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Abstract
The polyunsaturated fatty acid (PUFA) metabolism of Schizochytrium, an excellent oil-producing microorganism, 
is closely related to phosphatidylcholine (PC) synthesis, which favors the migration and accumulation of 
docosahexaenoic acid (DHA). Phosphocholine cytidylyltransferase (CCT), a key enzyme involved in PC synthesis, 
profoundly impacts lipid metabolism in plants; however, few studies have focused on CCT in microorganisms. 
We investigated the effects of CCT overexpression on lipid metabolism in Schizochytrium sp. CCT overexpression 
slightly inhibited cell growth, but significantly promoted total lipid synthesis. Compared to the wild-type strain, 
PUFA content and DHA production in the CCT-overexpressing strain (SR21-CCT) increased by about 49% and 46%, 
respectively. Analysis of phospholipids and quantitative real-time PCR revealed that CCT overexpression enhanced 
phospholipid synthesis, especially by strengthening glycerophosphorylcholine acylation and de novo PC synthesis 
pathways, which promote DHA esterification to PC and DHA accumulation in triacylglycerols. This study helps 
decipher the mechanism correlating phospholipid metabolism and DHA production.
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Introduction
Schizochytrium sp. is a marine protist that synthesizes 
various beneficial active substances, such as PUFAs [1, 
2], squalene [3, 4], and pigments [5]. As the most abun-
dant type of PUFA in Schizochytrium, the mechanism 
of docosahexaenoic acid (DHA) biosynthesis has been 
extensively explored. Three main forms of DHA have 
been reported in cells: non-esterified fatty acid DHA 
(DHA-FFA), triacylglycerol (TAG) DHA (DHA-TAG), 
and phospholipids (PLs) DHA (DHA-PLs) [6]. Recent 
studies have revealed that DHA is mainly biosynthesized 
through the anaerobic polyketide synthase (PKS) path-
way, released as DHA-FFA, incorporated into polar PLs 
such as phosphatidylcholine (PC), phosphatidylethanol-
amine (PE), and phosphatidylinositol (PI) to form DHA-
PLs, and finally transferred from DHA-PLs to non-polar 
lipids such as TAG to form DHA-TAG for storage via 
the acyl-CoA-independent pathway [7–10]. Therefore, 
regulating PL metabolism plays a significant role in DHA 
accumulation. By improving the phosphatidic acid (PA) 
synthesis pathway in Aurantiochytrium limacinum F26-
b, more DHA is bound into glycerol-3-phosphate (G3P), 
thus significantly increasing the DHA content in PC and 
TAG [11]. PC is the main PL that esterified with DHA in 
Schizochytrium [12]. Hence, modifying the PC metabolic 

pathway is feasible and effective strategy to regulate DHA 
synthesis and accumulation.

PC is primarily synthesized via three pathways, as 
shown in Fig. 1. The first is the de novo synthetic pathway 
[13], which starts with choline and produces phospho-
choline (P-Cho) through the catalysis of choline kinase 
(CK), then P-Cho and cytidine-5′-triphosphate are con-
densed to form cytidine diphosphocholine (CDP-Cho) 
by phosphocholine cytidyltransferase (CCT). Subse-
quently, the P-Cho group is transferred onto diacylglyc-
erol (DAG) to produce PC, which is catalyzed by choline 
phosphotransferase (CPT) [14]. The second pathway 
is called the glycerophosphorylcholine (GPC) acyla-
tion pathway, in which the glycerol-3-phosphate choline 
substrate is catalyzed by glycerophosphocholine acyl-
transferase (GPCAT) and lysophosphatidylcholine acyl-
transferase (LPCAT) for the subsequent synthesis of PC 
[14, 15]. The third pathway involves the synthesis of PC 
from PE via transmethylation [16]. According to lipido-
mic analyses of Schizochytrium, PLs have a very low PE 
content, which only accounts for about 3–10%, whereas 
the PC content is approximately 40–50% [12, 17]. There-
fore, it was inferred that PC synthesis from PE is not the 
main pathway. GPCAT and LPCAT from the GPC acyla-
tion pathway have rarely been reported in PC synthesis, 

Fig. 1  The synthesis pathways of PC. (Cho, choline; P-Cho, phosphocholine; CDP-Cho, cytidine diphosphocholine; PC, phosphatidylcholine; CK, choline 
kinase; CCT, phosphocholine cytidyltransferase; CPT, choline phosphotransferase; Etn, ethanolamine; P-Etn, phosphoethanolamine; CDP-Etn, cytidine 
diphosphoethanolamine; PE, phosphatidylethanolamine; EK, ethanolamine kinase; ECT, ethanolamine phosphate cytidylyltransferase; EPT, ethanol-
amine phosphotransferase; TAG, triacylglycerol; DAG, diacylglycerol; PEMT, phosphatidylethanolamine N-methyltransferase; PDAT, phospholipid: DAG 
acyltransferase; PDCT, PC: DAG cholinephosphotransferase; DGAT, phospholipid: DAG acyltransferase; G3PC, Glycero-3-phosphocholine; LPC, lysophos-
phatidylcholine; GPCAT, glycerophosphorylcholine acyltransferase; LPCAT, lysophosphatidylcholine acyltransferase)
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whereas CCT is reportedly the rate-limiter in PC synthe-
sis [18–20], which may contribute to the homeostasis of 
PL composition. Currently, research on CCT is limited 
and mainly focuses on animal organs and insects, with 
few studies on microorganisms.

This study aimed to investigate the effect of PC biosyn-
thesis regulation on the production of lipids and DHA by 
overexpressing the CCT gene in Schizochytrium limaci-
num SR21 (S. limacinum SR21). To further explore the 
regulatory mechanism of PC synthesis on DHA accu-
mulation, PL lipidomics and quantitative real-time PCR 
(qRT-PCR) were used to analyze changes in metabolites 
and gene expression, which would further bolster evi-
dence of the correlation between PL metabolism and 
DHA accumulation in Schizochytrium sp.

