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Abstract: Cold stress causes changes in the lipid composition of Mortierella alpina. In order to
investigate the molecular mechanisms of M. alpina in response to cold stress, transcriptome analyses
were performed on three groups of M. alpina cultured at (1) 25 ◦C, (2) 15 ◦C, and (3) first at 25 ◦C for
2 days and then 15 ◦C for 7 days, respectively. The results of a gas chromatography–mass spectrometry
(GC–MS) analysis suggested that, compared with 25 ◦C conditions, dry weight and lipid production
were significantly decreased in M. alpina grown at 15 ◦C, with a total of 1552 differentially expressed
genes (DEGs) identified in response to cold stress. The quantitative real-time PCR (qRT-PCR) analysis
was conducted to verify the expression patterns of six DEGs involved in lipid metabolism. Results of
the enrichment analyses of the DEGs based on the Gene Ontology (GO) and the Kyoto Encyclopedia
of Genes and Genomes (KEGG) databases showed that fatty acid compositions were regulated by
genes involved in the glycolysis pathway, fatty acid synthesis, the pentose phosphate pathway, the
glycerolipid pathway, the tricarboxylic acid (TCA) cycle, and the glycerophospholipid pathway. Our
study provided solid experimental evidence and novel insights into the metabolic engineering and
the molecular mechanisms regulating the response to cold stress in M. alpina.

Keywords: Mortierella alpina; cold stress; transcriptome; unsaturated fatty acids; glycolysis;
tricarboxylic acid cycle; fatty acid synthesis; pentose phosphate pathway; glycerolipid pathway;
glycerophospholipid pathway

1. Introduction

Microbial food and microbial energy are important components of the microbial
industry in agriculture, helping effectively alleviate severe societal problems, such as
increasing food demand, energy shortages, and environmental pollution worldwide. As an
oleaginous fungal species of the class Zygomycetes, Mortierella alpina has shown a wide
range of applications in the fields of microbial food and microbial energy. This fungus
is capable of accumulating high contents of lipids in its mycelia. These lipids are rich in
arachidonic acid (ARA), which is a type of n-6 polyunsaturated fatty acid (PUFA) [1]. As
an essential type of fatty acid for human nutrition, ARA is found in high concentrations
in several vital tissues, such as brain, retina, and testis, in humans [2]. ARA also plays an
important role in the growth and development of infants. In particular, the application of
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ARA in infant formulas is necessary to achieve the optimal development of membrane-rich
systems, such as brain and retina [3,4]. Although ARA is generally extracted from animal
livers, tuna, and egg yolk, ARA contents in these resources are generally low [5]. With
promising prospects, M. alpina has been identified as a commercial source of ARA for its
incorporation into infant formula [6].

In recent years, the establishment of advanced technologies, such as high-throughput
sequencing and gas chromatography–mass spectrometry (GC–MS), has provided novel
strategies for studies of microbiomes and synthetic biology to further explore the func-
tions of genes in agricultural microbes. Furthermore, the high-transformation strains have
been screened to promote agricultural microbial industry. For example, M. alpina uses the
classic “fatty acid synthase pathway” rather than the less common “polyketide synthase
pathway” (e.g., found in Schizochytrium limacinum) to synthesize PUFAs. With various
types of mutants available, this fungal species has been established as a model organism for
molecular analyses [7]. Furthermore, the genome of M. alpina has been sequenced, with its
fatty acid metabolic pathway mapped and its main types of lipids determined, significantly
facilitating investigations of the molecular mechanisms underlying the production and
metabolism of lipids in this fungal species [7,8]. For example, gene expression of M. alpina
under nitrogen stress has been investigated by transcriptomic analysis, demonstrating that
the pentose phosphate pathway plays an important role in lipid production in M. alpina [9].
Furthermore, proteomic analysis has revealed a total of 171 differentially expressed pro-
teins (DEPs) showing significant alteration in expression during the aging process in M.
alpina [10]. Moreover, multi-omics analysis has quantified the global resource allocation by
M. alpina in response to nutrient stress [11].

It is well-known that under cold stress the lipid compositions of M. alpina show a
large number of variations, with some alterations presenting significant commercial value.
However, transcriptome analyses exploring the molecular mechanisms underlying lipid
biosynthesis and accumulation in M. alpina under cold stress are still sparse. For example,
studies have shown that, at room temperature, M. alpina hardly accumulates any amount of
ω-3 eicosatetraenoic acid (ETA). However, an increased amount of ETA (accounting for 42%
of the total lipids) has been identified in M. alpina S14 transformants under cold stress, with
the endogenous gene encodingω-3 desaturase transformed [12]. Under low temperature
conditions, M. alpina also produces a type of n-3 PUFA, i.e., eicosapentaenoic acid (EPA).
As a type of essential fatty acid, EPA is important for maintaining fundamental biological
functions in humans [13]. Studies have shown that EPA possesses many health-promoting
properties, such as the prevention and treatment of cardiovascular diseases, Alzheimer’s
disease, inflammatory disease, cancer, and schizophrenia, making the demand for EPA
rapidly increase in the fields of pharmacy, medicine, and nutrition [14]. Deep-sea fish oil is
currently the principal commercial source of EPA [15]. However, it is believed that globally,
deep-sea fish oil has already reached its maximum level of production [16]. Furthermore,
this source of EPA has shown several disadvantages in its commercial applications, such as
its high cholesterol content, poor taste, and heavy metal contamination [17].

