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Abstract 

Background The hydrolysis and transphosphatidylation of phospholipase D (PLD) play important roles in the inter-
conversion of phospholipids (PLs), which has been shown to profoundly impact lipid metabolism in plants. In 
this study, the effect of the PLD1 gene of Schizochytrium limacinum SR21 (S. limacinum SR21) on lipid metabolism 
was investigated.

Results PLD1 knockout had little impact on cell growth and lipid production, but it significantly improved the per-
centage of polyunsaturated fatty acids in lipids, of which docosahexaenoic acid (DHA) content increased by 13.3% 
compared to the wild-type strain. Phospholipomics and real-time quantitative PCR analysis revealed the knockout 
of PLD1 reduced the interexchange and increased de novo synthesis of PLs, which altered the composition of PLs, 
accompanied by a final decrease in phosphatidylcholine (PC) and an increase in phosphatidylinositol, lysophos-
phatidylcholine, and phosphatidic acid levels. PLD1 knockout also increased DHA content in triglycerides (TAGs) 
and decreased it in PLs.

Conclusions These results indicate that PLD1 mainly performs the transphosphatidylation activity in S. limacinum 
SR21, and its knockout promotes the migration of DHA from PLs to TAGs, which is conducive to DHA accumula-
tion and storage in TAGs via an acyl CoA-independent pathway. This study provides a novel approach for identifying 
the mechanism of DHA accumulation and metabolic regulation strategies for DHA production in S. limacinum SR21.
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Background
Schizochytrium is a natural representative strain for the 
industrial production of docosahexaenoic acid (DHA) 
owing to its fast growth rate and high lipid content, con-
taining more than 50% DHA [1–4]. DHA is a very impor-
tant unsaturated fatty acid for the human body, which can 
promote the growth and maintenance of nervous system 
cells. It is an essential component in the retina and brain. 
Therefore, this substance has a great promoting effect 
on the development of infants’ vision and intelligence. It 
can also improve memory and reduce the occurrence of 
postpartum depression in pregnant women. At present, 
the DHA yield of Schizochytrium limacinum is basically 
maintained at 6.52–14  g/L [5, 6] by shake flask culture. 
The mechanism of DHA synthesis in Schizochytrium 
has been extensively studied and is known to involve 
two distinct biochemical pathways: the aerobic fatty 
acid synthesis (FAS) pathway and the anaerobic polyke-
tide synthase (PKS) pathway [7–12], which are the main 
targets for regulating the synthesis of polyunsaturated 
fatty acids (PUFAs) in microorganisms [13–16]. Recent 
studies have revealed that DHA production depends not 
only on the pathway of DHA synthesis but also on the 
migration, accumulation, and assembly of DHA stored 
after synthesis [17, 18]. Although DHA is mainly stored 
as DHA-triglyceride (DHA-TAG) in Schizochytrium and 
Thraustochytrium [19], it has been reported that the syn-
thesized DHA might first be incorporated into phospho-
lipids (PLs) to form DHA-PLs, before being channeled 
and assembled into DHA-TAG for storage [20, 21]. This 
suggests that the final DHA yield is closely related to PL 
metabolism. PLs are the main components of cell mem-
branes and play important roles in biological reproduc-
tion, cell division, and membrane transport [22]. The 
regulation of PL metabolism in Schizochytrium may be 
effective for DHA production.

Phospholipase D (PLD) is capable of converting dif-
ferent types of PLs through transphosphatidylation or 
hydrolyzing the polar head of PLs to produce phospha-
tidic acid (PA) [23], which has a significant role in cell 
growth and lipid metabolism [24, 25]. Currently, studies 
on PLD expression in the regulation of lipid metabolism 
mainly focus on plants [26, 27]. Overexpression of the 
soybean (Glycine max) PLDγ gene (GmPLDγ) in Arabi-
dopsis resulted in increased seed weight, a greater num-
ber of smaller lipid droplets, and significant upregulation 
of glycerolipid metabolism-related genes, suggesting a 
regulatory role for GmPLDγ in TAG synthesis and fatty 
acid remodelling [28]. Knockout of PLDα1 in soybean 
(Glycine max) resulted in the higher unsaturation of 
TAG and major membrane lipids and lower unsaturation 
of PA and lysophospholipids during seed development. 
The study also found that phospholipid:diacylglycerol 

acyltransferase (PDAT) facilitated the conversion of 
acyl-CoA between phosphatidylcholine (PC) and diacyl-
glycerol (DAG), promoting the unsaturation of TAG [29]. 
These results suggest that the regulation of PLD expres-
sion exerts an important influence on lipid metabolism 
in plants, particularly on the allocation of fatty acids 
between TAG and PLs. There are few publications on 
the function of PLD in lipid synthesis of microorgan-
isms; therefore, it is of interest to explore the effect of 
PLD regulation on the patterns of PLs and DHA produc-
tion in Schizochytrium limacinum SR21 (S. limacinum 
SR21) [30], a premium engineered strain used for lipid 
production.

In this study, we first mined two PLD genes, PLD1 and 
PLD2, from S. limacinum SR21 and constructed the cor-
responding knockout strains, ∆PLD1 and ∆PLD2. The 
mutant strain with the higher DHA yield, ∆PLD1, was 
further analyzed using phospholipomics and real-time 
quantitative PCR (qRT-PCR) to reveal the potential 
regulatory mechanism of PLD on DHA production in S. 
limacinum SR21.

Results and discussion
Mining of PLD genes
Seventeen species of PLD corresponding to the EC3.1.4.4 
enzyme classification were found in the JGI database. The 
sequence similarity of the PLD genes and the correspond-
ing proteins among species was not high, indicating that 
the PLDs found in the JGI database were independent 
and non-repetitive (Additional file  1: Fig. S1). Notably, 
PLD superfamily domains were found in PLD-46 and 
PLD-100463 proteins. Phylogenetic tree analysis of PLD-
46 and PLD-100463 genes showed that they were closely 
related to the PLD and PLDα1 genes of Aurantiochytrium 
sp. FCC1311, respectively, and had 59.20 and 67.02% 
sequence homology, respectively (Fig.  1). Therefore, in 
this study, we chose to regulate the expression of PLD-
46 and PLD-100463, which were named PLD1 and PLD2, 
respectively. Gene sequences are listed in Additional 
file 1: Figs. S2, S3.