Materials and methods
Strains and culture conditions
S. limacinum SR21 (ATCC MYA-1381) was obtained 
from the American Type Culture Collection (Manassas, 
VA, USA) and was cultured in the seed medium [30 g/L 
glucose, 10  g/L yeast extract, 50 mL 500× inorganic 
salt solution (Na2SO4 240  g/L, MgSO4 40  g/L, KH2PO4 
20 g/L, (NH4)2SO4 20 g/L, K2SO4 13 g/L, KCl 10 g/L) and 
0.17 g/L CaCl2] at 28 °C and 200 rpm in flasks. After two 
generations of cultivation, the seed cultures were trans-
ferred to the fermentation medium reported in our previ-
ous study and cultivated at 28 °C and 200 rpm for 144 h.

Overexpression of CCT
The primers, plasmids, and strains used in this study are 
listed in Supplementary file (Table S1). The plasmid pBlu-
zeo-18s, containing homologous arms from 18s rRNA 
and zeor for screening, was constructed in our previous 
study [21]. The CCT (GenBank: PQ289629) fragment 
was amplified with CCT-F/CCT-R from S. limacinum 
SR21 genome and ligated into pBlu-zeo-18s at the cor-
responding restriction enzyme cutting sites, resulting 
in the recombinant plasmid pBlu-zeo-18s-CCT. The 
recombinant plasmid was electroporated into S. limaci-
num SR21 with conditions set at 2 kV, 50 µF and 200 Ω, 
and the electroporated cells were resuscitated in the seed 
medium containing 1  M sorbitol (Macklin Biochemi-
cal, Shanghai, China) for 3 h at 28 °C and then recovered 
for 3–5 d in a solid medium containing 50  µg/mL zeo-
cin (Sangon Biotech, Shanghai, China) for screening the 
positive mutant strains.

Biomass determination, lipid extraction, and separation
The cell pellets were obtained by centrifuging at 
8000 rpm for 5 min, washed twice with phosphate buff-
ered saline, and freeze-dried to a constant weight, which 
was determined as the dry cell weight (DCW) of the 
biomass.

The cell pellets from 5 mL fermentation liquid were 
resuspended with 37% HCl and saponified at 65 °C water 
bath for 1  h. Total lipids (TLs) were extracted using 15 
mL of n-hexane and weighed after nitrogen blowing. 
Solid-phase extraction (SPE, Shanghai Jinlan, China) was 
used to analyze the proportion of fatty acids in polar and 
non-polar lipids. Twenty-five milligrams of TLs were dis-
solved in 1 mL of trichloromethane/methanol solution 
(2:1, v/v) with the addition of 20 µL PC (19:0/19:0) as the 
internal standard, and then they were added to SPE acti-
vated with n-hexane. Non-polar lipids were first obtained 
by sequentially elution with 4 mL of n-hexane/ether solu-
tion in two volume ratios (4:1 and 1:1, v/v). Polar lipids 
were eluted using 5 mL methanol and 6 mL chloroform/
methanol/aqueous solution (3:5:2, v/v/v).

Thin-layer chromatography (TLC) and gas chromatography 
(GC) analysis
TLC could confirm the lipid profiles in polar lipids and 
non-polar lipids, the corresponding developing solvent 
systems of which were chloroform/methanol/acetic acid/
water of 90:15:10:3 (v/v) and hexane/diethyl ether/acetic 
acid of 70:30:1(v/v), respectively. TAG-18:1/18:1/18:1, 
FFA-22:5, and DAG-18:1/18:1 was used as standards to 
confirm the presence of TAG, FFA, and DAG bands in 
the samples. For better observation, TLC silica gels were 
placed in a closed container for 10 min along with solid 
iodine and bands were observed.

To obtain the sample of fatty acid methyl ester 
(FAMEs), 5 mL of 0.1  M KOH-CH3OH was first added 
into the TLs in 65 °C water bath for 5 min and cooled to 
28  °C. Then, 5 mL of boron trifluoride ether was added 
to catalyze the methyl ester reaction in a 65  °C water 
bath for 30 min. Finally, 5 mL of n-hexane was added to 
extract the FAMEs, and 1 mL of saturated NaCl solution 
was added to prevent emulsification. FAMEs were ana-
lyzed using a Shimadzu GC-2010 instrument (Shimadzu, 
Japan) equipped with an HP-88 (100  m × 0.25  mm ID, 
0.20  μm film) capillary column using nitrogen as the 
carrier gas at a constant flow rate of 0.6 mL/min. The 
GC temperature programming was increased from 
140 °C to 210 °C at increments of 4 °C/min and held for 
31.5  min, and then heated to 230  °C at a rate of 10  °C/
min and maintained for 3  min. Finally, the temperature 
reached 240 °C at an increment of 10 °C/min and held for 
10  min. The temperature of injection and flame ioniza-
tion detector were 260 °C. The peak time of each sample 
component was determined according to a mixed stan-
dard containing 37 FAMEs (CRM47885, Sigma-Aldrich, 
Germany).

Quantification of PLs
The obtained polar lipids by SPE were analyzed using 
ultra performance liquid chromatography-mass 
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spectrometry (Waters UPLC Acquity H-Class-Xevo-
G2 Q-TOF, Milford, MA, USA) equipped with a Waters 
UPLC BEH C18 column (150  mm ×2.1  mm × 1.7  μm). 
The binary mobile phase solvent system consisted of A 
(acetonitrile) and B (20 mM ammonium formate buf-
fer by adding 0.1% formic acid to obtain a pH 3.5). The 
separation was processed in a gradient elution as follows: 
0–4  min, 95% A;4–22  min, 95–60% A; 22–25  min, 60% 
A; 25–25.1  min, 60–95% A; 25.1–30  min, 95% A. The 
injection volume was 2 µL and the flow rate was 0.2 mL/
min. The experimental parameters were set as follows: 
sensitivity mode; data collection time: 2.5–20 min; scan-
ning range: 250–1000 Da; scanning time 0.5  s; capillary 
voltage 2 kV; sample cone voltage 30 V; extraction cone 
voltage 4 V; ion source temperature: 100 °C; desolvation 
temperature: 350 °C; cone gas flow rate 50 L/h; desolva-
tion gas flow rate 400 L/h.