To date, agricultural microorganisms have significantly enhanced scientific and tech-
nological advancements to accelerate development in agriculture. As a high oil-producing
microorganism, M. alpina has shown a wide range of applications in microbial energy,
microbial feed, and microbial food. In particular, various fermentation strategies, includ-
ing temperature shift [18], pH shift [19,20], oxygen supply [18,21], consumed carbon to
nitrogen (C/N) ratio [22,23], and precursor supply [22], have been developed and per-
formed to regulate the fatty acid profile and, in particular, enhance lipid accumulation in
M. alpina. Although many of these fermentation techniques are effective in changing the
lipid contents and the fatty acid profile, the molecular mechanisms regulating the related
biological response in M. alpina to the environmental changes remain unclear. Further-
more, the metabolic pathway of lipid synthesis in M. alpina has been well established, with
several genes involved in the synthesis of lipids identified and transformed into different
hosts to increase production of lipids [7,10]. The goals of our study were to investigate
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the molecular response in M. alpina cultured at three different temperatures (i.e., 25 ◦C,
15 ◦C, and first 25 ◦C and then 15 ◦C) based on high-throughput RNA-Seq analysis and to
identify the metabolic pathways and related genes regulating the production of lipids in
M. alpina. The transcriptome of M. alpina was constructed based on the de novo assembly
of RNA-Seq reads. The results showed that, under cold stress, both the dry weight of
fungal spores and lipid production were significantly decreased in M. alpina. A total of
1552 differentially expressed genes (DEGs) of M. alpina were identified in response to cold
stress. Furthermore, the DEGs involved in the glycolysis pathway, fatty acid synthesis,
the pentose phosphate pathway, the glycerolipid pathway, the tricarboxylic acid (TCA)
cycle, and the glycerophospholipid pathway regulated the changes in the production of
acetyl-CoA and NADPH, ultimately affecting the production and composition of lipids in
M. alpina.

2. Materials and Methods
2.1. Microorganisms and Culture Conditions

The fungal strain M. alpina ATCC 32222 (CapitalBiol Technology Co., Ltd., Beijing,
China) was inoculated on a potato dextrose agar (PDA) plate and cultured at 25 ◦C. A total
of 5 mL sterile distilled water was added to the PDA plate to collect the fungal spores.
The suspension of spores was adjusted to a density of approximately 107 spores/mL and
then inoculated (5%, v/v) into the spore culture medium (containing 50.0 g/L glucose,
15.0 g/L soybean meal, 3.0 g/L KH2PO4, and 1.0 g/L Na2SO4) in a 250 mL flask, shaken at
200 rpm. The spores were cultured for 3.5 d at 25 ◦C and then inoculated (10%, v/v) into
the fermentation medium (containing 50.0 g/L glucose, 30.0 g/L soybean meal, 3.0 g/L
KH2PO4, 1.0 g/L Na2SO4, 0.5 g/L CaCl2·2H2O, and 0.5 g/L MgCl2·6H2O) in a 250 mL flask,
shaken at 200 rpm. Based on the results of our preliminary experiments, three experimental
groups were set up: (1) the TA group was cultured at 25 ◦C and fermentation was stopped
after 7 d; (2) in the TB group, the temperature was set at 15 ◦C and fermentation was
terminated after 7 d; (3) in the TC group, the temperature was first set at 25 ◦C for 5 d and
then 15 ◦C for 2 d prior to the termination of fermentation.

2.2. Lipid Analysis

The total lipids were extracted by the acid-heating procedure. Specifically, the fungal
mycelia were freeze-dried in a vacuum and then ground to mix with 50% HCl, after
which they were incubated in a water bath (75 ◦C) for 2 h. Then, the total lipids were
extracted using n-hexane 3–5 times, with the n-hexane removed under nitrogen. In order
to analyze the fatty acid composition, the total lipids were converted into fatty acid methyl
esters (FAMEs) by saponification and esterification based on our previous studies [24].
The FAMEs were analyzed by GC–MS (GC2010, Shimadzu, Kyoto, Japan) using a flame
ionization detector (FID) and a SP-2560 capillary column (100 m × 0.25 mm × 0.20 µm).
Supelco® 37 Component FAME Mix (Sigma-Aldrich, Beijing, China) was used as a standard
to identify the FAMEs in the GC analysis.

2.3. RNA Extraction, Library Construction, and Illumina Sequencing

The procedures of sample collection and RNA extraction were the same as those re-
ported in our previous study [24]. The RNA-Seq analysis was performed on one biological
replicate in each group of samples. The accuracy of the RNA-Seq data and the expression
patterns of genes identified based on the RNA-Seq analysis were further verified by quanti-
tative real-time PCR (qRT-PCR) analysis. RNA integrity was determined in an Agilent 2100
Bioanalyzer using the Agilent Eukaryote Total RNA Nano kit (Agilent, Shanghai, China).
The pair-end index libraries were constructed using the NEBNext® UltraTM Directional
RNA Library Prep Kit for Illumina® according to the manufacturer’s protocol (New Eng-
land BioLabs, Inc., Shanghai, China). These libraries (Table S1) were sequenced using the
Illumina HiSeq2500 System (Jiangsu Jinweizhi, Tianjin, China).
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2.4. RNA-Seq Analysis, De Novo Assembly, and Functional Annotation

The raw reads of RNA-Seq were filtered using Trimmomatic (version 0.30) to remove
the adaptors and ambiguous nucleotides (i.e., the Ns at the end of the reads) and to
eliminate sequences shorter than 75 bp to obtain the clean reads. The clean reads of three
samples (i.e., the TA, TB, and TC groups) were assembled using Trinity (version r2013-02-
25) and then further clustered into unigenes using the TIGR Gene Indices clustering tools
(TGICL) [25]. The clean data were mapped onto the unigenes using bowtie2 (version 2.1.0)
software to compare short reads to quantify the unigenes. The unigenes were annotated
using the Basic Local Alignment Search Tool (BLAST) analysis (E value < 10−5) based on the
non-redundant (Nr) protein database of the National Center for Biotechnology Information
(NCBI; https://www.ncbi.nlm.nih.gov/; accessed on 12 March 2020). The functions of the
unigenes were annotated by Gene ontology (GO) analysis using the Blast2GO platform [26].
The proteins encoded by the unigenes were classified based on the Cluster of Orthologous
Groups (COG) database [27]. The metabolic pathways were enriched by the unigenes based
on the Kyoto Encyclopedia of Genes and Genomes (KEGG) database [28].

2.5. Analysis of Differentially Expressed Unigenes

The gene expression levels were estimated by RSEM (version 1.2.4) using the fragments
per kilobase of transcript per million mapped reads (FPKM) method [29] to obtain the
FPKM values of unigenes in each sample by mapping clean reads of RNA-Seq back onto
unigenes. Differential expression analysis was conducted using the DESeq R package [30].
The DEGs were identified based on a p-value < 0.05 and fold changes >2 or <−2 with
the p-value adjusted using the Benjamini–Hochberg procedure for controlling the false
discovery rate (FDR).

