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Abstract 

Docosahexaenoic acid (DHA) can improve human and animal health, particularly including anti-inflammatory, antioxi-
dant, anticancer, neurological, and visual functions. Schizochytrium sp. is a marine heterotrophic protist producing oil 
with high DHA content, which is widely used in animal and food production. However, different fermentation condi-
tions have intensive impacts on the growth and DHA content of Schizochytrium sp. Thus, this study aimed to enhance 
the DHA yield and concentration of Schizochytrium sp. I-F-9 by optimizing the fermentation medium. First, a single-
factor design was conducted to select a target carbon and nitrogen source from several generic sources (glucose, 
sucrose, glycerol, maltose, corn syrup, yeast extract, urea, peptone, and ammonium sulfate). The Plackett–Burman 
design and the central composite design (CCD) were utilized to optimize the fermentation mediums. Schizochytrium 
sp. in 50-mL fermentation broth was cultured in a 250 mL shake flask at 28 °C and 200 rpm for 120 h before collect-
ing the cell pellet. Subsequently, the cell walls were destroyed with hydrochloric acid to extract the fatty acid using 
n-hexane. The DHA content was detected by gas chromatography. The single-factor test indicated that glucose and 
peptone, respectively, significantly improved the DHA content of Schizochytrium sp. compared to the other carbon 
and nitrogen sources. Glucose, sodium glutamate, and sea crystal were the key factors affecting DHA production in 
the Plackett–Burman test (P = 0.0247). The CCD result showed that DHA production was elevated by 34.73% com-
pared with the initial yield (from 6.18 ± 0.063 to 8.33 ± 0.052 g/L). Therefore, the results of this study demonstrated an 
efficient strategy to increase the yield and content of DHA of Schizochytrium sp.

Keywords: Center composite design, DHA, Plackett–Burman design, Schizochytrium sp.

Introduction
The beneficial effects of docosahexaenoic acid (C22:6 n-3; 
DHA) have been extensively and systematically explored 
in humans and animals for decades [1]. According to by 
Zhang and Spite [2] and Zhang et al. [3], DHA can regu-
late inflammation, oxidative stress, immunity and choles-
terol metabolism, which can efficiently prevent cancer, 
diabetes and thrombosis. In addition, as a long-chain 

unsaturated fatty acid, DHA is an essential substrate of 
phospholipids, triglycerides and some free fatty acids in 
vertebrate animals. Thus, DHA plays an important role 
in human and animal health [4]. The rapidly increas-
ing requirement for DHA worldwide has intensified the 
demand for DHA production [5].

The main sources of DHA is seafood, mainly including 
fish and algae [6]. DHA yield from fish oil has been lim-
ited due to the increasing environmental and food safety 
concerns, such as ecological diversity maintaining and 
heavy metal pollution, which leads to insufficient produc-
tion of DHA to meet the growing demands [7, 8]. There-
fore, Schizochytrium sp. has been developed as alternative 
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sources for DHA production [9, 10]. In 1964, Goldstein 
and Belsky isolated Schizochytrium sp. from Long Island 
Sound and classified it to Thraustochytriaceae [11]. Sub-
sequently, many studies [12] have confirmed that Schiz-
ochytrium sp. is one of the most commercially attractive 
and valuable sources of DHA [13] and a heterotrophic 
unicellular strain that can be safely used as dietary sup-
plement [7, 14]. Clinical trials have shown that the bioac-
tivities of microbial-derived DHA can be comparable to 
that from fish oil in reducing plasma triglycerides, pro-
moting redox properties, and protecting cardiovascular 
systems [8, 15]. Compared with other marine hetero-
trophic protists, Schizochytrium sp. is more potential in 
DHA production with high lipid concentration account-
ing for 36–84% of biomass, in which the DHA concentra-
tion exceeds 62% of the total lipid [13, 16, 17].

As Schizochytrium sp. has more advantages than fish 
oil, extensive studies have been conducted to promote 
the DHA biosynthesis of Schizochytrium sp. [18] using 
mutagenesis screening, adaptive evolution, multi-omics 
technologies, and metabolic engineering methods [13]. 
Furthermore, multiple studies have focused on the opti-
mization of the fermentation process to improve DHA 
production and biomass, including improving the nutri-
tional conditions [19] (carbon, nitrogen and exogenous 
additives) and growth conditions [20, 21] (osmotic pres-
sure, dissolved oxygen (DO), pH and aeration). For use 
in animal production, a Schizochytrium strain should 
have high biomass with efficient capability of lipid and 
preferably DHA accumulation. Therefore, it is necessary 
to optimize the culture conditions to maximize biomass 
and DHA yield. Fu et al. [22] obtained DHA-rich Schiz-
ochytrium sp. S1 by mutagenesis and then carried out the 
optimization of fermentation to improve the DHA yield 
of Schizochytrium sp. S1 from 5.41 to 6.52 g/L. Zhao et al. 
[23] obtained a strain with high DHA by atmospheric 
and room temperature plasma (ARTP) mutagenesis 
combined with malonic acid chemical screening. Then, 

