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Abstract: Research into the cellular metabolic adaptations of Mucor circinelloides has gained
significant interest due to its capability for lipid production, which has critical industrial
applications. To address the regulatory mechanisms at the systems level, this study aimed
to explore the global metabolic responses associated with lipid production in high and
low lipid-producing strains of M. circinelloides, WJ11 and CBS277.49, respectively, through
comparative transcriptome analysis and genome-scale model-driven analysis. The tran-
scriptome analysis of expressed genes in M. circinelloides WJ11 (6398 genes), and CBS277.49
(6008 genes) were analyzed and compared. The results revealed 2811 significantly differen-
tially expressed genes and highlighted strain-dependent differences in growth behavior
and lipid production of M. circinelloides at the fast-growing stage, driven by transcriptional
regulation across key metabolic pathways. Through genome-scale model-driven analysis,
we identified 20 significant reporter metabolites that provide insights into the mechanisms
employed by the WJ11 strain to optimize growth for lipid production in the subsequent
lipid-accumulating stage. These interplay mechanisms are primarily involved in glycoly-
sis, the TCA cycle, leucine metabolism, energy metabolism, and one-carbon metabolism
towards lipid metabolism. These findings provide valuable insights into the regulatory
mechanisms underlying lipid production in Mucor and highlight potential pathways for
genetic and physiological optimization in high lipid-producing strains like WJ]11. This
research advances our understanding of how metabolic networks are interconnected and
how they can be leveraged for more efficient lipid overproduction.

Keywords: genome-scale analysis; lipid metabolism; microbial lipids; Mucor circinelloides;
transcriptome
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1. Introduction

Long-chain unsaturated fatty acids are essential for maintaining human health, yet
cannot be synthesized by the body [1,2]. Traditionally, these essential fatty acids have been
sourced from plants and animals, but the intake ratios are often unbalanced, which can limit
their health benefits [3]. Studies suggest that a more beneficial ratio of polyunsaturated fatty
acids (PUFAs), especially linolenic acid to linoleic acid, ranges from 1:1 to 1:4 [4-6]. These
beneficial PUFAs are recognized for their anti-inflammatory and analgesic properties [7,8],
offering significant health advantages. While evening primrose oil has historically been
a primary source of PUFAs, its low yield and high production costs [9] have prompted
researchers to seek more efficient alternatives.

Oil production from filamentous fungi presents several advantages, including a short
production cycle, independence from seasonal fluctuations and arable land, and the ab-
sence of heavy metals and pesticide residues [10,11]. Moreover, the oils produced by
fungi closely resemble those found in plants, making them sustainable alternatives [12,13].
Among filamentous fungi, Mucor circinelloides and other Mucor species is a well-known
oleaginous fungus that accumulates high levels of lipids, particularly under specific culture
conditions [14,15]. The main storage form of lipids in M. circinelloides is triacylglycerol,
mainly found in lipid bodies. Moreover, this fungus is capable of synthesizing y-linolenic
acid (GLA, C18:3 n-6; cis 6, 9, 12-octadecatrienoic acid), a nutritionally important PUFA
that has beneficial effects on human and animal health, further highlighting the potential
of M. circinelloides as a promising source of valuable oils. M. circinelloides produces large
quantities of enzymes, including amylases, proteases, and lipases (hundreds of tons per
year), which are used in various industries [16,17]. These enzymes are marketed under
trademarks like Termamyl® (amylase), Optidry® (protease), and Liquozyme® (lipase). In
addition, it is also being explored for mycoprotein production as a meat alternative and for
the creation of biodegradable plastics like polyhydroxyalkanoates (PHA) for sustainable
packaging [18,19].

Investigating high-throughput omics technology is highly needed to improve our
understanding of M. circinelloides. In previous studies, Tang et al. [20] have reported the
genome of a high lipid-producing M. circinelloides WJ11 (36% lipid in cell dry weight, DCW)
and compared it to that of the low lipid-producing strain, CBS 277.49 (15% w/w lipid,
DCW) [21]. Later, Tang et al. [22] also found changes in protein expression levels in M.
circinelloides WJ11 under nitrogen deficiency during lipid accumulation. Additionally, the
discrimination in lipid contents between M. circinelloides WJ11 and CBS277.49 has been
documented. Furthermore, 13C-metabolic flux comparisons between these strains revealed
key enzymatic reactions participated in supplying the precursors, e.g., acetyl-CoA and
NADPH for fatty acid synthesis in WJ11, which had higher fluxes than those of CBS277.49,
especially in the lipid accumulation phase [23].

In the context of metabolism, an analysis of genome-scale metabolic networks of the
M. circinelloides WJ11 and CBS277.49 revealed the integration of targeted genes with the
expressed proteins of the fungal cells during the lipid accumulation stage [24]. Recently,
the genome-scale metabolic model (GEM) has become a useful computational tool for
predicting metabolic behaviors. This model is often used in systems biology alongside
other modern technologies, such as gene editing and synthetic biology [25]. More recently,
GEMs for M. circinelloides strains CBS277.49 [26] and WJ11 [27] have been enhanced by
analyzing their growth behavior across various nutrient sources. Very recently, there
have been reports on transcriptional regulation, e.g., transcriptional regulator SREBP1,
energy regulator AMPK, and regulator AreA for nitrogen metabolism involved in lipid
biosynthesis in M. circinelloides W]11 [28-30].
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To date, the transcriptional regulation of cellular mechanisms at the systems level has
been poorly characterized between the two strains. Therefore, this study aimed to explore
the metabolic transcriptome responses of M. circinelloides W]J11 and compare them with the
CBS 277.49 strain. RNA-Seq data for both strains were obtained and then processed with the
MGISEQ-2000RS platform through a comparative transcriptomics analysis. By integrating
comparative transcriptome data with proteomics [31], '*C-metabolic flux analysis [23], and
genome-scale model-driven analysis, the reporter metabolic routes driving rapid growth
and lipid overproduction in M. circinelloides, particularly under specific culture conditions
in the WJ11 strain were uncovered. This study provides valuable insights into the systems-
wide mechanisms of lipid overproduction in M. circinelloides, offering useful knowledge for
the large-scale production of oleochemicals and specialty lipids.