2.6. Quantitative Real-Time PCR Analysis

A FastKing RT Kit with gDNAase (Tiangen, Beijing, China) was applied to synthesize
the cDNAs, following the manufacturer’s instructions. A qRT-PCR analysis was performed
on a Bio-Rad CFX96 Real-Time PCR System using the PowerUp TM SYBR TM Green Master
Mix (Thermo Fisher Scientific, Shanghai, China), based on the manufacturer’s instructions.
All primers used in this study are listed in Table S2.

3. Results
3.1. Effects of Temperature on Fatty Acid Compositions in Mortierella alpina

Temperature has been shown to have a significant effect on lipid production in
M. alpina. In order to investigate the changes in fatty acid composition in M. alpina under
cold stress, we analyzed the variations in the contents of lipids produced by M. alpina
cultured at three different temperatures (Table 1). Compared with the TA group of M.
alpina, the lipid contents and biomass in the TB group were significantly decreased to
9.89% and 32.54%, respectively. Similarly, the lipid contents and biomass were significantly
decreased in the TC group in comparison to the TA group.

Table 1. Lipid contents and biomass in three groups (i.e., TA, TB, and TC) of Mortierella alpina under
three different temperatures. The condition “25 ◦C–15 ◦C” indicates the temperature first at 25 ◦C for
5 d and then at 15 ◦C for 2 d. The symbol “**” indicates a significant difference set at a p-value of 0.01
in comparison to the TA group.

Sample Lipid Content (%) Biomass (g/L)

TA (25 ◦C) 17.59 ± 0.27 38.04 ± 0.24
TB (15 ◦C) 9.89 ± 0.41 ** 32.54 ± 0.52 **

TC (25 ◦C–15 ◦C) 15.58 ± 0.13 ** 36.03 ± 0.34 **

The lipids in M. alpina were then methylated and detected by GC–MS. We measured
the contents of four types of saturated fatty acids, i.e., tetradecanoic acid, palmitic acid,

https://www.ncbi.nlm.nih.gov/
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stearic acid, and arachidic acid, as well as eight types of unsaturated fatty acids, i.e., oleic
acid, linoleic acid, r-linolenic acid, eicosenoic acid, eicosadienoic acid, eicosatrienoic acid,
ARA, and EPA (Table 2). Under the normal temperature conditions, the proportion of
unsaturated fatty acids was higher than that of saturated fatty acids, i.e., 78.36% and 19.87%,
respectively. Under the cold stress condition, the concentration of saturated fatty acids
was increased to 26.08%, while the concentration of unsaturated fatty acids was reduced
to 72.38%. Similar reactions were observed when M. alpina was cultivated first at 25 ◦C
for 2 days and then transferred to cold stress. The proportion of saturated fatty acids was
relatively higher than that of saturated fatty acids, i.e., 20.49% and 78.22%, respectively.
Both types of cold stress application induced three types of saturated fatty acids, i.e.,
tetradecanoic acid, palmitic acid, and stearic acid, and reduced one type, i.e., arachidic
acid. Under cold stress, three types of unsaturated fatty acids, oleic acid, linoleic acid, and
r-linolenic acid, were reduced, while two other types, eicosatrienoic acid and EPA, were
increased. Another three types of unsaturated fatty acids, eicosenoic acid, eicosadienoic
acid, and ARA, showed different reactions under 7-day cold stress and 2-day cold stress,
i.e., a reduction in TB and an increase in TC in comparison to TA.

Table 2. Effects of temperature on the fatty acid composition (%) in the total lipids of three groups (i.e.,
TA, TB, and TC) of Mortierella alpina under three different temperatures. The condition “25 ◦C–15 ◦C”
indicates the temperature first at 25 ◦C and then at 15 ◦C. The symbols “*” and “**” indicate significant
differences set at p-values of 0.05 and 0.01, respectively, in comparison to the TA group.

Fatty Acid TA (25 ◦C) TB (15 ◦C) TC (25 ◦C–15 ◦C)

Tetradecanoic acid (C14:0) 0.29 ± 0.035 0.678 ± 0.061 ** 0.35 ± 0.027 *
Palmitic acid (C16:0) 7.84 ± 0.145 9.60 ± 0.225 ** 8.33 ± 0.232 **
Stearic acid (C18:0) 11.20 ± 0.917 15.30 ± 0.874 ** 11.29 ± 0.657

Oleic acid (C18:1n9t) 0.06 ± 0.013 0.07 ± 0.011 * 0.05 ± 0.013 *
Oleic acid (C18:1n9c) 7.58 ± 0.750 5.36 ± 0.53 ** 7.36 ± 0.032 **

Linoleic acid (C18:2n6c) 5.82 ± 0.232 4.11 ± 0.211 ** 5.44 ± 0.307 **
r-linolenic acid (C18:3n6) 4.34 ± 0.371 3.61 ± 0.341 ** 4.12 ± 0.429 **

Arachidic acid (C20:0) 0.58 ± 0.043 0.55 ± 0.026 * 0.56 ± 0.033 **
Eicosenoic acid (C20:1) 0.30 ± 0.029 0.17 ± 0.014 ** 0.32 ± 0.028 *

Eicosadienoic acid (C20:2) 0.48 ± 0.054 0.41 ± 0.043 ** 0.52 ± 0.056 **
Eicosatrienoic acid (C20:3) 4.40 ± 0.238 7.45 ± 0.657 ** 4.66 ± 0.382 **
Arachidonic acid (C20:4) 56.40 ± 1.835 51.77 ± 1.677 ** 56.59 ± 1.971 *

Eicosapentaenoic acid (C20:5) 0.01 ± 0.001 0.22 ± 0.014 ** 0.22 ± 0.021 **

3.2. RNA-Seq and Transcriptome Analyses of Lipid Synthesis in Mortierella alpina under
Cold Stress

The three groups of samples of M. alpina were sequenced by Hiseq2500 technology to
obtain the raw data of RNA-Seq, which were further processed by Trimmomatic to remove
the adapters and low-quality sequences to obtain the clean data for subsequent analyses
(Table 3). The transcriptome of M. alpina was constructed based on the de novo assembly of
clean reads using Trinity, and the sequence clustering software TGICL was used to obtain
the non-redundant unigene sequences (Table 4). Among the total of 22,059 unigenes, the
shortest and the longest unigenes were 201 bp and 15,549 bp, respectively, with an average
length of 1429.89 bp and a GC content of 53.23%. The statistics for the clean data mapped
onto the unigenes based on bowtie2 are given in Table 5.



