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Time-resolved multi-omics analysis reveals ==

the role of nutrient stress-induced resource
reallocation for TAG accumulation in oleaginous
fungus Mortierella alpina
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Abstract

Background: Global resource reallocation is an established critical strategy through which organisms deal with
environmental stress. The regulation of intracellular lipid storage or utilization is one of the most important strate-
gies for maintaining energy homeostasis and optimizing growth. Oleaginous microorganisms respond to nitrogen
deprivation by inducing lipid hyper accumulation; however, the associations between resource allocation and lipid
accumulation are poorly understood.

Results: Here, the time-resolved metabolomics, lipidomics, and proteomics data were generated in response to
nutrient availability to examine how metabolic alternations induced by nitrogen deprivation drive the triacylglycerols
(TAG) accumulation in M. alpina. The subsequent accumulation of TAG under nitrogen deprivation was a conse-
guence of the reallocation of carbon, nitrogen sources, and lipids, rather than an up-regulation of TAG biosynthesis
genes. On one hand, nitrogen deprivation induced the down-regulation of isocitrate dehydrogenase level in TCA
cycle and redirected glycolytic flux of carbon from amino acid biosynthesis into fatty acids'synthesis; on the other
hand, nitrogen deprivation induced the up-regulation of cell autophagy and ubiquitin-mediated protein proteoly-

sis which resulted in a recycling of preformed protein nitrogen and carbon. Combining with the up-regulation of
glutamate decarboxylase and succinic semialdehyde dehydrogenase in GABA shunt, and the phosphoenolpyruvate
carboxykinase in the central hub involving pyruvate/phosphoenolpyruvate/oxaloacetate, the products from nitrogen-
containing compounds degradation were recycled to be intermediates of TCA cycle and be shunted toward de novo
biosynthesis of fatty acids. We found that nitrogen deprivation increased the protein level of phospholipase C/D that
contributes to degradation of phosphatidylcholine and phosphatidylethanolamine, and supplied acyl chains for TAG
biosynthesis pathway. In addition, ATP from substrate phosphorylation was presumed to be a critical factor regulation
of the global resource allocation and fatty acids’ synthesis rate.

Conclusions: The present findings offer a panoramic view of resource allocation by M. alpina in response to nutrient
stress and revealed a set of intriguing associations between resource reallocation and TAG accumulation. This system-
level insight provides a rich resource with which to explore in-depth functional characterization and gain information
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about the strategic combination of strain development and process integration to achieve optimal lipid productivity

under nutrient stress.
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Background

Organisms ranging from bacteria to mammalian cells
use diverse protection mechanisms to adjust metabo-
lism according to environmental stress. These regulatory
strategies reflect an inherent trade-off between the ben-
efit and cost of resource investment under stress. Several
investigators have recently suggested that cells deal with
challenges to growth-limiting perturbations by regulating
the allocation of metabolic resources [1-6].

Nutrients serve not only as the resources required
by cells to increase mass and generate energy to propel
biosynthetic activity, but also as the signals that dictate
metabolic, transcriptional, and developmental programs
[7, 8]. Cellular responses to nutrient stress have been
extensively studied in various model species over many
years. One of the most important protection mechanisms
is the reallocation of limited carbon, nitrogen, and energy
resources to optimize growth and metabolism [7].

Lipids are the storehouses of carbon and energy
resources; thus, intracellular lipid storage and utilization
are critical for maintaining cellular metabolic homeo-
stasis and survival [9]. Dynamic regulation of intracellu-
lar lipid levels and types is an effective strategy to resist
nutrient stress [10, 11]. The cellular response to nutrient
limitation at the molecular level is the outcome of com-
plex, orchestrated interactions among transcriptional,
translational, posttranslational, and metabolic profiles.
However, many elementary issues remain unclear; for
example, how much cells adjust their composition to
cope with the limiting process(es) in response to nutrient
limitation and the connection between global resource
reallocation and lipid metabolism in response to nutri-
ent stress. Although the effects of nutrient stress on lipid
metabolism have been widely studied in various model
organisms, consensus has yet to be achieved.

Compelling evidence has suggested that nutrient
stress promotes TAG accumulation in various model
oleaginous microorganisms [12-21]. Advances in high-
throughput measurement technologies have led to pro-
gressive investigations into the mechanisms of nutrient
stress-induced lipid hyperaccumulation [14, 16, 22,
23]. Recent findings support the notion that oleaginous
microorganisms could serve as models to elucidate the
resource allocation response to nutrient stress and its
association with lipid metabolism. The oleaginous fila-
mentous fungus M. alpina is an optimal organism for
studying lipid metabolism because not only can it be

easily cultured and harvested, but also it can accumu-
late >50% of its cell mass as lipids under nitrogen limita-
tion [24, 25]. Our previous genome analysis showed that
M. alpina harbors the standard components of the desat-
uration—elongation pathway of long-chain polyunsatu-
rated fatty acids (LC-PUFA) [26]. Furthermore, M. alpina
is also a promising host for the sustainable generation of
high-value LC-PUFA, such as arachidonic (ARA), eicosa-
pentaenoic (EPA), and docosahexaenoic (DHA) acids
[27, 28]. Therefore, compared to other oleaginous yeasts
or fungi, M. alpina as a model species has facilitated
the identification of key strategies of resource alloca-
tion under nutrient stress and of the critical biosynthetic
nodes governing global metabolic flux and lipid biosyn-
thesis. We previously showed that carbon flux, nitrogen
metabolism and NADPH generation considerably vary
in M. alpina under nitrogen limitation [29, 30]. However,
understanding the complex interactions involved during
resource reallocation at the system level remains limited.
The present bio-physiological study integrated time-
resolved phenotypes with multi-omics to quantify
global resource allocation by the oleaginous fungus M.
alpina and determined how M. alpina globally allocates
resources in response to nutrient stress. The applied
strategies can quantitatively and temporally account for
all apparent behaviors including changes in the char-
acteristics of bio-physiological parameters and lipid
contents throughout fermentation. Our findings will
contribute to a deeper understanding of the fundamen-
tal mechanisms of cellular responses to nutrient stress,
and support the development of new strategies that will
achieve more biomass and maximal lipid productivity.