they used an optimized culture strategy to increase the 
DHA production by 1.8-fold. Because efficient microbial-
derived DHA production depends on the growth period, 
the composition of the medium and the mode of fermen-
tation, it is thus essential that each new strain of Schiz-
ochytrium sp. should be optimized for individual culture 
conditions. For efficient microbial-derived DHA produc-
tion, the suitable fermentation conditions for DHA yield 
by the Schizochytrium sp. I-F-9 were investigated. The 
influence of the fermentation medium in DHA produc-
tion was investigated by a single-factor experimental 
design in conjunction with a central composite experi-
mental design.

Materials and methods
Experimental design
This study determined the values of critical process 
parameters affecting the DHA production in Schiz-
ochytrium sp. utilizing sodium glutamate as the main 
stimulator. The fermentation process and experimen-
tal design are shown in Fig. 1. First, the best carbon and 
nitrogen medium affecting the fermentation of Schiz-
ochytrium sp. were determined from common carbon 
and nitrogen sources using a single-factor experiment. 
Under shake-flask fermentation conditions, 100 g/L glu-
cose, sucrose, glycerol, and maltose as carbon sources 
and 10 g/L corn steep liquor, yeast extract, urea, peptone, 
and ammonium sulfate as nitrogen sources were used 
for fermentation to screen the best carbon and nitrogen 
sources (other conditions remained unchanged). Each 
trial was set up with three replicates.

The optimal impact factor was then decided by a 
sequence of experiments utilizing a Plackett–Burman 
design (Design-Expert version 11.0.0). The evaluated fac-
tors were as follows: glucose, peptone, sodium glutamate, 
 KH2PO4,  MgSO4  7H2O, and sea salt. Each independent var-
iable was tested at a low (−) and a high (+) level. The low 
levels of a variable were taken as the current fermentation 

Fig. 1 Experimental design process
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conditions. The high level was 1.25 times the low level. 
Table 1 demonstrates a series of the analyzed factors, their 
values and corresponding levels. The 12 tests output by 
the Design-Expert software, and are listed in Table 2. The 
effects of each factor (A–F), the significant value (P-value), 
and the F-value (F-test results) were presented in this study. 
When P < 0.05, the factor was considered as the most sig-
nificant parameter to influence DHA production.

After screening for the most significant factors that 
influence the DHA content, the central composite design 
(CCD) was utilized to determine the parameter values 
that resulted in the optimal DHA yield. The Design-
Expert software generated this process to table a list of 

experiments. The CCD design involved five coded val-
ues: − 2, − 1, 0, 1, and 2; a trial design was established 
using the central and axial points (Table 3). Based on the 
results of the Plackett–Burman design test, the insignifi-
cant factors were maintained at the low level in the CCD 
experiment. Six replications of the central point were 
employed (Table 4). The trial results of the CCD design 
were fitted with a quadratic polynomial equation by mul-
tiple regression modeling utilizing the Design-Expert 
software, and the optimal point was predicted.

Microbial strain
The strain Schizochytrium sp. I-F-9 (addressed as I-F-9 
henceforth) was obtained by ARTP mutagenesis of Schiz-
ochytrium sp. (ATCC 20888) in our laboratory earlier. 
Schizochytrium sp. (ATCC 20888) was bought from the 
China Guangdong Microbial Culture Center and pre-
served in the Ruminant Nutrition laboratory (Institute 
of Animal Science, Chinese Academy of Agricultural 
Sciences). For cell preservation and transfer refer to the 
method of Zhao et al. (2017) [24].