Agronomy 2022, 12, 599 6 of 23

Table 3. Statistics of RNA-Seq data for three groups (i.e., TA, TB, and TC) of Mortierella alpina. The
statistics for the clean data based on Trimmomatic are given in parentheses.

Sample Length (nt) Reads Nucleotide Q20 (%) Q30 (%) GC (%) N (ppm)

TA 101
(100.27)

55,701,908
(46,514,296)

5,625,892,708
(4,663,901,130)

95.57
(99.69)

90.44
(96.78)

53.72
(53.51)

933.86
(0.46)

TB 101
(100.24)

48,534,748
(40,287,982)

4,902,009,548
(4,038,356,115)

95.45
(99.67)

90.06
(96.62)

53.88
(53.61)

927.96
(0.46)

TC 101
(100.24)

65,639,098
(55,154,048)

6,629,548,898
(5,528,511,690)

95.89
(99.69)

90.77
(96.73)

54.25
(54.00)

938.59
(0.46)

Table 4. Statistics (%) for the de novo assembly of the transcriptome in Mortierella alpina based on
Trinity and the TIGR Gene Indices clustering tools (TGICL).

Assembled Unit Total <200 nt (200–500) nt (500–1000) nt (1000–1500) nt (1500–2000) nt ≥2000 nt

Contig 1,417,688
(100)

1,397,239
(98.56) 9006 (0.64) 3761 (0.27) 2017 (0.14) 1633 (0.12) 4031 (0.28)

Trinity assembly 23,727 (100) 0 8159 (34.39) 4254 (17.93) 2668 (11.24) 2238 (9.43) 6407 (27)
Unigene (TGICL) 22,059 (100) 0 7936 (35.98) 4048 (18.35) 2495 (11.31) 2039 (9.24) 5540 (25.11)

Table 5. Clean reads of RNA-Seq mapped onto unigenes in three groups (i.e., TA, TB, and TC) of
Mortierella alpina based on bowtie2.

Sample Total Read Total Read
Mapped (%)

Unique Read
Mapped (%)

Multi-Region
Mapped (%)

TA 46,514,296 43,589,424 (93.71) 39,026,470 (83.90) 4,562,954 (9.81)
TB 40,287,982 37,644,954 (93.44) 33,595,404 (83.39) 4,049,550 (10.05)
TC 55,154,048 51,442,932 (93.27) 45,945,988 (83.30) 5,496,944 (9.97)

3.3. Functional Annotation of Unigenes in Mortierella alpina

The unigenes of M. alpina were annotated by a BLAST analysis based on the Nr
database of the NCBI with an E-value threshold of 1 × 10−5. A total of 10,224 (46.35% of
22,059) unigenes were identified with putative homologues in the Nr database. The results
revealed that a total of 5235 (51.20%) of the matched sequences were highly homologous,
with an E-value < 1 × 10−5 (Table S3).

The functions of the unigenes were further annotated and classified using the GO
database (Figure 1; Table S4). Among the 3344 unigenes annotated with GO terms, a total
of 2718 (81.28%) unigenes were classified in the category of molecular function, followed by
the categories of biological processm with 2027 (60.62%) unigenes and cellular component
of 1266 (37.86%) unigenes annotated, respectively. The unigenes assigned to molecular
function were mainly associated with catalytic activities, with 1828 (54.67%) unigenes and
binding with 1535 (45.90%) unigenes, respectively. The unigenes assigned to biological
process were mainly linked to metabolic processes, with 1641 (49.07%) unigenes and cellular
process of 1616 (48.33%) unigenes, respectively. In the category of the cellular component,
the two largest groups of unigenes were annotated according to cells, with 1264 (37.80%)
unigenes and the cell parts of 1264 (37.80%) unigenes annotated, respectively.

The functions of the unigenes of M. alpina were further classified according to the
COG database (Figure 2; Table S5). The results showed that a total of 1549 unigenes
were annotated into a total of 23 functional categories in the COG database. The top five
categories with the most unigenes annotated included the general function prediction only
(289 unigenes, 18.66%), translation, ribosomal structure, and biogenesis (120 unigenes,
7.75%), post-translational modification, protein turnover, chaperones (119 unigenes, 7.68%),
replication, recombination and repair (114 unigenes, 7.36%), and amino acid transport
and metabolism (86 unigenes, 5.55%). The two least represented categories included cell
motility (3 unigenes, 0.19%) and chromatin structure and dynamics (8 unigenes, 0.52%).
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The unigenes of M. alpina were annotated with respect to metabolic pathways based
on the KEGG database (Figure 3; Table S6). A total of 4302 unigenes were revealed in
330 metabolic pathways in the KEGG database. The top eight enriched metabolic pathways
with the most unigenes annotated included the ribosome (190 unigenes, 4.42%), the biosyn-
thesis of amino acids (145 unigenes, 3.37%), purine metabolism (124 unigenes, 2.88%),
carbon metabolism (119 unigenes, 2.77%), oxidative phosphorylation (107 unigenes, 2.49%),
the spliceosome (107 unigenes, 2.49%), RNA transport (102 unigenes, 2.37%), and protein
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processing in the endoplasmic reticulum (101 unigenes, 2.35%). In particular, the path-
ways closely associated with fatty acid metabolism included glycolysis/gluconeogenesis
(57 unigenes, 1.32%), glycerophospholipid metabolism (47 unigenes, 1.09%), the citrate
cycle (43 unigenes, 1.00%), fatty acid degradation (35 unigenes, 0.81%), sphingolipid
metabolism (29 unigenes, 0.67%), biosynthesis of unsaturated fatty acids (27 unigenes,
0.63%), the pentose phosphate pathway (26 unigenes, 0.60%), glycerolipid metabolism
(18 unigenes, 0.42%), fatty acid elongation (12 unigenes, 0.28%), and fatty acid biosynthesis
(6 unigenes, 0.14%).
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Figure 3. Functional annotations of the unigenes of Mortierella alpina based on the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database.