Results

Physiological and omics-scale responses of M. alpina

to nutrient stress

Figure 1a shows that the nitrogen content in M. alpina
cells had decreased within 48 h and was completely
exhausted between 36 and 48 h. The extracellular glu-
cose concentration decreased rapidly up to 96 h, and
continued to decrease slowly thereafter. This was accom-
panied by a rapid increase in biomass that peaked with
48 h (Fig. 1b). Intracellular total fatty acids (TFA) accu-
mulated during the early stages of nitrogen deprivation
(48-96 h), but then decreased under long-term nitro-
gen deprivation (96—168 h; Fig. 1b). The amount of fatty
acid-free biomass (FFB) was significantly decreased after
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Fig. 1 Physiological responses of M. alpina to nutrient stress. a Changes in carbon and nitrogen concentrations in medium. b Change in total fatty
acids, biomass (mycelial dry weight), and total fatty acid-free biomass content
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nitrogen exhaustion and was maintained at the same rate
for 168 h (Fig. 1b). There was a close negative correla-
tion between changes in TFA and FFB (R=—0.98) dur-
ing fermentation under nitrogen deprivation (48-216 h).
Taking together, these results indicate that the products
of lipid-free substrate degradation induced by nitrogen
deprivation play a vital role in fatty acids’ accumulation,
especially during the early stages of nitrogen depriva-
tion [31, 32]. The proportion of C20:4 (ARA) decreased
after nitrogen deprivation, while that of C18:1 and C18:2
increased significantly (Additional file 1: Table S1).

We applied time-resolved metabolomic and proteomic
analyses to M. alpina cultured under nutrient stress
(Additional file 2). SDS-PAGE results indicate that our
prepared protein samples were of adequate quality for
subsequent proteomic investigations. Principal compo-
nent analyses showed that the data points partitioned
the samples into the following time-dependent clusters
(Additional file 1: Fig. S1): phase 1 (24-48 h), growth,
when the biomass rapidly increased; phase 2 (96-168 h),
nitrogen deprivation, when the biomass was stable and
TFA rapidly accumulated; and phase 3 (216 h), carbon
and nitrogen limitation, when TFA decreased and FFB
increased.

To determine profiles changes during this time series,
we ranked the identified metabolites and proteins using

multivariate empirical Bayes analyses (MEBA) (Addi-
tional file 3) [33]. The highly ranked metabolites and
proteins, in terms of Hotelling T2 statistics, showed that
nutrient stress induced a large-scale disturbance in intra-
cellular metabolism (Additional file 1: Fig. S2). Pathway
and gene ontology (GO) enrichment analyses using the
top 30 Hotelling T2 features indicated that intracellu-
lar metabolic pathways and biological processes associ-
ated with carbohydrates, amino acids, organic acids, and
organic nitrogen were considerably changed during the
process of nutrient deprivation-induced lipid accumula-
tion (Additional file 1: Fig. S2e).

We used unsupervised time-resolved clustering analy-
ses to quantitatively and temporally elucidate the behav-
ior of differentially altered metabolites and expressed
proteins. The results reveal six clusters each of both
metabolomics and proteomic datasets (Fig. 2a—c) that
were enriched with distinct pathways (Fig. 2d) and GO
terms (Fig. 2e). Although the trends in metabolite and
protein changes detected herein can be divided into
specific modules, the total ion chromatographic (TIC)
intensity of polar extracts and total protein content were
significantly decreased in M. alpina cultured under nutri-
ent stress (Fig. 2c). These results indicate that metabo-
lite and protein profiles are sensitive to the nitrogen
and carbon levels in the culture medium, and that their

(See figure on next page.)

Fig. 2 Time-resolved trend clustering analysis. a, b Cluster of metabolite and protein expression patterns in response to nutrient stress. ¢ Six
temporal metabolite change/protein expression modules revealed by unsupervised clustering analysis. d Top pathways of each cluster from
enrichment results. e Molecular function (MF), Cellular component (CC) and Biological process (BP) of GO enrichment results of each cluster. Closely
correlated metabolites or proteomics (R?>0.75) in each cluster were selected for pathway enrichment or GO enrichment analysis
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responses are consistent with the timing of the turning
point of glucose consumption and TFA accumulation
(Figs. 1 and 2a, b).

Nitrogen deprivation induced carbon metabolism
reprogramming

Integrated metabolomic-proteomic analyses revealed
widespread and dynamic remodeling of metabolism
that was accompanied by a global metabolic realloca-
tion of resources during TAG accumulation induced by
nitrogen deprivation. We found that the rate-limiting
enzymes in glycolysis, namely hexokinase (HK), phos-
phofructokinase (PFK), and pyruvate kinase (PK), were
decreased under nitrogen deprivation (Fig. 3a), together
with changing trends in the intermediates, glucose-
6-phosphate (G-6-P) and fructose-6-phosphate (F-6-P)
(Fig. 3b). These findings indicated that nitrogen depriva-
tion induces the downregulation of glycolysis (Additional
file 1: Fig. S3).

Most of the enzymes involved in the TCA cycle, espe-
cially isocitrate dehydrogenase (IDH), were rapidly
decreased in response to nitrogen deprivation (Fig. 3a).
However, changes in protein levels did not correlate
with changes in the abundance of TCA cycle intermedi-
ates (Fig. 3a, b, Additional file 1: Fig. S4). Levels of cit-
ric and aconitic acids continuously increased as IDH and
aconitase (ACO) decreased in response to nitrogen dep-
rivation, which resulted in a further decrease in interme-
diates downstream of citric acid (Fig. 3, Additional file 1:
Fig. S4). However, succinic acid levels rapidly increased
before 144 h (Fig. 3b), during which time other pathways
likely supply the carbon skeleton for the succinic acid
synthesis under nitrogen deprivation.