2. Materials and Methods

2.1. Fungal Strains Cultivations

M. circinelloides strains W]11 and M. circinelloides CBS277.49 were used in this study.
For fungal cultivation, inoculum preparation of each strain was performed by growing them
in K&R medium, each liter of which consisted of 30.0 g glucose, 1.5 g MgSO,;-7H,0,3.3 g
ammonium tartrate, 7.0 g KH,POy, 2.0 g NayHPOy, 1.5 g yeast extract, 0.1 g CaCl,-2H,0,
8.0 mg FeCl3-6H,0, 1 mg ZnSO4-7H,0, 0.1 mg CuSO4-5H;0, 0.1 mg Co(NO3),-6H,0, and
0.1 mg MnSO;-5H,0 [32], with shaking at 150 rpm, 28 £ 1 °C. The 24 h culture was then
inoculated into a 2.0 L fermenter (BioFlo/CelliGen115, New Brunswick Scientific, NJ, USA)
with a 1.5 L working volume of the medium broth containing 80 g/L glucose and 2 g/L
ammonium tartrate. The cultivation conditions were constantly controlled, including a
culture temperature of 28 = 1 °C, pH of 6.0, stirring speed of 700 rpm, and an airflow rate
of 1 vvm [33].

2.2. Biomass and Lipid Determination

The harvested mycelial samples were dried using a freeze dryer at —30 °C for two
days. Dried samples were then weighted and subjected to calculate biomass concentration
represented as dry cell weight (DCW). For growth determination, the specific growth rate
(1, h™1) was calculated using experimental data, including biomass concentrations (Cx,
g/L) and time intervals (t) according to Formula (1).

N li’lCXz - ll’lCX1

ST “>
The total lipid of dried mycelia was extracted using a chloroform/methanol (2:1,
v/v) solution and then methylated with 4 mol/L methanolic HCI at 60 °C for 3 h. The
fatty acid methyl esters were afterward extracted with n-hexane and analyzed with gas
chromatography with a flame ionization detector (GC-FID) [34] using a 30 m x 0.32 mm
DB-WAXETR column (0.25 pm film thickness) [35]. The GC analysis was operated at 120 °C
for 3 min, ramped to 200 °C at 5 °C per min, ramped to 220 °C at 4 °C per min, and held
for 2 min. Pentadecanoic acid (C15:0) was used as an internal standard for calculating the
concentration of individual fatty acids using chromatographic areas. All experiments were
performed in three biological replicates. The statistical data were presented as mean + S.D.
Pairwise comparison of biomass and metabolites across two strains using the Student’s
t-test by SPSS Statistics version 22. The statistical data under p-value < 0.05 was considered
a significant difference.
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2.3. Measurement of Glucose and Nitrogen in the Culture Broth

The glucose concentration in the fermentation broth was determined by the glucose
oxidase activity kit in accordance with the operating method provided by the manufacturer
(Shanghai RongSheng Biotechnology CO., LTD., Shanghai, China). The concentration
of ammonia in fermentation broth will be determined by method according to [36]. To
calculate the rates of operation, glucose consumption (Qg, g/L h), and nitrogen consump-
tion (Qn, g/L h), each parameter was systematically analyzed using experimental data,
including biomass concentration (Cy, g/L), glucose concentration (Cs, g/L), ammonium
concentration (Cy, g/L), and time intervals according to Formula (2) and Formula (3),

respectively. c c
s2 —Ls
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The specific rates of glucose consumption (s, g/g h) and ammonium consumption
(9N, g/ g h) were then calculated by dividing the volumetric rates with the average biomass
concentration, following Formula (4) and Formula (5), respectively.

75 = (CX%CM)QS @
N = <C><1J12rC><z> On (5)

2.4. RNA Extraction, Library Preparation, Transcriptome Sequencing and Analysis

To perform transcriptome sequencing, the mycelial cells of M. circinelloides WJ11 and
CBS277.49 strains grown at active growth in the mid-logarithmic phase (11 hr cultivation
time) were harvested, immediately frozen in liquid nitrogen, and then stored at —80 °C
before RNA extraction. Total RNAs were extracted using Rneasy Plant Mini Kit (Qia-
gen), and the quality and concentration of total RNAs were determined using Agilent
2100 bioanalyzer. Further, the cDNA library construction and transcriptome sequencing
of three biological replicates for each strain were carried out using the MGISEQ-2000RS
platform. The sequencing data are available in the NCBI Sequence Read Archive (SRA).
The WJ11 transcriptome data can be accessed under Bioproject PRINA1211013727 (biosam-
ples SAMN37309028 to SAMN37309030) and the CBS277.49 data are under BioProject
PRJNA1066059 (biosamples SAMN39480229 to SAMN39480231).

2.5. Read Mapping and DEGs Analysis for Functional Annotation

For read mapping, the reads of RNA-Seq data of WJ11 and CBS277.49 in this study
were mapped to the M. circinelloides WJ11 (NCBI'’s Bioproject: PRINA290220) and CBS277.49
v. 3 (JGI database: genome.jgi.doe.gov/portal/Mucci3), respectively, and afterward quanti-
fied with Salmon [37]. First, the reads were checked using FASTQC [38] and TrimGalore,
which removed adapters and low-quality bases. Clean reads were then mapped to their
respective references. HISAT2 v2.2.1 was used to estimate the number of mapped reads
for each gene. Genes with mapped reads were analyzed to calculate FPKM (fragment
per kilobase of transcript per million mapped reads). Genes with an FPKM value > 1
were considered expressed genes. Differentially expressed genes (DEGs) between the two
strains were identified using the DESeq2 using the R package [39,40]. Genes with a |log2
(fold change) | > 1 and g-value < 0.05 were considered significant genes. The annotated
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functions of these significant genes were retrieved from the KEGG (Kyoto Encyclopedia of
Genes and Genomes), GO (Gene Ontology), and eggNOG databases.