Fermentation condition
The seed culture medium consists of 30 g/L glucose, 10 g/L 
peptone, 5 g/L yeast extract, and 15 g/L sea salt. The initial 

Table 1 Variables range of Plackett–Burman design

Variable code Variable Unit Low (− 1) High (+ 1)

A Peptone g/L 5.6 7

B Glucose g/L 100 125

C Sodium Glutamate g/L 20 25

D MgSO4  7H2O g/L 7.2 9

E KH2PO4 g/L 2.5 3.125

F Sea Salt g/L 34.4 43

G–K Dummy variable – – –

Table 2 Plackett–Burman design of the experiments

Run A: peptone (g/L) B: glucose (g/L) C: sodium glutamate 
(g/L)

D:  MgSO4  7H2O 
(g/L)

E:  KH2PO4 (g/L) F: sea salt (g/L)

1 7 125 20 9 3.125 18.75

2 7 125 20 7.2 2.5 18.75

3 5.6 100 20 9 2.5 18.75

4 5.6 100 25 7.2 3.125 18.75

5 5.6 125 25 9 2.5 15

6 7 100 25 9 3.125 15

7 5.6 125 20 9 3.125 15

8 7 125 25 7.2 2.5 15

9 7 100 20 7.2 3.125 15

10 5.6 100 20 7.2 2.5 15

11 7 100 25 9 2.5 18.75

12 5.6 125 25 7.2 3.125 18.75

Table 3 Variables range of CCD experiments

Variable Unit Level

 − 2  − 1 0 1 2

Glucose g/L 91.48 100 112.5 125 133.52

Sodium glutamate g/L 18.30 20 22.5 25 26.7

Sea salt g/L 13.72 15 16.88 18.75 20.03
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fermentation medium consists of 100 g/L glucose, 5.6 g/L 
peptone, 20 g/L sodium glutamate, 2.5 g/L  KH2PO4, 7.2 g/L 
 MgSO4, 12.8  g/L  Na2SO4, 0.4  g/L  CaCl2, and 15  g/L sea 
salt. The medium was autoclaved at 115 °C for 30 min. The 
vitamin solution contained 0.1  g/L  VB1, 0.1  g/L  VB6, and 
0.01  g/L  VB12. All chemicals were purchased from Solar-
bio (Beijing, China), except for sea salt, which was pur-
chased from Jiangxi Haiding Technology Company Limited 
(Jiangxi, China). It was filtered by a 0.22 micron filter and 
added to the medium. The stored cells were transferred 
into a 50-mL seeding medium (in 250-mL flasks) cultured 
for 48 h with 200 rpm stirring at 28 °C. After 48 h of seed 
broth culture, 10% v/v inoculum was injected into the ini-
tial fermentation medium that was incubated for 120 h at 
28 °C with 200 rpm agitation (in 250-mL shake flask).

Assay of dry cell weight
The I-F-9 growth was monitored using the dry cell 
weight (DCW). A sample of 30-mL fermentation broth 
was harvested every 24  h to test the DCW, total lipids 
and DHA production. In the cell growth curves test, all 
flasks were incubated in the same condition under 24, 
48, 72, 96, 120, 144 and 168 h respectively. Three shake 
flasks were randomly selected to collect cells at the time 
of each sampling. The fermentation broth was put into 
a weighed 50-mL-tube and centrifuged at 8000  rpm for 
15 min. The precipitate was then washed two times with 

double-distilled water and centrifuged twice, and the dry 
weight of the cells was measured after 24 h of freeze-dry-
ing. The DCW was calculated as follows:

Total lipid extraction
The total lipid extraction was improved following the 
method by Zhao et al. [24]. The details were as follows: 
the freeze-drying powder were disrupted by incubating a 
mixture of 1 g freeze-dried powder and 8 mL of hydro-
chloric acid (6 mol/L) in a hot water bath at 65 °C for 1 h. 
The total fatty acid was extracted with 10 mL of n-hex-
ane. Repeated the extraction three times, evaporating the 
n-hexane with a rotary nitrogen blower to harvest total 
lipids. The total lipid yield was calculated as follows:

DHA yield and fatty acid analysis
Operate fatty acid methylation referring to the improved 
method of previous articles [25] as follows: 80 µL oil 
samples were added to tubes having 1 mL of 1 M KOH–
methanol. The tubes were heated in a water bath at 65 °C 
for 30 min. After cooling the tube to indoor temperature, 
2  mL of BF3–methanol was injected into it in a water 
bath at 65 °C for 30 min. When the tubes cooled to indoor 
temperature, 1  mL of n-hexane was injected to extract 
fatty acid methyl esters (FAMEs). The tubes were mixed 
through a vertex for 1 min, and then 1 mL of saturated 
sodium chloride was added to remove moisture from the 
tubes. The FAMEs samples were centrifuged at 3000 rpm 
for 2 min to separate the precipitate. The qualitative and 
quantitative the FAMEs are referenced from our previous 
study [26] using Agilent MassHunter Workstation Soft-
ware (B.07.01, Agilent Technologies). The FAMEs were 
identified by comparing the retention times of methyl 
cis-4,7,10,13,16,19-DHA standard (CAS:301-01-9, Solar-
bio Beijing, China) and GLC NESTLE 37MIX (BYG8010, 
Solarbio, Beijing, China) (Additional file 1: Fig. S1). And 
then, the standard curves of the DHA standard were cre-
ated based on the five different methyl-DHA content and 
corresponding peak areas (Additional file 1: Fig. S2).