Phosphoenolpyruvate (PEP) level was significantly
increased during fermentation (Fig. 3b), even though
glycolysis was downregulated. These results confirm
that pathways other than glycolysis supply the carbon
skeleton for the central hub, and involve pyruvate, phos-
phoenolpyruvate, and oxaloacetate (OAA) under nitro-
gen deprivation. Phosphoenolpyruvate carboxykinase
(PEPCK) level, which plays a key role in gluconeogen-
esis (a pathway connects TCA cycle and glycolysis), was
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increased throughout the fermentation process, whereas
malate dehydrogenase (MDH) and malic enzyme (ME),
which are involved in the pyruvic acid—citric acid cycle,
were downregulated (Additional file 1: Figs. S3 and S4).
These results indicate that PEPCK rather than MDH/
ME plays a vital role in intracellular carbon skeleton
recycling, which causes an increase in PEP and stabilizes
pyruvic acid levels after downregulation of glycolysis. In
M. alpina, nitrogen deprivation induces metabolic repro-
gramming of central carbon metabolism to utilize carbon
skeletons that enter the TCA cycle, leading to an accu-
mulation of citric acid for fatty acids’ synthesis.

Recycling membrane lipids into TAG was active

under nitrogen deprivation

Proteomic findings show that enzymes involved in TAG
and fatty acid biosynthesis pathways were downregu-
lated or slightly altered under nitrogen deprivation, while
phospholipases C (PLC) and D (PLD) which catalyze
phosphatidylcholine (PC) and phosphatidylethanolamine
(PE) into TAG in the biosynthesis pathway were signifi-
cantly increased throughout the fermentation process
(Fig. 3¢). Lipidomic results show that TAG levels contin-
ued to increase after 48 h independently of cell growth
(Fig. 3d, e), suggesting that nitrogen deprivation induces
TAG biosynthesis. Notably, the ratios (%) and contents
of membrane lipids (PC and PE) decreased with increas-
ing TAG within 168 h (Fig. 3d, e, f), which is consistent
with changes in PLC and PLD protein level. We ranked
the detected TAG and found that the length and number
of unsaturated bonds in TAG changed from low to high
during fermentation (Additional file 1: Fig. S5).

Ubiquitin-mediated proteolysis and cell autophagy were
upregulated during nitrogen deprivation

Total proteins, peptides, and amino acids decreased rap-
idly in response to nitrogen deprivation (Fig. 2c; Fig. 4a,
b). Furthermore, levels of nitrogen-containing com-
pounds, namely, pyridoxine, pyridoxamine, pyridoxal,
adenosine, xanthine, uracil, cytidine, and uridine, which
are involved in cofactor and nucleotide metabolism, were
also significantly decreased (Additional file 1: Fig. S6).

(See figure on next page.)

Fig. 3 Changes in proteins and metabolites involved in carbon metabolism and lipid metabolism during nitrogen deprivation-induced TAG
accumulation. a Relative expression of proteins involved in carbon metabolism. b Changes in intermediates involved in central carbon metabolism.
c Relative expression levels of proteins involved in TAG and fatty acid biosynthetic pathways. d Ratios of lipid classes. e Relative abundances of

DAG and TAG. f Relative abundances of PC and PE. HK, Hexokinase, PFK, phosphofructokinase, PK, Pyruvate kinase, IDH, Isocitrate dehydrogenase,
PEPCK, Phosphoenolpyruvate carboxykinase, GPAT, Dlycero-3-phosphate acyltransferase, AGPAT, 1-acylglycerol-3-phosphate acyltransferase, DGAT,
Diacylglycerol acyltransferase, PLC, Phospholipase C, PLD, Phospholipase D, ELOVL, Fatty acid elongase, FADS12, Fatty acid delta 12 desaturase,
FADS6, Fatty acid delta 6 desaturase, FADS5, Fatty acid delta 5 desaturase; G-6-P, p-Glucose-6-Phosphate, F-6-P, o-Fructose-6-Phosphate, PEP,
Phosphoenolpyruvic acid, Pyr, Pyruvic acid, E-4-P, Erythrose-4-Phosphate, Cit, Citric acid, Aco, cis-aconitic acid, Suc, succinic acid, Fum, fumaric

acid, Mal, malic acid, Akg, Alpha-ketoglutaric acid, TAG, triglyceride, DAG, diglyceride, PC, phosphatidylcholine, PE, phosphatidylethanolamine, PI,
phosphatidylinositol, PS, Phosphatidylserine, LPC, lysophosphatidylcholine
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Fig. 4 Responses of metabolic recycling systems to nitrogen stress in M. alpina. Heatmap shows changes in peptides (a) and metabolites (b)
involved in nitrogen metabolism (especially amino acid metabolism) during fermentation. ¢ Changes in enzymes involved in ubiquitin mediated
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However, levels of L-arginine and urea, two critical inter-
mediates involved in the urea cycle, were increased after
nitrogen exhaustion (Fig. 4b).

Our time-resolved trend analysis identified enriched
ubiquitin-like protein binding in cluster 1 (Fig. 2e).
The 26S proteasome regulatory subunits (RPN; RPNS5,
RPN7, RPN9, RPN10, RPN11, RPN12, RPN13, PSMAS5,
PSMB5, and PSMA®6), which are the enzymes involved
in the ubiquitin—proteasome protein degradation system

(UPS), were increased or stable during the early stages
of nitrogen deprivation and began to decrease after 96 h
(Fig. 4c). Ubiquitin-activating enzyme E1 (UBA1), which
is involved in the UPS, was upregulated when nitrogen
was exhausted (Fig. 4c). We further analyzed enzymes
involved in cellular amino acid catabolism from cluster
5 and found that bleomycin hydrolase (BLMH), threo-
nine aldolase (ltaE), 1-pyrroline-5-carboxylate dehy-
drogenase (PCD), glutamate decarboxylase (GAD), and
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ornithine-oxo-acid transaminase (rocD) were upregu-
lated (Fig. 4c). These proteins are mainly involved in
glycine, serine and threonine, alanine, aspartate and
glutamate, arginine and proline, and beta-alanine
metabolism.