3.4. Identification of Differentially Expressed Unigenes in Mortierella alpina

To investigate the transcriptional variations in the three groups of M. alpina, DEGs
were identified based on the pairwise comparisons among the three groups of M. alpina by
comparing the FPKM values with a p-value < 0.05 and fold changes > 2 or < −2 (Figure 4A).
A total of 1552 DEGs were revealed in the three pairwise comparison groups to be involved
in the molecular response of M. alpina in response to cold stress. A total of 785, 853, and
710 DEGs were revealed in the pairwise comparisons of TA vs. TB, TA vs. TC, and TB vs.
TC, with 332, 451, and 406 DEGs up-regulated and 453, 402 and 304 DEGs down-regulated,
respectively (Figure 4B).

Agronomy 2022, 12, x FOR PEER REVIEW 9 of 24 
 

 

 

Figure 4. Differentially expressed genes (DEGs) identified in the pairwise comparisons among the 

three groups (i.e., TA, TB, and TC) of Mortierella alpina (A) showing up-regulated and down-regu-

lated DEGs (B). 

3.5. Enrichment Analysis of Differentially Expressed Genes Based on the Pairwise Comparisons 

of Mortierella alpina 

To further investigate the effects of cold stress on the gene expression of M. alpina, 

enrichment analyses based on both GO and KEGG databases were performed on the 

DEGs in the pairwise comparisons of the three groups of M. alpina. In the TA vs. TB com-

parison, the results of the GO annotations showed that the genes were mainly enriched in 

the functions of nucleotide binding, catalytic activity, pyridoxal phosphate binding, pep-

tide activity, and autophagy (Figure 5A,B), while the KEGG enrichment analysis showed 

that the genes were mainly enriched in the cytosolic DNA-sensing pathway, carbon fixa-

tion in photosynthetic organisms, and protein digestion and absorption (Figure 5C). 

Figure 4. Differentially expressed genes (DEGs) identified in the pairwise comparisons among the
three groups (i.e., TA, TB, and TC) of Mortierella alpina (A) showing up-regulated and down-regulated
DEGs (B).



Agronomy 2022, 12, 599 9 of 23

3.5. Enrichment Analysis of Differentially Expressed Genes Based on the Pairwise Comparisons of
Mortierella alpina

To further investigate the effects of cold stress on the gene expression of M. alpina,
enrichment analyses based on both GO and KEGG databases were performed on the DEGs
in the pairwise comparisons of the three groups of M. alpina. In the TA vs. TB comparison,
the results of the GO annotations showed that the genes were mainly enriched in the
functions of nucleotide binding, catalytic activity, pyridoxal phosphate binding, peptide
activity, and autophagy (Figure 5A,B), while the KEGG enrichment analysis showed that
the genes were mainly enriched in the cytosolic DNA-sensing pathway, carbon fixation in
photosynthetic organisms, and protein digestion and absorption (Figure 5C).

In the TA vs. TC comparison, the GO annotations revealed that genes were mainly
enriched in the oxidation–reduction process, proton-exporting ATPase activity, the phospho-
rylation mechanism, and metabolic processes (Figure 6A,B), while the KEGG enrichment
analysis showed that genes were mainly enriched in the biosynthesis of unsaturated fatty
acids, the PPAR signaling pathway, fatty acid degradation, peroxisomes, and alpha-linolenic
acid metabolism (Figure 6C).

In the TB vs. TC group, the GO enrichment analysis showed that genes were mainly
enriched with respect to proton-exporting ATPase activity, the phosphorylation mechanism,
transfer activity, transferring acyl groups other than amino-acyl groups, the oxidation–
reduction process, metabolic processes, and the ATP biosynthetic process (Figure 7A,B),
while the KEGG enrichment analysis showed that genes were mainly enriched in the
pathways of peroxisomes, the PPAR signaling pathway, fatty acid biosynthesis, fatty acid
degradation, and the biosynthesis of unsaturated fatty acids (Figure 7C).

Enrichment analyses of the 1552 DEGs revealed in the three groups of M. alpina were
performed based on both the GO and KEGG databases. The results of GO enrichment
analysis showed that these genes were mainly enriched in proton-exporting ATPase activity,
the phosphorylation mechanism, the oxidation–reduction process, the ATP biosynthetic
process, transferase activity, transferring acyl groups other than amino-acyl groups, and
fatty acid biosynthetic process (Figure 8A,B), while the KEGG enrichment analysis revealed
that genes were mainly enriched in the biosynthesis of unsaturated fatty acids, peroxisomes,
the PPAR signaling pathway, fatty acid degradation, alpha-linolenic acid metabolism,
primary bile acid biosynthesis, and fatty acid biosynthesis (Figure 8C).

Furthermore, the 48 DEGs shared among the three pairwise comparisons of M. alpina
were annotated based on both the GO and KEGG databases. The results of the GO enrich-
ment analysis showed that these genes were mainly enriched in macromolecule biosynthetic
processes, isocitrate lyase activity, enoyl-(acyl-carrier-protein) reductase (NADH) activity,
the fatty acid synthase complex, holo-(acyl-carrier-protein) synthase activity, and succi-
nate dehydrogenase activity (Figure 9A,B), while the KEGG enrichment analysis showed
that these genes were mainly enriched in the degradation of aromatic compounds, fatty
acid biosynthesis, caprolactam degradation, alpha-linolenic acid metabolism, and steroid
biosynthesis (Figure 9C).

3.6. Verification of the Expression of Differentially Expressed Genes by qRT-PCR Analysis

In order to verify the reliability of the expression patterns of DEGs revealed in the
pairwise comparisons of M. alpina, six DEGs were randomly selected for further qRT-PCR
analysis (Table 6). The results showed that the expressions of these DEGs were consistent
with those revealed by the transcriptome sequencing results (Figure 10).
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Table 6. Expression profiles presented with values of the fragments per kilobase of transcript per mil-
lion mapped reads (FPKM) of six differentially expressed genes (DEGs) of three groups of Mortierella
alpina (TA, TB, and TC) randomly selected for the qRT-PCR analysis. Gene annotation is based on the
non-redundant (Nr) database at the National Center for Biotechnology Information (NCBI).