Results
Effects of the different fermentation times and different 
carbon and nitrogen sources on fermentation
As shown in Fig. 2a, the DHA yield remained constant at 
between 6.73 and 6.84 g/L even if the fermentation time 

DCW
(

g/L
)

=

Freeze dried cell weight

Fermentation broth volume (L)

Total lipid yield g/L = Total lipidweight g

/ 1 g × DCW g/L

Table 4 CCD of the experiments

Run Glucose (g/L) Sodium glutamate 
(g/L)

Sea salt (g/L)

1 100 20 15

2 125 20 15

3 100 25 15

4 125 25 15

5 100 20 18.75

6 125 20 18.75

7 100 25 18.75

8 125 25 18.75

9 91.48 22.5 16.88

10 133.52 22.5 16.88

11 112.5 18.30 16.88

12 112.5 26.70 16.88

13 112.5 22.5 13.728

14 112.5 22.5 20.03

15 112.5 22.5 16.88

16 112.5 22.5 16.88

17 112.5 22.5 16.88

18 112.5 22.5 16.88

19 112.5 22.5 16.88

20 112.5 22.5 16.88
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increased from 120 to 168 h. From 24 to 168 h of fermen-
tation, the highest fermentation efficiency was achieved 
at 56.51 ± 2.05 mg (L h)−1 in 120 h. Therefore, 120 h was 
determined the optimum fermentation time for I-F-9.

The overview of biomass, total lipid, and DHA yield of 
I-F-9, incubated in 250-mL shake flask supplying 50 mL 
of fermentation broths, were demonstrated in Fig. 2b, c. 
Different carbon and nitrogen sources greatly influenced 
the fermentation of I-F-9. In the fermentation broth 
of different carbon sources, the biomass of I-F-9 was 
between 6.64  g/L and 34.83  g/L, and the DHA produc-
tion was between 0.10 and 7.00 g/L. Glucose and glycerol 
were significantly higher than the other treatments in 
I-F-9 growth and DHA accumulation with supplemented 
as a carbon source. The biomass was 34.83  g/L when 

glycerol was utilized as the carbon source. And when 
glucose was utilized as the carbon source, DHA pro-
duction was 7.00 g/L. In addition, peptone was the best 
among fermentation supplemented by different nitrogen 
sources, where the biomass and DHA yields were 34.83 
and 6.22 g/L, respectively.

Screening significant growth parameters according 
to the plackett–burman design
The designed conditions for 12 tests and a data col-
umn (presenting the DHA production data of each test) 
are shown in Table  5. DHA production of I-F-9 varied 
between 4.551 and 8.443  g/L, depending on the cul-
ture parameters. The analysis of the data was done by 
the Design-Expert software. Relying on the software’s 

Fig. 2 Biomass, total lipid, and DHA yields of I-F-9 at different fermentation times and with different carbon and nitrogen sources. a Effects of 
different fermentation time in biomass, total lipid and DHA production. b Fermentation medium containing 100 g/L glucose, sucrose, glycerol, and 
maltose as carbon sources and c Fermentation medium containing 10 g/L corn steep liquor, yeast extract, urea, peptone, and ammonium sulfate as 
nitrogen sources
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defaults, the factors with P ≤ 0.05 were considered the 
most influential, while the factors with P > 0.05 were con-
sidered less significant. Table  6 illustrates the results of 
significance levels of parameters highly correlated with 
the DHA concentration (P < 0.05), in which glucose (B), 
sodium glutamate (C), and sea salt (F) were suggested as 
the most significant parameters for further optimization.

Optimization of medium components by CCD
The purpose of the CCD design was to identify the effect 
of different combinations of glucose, sodium glutamate 
and sea salt on the DHA production of I-F-9 cultured in a 
250-mL shake flask. The results are displayed in Table 7. 
The DHA production of I-F-9 varied between 3.557 
and 8.238  g/L depending on the incubation parameters 
(Table 7).