Results from the present study found that nitrogen dep-
rivation induced a significant downregulation of mamma-
lian target of rapamycin (mTOR) protein (Fig. 4d), which
is an important negative regulator of cellular autophagy.
In addition, GO enrichment analysis identified autophagy
as one of the top GO items in cluster 5 (Fig. 2e), in which
protein abundance increased continuously and showed a
positive correlation with fatty acid synthesis during fer-
mentation. Taking together, all these findings indicate
that autophagy is enhanced under nitrogen deprivation
and is likely to be an important biological process for
efficient TAG accumulation. We surveyed the biological
process items of cluster 5 and found autophagy, lysoso-
mal microautophagy, macroautophagy, and autophagy
of the nucleus (Additional file 4: cluster 5). In addition,
aging has been reported to be important for fatty acid
synthesis, and always occurs together with autophagy
[34]. We selected proteins in cluster 5 related to each
autophagy-related biological process, including aging,
and represent their overlap in a Venn diagram (Addi-
tional file 1: Fig. S7). Eight proteins were shared among
the four autophagy-related biological processes, and nine
proteins were uniquely associated with autophagy and
aging. Only one protein was shared between aging and
other autophagy-related biological processes, suggest-
ing that lipid accumulation affected by aging may pro-
ceed via autophagy-independent machinery. The eight
shared proteins are involved in protein processing in the
endoplasmic reticulum (CDC48/SHP1), the cytoplasm
to vacuolar targeting pathway (VACS), autophagosome
biogenesis and elongation (CDC48-SHP1/Atg8), and
vacuole fusion (Ypt7/Atgl5)(Fig. 4d). Autophagy-related
proteins, including Atg7, Atg8, and Atgl5, which are
important for autophagosome biogenesis, were increased
in response to nitrogen deprivation (Fig. 4d).

Survey of protein expression at the subcellular level

Gene ontology enrichment of the highly correlated pro-
teins shown in Fig. 2e revealed a significant over-repre-
sentation of numerous “cellular component (CC)” terms.
These proteins are associated with mitochondrial, per-
oxisomal, vacuolar, and whole membranes (Additional
file 5) and are involved in carbon metabolism, energy
metabolism, protein processing, fatty acid oxidation,
antioxidation, and cell autophagy.
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The Venn diagram shows that the number of sig-
nificantly changed metabolites and proteins peaked at
48-96 h, and the most significantly changed metabolites/
proteins at 96 h vs. 48 h did not undergo further sig-
nificant changes during the remainder of the fermenta-
tion process (Fig. 5a, b). To further parse the effects of
nitrogen deprivation on specific compartments within
the M. alpina proteomics, we individually analyzed spe-
cific GO subcategories using volcano plots and com-
pared the protein profiles from 24 to 96 h (Fig. 5¢c—f).
Our results indicate that most of the mitochondria-
associated proteins were downregulated whereas those
associated with vacuoles were upregulated, in response
to nitrogen deprivation (Fig. 5c, d). The significantly
decreased proteins in mitochondria, ARO3, LYS21,
ILV6, and GLT1, are involved in amino acid biosynthe-
sis (Fig. 5¢). The significant downregulation enzymes
involved in TCA, IDH, and ACO2 could explain the sig-
nificant accumulation of citric acid under nitrogen dep-
rivation (Figs. 3b and 5c). Pyruvate kinase 1 (PYK1) and
the pyruvate dehydrogenase complex (PDA1), which
catalyze the conversion of phosphoenolpyruvate/pyru-
vate to acetyl-CoA, were upregulated under nitrogen
deprivation (Fig. 5c). This contributes to recycling and
fluxing of the intracellular carbon skeleton into the TCA
cycle for fatty acid synthesis. The upregulated mitochon-
dria proteins (LPA3, HSPA1ls and PEP4) are involved in
protein degradation and cell autophagy (Fig. 5c). Per-
oxisomal biogenesis factor 11 (PEX11) is an important
enzyme that controls peroxisomal division and is upreg-
ulated under nitrogen deprivation (Fig. 5e). We found
that peroxisomal 2,4-dienoyl-CoA reductase (DECR2)
and acetyl-CoA acyltransferase 1 (ACAA1), which play
an important role in very long-chain fatty acid oxida-
tion, and catalase (CAT1) was increased under nitrogen
deprivation (Fig. 5e) [35]. In addition, malate synthase
(aceB) and isocitrate lyase (ICL1), which are involved in
the glyoxylate cycle in peroxisomes, were also signifi-
cantly increased in M. alpina under nitrogen depriva-
tion (Fig. 5e). The upregulated proteins HSPAs1, AMSI,
OPTS8, CPYA, PEP4, VMA13/4, and PRB1 in vacuoles
are involved in cell autophagy, including transportation
and degradation of proteins/peptides and endocytosis
(Fig. 5d). The transport protein, sec24, which belongs to
the transmembrane 9 (TM9) superfamily, the cytidine
triphosphate (CTP) synthase URA7, the iron transport
multicopper oxidase FET3, and the pyruvate flavodoxin/
ferredoxin oxidoreductase MET5 were all significantly
decreased, indicating that protein biosynthesis and
sorting are downregulated under nitrogen deprivation
(Fig. 5d). With the exception of the ABC transporter
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ABCG2, proteins that were significantly increased in
vacuoles were also found in whole membranes (Fig. 5d
and f), which reveals an important role for transmem-
brane transport centered on vacuoles. The mitochondrial
import receptor subunit (TOM20/40/70) membrane pro-
teins, which are important for mitochondrial biogenesis,
were significantly decreased (Fig. 5f). This indicates that
mitochondrial activity is downregulated under nitrogen
deprivation.

Discussion

The present study investigated metabolomic and pro-
teomic changes in pathways and biological processes
during different fermentation phases in the oleaginous
fungus M. alpina from the perspective of TAG accumu-
lation. A multidimensional, high-resolution atlas allowed
a detailed analysis of changes in metabolites and proteins

induced by nutrient stress throughout the fermentation
process. This significantly increased the reliability of our
interpretation of the relationships between intracellular
metabolites and TAG synthesis.