Construction of transgenic S. limacinum SR21 
with knockout of PLD1 or PLD2
Both positive transformants were screened for zeocin 
resistance. The PCR validations of the zeocin gene are 
shown in Additional file 1: Fig. S4. The target band of the 
zeocin resistance gene (375  bp) appeared in the knock-
out strains and positive control groups but not in the 
negative control group, indicating that the PLD1 or PLD2 
gene had been successfully knocked out in S. limacinum 
SR21.
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Effects of PLD1 or PLD2 knockout on cell growth and lipid 
synthesis
As shown in Fig. 2a, compared with the wild type, there 
was no significant change in the biomass of the ∆PLD1 
strain before 96 h, but a decrease of 11.0% (p < 0.01) and 
7.4% (p < 0.05) occurred at 120 and 144  h, respectively. 
During the whole fermentation, the total lipid yield of 
∆PLD1 strain showed little change when compared 
with the wild type. Figure 2b shows that the ∆PLD1 and 
wild-type strains had the same glucose consumption 
rate throughout the fermentation process. Glucose was 
almost completely used up at 96 h, which was consistent 
with the observations of the same cell growth patterns in 
both strains before 96 h. The small decrease in biomass 

in the ∆PLD1 strain at the later stage was probably the 
result of knocking out PLD1. The lipid content in the two 
strains also showed no significant change during the full 
growth stage (Fig.  2c); however, DHA production was 
improved in the ∆PLD1 strain (Fig. 2d). The highest yield 
of DHA from shake flask fermentation of ∆PLD1 strain 
achieved 9.61  g/L, which was 12.3% higher than that of 
the wild type (p < 0.01). These results suggest that knock-
out of PLD1 may slightly affect cell membrane function, 
resulting in minor cell damage, which does not impact 
total lipid production but enhances DHA accumulation.

As shown in Fig. 3a, compared with the wild type, the 
biomass of the ∆PLD2 strain declined drastically from 72 
to 144 h, and the highest decrease was observed at 120 h 

Fig. 1 Phylogenetic tree analysis of the (a) PLD-46 and (b) PLD-100463 gene sequences of S. limacinum SR21. Bootstrap values (> 50%, repeated 
1,000 times) are displayed on each internal branch
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(32.8%; p < 0.01). The total lipids of the ∆PLD2 strain 
showed a similar reduction as that observed for biomass, 
decreasing by 17.6% (p < 0.01) at 120 h. Figure 3b shows 
that the glucose consumption rate in the ∆PLD2 strain 
decreased at the early stage but increased at the mid-
dle stage compared to the wild-type strain. The ∆PLD2 
strain consumed the same amount of glucose as the wild-
type strain. The lipid content of the ∆PLD2 strain showed 
no apparent change compared to that of the wild type 
before 96 h (Fig. 3c) but was higher at 120 and 144 h. This 
indicated that the two strains had the same ability to pro-
duce lipids before 96 h, and that the ∆PLD2 strain could 
improve the ability of the unit cell to produce lipids after 
120 h. We postulated that the knockout of PLD2 severely 
impaired cell membrane function, leading to decreased 
cell growth and lipid yield. To maintain a certain amount 
of growth, cells of ∆PLD2 strain used glucose to synthe-
size other metabolites that resist cell damage and after 
120 h, mature cells of the ∆PLD2 strain showed enhanced 

lipid synthesis. DHA production in the PLD2 knockout 
strain decreased significantly during all stages compared 
to the wild-type strain (Fig.  3d). These results indicated 
that PLD2 knockout is not conducive to cell growth, total 
lipid production, or DHA yield.

Effect of PLD1 or PLD2 knockout on fatty acid composition
Table  1 shows that the PLD1 knockout decreased the 
percentage of saturated fatty acids (SFAs) and increased 
the proportion of PUFAs in the lipids of Schizochytrium. 
In the ∆PLD1 strain, the proportion of DHA in lipids 
increased by 13.3% and 12.5% at 120 and 144 h, respec-
tively. These results suggest that PLD1 knockout facili-
tates the synthesis of PUFAs, particularly DHA, in 
Schizochytrium. Knockdown of the PLDα1 gene in soy-
beans resulted in higher unsaturation of TAG [29], which 
is similar to the results of the present study.

Table 2 shows that the PLD2 knockout had little effect 
on the proportion of PUFAs and SFAs in Schizochytrium. 

Fig. 2 (a) Biomass and total lipids, (b) glucose concentration, (c) lipid content, and (d) DHA yield of the wild-type and the ΔPLD1 strains. * and ** 
represent 0.01 < p < 0.05 and p < 0.01, respectively. All data are expressed as mean ± SD of three independent experiments



Page 5 of 15Zhang et al. Biotechnology for Biofuels and Bioproducts           (2024) 17:16  

Fig. 3 (a) Biomass and total lipids, (b) glucose concentration, (c) lipid content, and (d) DHA yield of the wild-type and the ΔPLD2 strains. * and ** 
represent 0.01 < p < 0.05 and p < 0.01, respectively. All data are expressed as mean ± SD of three independent experiments

Table 1 Fatty acid composition of wild-type strain and ∆PLD1 strain at late stages of fermentation

When p > 0.05, the difference is insignificant; when 0.01 < p < 0.05, the difference is significant and represented by *; when p < 0.01, the difference is extremely 
significant and represented by **