Quantitative real-time PCR analysis (qRT-PCR)
Total RNA was extracted from 1 mL of fresh fermenta-
tion solution using a Steady Pure Universal RNA Extrac-
tion Kit II (Accurate Biotechnology, China). Both the 
reverse transcription of total RNA and the qRT-PCR 
of cDNA were performed using the PerfectStart® Uni 
RT&qPCR Kit (TransGen Biotech, China) according to 
the manufacturer’s instructions. The primers used for 
qRT-PCR are listed in Table S1. The reference gene was 
actin. The relative transcription level was represented by 
2−ΔΔCT values.

Calculation and statistical analysis
All experiments were performed in triplicate. Statisti-
cal significance was evaluated using a t-test (p < 0.01, 
extremely significant; 0.01 < p < 0.05, statistically signifi-
cant). Data are presented as means ± standard deviation.

Results
Construction of CCT-overexpressing strain
The CCT gene was amplified by PCR using S. limaci-
num SR21 genomic DNA as a template with a length of 
approximately 1840  bp (Fig. S1). The plasmid pBlu-zeo-
18s-CCT was successfully constructed (Fig. S2A), and a 
mutant strain was successfully transformed (Fig. S2B).

Changes of biomass, TLs and DHA production
As shown in Fig. 2A, the wild-type strain (SR21) showed 
a growing advantage in the early fermentation period 
compared with the mutant strain overexpressing CCT 
(SR21-CCT) and reached the highest biomass of 37.8 g/L 
when entering the stationary phase at 72  h. Overex-
pression of CCT led to delayed cell growth, leading to 
SR21-CCT entering the stationary phase after 96  h and 
achieving a similar maximum biomass as SR21. Among 
the changes in total oil, the time to reach the peak 

of SR21 was 96  h, while the mutant strain was 120  h. 
Although lipid synthesis of SR21-CCT was also delayed 
24 h to reach its highest value compared to that of SR21, 
the TLs yield of SR21-CCT increased by 20.6% than that 
of SR21. Notably, both the DHA titer and DHA produc-
tivity of SR21-CCT remained higher than those of SR21 
through the process, the highest values of which in SR21-
CCT obtained at 120  h were increased by 75.8% and 
83.7% compared with that of SR21 at 96 h, respectively, 
reaching 10.7 g/L and 0.3 g/g DCW (Fig. 2B). The high-
est TLs content of SR21-CCT was also reached at 120 h, 
which was 28.4% higher than the highest TLs (96  h) of 
SR21 (Fig. 2C).

Changes of lipids profile
Figure  2D shows that the content of non-polar lipids 
gradually increased with cell growth and lipid accu-
mulation and reached a peak at 96  h in both strains. 
Conversely, the content of polar lipids in both strains 
accounted for the highest proportion in the early stage of 
lipid synthesis (48 h) and gradually decreased with time, 
reaching the lowest value at 96  h. Compared with the 
wild-type strain, the overexpression of CCT increased the 
proportion of polar lipids during the whole cell growth, 
which increased by 11.1%, 64.1%, 25.9%, and 85.6% at 
the early stage (48 h), middle stage (72 h), and late stages 
(96 h and 120 h) of lipid synthesis, respectively.

As shown in Fig. S3, TAG are the main components 
of non-polar lipids throughout the fermentation pro-
cess. Compared to SR21, the TAG content in SR21-CCT 
showed an obvious increase at 48 h and hardly changed 
from 96 to 120  h. The other two components of non-
polar lipids were FFA and DAG.

Changes of fatty acids composition in TLs, non-polar lipids 
and Polar lipids
Overall, CCT overexpression significantly reduced the 
saturated fatty acid (SFA) proportion and correspond-
ingly increased the PUFAs proportion (Table  1), which 
resulted in the ratio of PUFAs/SFAs content in SR21-
CCT increased by 120.6% at 120  h than that in SR21. 
At 120  h, the proportion of SFAs in SR21-CCT strain 
reduced by 32.1%, while the proportions of PUFAs and 
DHA increased by 48.9% and 45.6%, respectively, com-
pared with those in the wild-type strain. In particular, the 
reduction in SFAs was mainly reflected in the decrease in 
C16:0, which decreased by 33.6% at 120 h. Interestingly, 
the PUFAs or DHA contents in the mutant strain were 
lower than those in the wild-type strain at the early stage 
of fermentation (48 h), but higher than that in the wild-
type strain at the middle and late stages of fermentation 
(72–120 h).

As listed in Table 2, for fatty acids of non-polar lipids, 
C16:0 is the main component of the SFAs while DHA/
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DPA are that of PUFAs. Generally, the fatty acid compo-
sition of the non-polar lipids in SR21-CCT displayed a 
similar change to that in the TLs of SR21-CCT (Table 1); 
that is, the CCT overexpression drastically reduced the 

content of SFAs and enhanced the content of PUFAs 
in the non-polar lipids of SR21-CCT. For both strains, 
the proportion of DHA in non-polar lipids continu-
ously increased throughout the fermentation process. 