The predicted values of DHA production utilizing 
the equation above and the data are given in Table  7. 
The experimental and predicted values of DHA yield 

were in good agreement. The corresponding analysis 
of variance (ANOVA) is given in Table  8. The regres-
sion model developed for DHA yield was significant 
(P = 0.0001); the lack-of-fit test demonstrated that the 
quadratic formula was the ideal model for data regres-
sion analysis (P = 0.2521 > 0.05) (Table  9). The regres-
sion equation  R2 = 0.9598 indicated that the test results 

Table 5 Results of the Plackett–Burman design

Run A: peptone B: glucose C: sodium 
glutamate

D:  MgSO4  7H2O E:  KH2PO4 F: sea salt DHA 
production 
(g/L)

1 1 1  − 1 1 1 1 6.665

2  − 1 1 1  − 1 1 1 6.416

3 1  − 1 1 1  − 1 1 7.005

4  − 1 1  − 1 1 1  − 1 6.489

5  − 1  − 1 1  − 1 1 1 7.685

6  − 1  − 1  − 1 1  − 1 1 8.443

7 1  − 1  − 1  − 1 1  − 1 6.417

8 1 1  − 1  − 1  − 1 1 7.297

9 1 1 1  − 1  − 1  − 1 5.31

10  − 1 1 1 1  − 1  − 1 4.551

11 1  − 1 1 1 1  − 1 6.274

12  − 1  − 1  − 1  − 1  − 1  − 1 7.330

Table 6 Significance (P values) of model and each variable using 
the Plackett–Burman design on the DHA production

P < 0.05 is marked in bold. When P < 0.05, the factor was considered as the most 
significant parameter to influence DHA production

Variable Sum of squares F-value P-value

Model 10.52 7.03 0.0246
A: peptone 0.3156 1.26 0.3118

B: glucose 3.44 13.79 0.0138
C: sodium glutamate 2.43 9.74 0.0262
D:  MgSO4  7H2O 0.0881 0.353 0.5783

E:  KH2PO4 8.33E−6 0 0.9956

F: sea salt 4.25 17.03 0.0091

Table 7 Results of the central composite design

Run A: glucose B: sodium 
glutamate

C: sea salt DHA production 
(g/L)

Actual Predicted

1  − 1  − 1  − 1 7.535 7.309

2 1  − 1  − 1 8.105 8.015

3  − 1 1  − 1 3.557 3.582

4 1 1  − 1 3.582 3.824

5  − 1  − 1 1 6.270 5.662

6 1  − 1 1 6.239 5.848

7  − 1 1 1 6.537 6.262

8 1 1 1 6.124 5.984

9  − 1.682 0 0 5.976 6.444

10 1.682 0 0 6.756 6.805

11 0  − 1.682 0 5.989 6.595

12 0 1.682 0 3.665 3.576

13 0 0  − 1.682 5.960 5.813

14 0 0 1.682 5.579 6.244

15 0 0 0 7.177 7.598

16 0 0 0 7.256 7.598

17 0 0 0 7.269 7.598

18 0 0 0 8.238 7.598

19 0 0 0 7.870 7.598

20 0 0 0 7.866 7.598
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were plausible. The F test showed that the effects of B, 
BC,  A2,  B2, and  C2 on DHA yield were significant; the 
effects of A, C, AB, and AC on DHA yield were insig-
nificant (Table 8).

The DHA yields were obtained from a series of CCD 
experiments, and were analyzed by regression utilizing a 
quadratic polynomial equation. The two regression for-
mulas were indicated as coding factors and actual factors. 
Factors are expressed by capital letters: A: Glucose, B: 
Sodium glutamate, and C: Sea salt.

The final equation in terms of coded factors:

The final equation in terms of actual factors:

DHAyield = 7.598+ 0.107139A− 0.897631B

+ 0.128103C− 0.116089AB

− 0.129967AC+ 1.08156BC− 0.344184A2

− 0.888183B2
− 0.554962C2

The regression analysis of the equations was performed 
utilizing the Design-Expert software (Design-Expert ver-
sion 11.0.0) to obtain the model-optimized values of the 
medium components. Figure  3 shows the isoresponse 
contour lines of the medium components for optimized 
DHA production. The predicted optimal conditions were 
118.71  g/L glucose, 20.00  g/L sodium glutamate, and 
15.16 g/L sea salt.