Carbon and nitrogen reallocation in response to nitrogen
deprivation plays key roles in providing precursors for TAG
synthesis

Compelling evidence has shown that, under nitrogen
deprivation, oleaginous microorganisms can utilize
excessive extracellular carbon sources for lipid biosyn-
thesis via glycolysis and lipid biosynthesis pathways [19,
25]. Here, we propose that, with the exception of glyco-
lytic flux of carbon sources, the products of intracellular
substrate degradation likely serve as an important source
of acetyl-CoA for fatty acid synthesis under nitrogen
stress [32, 36—39]. In response to nitrogen deprivation,
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M. alpina downregulates biosynthetic metabolism and
shunts internal pools of nitrogen toward nitrogen assimi-
lation machinery. Proteins and nucleotides comprise the
major sink of nitrogen storage under optimal conditions,
whereas nitrogen is scavenged from organic compounds
via several catabolic pathways under nitrogen deprivation
[40, 41]. The net effect of this intracellular resource real-
location is that cells can quickly respond to changes in
external nitrogen availability, thereby maintaining their
survival. Nitrogen and carbon metabolisms are closely
connected. Our previous genome-scale metabolic model
analysis revealed that amino acid degradation is a source
of acetyl-CoA for fatty acid synthesis [42]. Thus, the high-
intensity metabolism of the proteolysis and oxidation
pathways of the amino acid carbon skeleton that occurs
in M.alpina under nitrogen deprivation could supply
two-carbon donor molecules for fatty acid synthesis
[37, 43—45]. This is consistent with the findings of Levi-
tan et al., showing that about half of all the intracellular
proteins in Phaeodactylum tricornutum are degraded
under nitrogen deprivation, and then the catabolic prod-
ucts of amino acids flow into the TCA cycle where they
can participate in fatty acid biosynthesis [46]. Generally,
the intermediate metabolism of carbon and nitrogen in
eukaryotic microbes is closely coupled with a hub cen-
tered around glutamate and a-ketoglutarate [47]. Glu-
tamate supplementation increases ARA production in
M. alpina [48, 49]. Thus, glutamate and o-ketoglutarate
have always been thought as a hub for recycling carbon
skeletons into the TCA cycle. However, results from the
current study show that the levels of glutamate dehy-
drogenase (GDH) and a-ketoglutarate are significantly
decreased in response to nitrogen deprivation (Fig. 6).
In contrast, the rate-limiting enzymes involved in the
y-amino butyric acid (GABA) shunt, such as glutamate
decarboxylase (GAD) and succinic semialdehyde dehy-
drogenase (SSADH), were significantly increased after
the nitrogen source was exhausted (Additional file 1:
Fig. S8). Succinic acid, as the final product of the GABA
shunt, was increased under nitrogen deprivation, even
when the TCA cycle was downregulated. Therefore,
rather than the glutamate and a-ketoglutarate pathway,
the GABA shunt played a more important role in recy-
cling the carbon skeleton from amino acids into the TCA
cycle in M.alpina, (Fig. 6). Glutamate supplementation
and enhancing the GABA shunt via metabolic engineer-
ing may be an efficient strategy for the development of
cell factories for hyper lipid production. In addition, the
current study revealed that the PEP levels are increased
in this study, even though glycolysis is downregulated.
We also found that the enzymes involved in the pyru-
vate-mediated acetyl-CoA pathway are upregulated dur-
ing fermentation. Therefore, the central hub involving
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pyruvate, phosphoenolpyruvate, and OAA is upregu-
lated in nitrogen-stressed cells, and this intermediate
metabolic pathway is likely to be a significant source of
carbon for fatty acid biosynthesis (Fig. 6). Previous work
indicated that recycling of OAA into glycolysis is medi-
ated by malic acid, and that the NADPH yield is the
major source of NADPH required for fatty acid synthesis
[50]. In M.alpina, however, PEPCK, rather than MDH/
ME, plays a vital role in intracellular carbon skeleton
recycling, which causes an increase in PEP and stabilizes
pyruvic acid levels (Fig. 6). Therefore, regulation of the
carbon flow between PEPCK and the MDH/ME pathway
via metabolic engineering could provide a more rational
supply of both the carbon skeleton and NADPH, which
could be an efficient strategy for hyper fatty acid produc-
tion (Fig. 6). Branched-chain amino acid degradation is
thought to direct carbon and energy toward TAG accu-
mulation under nitrogen deprivation [37, 43, 51]. The
present study found that supplementing nitrogen-limited
culture medium with r-valine significantly increased the
content of odd-chain fatty acids in M. alpina (Additional
file 1: Fig. S8d), indicating the ability of this organism to
convert L-valine to odd-chain fatty acids under nitrogen
stress [52, 53].

Perhaps the most noteworthy change in the lipid pro-
files of nitrogen-stressed M. alpina was the increase in
TAG accumulation and diversity, which was paralleled
by a decrease in membrane lipids (PC and PE). The role
of membrane lipid turnover in TAG synthesis has been
widely investigated [12, 39]. In the current study, PLC
and PLD, which catalyze the conversion of PC and PE
into the TAG biosynthesis pathway, were found to be
significantly increased in response to nitrogen depriva-
tion, and were identified as the key enzymes in mem-
brane lipid turnover. Thus, consistent with previous
reports, in M.alpina, TAG accumulation in response to
nitrogen deprivation is also a consequence of recycling
and reallocating acyl chains in different lipid classes
[54], rather than the upregulation of lipid biosynthe-
sis genes. Beta-oxidation of LC-PUFA in peroxisomes
was also found to be upregulated under nitrogen stress.
Fatty acid profiles revealed that the proportion of ARA
is significantly decreased during fermentation, while
the proportion of C16-C18 fatty acids is increased
(Additional file 1: Table S1). Therefore, rather than
inhibiting LC-PUFAs synthesis, nitrogen deprivation
induces LC-PUFA degradation and provides a carbon
skeleton for the synthesis of C16—C18 series fatty acids.
Generally, under nitrogen deprivation, up-regulation of
the enzymes in fatty acid synthesis and down-regula-
tion of the enzymes involved in fatty acid degradation
were found as a common feature in oleaginous micro-
organisms, while this seems not the case in the current
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study, that maybe due to the differences of the length of
the fatty acid synthesis pathway and the different sub-
strate specificity of enzymes involved in fatty acid syn-
thesis pathway between M.alpina and other species [26,
55].