Fatty acid 120 h 144 h

WT ∆PLD1 Significance WT ∆PLD1 Significance

C14:0 3.38 ± 0.03 3.78 ± 0.02 ** 3.20 ± 0.07 3.78 ± 0.08 **

C15:0 1.27 ± 0.03 0.96 ± 0.01 ** 1.24 ± 0.04 0.94 ± 0.01 **

C16:0 49.76 ± 0.20 43.20 ± 0.20 ** 49.05 ± 0.34 42.96 ± 0.99 **

C17:0 0.48 ± 0.01 0.30 ± 0.00 ** 0.49 ± 0.02 0.30 ± 0.00 **

C18:0 1.74 ± 0.01 1.67 ± 0.02 ** 1.85 ± 0.03 1.63 ± 0.01 **

EPA 0.39 ± 0.03 0.36 ± 0.00 0.48 ± 0.01 0.39 ± 0.01 **

DPA 6.92 ± 0.03 8.32 ± 0.01 ** 7.10 ± 0.09 8.38 ± 0.13 *

DHA 33.11 ± 0.16 37.52 ± 0.18 ** 33.52 ± 0.31 37.69 ± 0.80 **

Others 2.94 ± 0.12 3.89 ± 0.11 * 3.09 ± 0.09 3.94 ± 0.18 **

SFAs 56.63 ± 0.20 49.91 ± 0.23 ** 55.81 ± 0.48 49.60 ± 1.10 **

PUFAs 40.43 ± 0.16 46.19 ± 0.19 ** 41.10 ± 0.41 46.46 ± 0.92 **
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However, a decrease in the proportion of even-numbered 
carbon fatty acids, such as C14:0, C16:0, and C18:0, was 
observed, and the proportion of odd-numbered carbon 
fatty acids (OCFAs) increased significantly, of which 
C15:0 and C17:0 increased by 246.2% (p < 0.01) and 
259.6% (p < 0.01), respectively. OCFA concentration in 
human plasma has been reported to be negatively corre-
lated with the risk of type 2 diabetes and cardiovascular 
disease [16, 31, 32]; therefore, increasing the produc-
tion of OCFAs helps increase the commercial potential 
of Schizochytrium. The above results suggest that PLD2 
knockout mainly inhibited cell growth to reduce lipid 
yield but did not affect the synthesis pathway of PUFAs 
and SFAs in Schizochytrium.

The regulation of PLD can influence phospholipid 
metabolism by playing hydrolysis and transphosphati-
dylation, and subsequently affect the function of the cell 
membrane and the glycerophospholipid metabolic path-
way, thereby influencing the cell growth and lipid metab-
olism of Schizochytrium [33, 34]. The different results for 
the PLD1 and PLD2 knockouts may be related to their 
preference for hydrolysis or transphosphatidylation, 
allowing them to have different roles in phospholipid 
metabolism. PLD1 is thought to play a role in transpho-
sphatidylation, which affects phospholipid composition 
and the regulation of fatty acid synthesis, whereas PLD2 
mainly hydrolyzes phospholipid, the knockout of which 
damages cell function and inhibits cell growth and lipid 
production. The functional relationship between them 
deserves to be further explored. Given that the PLD1 
knockout promoted DHA synthesis without a significant 
effect on cell growth and lipid production, whereas PLD2 
knockout showed a severe reduction in cell growth and 

lipid synthesis compared to the wild strain, the ∆PLD1 
strain was chosen for the subsequent experiments and 
analysis.

Effect of PLD1 knockout on transcriptional levels of related 
genes
The transcriptional levels of genes involved in lipid 
metabolism in the wild-type and knockout strains were 
measured during the logarithmic growth period (60  h) 
and lipid transformation period (108  h) (Fig.  4). The 
fatty acid synthase (FAS) gene encodes a series of pro-
teins related to the de novo synthesis of fatty acids in 
the form of gene clusters that can synthesize saturated 
acetyl CoA via the traditional FAS pathway [35]. The 
chain length factor (CLF) gene is located in the PKS gene 
cluster and is responsible for chain lengthening during 
PUFA synthesis [36]. At 60  h, expression levels of both 
FAS and CLF genes were significantly upregulated in the 
∆PLD1 strain; at 108 h, in the lipid transformation stage, 
the expression of CLF in the ∆PLD1 strain increased by 
96.6%, whereas the expression of FAS did not change 
significantly (Fig.  4a, b). This supports the observation 
that PLD1 knockout enhanced DHA synthesis (Fig. 2d). 
Phosphatidic acid phosphatase (PAP) catalyzes the syn-
thesis of DAG from PA, a hydrolytic product of PLD. 
PLD1 knockout improved the expression level of PAP, 
which increased by 1.71  times in the lipid transforma-
tion stage compared to the wild-type strain (Fig.  4c). 
This results in more PA being transformed into DAG 
in the ∆PLD1 strain, suggesting that PLD1 may play a 
greater role in transphosphatidylation than hydrolysis. 
PLD1 knockout regulates phospholipid metabolism by 
weakening the transphosphatidylation of phospholipids, 

Table 2 Fatty acid composition of wild-type strain and △PLD2 strain at late stages of fermentation

When p > 0.05, the difference is insignificant; when 0.01 < p < 0.05, the difference is significant and represented by *; when P < 0.01, the difference is extremely 
significant and represented by **