Cultivation on an optimized medium
The cells were cultured in 250-mL shake flask and fer-
mented for 120 h at 28  °C and 200 rpm using 50 mL of 
the optimized medium to evaluate the growth and DHA 
production of I-F-9 in medium optimized by CCD. The 
experimental results of 120 h cultivation using an optimal 
medium containing 118.71 g/L glucose, 20.00 g/L sodium 
glutamate, and 15.16  g/L sea salt revealed that bio-
mass, DHA concentration, and DHA productivity were 
39.23 ± 0.56 g/L, 21.23% ± 0.038 and 69.41 ± 0.43 mg/L/h, 
respectively. The DHA and lipid production after fermen-
tation was 8.33 ± 0.074  g/L and 30.24 ± 2.66  g/L, which 
was 34.73% and 19.34% greater than that prior to optimi-
zation (6.18 ± 0.09 g/L and 25.34 ± 2.11 g/L).

Discussion
Several studies have confirmed the significant benefits 
of seafood with high contents of long-chain polyunsatu-
rated fatty acids for human and animal health [27–29], 
in which DHA, a polyunsaturated fatty acid (PUFA), is 
considered as a major factor [30]. At present, the main 
sources of DHA on the market are fish oils and micro-
bial lipids [21]. Schizochytrium sp. is a promising pro-
ducer of microbial DHA, which has been considered 
the Generally Recognized as Safe (GRAS) status by 
the United States Food and Drug Administration [31]. 
Variations in fermentation parameters have a signifi-
cant impact on DHA production from Schizochytrium, 
including carbon and nitrogen sources, management 
DO, the osmotic pressure of the medium, pH manage-
ment and temperature control. As such, the produc-
tion of DHA can be greatly enhanced by optimizing the 
medium formula and the fermentation process. Culture 
environment optimization can improve the production of 
DHA from Schizochytrium, such as intermittent oxygen 
treatment [32] and low-temperature hatch [33]. In terms 

DHA yield = −63.5387+ 0.681357A+ 2.56018B

+ 0.828327C− 0.00371486AB

− 0.00554526AC+ 0.230732BC

− 0.00220278A2
− 0.142109B2

− 0.157856C2

Table 8 Coefficients of the second-order polynomial model in 
 23 central composite design

P < 0.05 is marked in bold. When P < 0.05, the factor was considered as the 
significant factor to influence DHA yield

Factors Coefficient Standard error F-value P-value

Model 14.59 0.0001
Intercept 7.6 0.2141

A-glucose 0.1071 0.1421 0.5688 0.4681

B-sodium gluta-
mate

 − 0.8976 0.1421 39.93  < 0.0001

C-sea salt 0.1281 0.1421 0.8132 0.3884

AB  − 0.1161 0.1856 0.3912 0.5457

AC  − 0.13 0.1856 0.4903 0.4997

BC 1.08 0.1856 33.96 0.0002
A2  − 0.3442 0.1383 6.19 0.032
B2  − 0.8882 0.1383 41.25  < 0.0001
C2  − 0.555 0.1383 16.11 0.0025

Table 9 ANOVA for the central composite design (R2 = 0.9293; 
Adj R2 = 0.8656)

The lack-of-fit test is not significant at P > 0.05, which demonstrated that the 
quadratic formula was the ideal model for data regression analysis

Source Sum of 
squares

Degree 
of 
freedom

Mean 
square

F-value P-value

Residual 2.76 10 0.2756

Lack of fit 1.8 5 0.36 1.88 0.2521
Pure error 0.956 5 0.1912

Cor total 38.95 19
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of pH regulation, Zhao et  al. found that Schizochytrium 
grew best in neutral conditions, while DHA synthesis 
increased under acidic conditions. Therefore, a two-
stage pH control was developed to achieve a DHA yield 
of 11.44  g/L in Schizochytrium sp. AB-610 [24]. ARTP 
mutagenized Schizochytrium sp. I-F-9 used in this study 
contained higher oil content and DHA production than 

the original wild strain. If DHA production is to be fur-
ther increased, then optimization of the nutrition condi-
tions to obtain higher cell densities will be an important 
issue.

The CCD is a response surface methodology widely 
used for the fermentation optimization of various prod-
ucts, including food, beverages, and pharmaceuticals 
[34]. It describes the effects of interactions between 
parameters in linear and quadratic models. Here, the 
optimization of I-F-9 for the production of DHA was 
conducted as three phases, including the single-factor 
test to select the optimum carbon and nitrogen sources, 
following with the Plackett–Burman design to screen the 
major impacts of the variables and the response surface 
optimization.