Importance of ubiquitin-mediated proteolysis and cell

autophagy to cellular carbon and nitrogen reallocation

The most notable change in the protein profiles of
nitrogen-stressed M. alpina is the upregulation of pro-
teolysis and amino acid degradation. UPS is an impor-
tant protein degradation system in organisms in which
proteins are degraded in highly specific ways. UPS and
ERAD are coupled to the targeted degradation of dam-
aged or defective proteins [56]. Regardless of whether
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UPS or ERAD are involved, ubiquitination is the first
step in protein degradation, comprises a series of reac-
tions involving ATP-dependent ubiquitin-activating
enzyme 1, ubiquitin-conjugating enzyme and ubiq-
uitin protein ligases (Fig. 6) [57-59]. The findings of
our trend analyses show that protein ubiquitination is
highly active during the early phase of nitrogen depri-
vation and is inhibited at the later stage (Fig. 2e, clus-
ter 1), which is consistent with changes in the TFA
accumulation rate. This reveals a potential correlation
between protein ubiquitination and TAG accumula-
tion, and suggests that UBA1 is a key gene modification
target used in the regulation of protein ubiquitination
levels for efficient lipid accumulation.

Compared with UPS and ERAD, cell autophagy in
M. alpina is continuously upregulated from nitro-
gen-replete to nitrogen-deprived (Fig. 2c, cluster 5).
Autophagy is also an important bioprocess for deliv-
ering cytoplasmic constituents into vacuoles for deg-
radation. This catabolic process enables not only the
removal of obsolete or damaged macromolecules,
defective organelles, and invasive microorganisms,
but also promotes the simultaneous recycling of cellu-
lar components into valuable nutrients [59, 60]. Thus
it is essential for homeostasis, development, and sur-
vival. Compelling evidence supports the notion that
cell autophagy is upregulated under nutrient depri-
vation [61]. Protein and rRNA turnover require core
autophagy genes [62], and the findings from the current
study are consistent with this. Several assays have been
developed to determine the role of autophagy in lipid
metabolism [63]. Couse et al. [64] found that autophagy
is required for TAG synthesis and the formation of lipid
bodies in nitrogen-starved cells, as well as for the deg-
radation of ribosomal proteins in Chlamydomonas. Fan
et al. [65] showed that basal autophagy contributes to
TAG synthesis in Arabidopsis, and that disrupted basal
autophagy impedes organelle membrane lipid turno-
ver, and hence preventing fatty acid mobilization from
membrane lipids to TAG. The lipid profiles of nitro-
gen-stressed M. alpina described in the current study
revealed an increased in TAG accumulation, which is
paralleled by a decrease in PE and PC. Autophagy also
promotes the degradation and disruption of lipid drop-
lets in various species under long-term nutrient depri-
vation [63, 66, 67]. Transmission electron microscope
images of mycelia at the end of the fermentation pro-
cess revealed that a large proportion of cell bodies are
occupied by completely spherical lipid droplets (Addi-
tional file 1: Fig. S9), indicating that nitrogen depriva-
tion-induced cell autophagy does not promote lipid
droplet degradation in M. alpina.
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CDC48 and SHP1 are important enzymes for in ER-
associated degradation (ERAD). Roswitha Krick et al.
found that CDC48 and its substrate-recruiting cofactor
SHP1 regulate autophagosome biogenesis in concert with
ubiquitin-like Atg8 [68]. Furthermore, nitrogen depri-
vation induces the continuous up-regulation of CDC48
and SHP1 (Fig. 4d), indicating that ERAD and autophagy
play an important role in the reallocation of nitrogen and
carbon skeletons for cell survival and fatty acid synthesis
during fermentation [67].

Potential mechanisms affecting TAG synthesis rates

In the current study, TFA content was found to be con-
tinuously increasing during the fermentation, but the rate
of TFA accumulation decreases after 96 h (Fig. 1). Under
nitrogen deprivation, TCA cycle blocking not only shunts
carbon skeletons toward fatty acid biosynthesis, but also
prevents flavin adenine dinucleotide (FADH2) synthe-
sis. Together with the downregulation of glycolysis, the
amounts of FADH2 and nicotinamide adenine dinucleo-
tide (NADH), which are important for ATP synthesis in
the electron transfer chain, are decreased. In addition,
enzymes involved in oxidative phosphorylation are signif-
icantly decreased during fermentation (Additional file 1:
Fig. S10). Taken together, these findings can fully explain
the continuous decline in ATP levels during fermenta-
tion. Low ATP improves glycolysis flow, which is consist-
ent with the rapid decrease in glucose concentration and
the rapid increase in fatty acid accumulation between
48 and 96 h, as demonstrated in the present study. Chen
et al. [69] postulated that additional energy in the form
of ATP is required to drive this biosynthetic process,
and that enzymes and structural proteins depend on
ATP for motility and as well as to fuel biosynthetic reac-
tions. Here, we found that UBA1 is ATP dependent [70];
therefore, when ATP decreased to a threshold level, it
inhibits UBA1 activity and prevents UPS and ERAD,
finally resulting in a decreased rate of fatty acid synthe-
sis. Proteases involved in the UPS, such as proteasome
complexes and endopeptidase complexes, are also ATP-
dependent and are downregulated during the later, rather
than early stage. In addition, levels of other ATP-depend-
ent enzymes, such as HK, PFK and ATP citrate lyase
(ACL) that play important roles in fatty acid synthesis,
were also significantly decreased during the later phase of
fatty acid accumulation; this may be due to a serious ATP
deficiency. The rate of respiratory oxidative phosphoryla-
tion decreases during lipid droplet formation induced
by nitrogen deprivation. Cyclic electron flow has been
shown to produce the ATP needed for nitrogen depriva-
tion-induced TAG synthesis in green alga [69, 71]. How-
ever, we did not find cyclic electron flow in M. alpina.
Instead, substrate level phosphorylation is the most likely
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source of ATP that drives lipid accumulation under nutri-
ent deprivation in M. alpina [72]. Changes in metabo-
lomic and proteomic profiles indicate vigorous substrate
oxygenolysis during the early stage of nitrogen depriva-
tion. However, this declines after 96 h, which could be the
reason for differences in the rate of fatty acid synthesis
and TAG biosynthesis before and after 96 h. Manipulat-
ing ATP supply and demand could therefore a powerful
strategy by which M. alpina synthesizes more fatty acids.

