Gen4,
Pcl5 and Clgl were not detected. We therefore concluded that
PSiA was not under the control of the PHO pathway, which was
consistent with PSiA in S. cerevisiae (Yokota et al., 2017). However,
PSiA in S. cerevisiae was found regulated by Torl, while, in
R. toruloides, the level of Torl was not changed under PSiA.

Then, we focused on Atg proteins in proteome and
phosphoproteome under Pi-limitation. Atg5, Atg7, Atg8, Atgll,
Atg24 and Atg27 were upregulated in proteome, Atgl3 and Atg9
were significantly phosphorylated in phosphoproteome. Therefore,
we concluded that PSiA was regulated by Atg proteins under
Pi-limitation in R. toruloides (Figure 7). As the only transmembrane
Atg protein, Atg9 has been regarded as key to one of the major

10.3389/fmicb.2022.1046114

driving forces of autophagy (Munakata and Klionsky, 2010).
We speculated that Atg9 played a major role in the form of
autophagosome in R. toruloides. ATG9 RNAI silencing strains was
constructed and cultivated under Pi-limitation condition. Comparing
to the WT strain, autophagic response was repressed in RNAI strains
of R. toruloides and the lipid content was also reduced. Our results
showed that Atg9 was critical to ensure appropriate autophagy
activity and lipid accumulation during Pi limitation in R. toruloides.
When ATG9 was knocked down, the engineered R. foruloides strain
produced significantly less lipids under Pi-limitation, suggesting that
autophagy required Atg9 in R. toruloides and autophagy was
conducive to lipid accumulation. We speculate that autophagy
removes dysfunctional cellular components to provide more space
for lipid accumulation in oleaginous yeast.

Moreover, recent researches show that knock out or knock
down of ATG9A in human cells results in increased number and
size of lipid droplets and knock out of the orthologous Atg-9 in
C. elegans also causes an increase in the size of lipid droplets in
hypodermal cells (Mailler et al., 2021). This observation may
be due to the differences between the species and the physiological
status-i.e. the R. toruloides was under Pi- limitation, but not the
C. elegans. Past researches showed that ATG9 RNAI silencing
could reduce autophagic response (Nagy et al., 2014) and knock
out of Atg9 appeared to cause dysregulation of lipid metabolism
and oxidative phosphorylation (Xiong et al., 2021).

Phosphoproteins and certain motifs were identified on the
phosphoproteins, certain motifs associated with specific kinases
(Peri et al., 2004) were prevalent in our data set and none of new
phosphorylation motifs were detected. Between Pi-replete and
Pi-limited conditions, phosphorylation motifs were the same,
showing protein phosphorylation were regulated rigorously even
Pi was deficient.
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Schematic overview of the regulation of autophagy and lipid accumulation under phosphate limitation in R. toruloides. Up-regulated proteins

were in red; not changed proteins were in black; not detected proteins were in blue.
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In conclusion, we documented the proteome and
phosphoproteome of the oleaginous yeast R. toruloides under
Pi-limitation conditions. It was found that ribosome
structural genes were down-regulated and the Atg-proteins
Atg9 was upregulated significantly leading to activate
autophagy. In addition, Atgll was upregulated, suggesting
some roles in bulk autophagy. Our experiment showed that
RNAI silencing of ATG9 could reduce autophagic response
and lipid production in R. toruloides. Our data supported that
PSiA could be regulated by Atg proteins, but not the PHO
pathway and Torl. Intuitively, autophagy may remove
dysfunctional cellular components to provide more space and
resources for lipid accumulation in oleaginous yeast
(Figure 7). The information provides new foundation to guide
further mechanistic study of yeast oleaginicity and genetic
engineering for advanced lipid producing cell factory.
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