The carbon and nitrogen sources in the medium have 
a significant effect on lipid synthesis in fungi [35]. This 
study showed that I-F-9 produced highest content of 
DHA with glucose and peptone as carbon and nitrogen 
source respectively, which was consistent with Bajpai’s 
findings [36]. However, sucrose, maltose, urea, yeast 
extract and ammonium nitrate as carbon and nitrogen 
sources had limited effects on the cell growth of I-F-9, 
resulted in significantly lower DHA production than the 
others [37]. As a monosaccharide, glucose is an impor-
tant carbon source in microbial fermentation [38]. Previ-
ous studies have shown that sugar can affect the growth 
and metabolism of microorganisms. For example, bil-
berry yeast grows better in glucose, while Komagataella 
grows better in fructose [39]. The DHA production in the 
glucose medium was higher than that in glycerol in this 
study. Acetyl-CoA is the main substrate for PUFA syn-
thesis, which can be generated by glucose and glycerol. 
The stoichiometry of glucose metabolism is about 1.1 M 
of acetyl-CoA per 100 g. But approximately 1.1 M acetyl-
CoA is generated by 110  g of glycerol metabolism [40, 
41]. Therefore, glucose can produce more acetyl-CoA 
than glycerol, which might be the reason of the results 
mentioned above. Peptones are a complex nitrogen 
source, containing various nutrients, including proteins, 
peptides and free amino acids, as well as lower levels of 
carbohydrates, lipids, minerals, vitamins and growth fac-
tors. Besides improving the cell biomass, peptones can 
promote overall cell development, compared to other 
nitrogen sources [42, 43].

Glucose, sodium glutamate and sea salt were selected 
to have the greatest effects on DHA production of I-F-9 
in Plackett–Burman design, which is in agreement with 
the findings of Manikan et al. [44]. Bajpai et al. [45] have 
confirmed that glucose concentration has not affected on 
the proportion of DHA in lipids but it can significantly 
affect cellular biomass and lipid content, and conse-
quently DHA production. Ethier et al. [46] have reported 

Fig. 3 Contour plots depicting the response surface of DHA yield 
correlated to the levels of the variables: a glucose and sodium 
glutamate (C = 0); b glucose and sea salt (B = 0); and c sodium 
glutamate and sea salt (A = 0)
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that carbon sources can affect the biomass of Schiz-
ochytrium sp. and may influence PUFA synthesis. Sodium 
glutamate, a simple organic nitrogen source, is thought to 
promote biomass and increase the lipid yield of Thraus-
tochytrids. Glutamate is usually found in the ocean as 
sodium salts  (C5H8NNaO4), which is the main nones-
sential amino acid for marine organisms. Manikan et al. 
[44] have reported that the optimum sodium glutamate 
concentration can possibly result in higher DHA yields 
in Aurantiochytrium. And it is vital for any new strains 
to achieve significant levels of DHA production as an 
important nutrient [47]. Sodium glutamate causes high 
DHA production because it could regulate the activity of 
the enzyme of acetyl-CoA carboxylase [48] and glucose-
6-phosphate dehydrogenase [49] that both can produce 
substrates for fatty acid synthesis (acetyl coenzyme A and 
NADPH). Besides the carbon and nitrogen sources, trace 
minerals can also affect the growth and lipid production 
of Schizochytrium as well as [50]. Here, sea salt contain-
ing a variety of essential minerals were used as the main 
trace element supplement to I-F-9.

Response surface design has been widely utilized 
to optimize many fermentation process parameters, 
including medium composition [34]. Most variations 
in response surface optimization can be interpreted by 
the regression equation [51]. In this study, the ANOVA 
of the DHA yield for I-F-9 showed that the F value was 
14.59, which explained that the parameters in the model 
had a significant impact in the response experiment. In 
the model, the P value was 0.0001 demonstrating that the 
regression formula was statistically highly significant at 
the 95% confidence interval. Moreover, the lack-of-fit F 

value (1.88) means that the lack of fit was non-significant 
relative to the pure error. The  R2 and Adj  R2 for DHA 
yield were 0.9293 and 0.8656, respectively. Adequate 
precision estimates the signal-to-noise ratio, and a ratio 
higher than 4 is desirable [52]. The ratio of 11.958 illus-
trated an adequate signal.