Our findings revealed that a considerable amount of
degradation products from UPS/cell autophagy pathways
and membrane lipids is critical metabolites for the provi-
sion of fatty acids and/or lipid precursors for TAG syn-
thesis under nitrogen deprivation. However, most of the
degradation products, namely amino acids, nucleotides,
and intermediates involved in PPP, the GABA shunt, the
TCA cycle, and DAG, are significantly decreased. This
indicates a state of disequilibrium between supply and
demand under nitrogen deprivation, especially after 96 h.
M. alpina has the ability to convert pre-formed carbon
sources into fatty acids under nitrogen deprivation, while
substrate restriction limits the efficiency of this impor-
tant conversion process.

All of this can be explained by an imbalance between
biosynthesis and catabolism and can be attributed to
the continuous shutting down of the TCA cycle. Thus,
a dynamic trade-off in IDH expression level in the TCA
cycle using inducible promoters or biosensors could be
an efficient strategy for regulating cell biomass and lipid
synthesis, thereby assuring that lipids can be continu-
ously synthesized at a high rate.

Conclusions

We used multivariate empirical Bayes analyses (MEBA),
trend cluster and subcellular organelle analysis to eluci-
date dynamic changes in metabolic and protein profiles
throughout fermentation from nitrogen-replete to nitro-
gen-free conditions. We found that nitrogen deprivation
induced TAG accumulation as a consequence of nitro-
gen and carbon reallocation mediated by ubiquitination
modification and autophagy. The TCA cycle is a hub of
carbohydrate, lipid, and amino acid metabolism. When
nitrogen availability decreases, the sink for TCA cycle
metabolites can be shunted toward fatty acid biosynthe-
sis through the downregulation of IDH, which blocks
the TCA cycle. Therefore, intracellular protein content
decreases, whereas storage lipids increase under nitrogen
stress. We also uncovered some factors produced under
long-term nitrogen deprivation that could limit the effi-
cient biosynthesis of TAG, such as imbalanced energy
metabolism, the beta-oxidation of LC-PUFA in peroxi-
somes. Our results showed that M. alpina can remodel
its intracellular metabolism temporally to respond to

Page 13 of 17

changes in environmental cues during fermentation, and
revealed the key hubs, metabolic pathways and biologi-
cal processes governing this resource allocation, which
played an important role in fatty acid accumulation. The
present findings revealed a global metabolic landscape of
resource allocation by M. alpina in response to nutrient
stress, and the relationship between such allocation and
TAG accumulation. The insights afforded here provide
an important reference for the development of more effi-
cient engineering strains and diverse control strategies
for smart fermentation processes to produce microbe-
based functional oils.

Methods

Chemicals, strain, media, and cultivation conditions

All HPLC-grade solvents and standards were purchased
from Merck KGaA (Darmstadt, Germany) and Sigma-
Aldrich Corp. (St. Louis, MO, USA) unless otherwise
noted. The M. alpina strain (ATCC322222, American
Type Culture Collection, Manassas, VA, USA) was cul-
tured as we described in our previous publications [29]
and in Additional file 6. Nitrogen stress studies pro-
ceeded in 7.5 L-fermentation tanks containing 4.0 L Ken-
drick broth with ammonia as the nitrogen source. Fresh
mycelia and fermentation broth harvested by fast filtra-
tion of the growth suspension through Whatman No.
1 filter paper was quick-frozen in liquid nitrogen, and
stored at —80 °C.

Analytical methods

Glucose and ammonia in the medium, mycelial dry weigh
and fatty acid methyl esters (FAME) were determined
as described previously [26], and additional details are
available in Additional file 6. Fatty acid-free biomass was
calculated as mycelial dry weight minus total fatty acids
content, total protein was determined using the bicin-
choninic acid (BCA) method.

Metabolomics and lipidomics analysis

Samples preparation and metabolites extraction were
proceed as our previous described [30]. In brief, fresh
biomass (50 mg) was crushed in liquid nitrogen, and then
metabolites were extracted with MeOH:water (1:1) in
Eppendorf tubes. Extracts were dried in a vacuum cen-
trifuge, and then polar metabolites were analyzed using
GC-MS as described, and UPLC-QE orbitrap/MS as fol-
lows. Analyses in HILIC and the RPLC mode proceeded
using Waters Acquity UPLC BEH-Amide and HSS T3
columns (Waters Corp, Milford, MA, USA), respec-
tively. Data were acquired by MS/MS via data-dependent
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acquisition (DDA) in the range of 70-1050 for both
the positive and negative ion modes. The RAW files
from GC-MS and LC-QE orbitrap/MS were generated
using MSDIAL 3.7 and Compound discovery software
[73, 74], respectively. The lipidomic analysis, includ-
ing sample preparation, lipid extraction, and identifica-
tion, proceeded as described [75]. Additional details of
the metabolomic and lipidomic analyses are available in
Additional file 6.