2.6. Reporter Metabolic Routes Based on the Integration Analysis of Omics Data and Genome-Scale
Metabolic Model-Driven Analysis of M. circinelloides

The genome-scale metabolic model (GSMM) of M. circinelloides W]11 (iNI1159) [27]
was downloaded and used to identify reporter metabolites and highly correlated metabolic
subnetworks for pairwise strain comparisons using the reporter metabolites algorithm
and subnetwork analysis under the PIANO R package [41,42]. The reporter metabolites
algorithm is a robust computational method for identifying key metabolites linked to global
metabolic responses in a metabolic network. By utilizing high-throughput omics data, such
as transcriptomics throughout this study, the algorithm highlights reporter metabolites
around which the most significant transcriptional changes occur, and a set of connected
genes with significant and coordinated responses to genetic or environmental perturbations,
offering insights into global metabolic shifts [41]. To elaborate, the GSMM as a scaffold
was integrated with the DEGs data, differentially expressed proteins (DEPs) data [31], or
13C-metabolic flux data [23] for both WJ11 and CBS277.49 strains. A list of significantly
upregulated metabolites, identified by directional p-values < 0.05, was considered as
reporter metabolites. Additionally, a set of reporter genes and reporter enzymes, along
with their corresponding reporter reactions associated with key metabolites, was identified
as a potential metabolic route.

3. Results and Discussion

3.1. Comparative Growth Profiles and Targeted Metabolite Traits of M. circinelloides W]11 and
CBS277.49 Strains

The comparative growth characteristics and the lipid production of M. circinelloides
WIJ11 (high lipid-producing strain) and CBS277.49 (low lipid-producing strain) are shown
in Table 1, Figure S1, and Supplementary File S1. As shown in Table 1 and Supplementary
File S1, the WJ11 culture had a maximum specific growth rate (0.340 & 0.104 h™1) higher
than the CBS277.49 culture (0.236 4 0.124 h~1), consistent with findings from the previous
studies [21,43]. Although rapid growth (active growth phase) was found during the first
24 h of WJ11 cultivation, the biomass titers afterward were not much different. The highest
biomass of WJ11 and CBS277.49 were 12.95 4+ 0.6 and 12.07 £ 1.07 g /L, respectively (Table 1
and Supplementary File S1). After 24 h of cultivation, the glucose consumption rates of
the CBS277.49 culture were higher than those of the WJ]11 culture (Supplementary File S1).
Obviously, the glucose consumption rates of both strains after 72 h of cultivation are
significantly different. The glucose consumption rate of the CBS277.49 culture decreased
faster than the WJ11 culture after 30 h of cultivation. Earlier studies have pointed out
that when the carbon source is sufficient and the nitrogen element is insufficient, the
microorganisms no longer carry out cell reproduction but convert the excess carbon source
into fatty acids for storage in the form of a lipid body in the cells [44].

Table 1. Comparative growth characteristics and lipid production between M. circinelloides WJ11 and
CBS277.49.

Parameters WJ11 CBS277.49
Maximum specific growth rate, pmax (h~1) 0.340 4= 0.104 0.236 = 0.124
Maximal biomass titer (g/L) 1295 + 0.6 12.07 + 1.07
Maximal lipid (% total fatty acids (TFAs)/DCW) 35.18 13.19

Note: Maximum specific growth rate was calculated at 3-7 h.
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Thus, we cultivated the fungi under excess carbon conditions to obtain high lipid-
accumulating cultures. It was found that the CBS277.49 strain exhibited a low nitrogen
consumption rate, with nitrogen depletion found in the 24 h culture, whereas the WJ11
strain completely consumed nitrogen after 12 h of cultivation. It can be seen that the
ammonia concentration of the WJ11 cultures decreased significantly faster than that of the
CBS277.49 cultures, whereas the high lipid-producing strain (WJ11) consumed glucose
slower than the CBS277.49 strain after 24 h of cultivation (Supplementary File S1), indicating
its efficient glucose consumption for either biomass or energy production. As seen in
Figure 1 and Supplementary File S2, the lipid content (shown as TFA) of the WJ11 strain
was 35.18% in DCW, which was higher than the CBS277.49 strain (13.19% TFA in DCW),
similar to the previous report [20]. The lipid contents of the 48, 72, and 96 h cultures of
W]J11 were significantly different, consistent with earlier reports, mentioning that the high
lipid-producing strain entered the lipid accumulating phase after nitrogen depletion [21]
(Supplementary File S2).

7 8 9 10 11 12 24 30 36 48 60 72 84 96

Time (hours)

7 8 9 10 11 12 24 30 36 48 60 72 84 96

Time (hours)

C14:0 i C16:0 mmm C16:1 n-9 i C18:0 mmmm C18:1 n-9 C18:2n-6 C18:3 n-6 =e@=Total fatty acids

Figure 1. Comparative profiles of the fatty acid composition of M. circinelloides strains, (A) WJ11, and
(B) CBS277.49. The values are means with standard deviations.