Fatty acid 120 h 144 h

WT △PLD2 Significance WT △PLD2 Significance

C14:0 2.96 ± 0.17 2.08 ± 0.14 ** 2.83 ± 0.46 1.92 ± 0.07 **

C15:0 1.22 ± 0.30 4.00 ± 0.32 ** 1.00 ± 0.05 3.47 ± 0.52 **

C16:0 50.77 ± 0.57 48.81 ± 1.13 ** 50.51 ± 0.55 46.54 ± 0.75 **

C17:0 0.56 ± 0.16 2.29 ± 0.25 ** 0.46 ± 0.06 2.09 ± 0.27 **

C18:0 1.65 ± 0.03 1.88 ± 0.06 ** 1.74 ± 0.12 1.89 ± 0.03 **

EPA 0.42 ± 0.05 0.35 ± 0.02 0.57 ± 0.14 0.55 ± 0.12 **

DPA 6.90 ± 0.35 6.64 ± 0.21 ** 6.95 ± 0.17 7.06 ± 0.38 *

DHA 32.48 ± 0.69 30.63 ± 0.26 ** 32.34 ± 0.35 32.80 ± 0.68 **

Others 3.04 ± 0.13 3.32 ± 0.39 * 3.60 ± 0.86 3.68 ± 0.37 **

SFAs 57.15 ± 1.06 59.06 ± 0.68 ** 56.54 ± 0.79 55.91 ± 1.53 **

PUFAs 39.80 ± 1.09 37.62 ± 0.48 ** 39.86 ± 0.28 40.41 ± 1.18 **

OCFAs 1.78 ± 0.46 6.29 ± 0.57 ** 1.46 ± 0.10 5.56 ± 0.78 **
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Fig. 4 Transcription levels of related genes in wild-type and ΔPLD1 strains: (a) fatty acid synthase (FAS), (b) chain length factor (CLF), (c) 
phospholipid acid phosphatase (PAP), (d) CDP-diacylglycerol synthase (CDS), (e) choline phosphate transferase (CCT ), (f) phosphatidylglycerol 
acyltransferase (PDAT), (g) diacylglycerol acyltransferase (DGAT ). There was a significant difference at the 0.01 < p < 0.05 (*) or p < 0.01 (**) level 
between the wild-type strain and the ΔPLD1 strain. All data were expressed as mean ± SD of three independent experiments
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thereby promoting the Kennedy pathway and improv-
ing TAG synthesis. CDP-diacylglycerol synthase (CDS) 
and phosphocholine cytidyl transferase (CCT) are the 
key enzymes involved in phospholipid synthesis, includ-
ing that of phosphatidylserine (PS), phosphatidylinositol 
(PI), phosphatidylglycerol (PG), and PC. At the 108  h 
timepoint, the relative transcription level of CDS and 
CCT  in the ∆PLD1 were 1.76 and 7.18 times higher than 
those in the wild-type strain (Fig. 4d, e), respectively. This 
indicates that PLD1 knockout increases the synthesis of 
phospholipids and further demonstrates that PLD1 is 
not responsible for hydrolysis of phospholipids in Schiz-
ochytrium. If PLD1 played a role in hydrolytic activity, the 
∆PLD1 strain would accumulate the hydrolytic substrates 
of phospholipids and the hydrolytic product of PA would 
be reduced, thereby inhibiting the synthetic pathway of 
phospholipids and TAG synthesis from PA. Therefore, 
it is assumed that PLD1 regulates phospholipid compo-
sition by the transphosphatidylation of phospholipids, 
which influences fatty acid synthesis and DHA accumula-
tion in Schizochytrium.

For TAG synthesis, PDAT uses PC as an acyl donor and 
DAG as an acyl acceptor to transfer the acyl group of a 
phospholipid to DAG [29]. PLD1 knockout promoted 
PDAT transcription at 60 and 108  h (Fig.  4f ). Corre-
spondingly, the transcriptional level of the diacylglycerol 
acyltransferase gene (DGAT ), which catalyzes DAG and 
acyl-CoA to form TAG via the Kennedy pathway, was 
downregulated at both stages (Fig.  4g). These results 
indicate that the knockout of PLD1 increases TAG syn-
thesis via the acyl-CoA-independent pathway of PDAT 
and reduces TAG synthesis via the Kennedy pathway of 
DGAT, which favors the production of unsaturated TAG 
[29]; this promotes DHA accumulation in TAG.

Effects of PLD1 knockout on phospholipid metabolism
Phospholipid content and fatty acid composition
As shown in Fig.  5, PLD1 knockout led to an apparent 
increase in total PLs at 120  h, probably because PLD1 
knockout reduced the transesterification activity of PLD, 
resulting in weakened interconversion and enhanced de 
novo synthesis of PLs (Fig.  4d, e). In Thraustochytrium 
sp. 26185, DHA preferentially integrates into PLs rather 
than directly into TAG and then migrates to TAG to 
form DHA-TAGs at a later stage [10]. Yue [20] et al. con-
firmed that DHA accumulates in both TAG and PC dur-
ing the growth of Schizochytrium sp. A-2 and that DHA 
migrated from PC to TAG at a later stage of fermenta-
tion. The increase in total phospholipids may facilitate 
the assembly and accumulation of DHA, which could 
also explain the increased DHA production caused by 
PLD1 knockout (Fig. 2d).

Table 3 shows the main bound fatty acids in the TAGs 
and PLs of S. limacinum SR21. Both TAG and PLs mainly 
bound SFAs, which accounted for approximately 40–55%, 
of which C16:0 accounted for the largest proportion 
(> 90%). However, the proportions of PUFAs in the TAG 
and PLs were significantly different. The proportion of 
PUFAs in TAGs was approximately 35%, including DHA, 
DPA, and EPA, whereas PUFAs in PLs only accounted 
for 10–15%, mainly consisting of DHA and DPA. These 
results indicate that PUFAs or (DHA) are mainly bound 
to TAG. Notably, EPA was not detected in the PLs and 
was thought to be at too low a level to be detected. This 
suggests that EPA was mostly bound to TAG, which pro-
vides a new theory for the study of EPA synthesis in S. 
limacinum SR21. Comparison of the fatty acid composi-
tion at different time points showed that the content of 
PUFAs or DHA in the TAG of both strains was higher 
at 120 h than at 72 h, and the content of SFAs decreased 
accordingly. However, the content of PUFAs or DHA in 
PLs at 120 h was lower than that at 72 h. It was assumed 
that DHA migrated from PLs to TAG in the later stages, 
which is consistent with previously reported results [18, 
19]. Comparison of the fatty acid composition of the 
different strains at 72 and 120  h showed that the PLD1 
knockout increased the content of PUFAs and DHA in 
TAG and decreased the content of DHA in PLs, indi-
cating that PLD1 knockout promoted the unsaturation 
of TAGs. Zhang et  al. found the knockout of PLDα1 in 
soybean (Glycine max) resulted in the higher unsatura-
tion of TAG, which was catalyzed by PDAT to shift the 
unsaturated acyl-CoA from PC to TAG [29]. PDAT-
mediated TAG synthesis pathway was also reported to be 

Fig. 5 Phospholipid content in 72 and 120 h samples 
of the wild-type and ΔPLD1 strains. All data were expressed 
as mean ± standard deviation (mean ± SD) of three independent 
experiments
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conducive to the channeling of DHA from PC to TAG in 
the later fermentation stage in Schizochytrium [20]. The 
improved expression of CCT  (Fig. 4e) and PDAT (Fig. 4f ) 
in the ∆PLD1 strain suggests the enhanced PC synthe-
sis and the increased conversion of acyl-CoA from PC 
to TAG. Combined with the content change of DHA in 
TAGs and PLs, it’s inferred that the knockout of PLD1 
promotes the migration of DHA from PLs to TAG, which 
finally enhances the accumulation and storage of DHA 
(Fig. 2d).