Table 1  The main fatty acids proportion of total lipids in SR21 and SR21-CCT strain at different stages of fermentation
Fatty acid SR21 SR21-CCT

48 h 72 h 96 h 120 h 48 h 72 h 96 h 120 h
C14:0 2.43 ± 0.48% 3.30 ± 0.01% 3.34 ± 0.06% 3.28 ± 0.05% 1.46 ± 0.60% 1.69 ± 0.11%** 1.96 ± 0.02%** 1.93 ± 0.13%**

C16:0 42.3 ± 6.73% 50.9 ± 0.09% 50.2 ± 0.28% 49.6 ± 0.23% 27.3 ± 9.17%* 31.6 ± 1.68%** 33.9 ± 0.09%** 32.9 ± 1.05%**

C18:0 2.04 ± 0.06% 1.55 ± 0.04% 1.61 ± 0.16% 1.62 ± 0.11% 2.89 ± 0.58% 1.45 ± 0.29% 1.30 ± 0.04%* 1.21 ± 0.15%
EPA 0.10 ± 0.02% 0.14 ± 0.00% 0.31 ± 0.01% 0.35 ± 0.00% 0.03 ± 0.05% 0.08 ± 0.01% 0.11 ± 0.01%** 0.12 ± 0.01%**

DPA 4.82 ± 0.30% 5.09 ± 0.11% 5.52 ± 0.07% 5.64 ± 0.03% 4.21 ± 0.21% 6.99 ± 0.87%* 9.36 ± 0.06%** 10.1 ± 0.16%**

DHA 25.1 ± 2.06% 26.9 ± 0.48% 28.6 ± 0.16% 28.7 ± 0.03% 20.8 ± 2.50% 32.4 ± 3.58% 39.6 ± 0.22%** 41.8 ± 1.23%**

SFAs 49.4 ± 7.05% 58.2 ± 0.39% 56.8 ± 0.54% 56.1 ± 0.40% 35.8 ± 9.79%* 36.7 ± 1.82%** 39.1 ± 0.05%** 38.1 ± 1.47%**

PUFAs 31.1 ± 2.20% 32.8 ± 0.61% 35.1 ± 0.23% 35.4 ± 0.03% 26.4 ± 2.74% 40.3 ± 4.37% 49.7 ± 0.30%* 52.7 ± 1.56%*

PUFAs/SFAs 0.63 ± 0.13 0.56 ± 0.01 0.62 ± 0.01 0.63 ± 0.01 0.74 ± 0.28 1.10 ± 0.17** 1.27 ± 0.01** 1.39 ± 0.09**

Note: *p-value < 0.05 and **p-value < 0.01, compared to SR21 at each time

Fig. 2  The fermentation result of SR21 and SR21-CCT strains. (A) biomass (line) and TLs yield (bar), (B) DHA titer and productivity, (C) the TLs content in 
biomass, and (D) the lipid profiles, in SR21 and SR21-CCT strains during the fermentation process. Note: *p-value < 0.05 and **p-value < 0.01, compared 
to SR21 at each time
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Moreover, the proportion of DHA in SR21-CCT at 48 h 
was lower than that in the wild-type strain, but higher 
than that in the wild-type strain from 72 to 120 h, which 
was consistent with the change in the TLs. Compared 
with that in the wild-type strain at 120 h, SFA proportion 
of non-polar lipids in SR21-CCT reduced by 35.0%, and 
PUFAs and DHA proportion of non-polar lipids in SR21-
CCT increased by 57.1% and 51.5%, respectively.

The results in Table  3 show that C16:0 and C18:0 are 
the main components of SFAs in polar lipids, and the 
proportion of C18:0 in polar lipids (approximately 7–8%) 
was remarkably higher than that in non-polar lipids 
(approximately 0.5–1%). This result indicates that most 
of the C18:0 binds to polar lipids. DHA and DPA are the 
main components of PUFAs in the polar lipids of both 
strains, similar to the non-polar lipids. Compared with 
the wild-type strain at 120 h, the proportion of SFAs in 
polar lipids in SR21-CCT reduced by 18.4%, and the pro-
portions of PUFAs and DHA in polar lipids improved by 
46.5% and 52.6%, respectively.

Changes of the PL profiles
The types of PLs were first tested, which consists of PC, 
PE, lysophosphatidylcholine (LPC), phosphatidylglycerol 
(PG), PI, phosphatidylserine (PS) [22], and PA (Fig.  3). 
The data and significance tests were shown in Table S2. 
PC accounted for about half of the total PLs, while the 

contents of PS and PA were quite low (< 0.2%). The PL 
composition in SR21 and SR21-CCT at 72 and 120  h 
was tested to determine the effect of CCT overexpres-
sion on the PL synthesis pathway. As shown in Fig.  3, 
the percentages of PC and PI changed differently in the 
two strains as fermentation proceeded. The PC content 
of SR21 decreased from 47.8% at 72 h to 44.4% at 120 h. 
While in the SR21-CCT strain, the PC content increased 
from 40.6% at 72 h to 49.1% at 120 h. The LPC contents 
showed an upward change with time in both strains.

Changes in the PL contents of the different strains 
were then compared. At 72  h, CCT overexpression 
increased the content of PI and PE by 72.6% and 38.1%, 
and decreased the content of PC, PG, and LPC by 
15.0%, 63.5%, and 13.7%, respectively. The percentages 
of PI and PG exhibited the maximum increases and 
decreases, respectively. In the later stage of fermentation 
(120 h), compared with the wild type, overexpression of 
CCT reduced the PI content by 28.1%, while enhancing 
the PC and LPC contents by 26.2% and 10.5%, respec-
tively, which were completely opposite to those at 72 h. 
The contents of other PLs in neither strain changed 
significantly.