As shown in Figure 1 and Supplementary File S2, the TFA content of the WJ]11 culture
was higher than that of the CBS277.49 culture, particularly after 24 h of cultivation, where
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the nitrogen was depleted. The fatty acid profiles of W]11 and CBS277.49 were significantly
different. At the lipid accumulating phase (after 24 h cultivation), the oleic acid (C18:1 n-9)
of the WJ11 culture was higher than that of CBS277.49. Similarly, the C18:3 n-6 (GLA) of the
WIJ11 culture (4.63% in DCW) was also higher than that of the CBS277.49 culture (Figure 1).
It has been reported that when fungal cells enter a state of nitrogen depletion, citric acid
produced by the tricarboxylic acid cycle (TCA cycle) is no longer fully oxidized within the
cycle but begins to accumulate in the cells. Then, ATP citrate lyase catalyzes the conversion
of citrate and Coenzyme A (CoA) to oxaloacetate and acetyl-CoA, a key precursor for newly
synthesizing fatty acids [9]. It has been previously reported that citric acid accumulation
in microorganisms might be governed by nitrogen source depletion, e.g., in Yarrowia
lipolytica strains [45] and methanol in synthetic media containing galactose. In addition,
methyl alcohol enhanced production via the inhibition of 2-oxoglutarate dehydrogenase
in Aspergillus niger [46,47] as well as oxygen levels and temperature [48,49] throughout
wild-type and engineered strains [50]. The lipid physiology and the defined culture stages
of the two fungal strains were then used for further study of cellular metabolisms of these
fungi by comparative transcriptome analysis.

3.2. Comparative Transcriptome and Functional Analysis of W]11 and CBS277.49 Cultures

The regulatory mechanism of the lipid-accumulating process has been extensively
studied [9,17]. However, there are no reports on how oleaginous fungi optimize biomass
and lipid production at a systems level. Thus, this study focused on the growth performance
of the WJ11 strain at the rapid growth stage in relation to lipid metabolism. The mycelial
samples harvested at the mid-logarithmic phase (11 h of cultivation) were studied to inves-
tigate the global transcriptional responses of two strains in comparison. The transcriptome
analysis of W]11 and CBS277.49 strains showed that raw reads were obtained at an average
sequencing depth of 43.18 and 42.65 million reads for WJ11 and CBS277.49 strains, respec-
tively. After removing the adaptor, low-quality sequences, and read pollution, clean reads
were retrieved with an average sequencing depth of 42.95 and 42.54 million reads for WJ11
and CBS277.49 strains, respectively. The total mapped reads were 96.53% and 97.72% for
WIJ11 and CBS277.49 strains, respectively. The expressed genes for the WJ11 and CBS277.49
cultures were 6389 and 6008, respectively (Table 2 and Supplementary File S3). Among the
total number of expressed genes, 6708 orthologous protein-encoding genes were gained
according to the GO and KEGG databases (Supplementary File 54) [51-54]. Of these genes,
the protein functions could be predicted for 4277 based on GO and 4257 based on KEGG
Orthology (KO) (Supplementary File S5).

Table 2. Sequencing results of M. circinelloides WJ11 and CBS277.49 transcriptomes.

Features WJ11 CBS277.49
Sequencing depth of raw reads (million reads) 43.18 42.65
Sequencing depth of clean reads (million reads) 42.95 42.54
Total mapped reads 96.53 97.72
Number of expressed genes 6389 6008
Total number of orthologous protein-encoding genes 6708

Based on comparative transcriptome analysis, if FPKM value > 1, they were consid-
ered expressed genes. Interestingly, the high common expression was 5944 genes, account-
ing for 92.1% between high lipid-producing WJ]11 and low lipid-producing CBS277.49
strains (Figure 2A). It has been reported that the degree of gene identity and gene order
of the two strains have common characteristics, as indicated by genomic analysis [20,55].
Our results showed that the WJ11 culture had 445 genes (6.9%) with unique expression,
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CBS277.49

64 (1%)

5944

whereas the CBS277.49 culture had only 64 genes (1%) with unique expression (Figure 2A).
Probably, the strain-specific metabolic adaptations or regulatory variations related to their
capacity for lipid generation were elaborated by differential transcriptional responses. The
WIJ11 strain contained a higher number of genes encoding hexokinase in the glycolysis
pathway and glucose-6-phosphate dehydrogenase (G6PDH) in the pentose phosphate
pathway (PPP) than the CBS 277.49 strain, which possibly directed NADPH supply to fatty
acid synthesis [55].

(B)

8000 -
% 7000 A
£ [ 378 ] B
S0 6000
Wi11 S 1616 LD
2 5000
2
2 4000
P
S 3000 3196 3732
92.1% 445(6.9%) 5
-g 2000
£ ‘
7. 1000 | 818
0 B

CBS277.49 wil1

B 0<FPKM<1 ® 1sFPKM<10 ® 10sFPKM<100 = 100<sFPKM<1000 ® FPKM=1000

Figure 2. Comparative gene expression of transcriptomes of M. circinelloides CBS277.49 and
M. circinelloides W]11 cultures. (A) Venn diagram showing the expressed genes unique and common
to each strain of M. circinelloides. (B) Quantification of gene expression levels in each strain based on
different FPKM thresholds.

To compare the gene expression levels (GELs) between the WJ11 and CBS277.49
cultures, the expressed genes were categorized into five groups based on FPKM val-
ues: very high expression level (VHEL, FPKM > 1000), high expression level (HEL,
100 < FPKM < 1000), medium expression level (MEL, 10 < FPKM < 100), low expres-
sion level (LEL, 1 < FPKM < 10), and very low expression level (VLEL, 0 < FPKM < 1)
(Figure 2B and Supplementary File S6). Both strains had distinctive GEL profiles, and
most of the genes fall into MEL, followed by HEL, LEL, and VHEL groups. This indicates
that GELs were differentially regulated in each strain, referring to strain-specific regu-
latory mechanisms that might contribute to discrimination in lipid production between
the two strains. It is noted that the CBS277.49 culture had less active transcriptome, as
evidenced by the high number of genes related to the VLEL group, i.e., 688 genes.