Label-free proteomics analysis
Samples (150 mg) of cell pellets ground into a fine pow-
der in liquid nitrogen were added to chilled 1.5-mL
Eppendorf centrifuge tubes containing two clean glass
beads and sonicated in 1.5 mL of 10% trichloroacetic
acid/acetone containing 0.1% PMSF. The samples were
vortex mixed for 60 s, then precipitated at —20 °C over-
night. The samples were vortex mixed again and sepa-
rated by centrifugation at 4 °C and 15,000xg for 20 min.
The precipitates were washed three times with acetone,
dried at room temperature, lysed in denaturing lysis
buffer (8 M urea, 1% SDS, 0.1% PMSEF, 150 mM Tris—HCl
pH 8.0) in a warm water bath for 30 min, and then sepa-
rated by centrifugation at 15,000¢ for 30 min. Proteins in
the supernatant were precipitated with acetone, reconsti-
tuted in UA buffer, quantified, portioned, and stored at
—80 °C. Total protein contents were quantified using the
BCA method with bovine serum albumin (BSA) as the
reference. Protein samples were resolved by SDS-PAGE.
The proteins were assessed using a label-free quan-
titative proteomic procedure as described. Purified
proteins (150 ug) were diluted in UA buffer to a con-
centration of 1.5 pg/pL. Diluent (100 pL) was added to
protein concentrators and ultrafiltration was repeated
three times. The filter was washed three times with 100
pL of 50 mM NH,HCO;, then 100 puL of 50 mm DTT
was added to the protein concentrators (Thermo Fisher
Scientific Inc, Waltham, MA, USA) which were then
placed in a water bath at 56 °C for 30 min. The filter was
washed three times with 100 uL of 50 mM NH,HCO,.
Next, 100 pL of a 50 mM iodoacetamide in UA buffer
was added to the samples and incubated for 30 min in
darkness. The filter was washed three times with 100
uL of UA buffer and three times with 100 pL of 50 mM
NH,HCO;. The proteins were digested with sequencing
grade trypsin (Thermo Fisher Scientific Inc.) at a final
substrate/enzyme ratio of 50:1 (w/w) at 37 °C for 16 h.
The digest was passed through an ultrafiltration unit
(Thermo Fisher Scientific Inc.) with a molecular weight
cut-off of 10 kDa, and collected peptides were assayed
using a kit. The peptides in each sample were desalted
on the C18 pipet-tipped columns (Thermo Fisher Scien-
tific Inc.), concentrated by vacuum centrifugation, and
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reconstituted in 8 pL of 0.1% formic acid containing 2%
acetonitrile for mass spectrum analysis.

Tryptic peptides were dissolved in 0.1% formic acid
containing 2% acetonitrile (solvent A), directly loaded
onto a custom-made reverse-phase analytical column
(1.9 pm x 100 um x 20 cm). The gradient comprised 5%
to 25% solvent B (0.1% formic acid in 98% acetonitrile)
over 40 min, 25% to 35% in 12 min, 35% to 80% in 4 min,
hold at 80% for 4 min, at a constant flow rate of 450 nL/
min on an EASY-nLC 1200 UPLC system.

The peptides were analyzed using a nanospray ioniza-
tion (NSI) source followed by tandem mass spectrometry
(MS/MS) in an Orbitrap Fusion Lumos (Thermo Fisher
Scientific Inc.) coupled online to the UPLC. The electro-
spray voltage was 2.0 kV. The m/z scan range was 350 to
1550 for a full scan, and intact peptides were detected in
the Orbitrap at a resolution of 60,000. Peptides were then
selected for MS/MS using NCE setting 32, and the frag-
ments were detected in the Orbitrap at a resolution of
15,000. A data-dependent procedure alternated between
one MS scan followed by 20 MS/MS scans with 15.0-s
dynamic exclusion. Automatic gain control (AGC) was
set at 5E4. The fixed first mass was set at 100 m/z.

A protein sequence database was constructed from all
predicted proteins in the M. alpina ATCC32222 genome
(Accession no. ADAG01000000) [26]. The MS data were
analyzed using MaxQuant software (version 1.6.1.0)
[76, 77] and searched using our protein sequence data-
base, MA_protein_012411.fasta, with the following
parameters: minimum peptide length, 7; precursor mass
tolerance, 10 ppm; fragment mass tolerance, 0.02 Da;
maximum of two missed cleavages. Carbamidometh-
ylation of cysteine was identified as a fixed modification,
whereas N-acetyl protein (Protein N-term) and oxidation
of methionine (Oxidation (M)) were searched as modifi-
cations included in protein quantitation. The false discov-
ery rates (FDR) of the peptide-to-spectrum match (PSM),
XPSM, protein, and site were set at 0.01. Intensity-based
label-free protein quantitation proceeded using Max-
Quant software with peak heights from reconstructed
ion chromatograms of identified peptides. Protein abun-
dance is represented as the total peak height of all quanti-
fied unique peptides from that protein.

Bioinformatics and statistical analyses

Proteins or metabolites with similar change trends
were grouped using k-means clustering with the Pear-
son correlation distance metric [54, 78-80]. Proteins
or metabolites that closely correlated (R>0.75) in
the same cluster were included in GO-term or path-
way enrichment analysis, respectively. The functional
annotations (M. alpina ATCC32222 v1.0 database) of
the proteome database of M. alpina ATCC32222 were
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achieved using EggNOG mapper 5.0 based on our pre-
viously reported genome information [26, 81]. The GO
annotation results of identified proteins were extracted
from the M. alpina ATCC32222 v1.0 database and
a new GO database was constructed. Gene ontology
enrichment was identified using TBtool [82] combined
with the M. alpina ATCC32222 GO_v1.0 database. All
detected metabolite and protein profiles were ranked
using multivariate empirical Bayes analyses and path-
way enrichment was analyzed using MetaboAnalyst
4.0 (http://www.metaboanalyst.ca/) [33, 83]. All statis-
tical analyses and visualizations were conducted using
GraphPad Prism version 6 (Graph Pad Software, San
Diego, CA, U.S.A.), Adobe Illustrator CS5 (Adobe, San
Jose, CA, U.S.A.), and ggplot2 package in R software.
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