To date, many articles have been carried out to 
elevate the DHA yield of Schizochytrium sp. utiliz-
ing various fermentation models and strategic tech-
niques. Table 10 showed that the DHA yields of various 
Thraustochytrid strains growing in glucose and glyc-
erol as the main carbon sources compared with I-F-9. 
Although higher DHA yields were obtained in other 
studies, the results were obtained at bioreactor scale 
[53, 54] or using two-stage control [24]. Manikan 
et al. [44] screened the optimum medium components 
through response surface methodology in shake flasks, 
which was then applied in a 5L bioreactor, showing that 
the biomass, total fatty acid and DHA production of 
Aurantiochytrium sp. SW1 were 17.8 g/L, 9.6 g/L, and 
4.23  g/L in the shake flask and 24.46  g/L, 9.4  g/L and 
4.5  g/L in the bioreactor, respectively. Hang et  al. [32] 
screened glycerol concentrations of medium by shak-
ing flasks for the first time and then used a 5-L biore-
actor with intermittent oxygen control (maintaining a 
50% DO level), which finally increased DHA produc-
tion from 1.4 to 20.3 g/L. Accordingly, it is speculated 
that the DHA yield and content of I-F-9 obtained in 
the bioreactor with high cell density cultivation can 
be further improved. To enhance DHA yield of Schiz-
ochytrium sp. by optimization, Fu et  al. [22] used low 
energy ion mutagenesis combined with the staining 

Table 10 Summary of DHA production of various thraustochytrids compared with I-F-9

Strain Carbon source Nitrogen source Culture time (h) Device scale DHA production 
(g/L)

DHA 
concentration 
(DHA/DCW, %)

References

Schizochytrium sp. 
S056

Glucose Peptone, Yeast 
extract

144 250-mL 7.95 20.42 [61]

Schizochytrium sp. 
S31

Glycerol Yeast extract, 
(NH4)2SO4

61/96 250-mL/50-L 6.53/28.93 – [53]

Schizochytrium 
sp. S1

Glucose Yeast extract, 
Sodium glutamate

168 500-mL 6.52 11.78 [22]

Aurantiochytriumsp. 
SW1

Glucose Yeast extract, 
Sodium glutamate

96 250-mL/5-L 4.23/4.5 23.76/18.40 [44]

Aurantiochytrium 
limacinum SR21

Glycerol Peptone, Yeast 
extract

168/165 500-mL/5-L 1.4/20.3 16.26/32.87 [32]

Schizochytrium sp. 
ATCC20888

Glucose Yeast extract, 
Sodium glutamate

168 500-mL/50-L 7.12/12.89 – [62]

Schizochytrium sp. 
AB-610

Glucose Peptone, Sodium 
glutamate

120 250-mL 11.44 18.27 [24]

Schizochytrium sp. 
I-F-9

Glucose Peptone, Sodium 
glutamate

120 250-mL 8.33 21.23 This study
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selection method and fermentation optimization. The 
results demonstrated that the yield and content of DHA 
was 6.52  g/L and 11.78%, respectively. The increase of 
DHA production in this study may be attributed to 
the increased concentration of glucose in the medium. 
Yokochi et  al. [10] demonstrated that there might be 
the optimum glucose concentration to promote the 
growth of Schizochytrium. Hong et al. [54] carried out 
one-factor design for glucose optimization finally to 
elevated the DHA yield to 2.8 g/L, with DHA yield effi-
ciency of 38.9 mg/L/h. In the present study, new strain 
I-F-9 obtained by ARTP mutagenesis in our lab was 
optimized by a more sophisticated CCD experimental 
design for the fermentation medium. The DHA yield of 
the strain I-F-9 was 8.33 ± 0.074 g/L with DHA produc-
tivity of 69.41 ± 0.43 mg (L h)−1, which was higher than 
our original culture condition (improved by 34.73%) 
and most of the previous studies.

Schizochytrium powder has been used in feed sup-
plements in husbandry for decades [55]. Feeding lac-
tating cows with Schizochytrium powder can improve 
the milk quality in dairy industry [56]. In goats, it can 
reduce methane production [57]. In lambs [58] and 
heifers [59], it can increase n-3 PUFA in the muscle. 
The concentrations of DHA in previous studies and 
our study has been summarized in Table 10. Xu et al. 
[60] have reported that the DHA content is over 10% 
of the dry matter in Aurantiochytrium sp. (Schiz-
ochytrium sp.), while 24% in fish oil. In this study, 
the optimized DHA concentration was 21.23%, which 
is better than most of the similar studies operated in 
shake flasks.

Conclusions
In conclusion, the CCD method was applied to opti-
mize the DHA yield by the second-order response 
surface model for the experimental data. The model 
prediction value was 8.10 g/L in DHA production. The 
optimized DHA yield of I-F-9 was 8.33 ± 0.074  g/L in 
the shake flask, which is essentially close to the pre-
dicted value. High DHA yields of Schizochytrium sp. 
could be obtained by the present method, which is 
potentially applicable for future production. The pre-
sent study provides a fundamental basis to potentially 
use the Schizochytrium sp as the direct-fed microbials 
for animal and food industry.
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