The detailed PLs species were further analyzed. A total 
of 33 types of PLs were detected, including 14 PC, 4 LPC, 
6 PG, 4 PE, 2 PI, 2 PS, and 1 PA (Table 4). C16:0, DPA, 
and DHA are the major fatty acids in PLs [17]. We found 

Table 2  The main fatty acids composition of non-polar lipid in SR21 and SR21-CCT strain during the fermentation
Fatty acid SR21 SR21-CCT

48 h 72 h 96 h 120 h 48 h 72 h 96 h 120 h
C14:0 2.63 ± 0.75% 3.69 ± 0.44% 3.46 ± 0.03% 3.30 ± 0.38% 1.91 ± 0.09% 2.07 ± 0.29% 2.91 ± 0.15%** 2.61 ± 0.03%**

C16:0 42.1 ± 0.59% 53.9 ± 1.35% 51.4 ± 0.75% 51.0 ± 0.85% 29.5 ± 0.50%** 31.6 ± 0.77%** 32.8 ± 0.49%** 32.2 ± 0.39%**

C18:0 0.55 ± 0.57% 1.15 ± 0.06% 1.24 ± 0.08% 1.08 ± 0.06% 0.92 ± 0.26% 0.37 ± 0.08%** 0.77 ± 0.04%** 0.45 ± 0.03%**

EPA 0.12 ± 0.01% 0.15 ± 0.05% 0.33 ± 0.01% 0.33 ± 0.04% 0.04 ± 0.02%** 0.07 ± 0.01%* 0.11 ± 0.02%** 0.12 ± 0.02%**

DPA 4.86 ± 0.24% 4.97 ± 0.06% 5.01 ± 0.17% 5.53 ± 0.22% 4.24 ± 0.13% 7.06 ± 0.16%** 9.86 ± 0.12%** 10.8 ± 0.17%**

DHA 26.2 ± 1.15% 26.4 ± 0.34% 29.9 ± 0.22% 29.1 ± 1.35% 22.5 ± 0.20%* 33.4 ± 0.52%** 40.7 ± 0.08%** 44.1 ± 0.55%**

SFAs 47.3 ± 0.84% 60.7 ± 0.98% 58.1 ± 0.75% 57.4 ± 0.59% 34.3 ± 0.42** 36.1 ± 0.46%** 38.5 ± 0.62%** 37.3 ± 0.36%**

PUFAs 31.1 ± 1.01% 31.5 ± 0.70% 35.3 ± 0.18% 35.0 ± 1.56% 26.8 ± 0.25%* 40.5 ± 0.42%** 50.7 ± 0.04%** 55.0 ± 0.71%**

PUFAs/SFAs 0.66 ± 0.03 0.52 ± 0.02 0.61 ± 0.01 0.61 ± 0.03 0.78 ± 0.02* 1.12 ± 0.03** 1.32 ± 0.02** 1.47 ± 0.03**

Note: *p-value < 0.05 and **p-value < 0.01, compared to SR21 at each time

Table 3  The fatty acids composition of the Polar lipids in SR21 and SR21-CCT strains during the fermentation
Fatty acid SR21 SR21-CCT

48 h 72 h 96 h 120 h 48 h 72 h 96 h 120 h
C14:0 1.17 ± 0.09% 0.66 ± 0.12% 0.75 ± 0.30% 0.89 ± 0.33% 0.36 ± 0.01%** 0.48 ± 0.28% 0.31 ± 0.04% 0.45 ± 0.16%
C16:0 31.5 ± 0.94% 24.4 ± 1.71% 24.3 ± 1.35% 26.3 ± 1.14% 23.2 ± 0.31%** 22.8 ± 1.16% 22.4 ± 1.22% 21.8 ± 1.48%**

C18:0 8.41 ± 1.56% 5.33 ± 0.22% 7.25 ± 1.42% 8.70 ± 0.24% 9.64 ± 0.33 5.90 ± 0.74% 9.09 ± 0.64% 7.53 ± 0.99%
EPA 0.07 ± 0.05% 0.05 ± 0.03% 0.20 ± 0.03% 0.19 ± 0.09% 0% 0.15 ± 0.04% 0.20 ± 0.02% 0.23 ± 0.08%
DPA 4.18 ± 0.15% 5.27 ± 0.72% 3.80 ± 0.48% 4.18 ± 0.42% 4.79 ± 0.69% 5.01 ± 0.54% 4.17 ± 0.84% 4.81 ± 0.91%
DHA 17.7 ± 2.77% 30.0 ± 0.87% 17.6 ± 1.48% 15.4 ± 0.34% 14.9 ± 0.68% 26.7 ± 0.47%** 24.0 ± 0.75%** 23.5 ± 3.97%**

SFAs 44.8 ± 3.04% 33.0 ± 2.21% 34.8 ± 0.36% 39.7 ± 0.93% 40.0 ± 0.97% 32.7 ± 1.95% 34.7 ± 1.03% 32.4 ± 1.50%**

PUFAs 24.6 ± 2.01% 37.3 ± 0.49% 23.6 ± 1.76% 21.5 ± 0.32% 25.7 ± 0.55% 34.9 ± 0.89%* 33.6 ± 0.96%** 31.5 ± 3.83%**

PUFAs/SFAs 0.55 ± 0.08 1.13 ± 0.09 0.68 ± 0.06 0.54 ± 0.02 0.64 ± 0.03 1.07 ± 0.09 0.97 ± 0.06** 0.97 ± 0.16**

Note: *p-value < 0.05 and **p-value < 0.01, compared to SR21 at each time
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that different phospholipids have varying preferences for 
esterification with fatty acids. The fatty acid side chain 
of PC is mainly composed of PUFAs, and the DHA pro-
portion bound to PC exceeded half. LPC also showed an 
obvious preference for esterification withPUFAs, such as 
the DHA proportion reached 71.7% (the wild-type strain 
at 72  h). PG mainly binds SFAs, predominantly C16:0. 
The two fatty acyl chains of PI are composed of C16:0 
and PUFA (C22:5 or C22:6). PE is more inclined to bind 
PUFAs. PS mainly binds DHA, whereas PA only binds 
DHA.

Figure 4A showed a heat map of each tested type of PLs 
based on weight data for each phospholipid in total lip-
ids (µg/g). For the same strain at different times, except 
PC-C15:0/C22:6, LPC-C22:5 and LPC-C22:6, the con-
tent of the most PLs at 120 h was lower than that at 72 h, 

which is due to the fact that PL synthesis mainly occurs 
at the early and middle stages of fermentation [23]. For a 
different strain at the same time, we found that the main 
PL species of the mutant strain were mostly more abun-
dant than those of the wild-type strain, especially at 72 h, 
which was consistent with the results of Fig. 2D, that is, 
overexpression of CCT promoted the synthesis of polar 
lipids.