The result of functional annotation across several protein databases upon KEGG
classification is provided. Accordingly, the functions of expressed genes were classified
into five major categories as seen in Figure 3A and Supplementary File S7, including
metabolism (1252 genes in WJ11 and 1187 genes in CBS277.49), genetic information process-
ing (874 genes in WJ11 and 863 genes in CBS277.49), environmental information processing
(286 genes in WJ11 and 269 genes in CBS277.49), cellular processes (287 genes in WJ11
and 275 genes in CBS5277.49), and organismal systems (98 genes in WJ11 and 92 genes in
CBS5277.49). Within the top list of metabolic sub-categories (Figure 3B and Supplementary
File S8), the WJ11 culture consistently expressed the genes involved in lipid metabolism
(182 genes), amino acid metabolism (155 genes), and carbohydrate metabolism (411 genes)
with a higher number over another strain. These findings are in line with the enhanced
capacity for lipid production of the WJ11 strain, as lipid biosynthesis involves lipid, amino
acid, and carbohydrate metabolisms [20].
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Figure 3. Distribution of functional expressed genes in M. circinelloides W11 and CBS277.49.
(A) Different major functional categories of KEGG-expressed genes (B) Different sub-metabolic
functional categories.

Carbohydrates, lipids, and amino acids are vital metabolic compounds serving as
the foundation for microbial growth and development [56]. In carbohydrate metabolism,
glycolysis is capable of generating ATP, which is an energy source for living cells [57,58].
The PPP in fungal cells also supply intermediates for nucleotide biosynthesis [59]. Another
crucial pathway of carbohydrate metabolism is the TCA cycle [60].

As noted, the expression of gene numbers in W]11 was similar to that in CBS277.49,
including those involved in energy metabolism, metabolism of cofactors and vitamins, nu-
cleotide metabolism, glycan biosynthesis, and metabolism, metabolism of other amino acids,
metabolism of terpenoids and polyketides, xenobiotics biodegradation and metabolism,
and the biosynthesis of different secondary metabolites. These may reflect the robust
phenotype of these Mucor strains with adaptability to environmental stimuli for regulating
cellular activities and lipid biosynthesis [22].

3.3. Identification of Significant Genes Involved in Lipid Metabolic Responses Using DEGs
Analysis of W]11 and CBS277.49 Strains

The total number of orthologous protein-encoding genes (6708 genes) was compared
to the expressed genes of WJ11 (6389 genes) and CBS277.49 (6008 genes) (Table 2). A
comparative DEG analysis was then conducted for the two strains, WJ11 and CBS277.49.
As a result, 2811 significant genes with 1569 upregulated and 1242 downregulated genes
were identified under thresholds 110g2FC| > 1 and g-value <0.05, as illustrated in Fig-
ure 4A and Supplementary File S9. An expression volcano plot of both upregulated and
downregulated DEGs is illustrated in Figure 4B. The significant genes were classified based
on KEGG to explore the critical attributes in the transcriptional regulation of WJ11 and
CBS5277.49 strains (Figure 4C and Supplementary File S10). Interestingly, the top three lists
of significantly upregulated genes were found in carbohydrate metabolism (133 genes),
lipid metabolism (61 genes), and amino acid metabolism (31 genes).

Of these top three functional categories (Figure 4C), the key significant upregulated
genes involved in lipid metabolic responses were searched across sub-metabolic functional
categories with solid fold change (|10g2FC| > 5). As a result, we found 63 key orthologous
genes involved in metabolic responses, of which 18 genes were linked to energy production,
lipid metabolism, and cellular function, e.g., precursor and NADPH /ATP supply, as shown
in Table 3 and Supplementary File S11.
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Figure 4. Comparative DEGs analysis between M. circinelloides WJ11 and CBS277.49 strains. (A) Pie
chart showing the distribution of upregulated and downregulated genes in the WJ11 culture compared
to the CBS277.49 culture. (B) Volcano plot of differentially expressed genes identified between the
two strains. (C) Significant genes associated with the top list of metabolic categories.

Table 3. A comparison of key significant genes and their enzymes involved in central carbon

metabolism towards amino acid and lipid metabolism identified in M. circinelloides strain WJ11
compared with the strain CBS277.49.

Orthologous Gene ID Log,FC Protein Function EC Number
List of upregulated genes in WJ11
1. Carbohydrate metabolism
1.1 Glycolysis/Gluconeogenesis
ortholog_01035 5.41 Belongs to the hexokinase family EC:2.7.1.1
oot dldyde 112
ortholog 03743 8.79 Zinc-binding alcohol dehydrogenase ~ EC:1.1.1.2
ortholog_04422 6.00 Aldo/keto reductase family EC:1.1.1.21
ortholog_05383 9.62 g‘;;f)’hoem’lpymvate carboxykinase  po g 4 49
ortholog_05948 11.42 éqlie)@hé;ie dehydrogenase family EC:1.2.1.3,EC: 1.2.1.314
ortholog_06385 5.83 Pyruvate decarboxylase EC:4.1.11
1.2 Citrate cycle (TCA cycle)

2-oxoglutarate dehydrogenase E2
ortholog_00844 6.52 component (dihydrolipoamide EC:2.3.1.61

succinyltransferase)

2. Lipid metabolism
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Table 3. Cont.

Orthologous Gene ID Log,FC Protein Function EC Number

2.1 Fatty acid biosynthesis/degradation

ortholog_03018 6.41 Acyl-CoA synthetase EC:6.2.1.3
AMP-binding enzyme )

ortholog 05253 6.42 (Acyl-CoA synthetase) EC:6.2.1.3

ortholog_03225 7.44 Hypothetical protein -

2.2 Glycerophospholipid metabolism

ortholog_01371 7.49 GDSL-like Lipase/Acylhydrolase EC:3.1.14,EC:3.1.1.5

ortholog_04515 11.09 Protein of unknown function )