Phospholipid types and composition in S. limacinum SR21
The polar head structure of phospholipids determines 
the phospholipid species. As shown in Table 4, 43 phos-
pholipid molecules were identified; including 15 PC, nine 
lysophosphatidylcholine (LPC), 10 PG, four phosphati-
dylethanolamine (PE), two PI, two PS, and one PA. The 
three main phospholipids in S. limacinum SR21 were PC, 
PI, and PG; and PC accounted for half of the total PLs. 
PC is also the main phospholipid in other Schizochytrium 
strains [20, 37, 38] and is related to DHA accumulation 
and migration to TAG [20, 21]. PI has an inositol head 
group that plays an important role in cell signal transduc-
tion and metabolic regulation [39]. PG is closely related 
to cell growth and affects the lipid dependence of cel-
lular stress responses and adaptation mechanisms [40]. 
The levels of PE, PS, and PA in S. limacinum SR21 were 
low (< 5%); however, they also play important roles in cell 
membrane structure and function [33].

The two acyl chains of PLs determine the phospholipid 
diversity. Fatty acids with different structures and charac-
teristics play different roles in the structure and function 
of PLs. C16:0 and C22:6 were the two major fatty acids of 
lipids in S. limacinum SR21 (Table 4) and also the main 
fatty acids of acyl chains binding to PLs (Table  3). PC 
tended to bind to unsaturated fatty acids (UFAs), and the 
two most important types of PC were PC (16:0/22:6) and 
PC (22:6/22:6). The proportion of UFAs in PC was 73.3%, 

of which DHA accounted for 77.7%. Yue [20] et  al. also 
confirmed in Schizochytrium sp. A-2 that PC (22:6/22–
6) and PC (22:5/22–6) account for half of the total PC. 
The LPC and PE in this study also showed a preference 
for binding UFAs. The proportions of UFAs in LPC and 
PE reached 90.1 and 60.6%, respectively, of which DHA 
accounted for 80.7% and 78.4%, respectively. PI bound 
to both SFAs and UFAs, of which DHA accounted for 
31.6%. PG and PS tend to bind SFAs, and in this study, 
they accounted for 75.1 and 83.1% of SFAs, respectively. 
Eriko [37] found that in Schizochytrium sp. F26-b, DHA 
was the main fatty acid at the acyl ends of PC, LPC, PE, 
and PI, whereas there was almost no PUFA at the acyl 
end of PS. Furthermore, Guang [38] also demonstrated 
that in S. limacinum, PUFAs accounted for 86 and 71.6% 
of PC and PE, and SFA only accounted for 11.8 and 
23.5% of PC and PE, respectively. Meanwhile, SFAs in PG 
reached 64.2%. These results indicate that DHA synthe-
sized by Schizochytrium may first be incorporated into 
PLs, in particular PC, for storage.

Phospholipidomic analysis in wild‑type and ∆PLD1 strains
The proportions of various PLs in the wild-type and 
∆PLD1 strains are shown in Fig.  6. Changes in PL con-
tent with fermentation time were compared. The per-
centage of PG in both strains decreased remarkably as 
fermentation proceeded, which may be closely related 
to the cell growth period. The conversion of glucose to 
glycerol 3-phosphate is much easier compared to that 
for other phospholipid polar head groups; therefore, 
it may be easier to synthesize PG with a sufficient car-
bon source to meet the membrane phospholipid sup-
ply during exponential cell production. When glucose 
is depleted, cells stop proliferating, and membrane PLs 
metabolism shifts from PL synthesis to interconver-
sion among PLs, resulting in phospholipid composition 
changes. Furthermore, a decrease in PG levels increases 
the cellular stress response and lipid dependence of 

Table 3 Main fatty acid composition in TAG and PLs of wild-type strains and △PLD1 strains

Culture condition Lipid class C14:0 Percent of fatty acids (%) PUFAs

C16:0 C18:0 SFAs EPA DPA DHA

WT
72 h

TAG 0.12 ± 0.04 52.0 ± 3.53 2.43 ± 0.71 54.6 ± 4.26 0.14 ± 0.03 5.64 ± 0.82 28.8 ± 0.5 34.6 ± 0.59

PL 2.03 ± 0.9 34.8 ± 13.57 13.7 ± 2.55 50.5 ± 15.1 0.00 ± 0.00 3.18 ± 0.44 11.1 ± 2.07 14.3 ± 1.63

△PLD1
72 h

TAG 0.17 ± 0.03 44.0 ± 4.75 2.57 ± 0.41 46.7 ± 4.72 0.18 ± 0.03 7.71 ± 0.63 32.6 ± 4.88 40.5 ± 5.52

PL 2.55 ± 0.35 28.9 ± 1.04 17.0 ± 0.83 48.5 ± 1.38 0.00 ± 0.00 1.05 ± 0.44 3.81 ± 0.23 4.86 ± 0.67

WT
120 h

TAG 0.30 ± 0.09 46.9 ± 2.04 2.86 ± 0.32 50.1 ± 2.45 0.22 ± 0.06 6.02 ± 0.80 30.7 ± 2.27 36.9 ± 1.53

PL 1.26 ± 0.16 25.7 ± 12.91 13.2 ± 0.49 40.2 ± 12.6 0.00 ± 0.00 3.09 ± 1.23 6.69 ± 0.72 9.78 ± 0.94

△PLD1
120 h

TAG 0.26 ± 0.21 42.6 ± 1.01 1.67 ± 0.51 44.5 ± 1.17 0.20 ± 0.08 7.75 ± 1.04 34.0 ± 1.70 42.0 ± 0.62

PL 2.30 ± 0.83 20.9 ± 2.99 11.2 ± 2.15 34.4 ± 5.77 0.00 ± 0.00 0.57 ± 0.21 3.22 ± 0.75 3.79 ± 0.72



Page 10 of 15Zhang et al. Biotechnology for Biofuels and Bioproducts           (2024) 17:16 

the adaptation mechanism [40]. We observed that the 
decrease in the proportion of PG was accompanied by 
a drastic increase in PI. The proportion of PI in the PLs 
was lower than that of PC. PI has an inositol head group, 

and its phosphorylation at different positions in inositol 
is a decisive factor in distinguishing biofilms [41, 42]. PI 
is also an important signaling molecule that regulates 
cell signal transduction and the metabolic process [39]. 