Figure 4B shows the proportions of 12 major PLs spe-
cies. PC-C22:6/C22:6 is the most important PC type in 
both strains, decreasing over time in SR21 and increas-
ing over time in SR21-CCT. Compared to the wild-type 
strain, overexpression of CCT caused a decrease in 
PC-C22:6/C22:6 at 72  h and an increase at 120  h. The 
proportion of PC-C22:5/C22:6 in SR21-CCT exhibited 
changes similar to those of PC-C22:6/C22:6 compared to 

Fig. 3  Percentage of all types of phospholipids at 72 and 120 h for SR21 and SR21-CCT strains
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SR21. LPC-C22:5 and LPC-C22:6, the two main species 
of LPC, increased with time in both strains, the content 
of which was increased in the CCT-overexpression strain. 
As the main type of PG, the PG-16:0/16:0 proportion 
sharply declined at 72 h in SR21-CCT compared to that 
in the control strain, while it showed the same value at 
120 h. Interestingly, the content of PI-C16:0/C22:6 in the 
wild-type strain showed no difference at 72 and 120  h; 
however, the content was significantly enhanced at 72 h in 
SR21-CCT, which was twice that of the wild-type strain, 
after it dropped by 42.7% at 120 h, which was only slightly 
higher than that of the wild-type strain. The two main 
types of PE showed similar changes in the two strains, the 
content of which at 72 h in SR21-CCT was slightly higher 
than that in SR21, but slightly lower than that in SR21 at 
120 h. In summary, the proportions of PLs, including PC, 
LPC, PG, and PI, changed in the mutant strain. Among 

them, the content of DHA- esterified PLs in the SR21-
CCT strain increased significantly, while that of C16:0- 
esterified PLs significantly decreased. This result verified 
that overexpression of CCT can remarkably improve the 
accumulation of PUFAs, especially DHA, and reduce the 
synthesis of SFAs (C16:0-based).

Effects of CCT overexpression on the transcriptional levels 
of key genes in lipid metabolism pathway
In Schizochytrium, there are two pathways for synthesiz-
ing fatty acids——anaerobic PKS pathway (PUFA) and 
aerobic FAS pathway (SFA) [24, 25]. The chain length 
factor (CLF) gene and fatty acid synthase (FAS) gene are 
the key genes for these two pathways respectively [7, 26, 
27]. As shown in Fig. 5A and B, CLF and FAS exhibited 
different behaviors after overexpression of CCT. At 60 h, 
compared with the control, the transcription level of CLF 

Table 4  Phospholipid species in SR21 and SR21-CCT
Type Unsaturation Acyl composition Content(µg/g)

SR21-72 h SR21-CCT − 72 h SR21-120 h SR21-CCT − 120 h
PC C30:0 C14:0/C16:0 217.4 ± 3 363.1 ± 54.8** 183.7 ± 73.6 287.7 ± 56.1

C32:0 C16:0/C16:0 228.8 ± 40.9 1571 ± 255** 215.6 ± 27.9 446 ± 9**

C36:5 C14:0/C22:5 0 144 ± 43.6** 98.3 ± 38.8 187 ± 20.8*

C37:5 C15:0/C22:5 1046 ± 204.4 1883 ± 692.8 985.2 ± 207.3 1250 ± 97.2
C37:6 C15:0/C22:6 6673.7 ± 527.6 6575.3 ± 846.7 5240.1 ± 1108.8 7520.8 ± 217.5**

C38:5 C16:0/C22:5 4574.4 ± 1247.7 8055.4 ± 1624.7** 2348.7 ± 786.6 3826.3 ± 1266.6
C38:6 C16:0/C22:6 10533.1 ± 2668.5 16262.3 ± 3120.7* 5168.9 ± 1472.4 8466.7 ± 721*

C40:6 C18:0/C22:6 19.4 ± 4.9 244.9 ± 87.6** 42.5 ± 13.9 349.9 ± 14.1**

C40:7 C18:1/C22:6 9 ± 0.2 146.9 ± 45.7** 103.2 ± 40.9 262.7 ± 14.1**

C42:10 C20:4/C22:6 507.2 ± 154.2 427.1 ± 60.7 197.9 ± 27.3 901.2 ± 77.7**

C42:11 C20:5/C22:6 577 ± 113.5 873.4 ± 437.5 598.1 ± 235.6 1159.6 ± 187.4
C44:10 C22:5/C22:5 1588.4 ± 23.6 2733.2 ± 1025.3 1295.4 ± 521 1697.7 ± 386.4
C44:11 C22:5/C22:6 10955.8 ± 428.2 15857.4 ± 2690.5 7314 ± 2443.5 9346.4 ± 675.2
C44:12 C22:6/C22:6 18541.1 ± 3154.3 31683.8 ± 2317.8 14552.4 ± 4889.3 18433.2 ± 1706.4

LPC C15:0 C15:0 41.6 ± 0 1650.3 ± 155 493.4 ± 264.4 1257 ± 163.4*

C16:0 C16:0 113.4 ± 9 1458.6 ± 62.4** 83.6 ± 15.4 74.7 ± 14.6
C22:5 C22:5 3355.4 ± 334.7 4497.8 ± 1297.7 2215.5 ± 799.4 4622.1 ± 591.8*