Gene Gene Annotation TA TB TC

c6160_g1_i1 Sterol desaturase 1.38 0.57 2.66
c11974_g1_i1 Delta-6 fatty acid desaturase 28.3 35.2 39.27
c13286_g1_i1 Delta-5 fatty acid desaturase 552.74 287.16 287.03
c14468_g1_i1 Delta-6 fatty acid elongase 885.54 790.17 473.17
c11922_g1_i1 OPT oligopeptide transporter 30.2 332.6 61.63
c12117_g1_i1 Isocitrate lyase 74.24 4.76 383.25
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Figure 10. The qRT-PCR analysis of the expression patterns of six differentially expressed genes
(DEGs) revealed in the three groups (i.e., TA, TB, and TC) of Mortierella alpina. Symbols “*” and “**”
indicate the significant difference set at p values less than 0.05 and 0.01, respectively, in comparison
to TA.

3.7. Expression of Genes Involved in the Synthesis of Polyunsaturated Fatty Acids

The main enzymes involved in the synthesis of PUFAs in M. alpina included ∆-9
desaturase, ∆-12 desaturase, ∆-6 desaturase, ∆-5 desaturase,ω-3 desaturase, and fatty acid
elongase, involved in fatty acid chain extension (Table S7). Our results revealed a total
of three copies of genes encoding the ∆-9 desaturase, three copies of genes encoding the
∆-6 desaturase, one copy of gene each encoding ∆-12 desaturase and ∆-5 desaturase, and
a total of four copies of genes encoding the fatty acid elongases. One copy of the gene
encoding ω-3 desaturase was identified with relatively small FPKM values. Compared
with the TA group, the expressions of genes encoding the fatty acid desaturases were
significantly down-regulated in the TB group. Two of the three copies of genes encoding
the ∆-9 desaturase (i.e., ∆-9-1 and ∆-9-2) showed similar expression levels, while the third
copy (i.e., ∆-9-3) showed significantly increased expression in the TA group, 11.42 times
higher than that in the TB group. One of the three copies of genes encoding ∆-6 desaturase
(i.e., ∆-6-1) showed similar expression levels between the TA and TB groups, while the other
two copies (i.e., ∆-6-2 and ∆-6-3) showed increased expression levels, 2.18 and 3.23 times
higher than those in the TA group and TB group, respectively. Furthermore, the expression
levels of genes encoding ∆-12 desaturase and ∆-5 desaturase in the TA group were 2.31
and 1.92 times higher than those in the TB group, respectively, while the expression of gene
encoding ω-3 desaturase in the TB group was increased by 1.69 times compared to the
TA group. Compared with the TA group, the expression of genes encoding the fatty acid
elongase were slightly up-regulated in the TB group.
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4. Discussion

In this study, the transcriptomic analyses of three groups of M. alpina under three
different temperature settings were conducted to investigate the molecular response to
cold stress in this fungal species. The results of enrichment analyses based on both the
GO and KEGG databases and the GC–MS analysis revealed the effects of cold stress on
the expression of genes involved in lipid production in M. alpina. Specifically, M. alpina
cultured under cold stress showed reduced growth and development due to an altered
fundamental metabolism, i.e., less effective utilization of glucose and reduced activities of
enzymes involved in the metabolic pathway of glycerol, ultimately leading to a decrease in
the synthesis of glycerol, triglycerides, and fatty acids. Our results showed that the lipid
contents were reduced by approximately 1.78-fold under cold stress (Table 1). Furthermore,
the cold stress caused variations in the carbon metabolism-related pathways of M. alpina,
which generated both acetyl-CoA and NADPH. Acetyl-CoA is an important substrate and
precursor for fatty acid synthesis, while NADPH is a reducing agent in the process of fatty
acid synthesis. The reduction of acetyl-CoA and NADPH contents led to a decrease in
the lipid contents of M. alpina. Moreover, cold stress caused variations in the expressions
of genes involved in fatty acid synthesis in M. alpina, ultimately changing the fatty acid
composition of M. alpina. Our results constantly showed that cell membranes were the
most significantly enriched GO terms in the category of cellular components based on the
GO database and the locations of the most significantly enriched metabolic pathway based
on the KEGG database (Figures 5–9), suggesting that cold stress had the greatest impact on
the membrane structure of M. alpina. As the structural components of cell membranes, lipid
storage, and signal transduction pathways, long-chain PUFAs play a key role in higher
organisms. These results suggested that cold stress altered the fatty acid composition in
M. alpina, indirectly changing the expression of genes involved in cell membranes, lipid
storage, and signal transduction pathways.

We further discuss the molecular regulations of genes involved in the metabolic
pathways closely related to lipid production and composition in M. alpina under cold stress.