Table 4 Phospholipid species in S. limacinum SR21 (120 h)

Type Unsaturation Acyl composition Molecular formula m/z Content (μg/g)

PC C30:0 C14:0/C16:0 C38H76O8NP 750.5285 6.45

C32:0 C16:0/C16:0 C40H80O8NP 778.5598 16.10

C36:5 C14:0/C22:5 C44H78O8NP 824.5442 15.53

C36:6 C14:0/C22:6 C44H76O8NP 822.5285 18.19

C37:5 C15:0/C22:5 C45H80O8NP 838.5598 6.45

C37:6 C15:0/C22:6 C45H78O8NP 836.5442 19.19

C38:5 C16:0/C22:5 C46H82O8NP 852.5755 661.44

C38:6 C16:0/C22:6 C46H80O8NP 850.5598 2076.51

C40:6 C18:0/C22:6 C48H84O8NP 878.5911 14.32

C40:7 C18:1/C22:6 C48H82O8NP 876.5755 28.22

C42:10 C20:4/C22:6 C50H80O8NP 898.5598 124.96

C42:11 C20:5/C22:6 C50H78O8NP 896.5442 270.73

C44:10 C22:5/C22:5 C52H84O8NP 926.5911 58.27

C44:11 C22:5/C22:6 C52H82O8NP 924.5755 525.61

C44:12 C22:6/C22:6 C52H80O8NP 922.5598 1518.21

LPC C14:0 C14:0 C22H46NO7P 512.2988 4.19

C15:0 C15:0 C23H48NO7P 526.3145 1.30

C16:0 C16:0 C24H50NO7P 540.3301 59.88

C18:0 C18:0 C26H54NO7P 568.3614 1.10

C18:1 C18:1 C26H52NO7P 566.3458 2.79

C18:2 C18:2 C26H50NO7P 564.3301 2.28

C20:5 C20:5 C28H48NO7P 586.3145 2.44

C22:5 C22:5 C30H52NO7P 614.3458 109.23

C22:6 C22:6 C30H50NO7P 612.3301 489.56

PG C30:0 C14:0/C16:0 C36H71O10P 693.4707 0.35

C31:0 C15:0/C16:0 C37H73O10P 707.4863 1.20

C32:0 C16:0/C16:0 C38H75O10P 721.502 147.72

C38:5 C16:0/C22:5 C44H77O10P 795.5176 11.97

C38:6 C16:0/C22:6 C44H75O10P 793.502 98.12

C40:6 C18:0/C22:6 C46H79O10P 821.5333 0.80

C40:7 C18:1/C22:6 C46H77O10P 819.5176 1.34

C42:10 C20:4/C22:6 C48H75O10P 841.502 3.60

C44:11 C22:5/C22:6 C50H77O10P 867.5176 2.57

C44:12 C22:6/C22:6 C50H75O10P 865.502 5.03

PI C38:5 C16:0/C22:5 C47H81O13P 883.5337 1069.19

C38:6 C16:0/C22:6 C47H79O13P 881.518 2005.56

PE C38:5 C16:0/C22:5 C43H76O8NP 764.523 74.82

C38:6 C16:0/C22:6 C43H74O8NP 762.5074 211.59

C44:11 C22:5/C22:6 C49H76O8NP 836.523 20.26

C44:12 C22:6/C22:6 C49H74O8NP 834.5074 56.60

PS C28:0 C14:0/C14:0 C34H66NO10P 678.4346 63.49

C44:12 C22:6/C22:6 C50H74NO10P 878.4972 12.93

PA C44:12 C22:6/C22:6 C47H69O8P 791.4652 180.21
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The increase in PI at 120 h in both strains might be the 
result of a more active signaling pathway after entering 
the lipid transformation period, especially lipid metabo-
lism, which requires more PI for signal transduction and 
metabolic regulation. LPC also increased at 120 h in both 
strains. LPC has one less acyl chain than PC and exhib-
its a strong surface activity. A high proportion of LPC 
may cause cell membrane rupture and necrosis [43]. 
The conversion between PC and LPC is not only related 
to the acyl remodelling of phospholipids but also to the 
transfer of fatty acids from PC to TAG, catalyzed by 
PDAT [44, 45]. The increase in LPC may be due to the 
rupture and necrosis of cells entering the late phase of 
growth or might be related to the deacylation of PC to 
LPC. PC and PA levels showed different changes over 
time in both strains. In the wild-type strain at 120 h, PC 
increased by 9.2%, whereas PA decreased by 26.2% com-
pared to the levels at 72 h. In the PLD1 knockout strain 
at 120 h, PC decreased by 20.9%, whereas PA increased 

by 178.9% compared to the levels at 72  h. This further 
proves that PLD1 mainly plays the role of transesterifica-
tion rather than hydrolysis of PLs. The knockout of PLD1 
reduced the interconversion among PLs, which affected 
their composition and strengthened the migration of 
DHA from PC to TAG at the lipid transformation stage 
(Fig.  4f ). This resulted in decreased PC, increased LPC, 
and enhanced DHA accumulation.