(DUF3419)

3. Amino acid metabolism

3.1 Phenylalanine metabolism

ortholog_01802 5.65

Biopterin-dependent aromatic amino
acid hydroxylase

EC:1.14.16.1, EC:
1.14.16.2, EC: 1.14.16.4

3.2 Tryptophan metabolism

ortholog_03575 6.13 Indoleamine 2,3-dioxygenase EC:1.13.11.52
3.3 Lysine degradation
ortholog_04503 8.17 Dehydrogenase E1 and transketolase EC: 1242

domain-containing protein 1

4. Secondary metabolism

ortholog_00981 6.19 Squalene/phytoene synthase EC:25.1.21,2.5.1.32
o 10 .

ortholog_01138 8.4 Carotenoid-9',10'~cleaving EC: 1.13.11.71
dioxygenase

List of upregulated genes in CBS277.49

1. Carbohydrate metabolism

1.1 Glycolysis/Gluconeogenesis

ortholog_03434 5.48 Glyceraldehyde 3-phosphate EC:1.2.1.12

dehydrogenase, NAD binding domain

1.2 Pyruvate metabolism

ortholog_03454 8.83

HMGL-like (Isopropylmalate synthase,
homocitrate synthase)

EC:2.3.3.13, EC: 2.3.3.14

1.3 Citrate cycle (TCA cycle)

ortholog_04943 6.68

Isocitrate/isopropyl malate
dehydrogenase

EC:1.1.1.41, EC: 1.1.1.87

2. Lipid metabolism

2.1 Arachidonic acid metabolism

ortholog_00884 5.74

Asparagine synthase

EC:3.3.2.6, EC: 6.3.54

2.2 Glycerolipid metabolism

ortholog 02135 13.91

Triacylglycerol lipase

EC:3.1.1.3

3. Amino acid metabolism
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Table 3. Cont.

Orthologous Gene ID Log,FC Protein Function EC Number
3.1 Lysine biosynthesis
ortholog_05309 5.71 Homoaconitate hydratase EC:4.2.1.36

3.2 Alanine, aspartate, and glutamate metabolism

ortholog_06359

5.38 Arginosuccinate synthase EC:6.34.5

Note: The selected list of significant genes is considered under I1og2FC| > 5 and g-value < 0.05 under man-
ual curation. Full information is available in Supplementary File S11. The orthologous Gene ID is shown in
Supplementary File S4.

In glycolysis/gluconeogenesis (7 genes) and TCA cycle (1 gene), notably ortholog_01035, a
hexokinase family member (EC: 2.7.1.1), plays a role in glucose metabolism for producing
ATP. Ortholog_01766 and ortholog_05948 from the aldehyde dehydrogenase family (EC:
1.2.1.5, 1.2.1.3, 1.2.2.28, 1.2.1.31), ortholog_03743, which encoded zinc-binding alcohol
dehydrogenase (EC: 1.1.1.2), and ortholog_04422, which encoded aldo/keto reductase
(EC: 1.1.1.21), were involved in redox reactions involved in the generation of reducing
equivalents for NADH and NADPH [61] supply and biosynthesis pathway [62].

Additionally, ortholog_05383, a phosphoenolpyruvate carboxykinase, generates ATP
(EC: 4.1.1.49), which is crucial for gluconeogenesis and glycerol production supporting
cellular energy requirement. Ortholog_06385 encoded pyruvate decarboxylase (EC: 4.1.1.1),
which converts pyruvate to acetaldehyde, providing precursors for fatty acid synthesis.
Additionally, ortholog_00844 encoded 2-oxoglutarate dehydrogenase (EC: 2.3.1.61), es-
sential in the TCA cycle, and ortholog_01138 encoded carotenoid cleavage dioxygenase
(EC: 1.13.11.71), which cleaves carotenoids into colorless compounds. These enzymes
collectively contribute to cellular energy balance and metabolic homeostasis.

Several genes were highlighted in fatty acid biosynthesis, degradation, and glyc-
erophospholipid metabolism. In the fatty acid metabolism, ortholog_03018 encoded acyl-
CoA synthetase (EC: 6.2.1.3), which is essential for the activation of fatty acids, de novo
complex lipid biosynthesis, fatty acid 3-oxidation, post-translational modification of pro-
teins, and membrane biogenesis [63], while ortholog_05253, an AMP-binding enzyme,
likely plays a role in energy regulation during these metabolic processes. Ortholog_03225
also contributes to fatty acid metabolism, further supporting the cellular capacity for fatty
acid synthesis or degradation. In glycerophospholipid metabolism, ortholog 01371 en-
coded a GDSL-like lipase/acylhydrolase (EC: 3.1.1.4, EC: 3.1.1.5), which is involved in the
hydrolysis of lipids, likely impacting membrane structure and function. These orthologs col-
lectively contribute to essential lipid-related pathways, influencing cellular energy balance,
membrane integrity, and overall metabolic regulation.

Further functional analysis of amino acid metabolism also revealed an intricate link
to lipid metabolic responses. The enzymes involved in phenylalanine, tryptophan, and
lysine metabolism are critical for amino acid catabolism and regulate lipid homeostasis. In
phenylalanine metabolism, ortholog_01802, a biopterin-dependent aromatic amino acid
hydroxylase (EC: 1.14.16.1, 1.14.16.2, 1.14.16.4), contributes to the synthesis of key metabo-
lites that influence lipid signaling pathways. In tryptophan metabolism, ortholog_03575,
encoding indoleamine 2,3-dioxygenase (EC: 1.13.11.52), has been shown to regulate the
balance of bioactive molecules that may impact lipid metabolism, mainly through the
kynurenine pathway. Additionally, ortholog_04503, a dehydrogenase E1 and transketolase
domain-containing protein 1 (EC: 1.2.4.2), connects lysine catabolism with central metabolic
pathways, influencing the synthesis and degradation of lipids, as well as cellular energy
maintenance. Additionally, ortholog 00981 encoded squalene/phytoene synthase (EC:
2.5.1.21, 2.5.1.32), which plays a significant role in secondary metabolism by generating
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sterols, carotenoids, and other terpenoid compounds. This enzyme is essential for the
biosynthesis of squalene and phytoene in which phytoene synthase (PSY) catalyzes the
first step of the carotenoid biosynthesis pathway and is also a key rate-limiting enzyme of
carotenogenesis [64].