C22:6 C22:6 8244.2 ± 1823.6 9657.7 ± 1134.4 4802.7 ± 2758.8 11424.7 ± 1112.7*

PG C31:0 C15:0/C16:0 153.8 ± 30.1 148.1 ± 72.1 105 ± 43.7 257.9 ± 61.7*

C32:0 C16:0/C16:0 13704.4 ± 1625 10050.9 ± 4131.6 3741.9 ± 1693 3204.4 ± 402.1
C38:5 C16:0/C22:5 227.3 ± 53.8 381.3 ± 303.7 180.8 ± 87.3 115.1 ± 20.7
C38:6 C16:0/C22:6 498.7 ± 48 283.9 ± 92.6 196.3 ± 90.1 361.3 ± 53.2*

C44:11 C22:5/C22:6 244 ± 92.1 197 ± 45.4 190.7 ± 120 415.3 ± 84.5*

C44:12 C22:6/C22:6 1319.1 ± 157.9 520.4 ± 106 492 ± 302.6 1071.7 ± 202.4*

PI C38:5 C16:0/C22:5 10830.1 ± 1331.7 24204.1 ± 3615.5 11439.8 ± 5890.9 8186.9 ± 704.7
C38:6 C16:0/C22:6 13473.5 ± 805.2 48872.2 ± 772.7 6895 ± 1403.7 15964.3 ± 147.7**

PE C38:5 C16:0/C22:5 1175.1 ± 178.6 3217.4 ± 537.8** 1014.3 ± 499.8 1251 ± 270.4
C38:6 C16:0/C22:6 2702.9 ± 481 6396.3 ± 1541.7** 2223.6 ± 899.3 2737 ± 456.7
C44:11 C22:5/C22:6 1388.1 ± 384.2 1463.9 ± 215 563.1 ± 257.5 1412.9 ± 501.5*

C44:12 C22:6/C22:6 1073.9 ± 345.2 3864.6 ± 330.3** 1314.1 ± 731.5 3547.3 ± 799.3*

PS C28:0 C14:0/C14:0 63.9 ± 24.7 52.2 ± 38 27 ± 7.8 26.8 ± 6.6
C44:12 C22:6/C22:6 266.5 ± 24.3 86.8 ± 7.9** 14.2 ± 4.8 56.5 ± 6.5**

PA C44:12 C22:6/C22:6 59.9 ± 3.7 250.1 ± 70.2** 63.9 ± 6.1 81.8 ± 12.4*

Note: *p-value < 0.05 and **p-value < 0.01, compared to SR21 at each time
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Fig. 4  The heat map of phospholipid content Z-scores (A) and proportion of major phospholipids (B) in wild-type and SR21-CCT strains. Note: *p-
value < 0.05 and **p-value < 0.01, compared to SR21 at each time
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in the mutant strain increased by about 40% whereas that 
of FAS underwent a substantial decrease of about 80% 
in SR21-CCT; at 108  h, overexpression of CCT slightly 
increased the transcript levels of CLF and FAS. CCT 
and CPT are two key enzymes that synthesize PC via de 
novo pathway [28, 29]. As shown in Fig. 5C, the expres-
sion level of CCT in both strains at 60 h was higher than 
that at 108 h, indicating that PC synthesis is more active 
in the early fermentation stage. The transcription level 
of CCT in the mutant strain was higher than that in the 
control strain, indicating that CCT overexpression is 
favorable for the PC synthesis pathway. CPT is respon-
sible for using CDP-cho and DAG to form PC. Compared 
to the wild-type strain, overexpression of CCT inhibited 
the expression level of CPT at the early stage but facili-
tated it at the late stage (Fig. 5D). This may be related to 
the regulated DAG synthesis derived from the reduced 
FAS expression at 60 h and enhanced expression at 108 h.

PC: DAG choline phosphotransferase (PDCT) medi-
ates the conversion of PC to DAG, then DAG is converted 
to TAG under the action of diacylglycerol acyltransferase 

(DGAT) [30]. Phospholipid: DAG acyltransferase 
(PDAT) catalyzes the direct transfer of acyl groups from 
the sn-2 position of PLs to DAG to form TAG in plant 
[31]. Compared with the wild-type strain, the transcrip-
tion level of PDCT was not obviously increased at both 
60 and 108 h after overexpression of CCT (Fig. 5E), while 
the transcription level of PDAT was decreased two-fold 
after overexpression of CCT (Fig.  5F), speculating that 
overexpression of CCT in Schizochytrium may reduce the 
direct synthesis pathway of TAG from PC and enhanced 
the DAG pool converted from PC to TAG [32]. Phos-
phatidic acid phosphatase (PAP) catalyzes DAG synthe-
sis from PA via the Kennedy pathway, and then DAG is 
further converted into TAG under the action of diacyl-
glycerol acyltransferase (DGAT) [33]. The transcription 
level of PAP and DGAT in SR21-CCT strain decreased 
about 50% (Fig. 5G) compared to that in SR21, indicating 
that the synthesis of TAG by PA was weakened. GPCAT 
is a key enzyme in the GPC acylation pathway that syn-
thesizes LPC, which can accept one fatty acid chain to 
form PC. Figure 5H showed a slight decrease in GPCAT 

Fig. 5  The transcript level of key genes in wild-type strain and SR21-CCT strain: CLF (A); FAS (B); CCT (C); CPT (D); PDAT (E); PDCT (F); PAP (G); GPCAT (H); 
DGAT(I). Note: *p-value < 0.05 and **p-value < 0.01, compared to SR21 at each time
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transcription levels at 60  h but a significant increase at 
108 h after overexpression of CCT, which enhanced LPC 
at the late stage of fermentation and the corresponding 
increase in PC synthesis at 120 h (Fig. 3).

Discussion
Plant and algal studies have identified a close associa-
tion between the PL pathway and glyceride synthesis 
[34–36], particularly in the accumulation of unsaturated 
fatty acids in glycerides. Lipid droplets form the main 
lipid store in eukaryotic cells and are covered by protein-
containing PL monolayers [37, 38]. The synthesis and 
accumulation of TLs are closely related to those of PLs. 
Researchers have not yet clearly explored the mecha-
nisms of conversion between PL synthesis, TAG produc-
tion, and PUFA accumulation in Schizochytrium.