The changes in the PL content of the different strains 
were compared. For the three major PLs at 72 h, knockout 
of PLD1 resulted in no change in PC, a 32.9% decrease 
in PG, and a 20.3% increase in PL content compared to 
the wild-type strain. This suggests that the knockout of 
PLD1 mainly reduced PG synthesis at the cell growth 
stage, which resulted in a decrease in biomass (Fig. 2a). 
PI not only affects the transport of substances between 
membranes by regulating ion channels, ion pumps, 
transporters, endocytosis, and exocytosis but also regu-
lates lipid metabolism and distribution and is closely 
related to lipid transporters [41]. The increase in PI in the 
∆PLD1 strain demonstrates that the knockout of PLD1 
could upregulate the PI signaling pathway to increase cell 
metabolism. For other minor PLs at 72  h, knockout of 
PLD1 showed no clear change in PA and PS content com-
pared with the wild-type strain; however, LPC and PE 
content showed a small increase. This increase in PE may 
be related to the mutual transformation of lipid types in 
polar lipids. In addition, the phospholipid composition 
significantly affects the fluidity of the cell membrane, and 
PE can increase the mobility of the membrane owing to 
its head group and anionic properties [46]. The increase 
in LPC was not accompanied by a decrease in PC, indi-
cating that the GPC acylation pathway was activated to 
synthesize LPC; this is currently thought to be the main 
pathway for DHA-PC synthesis [47–49]. For PG and PI 
at 120  h, knockout of PLD1 resulted in similar changes 
to those seen at 72  h compared to the wild-type strain. 
However, PC showed a different change and decreased 
by 27.2% at 120 h compared to the wild-type strain, indi-
cating that PC had been converted. Accordingly, LPC 
and PA showed a 45.0 and 275% increase, respectively, 
at 120  h compared with the wild-type strain, indicating 
that the acyl migration from PC to DAG to form TAG via 
the acyl CoA-independent pathway [50, 51] is increased 
in the ∆PLD1 strain (Fig.  4f ). This requires that more 
DAG forms TAG via PDAT catalysis, thereby increasing 
the synthesis of PA to provide more DAG by the Kennedy 
pathway (Fig.  4c) and resulting in an increase in total 
lipids (Fig. 2a).

For S. limacinum SR21, PC accounted for half of the 
total PLs (Fig.  6) and tended to bind to UFAs (73.3%) 
and that DHA accounted for 57.0% of total fatty acids 
in PC (Table 4). When the transphosphatidyl activity of 

Fig. 6 Fractionation of total phospholipids extracted from wild 
strain and ΔPLD1 strains at 72 h and 120 h, respectively. 
PC phosphatidylcholine, LPC lysophosphatidylcholine, 
PG phosphatidylglycerol, PI phosphatidylinositol; PE 
phosphatidylethanolamine; PS, phosphatidylserine; PA, phospholipid 
acid. All data were expressed as mean ± standard deviation 
(mean ± S.D.) of three independent experiments
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cells was inhibited by the knockout of PLD1, the com-
positions of PLs were changed, which might reduce the 
source of PC from other PLs, thus promoting the de novo 
synthesis of PC. Therefore, more DHA incorporates into 
PC to form DHA-PC. The improved PDAT expression 
meant more DHA was migrated from PC to TAG, which 
resulted in the final increase of DHA production in the 
∆PLD1 strain (Fig. 2d). These results allow us to infer the 
method by which DHA is synthesized and accumulated 
in Schizochytrium: As shown in Fig.  7,  DHA is initially 
incorporated mainly into PLs, particularly PC, and then 
migrated to DAG to produce TAG via the acyl CoA-inde-
pendent pathway depending on PDAT catalysis, which 
is conducive to the unsaturation of TAGs. It can be pro-
moted by regulating phospholipid metabolism through 
PLD1.

Conclusion
This study is the first to explore the effect of PLD expres-
sion on lipid synthesis in Schizochytrium. The genes 
PLD1 and PLD2 identified in S. limacinum SR21 have 
different effects on lipid synthesis. In S. limacinum SR21, 

the knockout of PLD1 demonstrated a promoting effect 
on PUFA synthesis and DHA accumulation without 
affecting biomass and total lipid production. PLD1 is pre-
sumed to play a role in transphosphatidyl activity in S. 
limacinum SR21, and the knockout of PLD1 reduces PL 
interconversion and enhances de novo synthesis of PLs, 
thereby improving the total PL yield and affecting their 
metabolism. This results in an increase in the binding of 
DHA to PLs and allows DAG to be assembled into DHA-
TAG for storage by an acyl CoA-independent pathway. 
These results suggest that PLD exerts an important influ-
ence on the allocation of fatty acids between TAG and 
PLs and is closely related to the enzyme activity of PDAT 
in the acyl CoA-independent pathway. Future studies 
should investigate its exact mechanisms and functions.

Materials and methods
Strains, media, and culture conditions
The S. limacinum SR21 (ATCC MYA-1381) strain was 
purchased from the American Type Culture Collec-
tion (Manassas, VA, USA) and was used as the original 
strain. The seed media and fermentation broths used in 

Fig. 7 Metabolic mechanism of PLD1 gene knockout in S. limacinum SR21, The red parts indicate that the metabolic pathway or product 
is enhanced, and the gray parts indicate that the metabolic pathway or product is inhibited
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this study were the same as those in our previous study 
[33]. The modified inorganic salt stock solution con-
tained  Na2SO4, 240 g/L;  MgSO4, 40 g/L;  kH2PO4, 20 g/L; 
 (NH4)2SO4, 20 g/L;  K2SO4, 13 g/L; and KCl, 10 g/L. The 
medium was sterilized at 115  °C for 20  min before use. 
The trace element and vitamin solutions were filter-ster-
ilized using a 0.2  μm filter. The activated single colony 
from plate culture was transferred to the seed medium 
and cultured for 24  h in the shaker (SKY-2102C double 
layer constant temperature shaker, Suzhou, China) at 
28 °C and 200 rpm. The seed culture (4% v/v) was trans-
ferred to the fermentation broth and incubated at 28  °C 
and 200 rpm for 144 h or longer.

Mining of PLD genes
PLD-related information for S. limacinum SR21 was 
obtained from the Joint Genome Institute (JGI) data-
base. The similarity between the PLD gene sequence and 
the corresponding protein sequence was analyzed using 
DNAstar Megalign (Madison, WI, USA), and phyloge-
netic tree analysis of the selected PLD genes was per-
formed using the NCBI database.