4.1. Fatty Acid Metabolic Pathway

The metabolic pathway of PUFAs in M. alpina under cold stress was described in
Figure 11. A total of three copies of genes encoding ∆-9 desaturase and four copies of
genes encoding the fatty acid elongase were identified in our study (Table S7). The ∆-9
desaturase catalyzed the conversion of stearic acid (C18:0) to generate the monounsaturated
fatty acid OA (C18:1), which was the first step in unsaturated fatty acid synthesis in M.
alpina [31,32]. Studies have shown that the overexpression of two copies of the genes
(i.e., ∆-9-1 and ∆-9-2) encoding the ∆-9 fatty acid desaturase in Saccharomyces cerevisiae
indicated that ∆-9-1 and ∆-9-2 were more likely to catalyze oleic acid, instead of palmitic
acid, to produce stearic acid [33]. Furthermore, the other copy of the gene encoding ∆-9
desaturase (i.e., ∆-9-3) was homologously expressed in M. alpina, showing that at a low
temperature (12 ◦C), ∆-9-3 enhanced the conversion of palmitic acid (C16:0) to palmitoleic
acid (C16:1) by 9.12 times [34]. However, the formation of C16:1 was not detected by the
GC–MS analysis in our study, probably due to the relatively high temperature of 15 ◦C
in comparison to 12 ◦C. Our results also revealed three copies of genes encoding the ∆-
6 desaturase and one copy of each gene encoding ∆-12 desaturase and ∆-5 desaturase,
respectively. The ∆-12 desaturase converted oleic acid to generate linoleic acid, while
the ∆-6 desaturase converted linoleic acid to γ-linolenic acid. Studies have shown that
the overexpression of both ∆-12 desaturase and ∆-6 desaturase in Saccharomyces cerevisiae
caused the increased production of γ-linolenic acid by 10% in total fatty acids [35]. The
∆-5 desaturase promoted the conversion of eicosatrienoic acid to ARA and the conversion
of ARA to EPA. Studies have shown that the overexpression of genes encoding the ∆-5
desaturase in Arachis hypogaea caused the production of EPA [36]. In our study, the results
of the transcriptome analysis showed that, under cold stress, the expression levels of ∆-9
desaturase, ∆-12 desaturase, ∆-6 desaturase, and ∆-5 desaturase decreased, leading to the
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down-regulation of the production of oleic acid, linoleic acid, γ-linolenic acid, and ARA
in M. alpina. Furthermore, our results showed that the expression ofω-3 desaturase was
up-regulated in M. alpina under cold stress. Studies have shown that, at room temperature,
ω-3 desaturase hardly used C20ω-6 fatty acids but only C18ω-6 fatty acids as substrates
to generateω-3 fatty acids [37]. These results were consistent with the findings reported
in our current study, showing that EPA (i.e., C20:5ω-3 unsaturated fatty acid) was hardly
produced at a normal temperature of 25 ◦C, whereas a small amount of EPA was detected
in M. alpina under the low temperature of 15 ◦C. Moreover, our results also showed that
cold stress led to the up-regulation of genes encoding two fatty acid elongases, i.e., elongase
1, converting palmitic acid to stearic acid, and elongase 2, converting C18:3 n-6 to C20:3 n-6.
These results were consistent with the effects of cold stress on the fatty acid composition of
M. alpina (Table 2), showing that the contents of stearic acid and C20:3 n-6 were increased,
while the content of C18:3 n-6 was decreased in M. alpina under cold stress.
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4.2. Glycerolipid and Glycerophospholipid Metabolic Pathways

Studies have shown that glycerolipids (GLs) and glycerophospholipids (GPLs) account
for high proportions of lipid composition in M. alpina—89% and 8%, respectively [7]. The
GLs are mainly stored in lipid droplets, existing in the form of triacylglycerol. In our study,
the transcriptomic results revealed a large number of variations in the expression levels of
the genes involved in the GL and GPL pathways in M. alpina under cold stress lasting either
7 or 2 days (Figure 12; Table S7). These transcriptomic results suggested the following
molecular mechanisms of M. alpina in response to cold stress at two different stages. In the
early stage of cold stress, the low temperature caused a decrease in membrane fluidity in
M. alpina, while the expressions of genes encoding alcohol dehydrogenase and glycerol
kinase were increased. The precursor of glycerol was used to generate glycerol, which
was then converted to 1-Acyl-sn-glycerol-3P. Although the down-regulation of the gene
encoding 1-Acyl-sn-glycerol-3-phosphate acyltransferase caused the decreased conversion
of 1,2-Diacyl-sn-glycerol-3P, the increased production of 1-Acyl-sn-glycerol-3P contributed
to the increased production of 1,2-Diacyl-sn-glycerol-3P, catalyzed by adipose triglyceride
lipase. As the precursors of phosphatidylinositol, phosphatidyicholine, phosphatidylserine,
and phosphatidylethanolamine, the increased production of 1,2-Diacyl-sn-glycerol-3P
ultimately increased the contents of GPLs in M. alpina. As the main structural components
of the cell membrane, the GPLs are responsible for maintaining plasma membrane fluidity.
Studies have shown that, at low temperatures, increased desaturation in membrane lipids is
involved in the self-protection mechanism in M. alpina [33]. In the later stage of cold stress,
the effects of cold stress on the fundamental metabolism of M. alpina were already evident,
i.e., the rate of producing precursor substances was decreased, while the accumulated
precursor substances were still constantly consumed. Furthermore, the expression of
genes involved in the GL pathway were down-regulated, causing decreased production
of 1,2-diacyl-sn-glycerol-3P and reduced synthesis of GPLs. Furthermore, the expressions
of genes encoding the alkali O-acetyl transferase and the triglycerol fat enzyme were
decreased to ultimately prevent the degradation and oxidation of fatty acids in M. alpina
under cold stress.