Lipid composition analysis (Fig. 2D) shows that PL syn-
thesis in Schizochytrium is active at the early stage of cell 
growth (48  h), before gradually declining at the middle 
stage (from 72 to 96 h), and remaining at a low level in the 
later period (after 96 h). DHA production corresponds to 
a slow and remarkable increase at the early and middle 
stages and a stable level after 96 h (Fig. 2B). The overex-
pression of CCT promoted PL synthesis during the whole 
process, especially in the early stages, resulting in the 
final enhancement of TLs production and DHA accumu-
lation (Fig. 2B), indicating that PL metabolism is closely 
related to DHA accumulation. In addition, the transcrip-
tion level of FAS decreases significantly in the early stage 
of fermentation, whereas that of CLF increases, thereby 
resulting in a significant decrease in the SFA proportion 
and increase in the PUFA proportion (Table 1), promot-
ing DHA synthesis in Schizochytrium, demonstrating 
that strengthening the pathway of PC synthesis contrib-
utes to PUFAs and DHA accumulation.

The proportion of DHA in non-polar lipids continues 
to increase (Table 2), whereas that in polar lipids shows 
a clear increase from 48 to 72 h, before decreasing con-
tinuously. This is consistent with the migration of DHA 
from polar lipids to TAG for storage, as proposed in 
other studies [10]. The overexpression of CCT enhanced 
the DHA proportion in both polar and non-polar lip-
ids, increasing by 51.5% and 52.6% at 120  h compared 
with that in the wild-type strain, respectively, indicating 
that CCT overexpression may promote the final DHA 
accumulation in TLs by strengthening PL synthesis to 
improve the esterification rate of DHAin PLs, rather than 
increasing the migration rate of DHA from PLs to TAG.

As the key enzyme in the de novo PC synthesis path-
way, CCT overexpression changed the PL composition 
(Fig.  3). PC is the main PL type, the synthesis of which 
is positively correlated with the accumulation of DHA, 
owing to its predominant DHA esterification (Table  4; 
Fig.  4). Compared to the wild-type, the PC content in 

SR21-CCT increases at 120 h (Fig. 3), and the expression 
of CPT and CCT genes (Fig. 5C and D) in SR21-CCT sig-
nificantly improves at 108 h, indicating that the de novo 
pathway of PC biosynthesis was promoted. LPC content 
(Fig.  3) and GPCAT expression (Fig.  5H) in SR21-CCT 
also exhibited an increase at 120 h compared to the wild-
type strain, indicating that the GPC acylation pathway 
was also strengthened, which is conducive to the esteri-
fication of more released non-esterified DHA to LPC and 
the transfer of DHA to PC to form DHA-PC, resulting in 
the enhancement of its content (Fig. 4). Glab found that 
the loss of GPCAT led to a decrease in the PC content 
[18]. Therefore, the acylation of GPC is important for 
maintaining PC levels.

In eukaryotes, PC can be transformed into TAG via 
two steps of PDCT and DGAT catalysis [39] or by a sin-
gle step of PDAT catalysis [40]. Many studies have shown 
that plants usually use PC-derived DAG to synthesize 
PUFA-containing TAGs, and PDCT-mediated transfor-
mation provides approximately 66% of PUFAs from PC to 
TAG flux [41]. The increased transcription of PDCT and 
decreased transcription of PDAT in the mutant strain 
imply the CCT overexpression could accelerate the con-
version of PC to TAG via the PDCT catalytic pathway. 
Accordingly, TAG synthesis via the Kennedy pathway 
was markedly inhibited as reflected by the down-regu-
lated expression of PAP (Fig. 5G).

PI is an important signaling molecule that regulates cell 
signal transduction and metabolic processes, especially 
lipid metabolism, and binds equally to PUFAs and SFAs 
(Table 4). After entering the lipid transformation period 
(120 h), the cells require more PI for signal transduction 
and metabolic regulation. The DHA accumulation in 
the mutant strain at 72 h and 120 h was associated with 
the increase of PI-C16:0/C22:6 and PC-C22:6/C22:6, 
respectively. In addition, the percentage of PG in the 
mutant strain decreased substantially at 72 h, whereas it 
was close to that in the wild-type strain at 120 h. Previ-
ous studies have shown that the biological function of 
PG is closely linked to cell growth and that cell division 
is impeded when PG is deficient [42]. PG species mainly 
incorporating 16:0 most efficiently complemented cell 
growth [43]. PG-C16:0/16:0 is the most important type of 
PG, and changes in its levels in SR21-CCT correspond to 
cell growth; that is, decreased PG levels result in lower 
cell growth (Fig. 2A and 3).

In summary, CCT overexpression could significantly 
increase lipid synthesis, particularly promoting DHA 
accumulation. As shown in Fig. 6, we hypothesized that 
CCT overexpression in Schizochytrium attenuates the 
Kennedy pathway of TAG synthesis and enhances the 
PC synthesis pathway to strengthen the esterification of 
DHA to PC, which then migrates from PC to TAG for 
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storage, thereby promoting the final accumulation of 
DHA in TAGs.

Conclusion
In the present study, we investigated the role of CCT in 
lipid metabolism in Schizochytrium for the first time. 
Overexpression of CCT exerted a profound effect on TL 
production by enhancing PL synthesis. The increased 
synthesis of PC caused more non-esterified DHA to 
esterified to PC. The bound DHA was subsequently 
transferred to DAG to form DHA-TAG. Enhancement 
of PL synthesis decreased SFA accumulation in TAG via 
the Kennedy pathway, resulting in increased PUFA accu-
mulation in TAG through the PC pathway in the mutant 
strain. Collectively, cellular metabolism and lipid syn-
thesis can be regulated by modulating the PL pathway, 
thereby mediating DHA production in Schizochytrium. 
This study provides new insights into the transformation 
of PLs and DHA-TAG synthesis.
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