Construction of gene knockout strains
PLD knockout strains were constructed using homolo-
gous recombination technology, as shown in Additional 
file 1: Fig. S5. The up- and downstream sequences of PLD 
were amplified by PCR using primers from S. limaci-
num SR21 genomic DNA (Additional file  1: Table  S1). 
The PCR reagent PrimeSTAR HS (Premix) was pur-
chased from TaKaRa Bio (TaKaRa Biotechnology Co.,Ltd, 
Dalian, China), and PCR primers were synthesized by 
Xiamen Boshang Biotechnology Company. The pBlue-
zeo plasmid was previously constructed in our laboratory 
[33] and included an integration region with multiple 
cloning sites and zeocin expression cassettes for resist-
ance screening. The plasmid pBlue-zeo-PLD was con-
structed by inserting the homologous arm of the PLD 
gene into the multiple cloning site of the vector.

The disrupted fragment was PCR-amplified with prim-
ers from the constructed vectors and transformed into 
S. limacinum SR21 by electroporation, according to the 
method by Ling et al. [33]. The disrupted fragment com-
bined the targeted gene with the homologous arms to 
replace it [34]. After electroporation, the cells were cul-
tivated for 3 h at 28 °C in a seed medium containing 1 M 
sorbitol (Macklin Biochemical, Shanghai, China) and 
then recovered for 3–5 days in a solid medium contain-
ing 50 μg/mL zeocin (Sangon Biotech, Shanghai, China). 
The positive transformants were screened by zeocin 
resistance plates and cultured at 28 °C and 200 rpm in a 

shaker (SKY-2102C double-layer thermostatic shaker) for 
PCR validation and fermentation experiments.

Measurement of biomass and glucose content
One milliliter of fermentation broth was added to a 
1.5 mL centrifuge tube and centrifuged at 10,000 rpm for 
2 min at 28  °C. The supernatant was collected to meas-
ure glucose concentration using the 3, 5-dinitrosalicylic 
acid (DNS) method. The cell pellets were washed twice 
with normal saline and stored in a refrigerator at − 20 °C. 
The biomass was calculated after 24 h of vacuum freeze 
drying.

Lipid extraction and fatty acid composition analysis
Three milliliters of fermentation broth was mixed with 
4 mL 12 M HCl and incubated in a water bath at 65  °C 
for 45  min. Total lipids (TLs) from the mixture were 
extracted four times with 3 mL of n-hexane, and the lipid 
extract was then purified and dried by evaporation. Total 
fatty acid (TFA) production was calculated by subtracting 
unsaponifiable matter (UM) from TLs; UM was isolated 
from lipids by saponification [52]. The preparation of 
fatty acid methyl esters and analysis of fatty acid compo-
sition were performed as previously described [33].

Real‑time quantitative PCR (qRT‑PCR)
Total RNA was extracted from 1  mL of fermenta-
tion broth using the RNA Plant Plus reagent (Japan 
TaKaRa) according to the manufacturer’s instructions. 
The extracted total RNA was reverse transcribed using 
QuantScript RT kit reagent (Japan TaKaRa) in a PCR 
machine at 50  °C for 5  min and heated at 85  °C for 5  s 
to obtain cDNA. Finally, various reaction reagents were 
added to the PCR octuple using the One Step SYBR Pri-
meScript PLUS RT-PCR kit (TaKaRa, Japan), and qRT-
PCR amplification was performed. Primers used are 
listed in Additional file  1: Table  S2. The mRNA expres-
sion level was normalized using the actin gene as the 
internal control, and the relative gene expression level 
was calculated using  2−ΔΔCT method [53].

Quantification of phospholipids
Lipids were first extracted from S. limacinum SR21 
using the Bligh–Dyer method [54] with some modifica-
tions. Five milliliters of fermentation broth was added to 
2 mL of deionized water, 3 mL of chloroform, and 6 mL 
of methanol before ultrasonication for 30  min; 3  mL of 
chloroform was added for ultrasonication for 30  min. 
Then, 3  mL of deionized water was added, followed by 
incubation for 30  min. One milliliter of saturated NaCl 
solution was then added the solution allowed to stand for 
2 h. The solutions were centrifuged at 3000 × g for 10 min 
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at 28 °C. After centrifugation, the lower layer of the lipids 
was transferred to a glass bottle and dried under a nitro-
gen stream. The obtained lipid samples were weighed and 
stored at − 20 °C until required. Phospholipids were sep-
arated from the lipid samples using solid-phase extrac-
tion [55].

Phospholipids were determined using ultra per-
formance liquid chromatography-mass spectrom-
etry (Waters UPLC Acquity H-Class-Xevo-G2 Q-ToF, 
Milford, MA, USA). The chromatographic experi-
mental conditions were as follows: chromatographic 
column: ACQUITY UPLC BEH HILIC column 
(150 × 2.1  mm × 1.7  μm); mobile phase: A is acetoni-
trile, and B is 20  mM ammonium formate aqueous 
solution (0.1% formic acid added to obtain pH 3.5); the 
flow rate was 0.2  mL/min; injection volume: 2  μL; elu-
tion procedure: 0–4  min, 95% A and 5% B; 4–22  min, 
95–60% A and 5–40% B; 22–25 min, 60% A and 40% B; 
25–25.1 min, 60–95% A and 40–5% B; 25.1–30 min, 95% 
A and 5% B. The mass spectrometry experimental con-
ditions were as follows: electrospray negative ion mode 
(ESI-); analyzer mode: sensitivity mode; data acquisition 
time: 2.5–20  min; scanning range: 250–1000  Da; scan-
ning time: 0.5  s; capillary voltage: 2  kV; sample cone 
voltage: 30  V; extraction cone voltage: 4  V; ion source 
temperature: 100 °C; desolvation gas temperature: 350 °C; 
cone gas flow rate: 50 L/h; the desolvation gas flow rate 
was 400 L/h.

Statistical analysis
Statistical significance between different strains or 
groups was evaluated using a t-test; 0.01 < p < 0.05 was 
considered statistically significant, and p < 0.01 was con-
sidered extremely significant. Three parallel experiments 
were conducted. Values are expressed as the means ± SD 
(standard deviation).
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