Altogether, these metabolic pathways were interconnected, and the enzymes involved
in the coordinated regulation of both amino acid and lipid metabolisms, ensuring cel-
lular energy homeostasis and efficient metabolic function to lipid overproduction. Of
15 upregulated genes encoding key enzymes in metabolic responses, only 7 genes were
identified in carbohydrate, amino acid, and lipid metabolisms of the CBS277.49 strain
(Supplementary File S11). In carbohydrate metabolism, it supports enhanced NADH sup-
ply for cell growth. In pyruvate mechanism, ortholog_03454, encoding either isopropyl
malate synthase (IPMS; EC: 2.3.3.13) or homocitrate synthase (HCS; EC: 2.3.3.14), catalyzes
acetyl-CoA and 2-oxoglutarate to form isopropyl malate (first step of leucine biosynthe-
sis) or homocitrate (first step of lysine biosynthesis), thereby facilitating fatty acids and
oligopeptides production [65,66]. In glycolysis, ortholog_03434, encoding glyceraldehyde
3-phosphate dehydrogenase (EC: 1.2.1.12), catalyzes the NAD"-dependent conversion
of glyceraldehyde 3-phosphate to 1,3-bisphosphoglycerate, generating NADH [67]. This
suggests an increased glycolytic flux for enhancing NADH production in cellular processes.
Additionally, in the citrate cycle, ortholog_04943, encoding isocitrate dehydrogenase (EC:
1.1.1.41), responsible for the NADH generation through the oxidation of isocitrate, further
supporting the NADH supply required for ATP synthesis and cellular growth. Concerning
glycerolipid metabolism, notably ortholog_02135 encoding triacylglycerol lipase (TGL)
(EC: 3.1.1.3) in CBS277.49 was significantly upregulated. TGL hydrolyzes triacylglycerol to
diacylglycerol, monoacylglycerol, and free fatty acids [68], supporting the energy balance
in cells [69].

Amino acids play a crucial role in supporting cell growth and protein synthesis [70].
In the CBS277.49 strain, asparagine synthase (EC: 6.3.5.4) was significantly upregulated,
enhancing the conversion of nitrogen and aspartate into asparagine, an essential amino
acid required for protein production and cell proliferation. Furthermore, ortholog_06359,
encoding arginosuccinate synthase (ASS) (EC: 6.3.4.5), which catalyzes a key step in the urea
cycle and arginine biosynthesis was significantly upregulated, highlighting its important
role in cell growth and repair as reported for Aspergillus nidulans [71].

In addition, ortholog 05309, encoding homoaconitate hydratase (EC: 4.2.1.36), was
upregulated in lysine biosynthesis, facilitating the synthesis of lysine through the alpha-
aminoadipic acid pathway [72], further supporting cellular function and growth. As critical
building blocks, these amino acids contribute to synthesizing proteins that are fundamental
for cell division, metabolism, and overall cellular growth.

3.4. Identified Reporter Metabolic Routes in M. circinelloides Strain W]11 for the Fast-Growing
Stage with Its Lipid Production Using Integrated Omics Data and Genome-Scale
Model-Driven Analysis

To analyze the global metabolic responses on strain dependence, i.e., WJ11 versus
CBS277.49, we applied the reporter algorithm to identify reporter metabolites and en-
zymes and search for highly correlated metabolic subnetworks. The pairwise strain com-
parisons relied on the genome-scale metabolic model of M. circinelloides WJ11 (iINI1159
model) [27], demonstrating how the metabolic network can map the global regulatory
response of M. circinelloides. The top 20 significant reporter metabolites affected by tran-
scriptional up-regulation in WJ11 response compared to CBS277.49 culture are listed in
Table 4 and Supplementary File S12. Considering lipid production, these metabolites
made sense biologically since the identified reporter metabolites were related to all possi-
ble main precursors and intermediate metabolites involved in carbohydrate metabolism,
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amino acid metabolism, energy metabolism, and one-carbon metabolism towards lipid
metabolism, including 2-oxoglutarate (AKG), diphosphate (PPI), phosphate (PI), H(+), ATP,
ubiquinol (QH2), ubiquinone (Q), AMP, L-aspartate (ASP), L-glutamate (GLU), transfer
RNA (TRNA), NAD(+), FAD, FADH,, tetrahydrofolate (THF), S-adenosyl-L-methionine
(SAM), L-homocysteine (HCYS), L-glutamine (GLN), S-adenosyl-L-homocysteine (SAH),
NADH, and O-acetyl-L-homoserine (OAHSER).

Table 4. List of top 20 reporter metabolites with up-directional changes in WJ11 culture at the active

growth phase.
Reporter Metabolites Distinct-Directional p-Value
2-oxoglutarate 0.014925 *
diphosphate 0.014925 *
Phosphate 0.014925 *
H* 0.014925 *
ATP 0.014925 *
Ubiquinol 0.014925 *
Ubiquinone 0.014925 *
AMP 0.014925 *
L-aspartate 0.014925 *
L-glutamate 0.014925 *
transfer RNA 0.014925 *
NAD™* 0.014925 *
FAD* 0.014925 *
tetrahydrofolate 0.014925 *
S-adenosyl-L-methionine 0.014925 *
L-homocysteine 0.014925 *
L-glutamine 0.026118 *
S-adenosyl-L-homocysteine 0.026118 *
NADH 0.033581 *
O-acetyl-L-homoserine 0.033581 *

Note: The metabolite with a distinct up-directional p-value < 0.05 was identified as a significant reporter metabolite (*).