4.3. Acetyl-CoA and NADPH Metabolism

As one of the important types of starting materials for fatty acid synthesis [38], acetyl-
CoA is generally produced in one of two ways in M. alpina. First, the pyruvate is catalyzed
by both the mitochondrial pyruvate dehydrogenase complex and the citrate synthase to
produce citrate, which is cleaved by ATP:citrate lyase to generate acetyl-CoA [39]. Our
results showed that the genes encoding hexokinase (EC: 2.7.1.1; FPKM values increased
from 211.68 in th TA group to 384.34 in the TB group), 3-phosphoglycerate kinase (EC:
2.7.2.3; FPKM values increased from 205.51 in the TA group to 279.56 in the TB group),
fructose-bisphosphate aldolase (EC: 4.1.2.13; FPKM values increased from 0 in the TA group
to 0.36 in the TB group), and pyruvate kinase (EC: 2.7.1.40; FPKM values increased from
268.38 in the TA group to 423.91 in the TB group) were up-regulated in M. alpina under cold
stress, ultimately increasing the production of both pyruvate and acetyl-CoA (Figure 13;
Table S7). Furthermore, the expression of the gene encoding lactate dehydrogenase (EC:
1.1.1.27; FPKM values increased from 489.81 in the TA group to 2359.39 in the TB group),
which catalyzes the production of pyruvate from lactic acid, was increased significantly
to enhance the synthesis of pyruvate. Moreover, the expression of the gene encoding
the phosphoenolpyruvate kinase (EC: 4.1.1.49; FPKM value decreased from 169.83 in the
TA group to 126.17 in the TB group), which catalyzes the conversion of oxaloacetate to
phosphoenolpyruvate, was decreased, ultimately decreasing the consumption of pyruvate
and increasing the production of acetyl-CoA, catalyzed by pyruvate dehydrogenase (EC:
2.3.1.12). Second, acetyl-CoA is generated by the oxidation of both fatty acids and amino
acids in the mitochondria [39]. Our enrichment analysis results based on the KEGG
database showed that, under cold stress, the DEGs in M. alpina were significantly enriched
in the pathway of fatty acid degradation. These results were consistent with those reported
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previously, showing that the acetyl-CoA and energy produced by fatty acid degradation
played the important structural and regulatory roles in fatty acid synthesis [40].
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As the key reducing agent in many metabolic pathways, NADPH is also a key cofactor
for fatty acid synthesis and desaturation [39]. However, it is not clear how NADPH
is mainly generated in M. alpina. NADPH is generally produced in multiple ways in
microorganisms. First, NADPH is generated in the TCA cycle for the synthesis of fatty
acids as well as citric acid. Our results showed that the expression level of the gene
encoding citrate lyase (EC: 2.3.3.8; FPKM values increased from 1109.95 in the TA group to
1461.35 in the TB group), which catalyzes citric acid to produce acetyl-CoA, was increased
in M. alpina under cold stress (Figure 13; Table S7). Furthermore, the expression of the
gene encoding aconitum hydratase (EC: 4.2.1.3; FPKM values decreased from 171.67 in
the TA group to 112.03 in the TB group) was decreased, reducing the conversion of citric
acid to isocitrate, while the expression of the gene encoding isocitrate dehydrogenase (EC:
1.1.1.41; FPKM values increased from 276.03 in the TA group to 370.08 in the TB group) was
increased to convert isocitrate to oxalosuccinate and to produce NADPH. Second, NADPH
is also generated in the pentose phosphate pathway and the malate/pyruvate cycle in
M. alpina. For example, as the main provider of NADPH in oleaginous microorganisms,
the overexpression of the gene encoding the malic enzyme (ME) in Mucor circinelloides
caused the increased activity of ME and increased lipid contents, suggesting that the
production of NADPH catalyzed by ME was an important rate-limiting step in fatty acid
synthesis [41]. Furthermore, the effects of glucose-6-phosphate dehydrogenase (G6PD),
6-phosphogluconate dehydrogenase (PGD), and ME in lipid synthesis were investigated
in M. alpina by transcriptomic analysis, showing that inhibition of G6PD resulted in the
reduction of ~40% in NADPH levels and a significant reduction in fatty acid content,
with lesser effects of knockdowns of both PGD and ME on NADPH levels and fatty acid
accumulation, suggesting that NADPH produced by the pentose phosphate pathway
played a crucial role in lipid synthesis [9]. These results were consistent with the findings
revealed in our study. Our results showed that the expression of genes encoding malate
dehydrogenase (EC: 1.1.1.37; FPKM values increased from 414.72 in the TA group to 559.21
in the TB group) and citrate synthase (EC: 2.3.3.1; FPKM values increased from 141.16 in
the TA group to 167.71 in the TB group) were increased slightly to enhance the synthesis
of citric acid. Moreover, the expressions of genes encoding glutamate dehydrogenase (EC:
1.4.1.3; FPKM values increased from 61.01 in the TA group to 112.89 in the TB group) and
pyruvate dehydrogenase (EC: 2.3.1.12, FPKM values increased from 108.92 in the TA group
to 141.65 in the TB group) were increased, with the former converting glutamic acid into
α-ketoglutarate and generating NADPH and the latter converting pyruvate into acetyl-
CoA. It was noted that the expression of the gene encoding ME (EC: 1.1.1.40; FPKM values
decreased from 246.91 in the TA group to 33.79 in the TB group) decreased, indicating that
malic acid was first converted to oxaloacetic acid, instead of pyruvate, and then citric acid.

Agricultural microorganisms have been used widely to produce microbial food, with
the synthesis and metabolism of fatty acids extensively investigated. In particular, the
metabolic pathway of fatty acid metabolism in M. alpina is well explored and unsaturated
fatty acids are produced in M. alpina for the production of microbial food. It is expected that
our study of the effect of low temperature on the regulation of the pathway of fatty acid
metabolism in M. alpina could provide novel guidance for the study of fatty acid metabolism
in other agricultural microorganisms to enhance the development of the agricultural food
industry. Future experiments are necessary to identify the cold-dependent traits and to
further verify the expression patterns of genes revealed in our study to further explore the
molecular mechanisms regulating the response to cold stress in M. alpina.

5. Conclusions

Cold stress altered fundamental metabolism to decrease the growth and development
of M. alpina. The results of a transcriptomic analysis showed that cold stress regulated the
expressions of genes encoding the enzymes involved in the glycolysis pathway, fatty acid
synthesis, the TCA cycle, the pentose phosphate pathway, the glycerolipid pathway, and the
glycerophopholipid pathway, leading to the increased production of both acetyl-CoA and
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NADPH and increased synthesis of myristic acid (C14:0) and palmitic acid (C16:0). Cold
stress caused the increased expression of the genes encodingω-3 desaturase and enhanced
the conversion of ARA to EPA, while the expression of genes encoding the other desaturases
(i.e., ∆-9 desaturase, ∆-12 desaturase, ∆-6 desaturase, and ∆-5 desaturase) decreased,
leading to the accumulation of stearic acid (C18:0) and decreased production of other
types of fatty acids such as the oleic acid (C18:1), linoleic acid (C18:2), and eicosatrienoic
acid (C20:3). The expression patterns of six randomly selected DEGs revealed in the
transcriptomic analysis were further verified by qRT-PCR analysis, indicating the high
reliability of the RNA-Seq analysis. Our findings provide novel evidence to support the
investigation of the molecular mechanisms of M. alpina in response to cold stress and to
further explore lipid metabolism in M. alpina, ultimately facilitating the development of
novel fermentation strategies to improve lipid production in M. alpina.
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