The key metabolic routes were curated by integrated data analysis. Interestingly, the
central carbon metabolism, i.e., glycolysis, the TCA cycle, and amino acid metabolism
(e.g., leucine degradation and alanine metabolism), in connection with fatty acids and
lipid biosynthetic routes identified in WJ11, as illustrated in Figure 5. Using the identified
expressed genes and involved metabolites to compare the biochemical activities between
the two strains, we found lower carbon fluxes in WJ11 to the TCA cycle rather than in
acetyl-CoA for lipid biosynthesis, corresponding to its higher lipid production compared to
the CBS 277.49 strain. The list of upregulated genes encoding glycolytic enzymes in WJ11 in-
cluded aldehyde dehydrogenase, hexokinase, glyceraldehyde-3-phosphate dehydrogenase,
pyruvate kinase, and the aldo/keto reductase family.

The genes involved in methionine metabolism were significantly downregulated
(Figure 5, Supplementary File S13). It has been reported that downregulation of the
methionine cycle and tricarboxylic acid cycle led to more carbon flow toward fatty acid
biosynthesis, glycerolipid, and glycerophospholipid metabolism, and also to rapid synthesis
of other amino acids, such as arginine, alanine, and aspartate. When methionine was
restricted, acetyl-CoA stimulated the metabolism of x-ketoglutarate-glutamate-arginine by
activating glutamate [73].

One-carbon metabolism includes the folate cycle, methionine cycle, and trans-
sulfuration pathway, which is a complex cyclic metabolic network based on folic acid
compounds [74,75]. A carbon metabolic pathway can function with folate and methio-
nine cycles, contributing to nucleotide synthesis, lipid metabolism, and cellular redox
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balance [76]. One-carbon metabolism supports the synthesis of porphyrin, thymine, purine,
glutathione (GSH), and S-adenosyl-L-methionine (SAM). SAM is a one-carbon donor for
synthesizing lipids, histones, and DNA methylation metabolites. The SAM depletion in
yeast cells affected the coordination mechanism of energy metabolism and anabolism [73].
When SAM was depleted, other amino acids were rapidly synthesized, resulting in a large
accumulation of amino acids, especially arginine, to promote cell growth. The serine syn-
thesis pathway (SSP pathway) produces glycine through serine hydroxymethyltransferase
(SHMT) [77] to provide a carbon source for one-carbon metabolism. Moreover, serine is also
an important precursor of several biomolecules for cell proliferation, such as the synthesis
of cysteine, glycine, nucleotides, and folate [78]. Our results in the transcriptome analysis
indicated the synergistic function of these metabolic processes for fungal membrane struc-
ture and cell proliferation [79,80]. Fungal cell walls consist of various glucans and chitin,
and chitinase is required to enlarge the cell wall surface area during hyphal growth. In the
WJ11 strain, the expressed genes (e.g., chitin synthase, chitinase, and chitin deacetylase)
were predominant in the active growth phase and might be involved in chitin metabolism
during its growth. Interestingly, the expressed genes encoding phosphatidylserine decar-
boxylase and protein-serine/threonine phosphatase were detected in WJ11. These enzymes
are essential for cell wall integrity, virulence, and cell growth.
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Figure 5. Proposed potential metabolic routes identified in high lipid-producing M. circinelloides
W]J11. Note: The selected highlight genes are considered in this proposed route. Full information and
abbreviations are provided in Supplementary Files 513 and S14, respectively. The dash line arrow
shows multiple steps. The dot line arrow shows a transport. The solid line arrow shows a single
metabolic reaction. The red letter is reporter metabolite.

For energy supply, the glucose-6-phosphate dehydrogenase (G6PDH) gene was up-
regulated in the WJ11 strain. It has been documented that NADPH generated from the
pentose phosphate pathway plays a key role in lipid accumulation in Yarrowia lipolytica,
Mortierella alpina, and Fistulifera solaris [31,81-83]. The result in Table 4 also supports the role
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of high-energy compounds (NAD+, FAD+, NADH, and ATP) in cellular energy metabolism,
particularly in supporting the cell growth, biosynthesis and degradation, and metabolic
flexibility of the WJ11 strain.

This research provides valuable insights into the regulatory mechanisms of lipid
production and potential metabolic pathways to optimize the high lipid-producing M.
circinelloides strain WJ11. Though it may be outperformed by other genera/species, e.g.,
thraustochytrids [84], microalgae [85], and Yarrowia lipolytica [45], these findings could
help improve lipid production and expand microbial options for industrial use [45,84,85].
Further metabolomics, metabolic engineering, and strain optimization of M. circinelloides
WIJ11 are required for establishing efficient fungal cell factories in lipid biotechnology.

4. Conclusions

Our study highlighted strain-dependent differences in growth behavior and lipid
production of M. circinelloides at the fast-growing stage, driven by transcriptional regula-
tion across key metabolic pathways. Through genome-scale model-driven analysis, we
identified 20 significant reporter metabolites that provide insights into the mechanisms em-
ployed by the W]11 strain to optimize growth for lipid overproduction in the subsequent
lipid-accumulating stage. These mechanisms primarily involve energy, carbohydrates,
amino acids, and one-carbon metabolisms. These findings open new possibilities for the
precise manipulation of M. circinelloides WJ11, paving the way for the efficient production
of high-value lipid-derived products with industrial applications.
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