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Introduction

Microalgae displayed ecological and commercial impor-
tance as the base of the food chain and producers of oxy-
gen and natural source of valuable compounds such as fatty 
acids, carotenoids, and toxins. Microalgae have also been 
suggested as a competitive alternative feedstock for biofu-
els production due to depleting resources and the environ-
mental problems associated with fossil fuel consumption 
(Guccione et  al. 2014). However, microalgae-based bio-
fuels were not economically-feasible due to the low lipid 
productivity of microalgae. To tackle the commercializa-
tion of algal biofuels, many endeavors have been made to 
improve strain performances (Yao et al. 2014), culture sys-
tems (Chen et al. 2011), and also the downstream harvest-
ing/extraction technologies (Wan et al. 2015). Amongst all 
attempts, microalgae cultivation was generally regarded as 
vitally-important and technically-difficult procedure since 
the growth mediums and conditions would directly affect 
the quality and quantity of lipids as well as the downstream 
biodiesel production (Arumugam et al. 2013).

It has been well-documented that the versatile chemi-
cal or physical growth conditions such as nutrition-depri-
vation, high-salinity, and high-irradiance could effectively 
trigger lipid accumulation in microalgae cells. Nitrogen-
deficiency might be the most preferable strategy to induce 
lipid biosynthesis due to its high-efficiency and universal-
applicability amongst microalgae. However, the high lipid 
produced under N-deficiency usually had detrimental 
effects on cell growth and lead to biomass losses conse-
quently lower overall lipid productivity (Benavente et  al. 
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2016). Some studies had been undertaken to enhance the 
overall lipid productivity under N-deficiency condition 
with modulation and/or supplementation of other nutrients 
for synergistic effects. For instance, a traditional two-stage 
batch N-starvation regime that was to maximize cell bio-
mass by inceptive nutrient-sufficient medium followed 
lipid accumulation by N-deficiency was proposed by many 
researchers. Reflecting upon the vast majority of scientific 
publications on algal lipid accumulation, this strategy posi-
tively achieve the high lipid productivity by many micro-
algal species like Chlorella, Scenedesmus and Desmodes-
mus species (Peccia et  al. 2013; Pancha et  al. 2014; Rios 
et  al. 2015). However, such two-stage nitrogen manipula-
tion process usually involved higher capital cost, additional 
harvesting and medium requirement. Recent evidence 
showed that one-stage continuous N-limitation strategy 
which belongs to the category of N-deficiency could offer 
important advantages in terms of downtime reduction and 
operation flexibility under outdoor condition (Klok et  al. 
2014). The flexibility of N-limitation strategy has been 
already demonstrated for lipid production in Chlorella vul-
garis (Liu et  al. 2016). However, the strategy and magni-
tude of N-deficiency required to stimulate lipid formation 
was distinctively different among microalga species. Han 
et al. (2013) reported a high lipid productivity of 115 mg/L/
day by C. pyrenoidosa treated with two-stage batch N-star-
vation strategy. Whereas Nannochloropsis had good per-
formance by a maximum lipid productivity of 29.44 mg/L/
day under continuous N-limitation condition (Meng et  al. 
2015). These discrepancies might be caused by the tre-
mendous biodiversity of microalgae, e.g., nitrophilous ver-
sus oligonitrophilic species. Therefore, the current nitro-
gen manipulation strategies needed to be further explored 
whether it is commonly applicable for other emerging ole-
aginous model alga species.

Trebouxiophyceaen Coccomyxa subellipsoidea C-169 
was a type of small elongated non-motile unicellular green 
alga and was from algal peat in polar Antarctica. C. sub-
ellipsoidea has been gradually served as a new model 
resource for high-quality biofuels on account of (1) a rel-
atively high growth rate and lipid content; (2) the lack of 
a rigid cell wall to simplify lipid extraction and genetic 
manipulation; (3) psychrotolerant characteristics makes 
mass outdoor cultivation possible by decreasing contami-
nation; and also (4) known whole genome sequences. Cur-
rently, many studies concerned physiological-biochemical 
traits of this polar microalga response to cold adaptation 
and heavy metal ions (Blanc et  al. 2012; Kováčik et  al. 
2015), few involved deeply the lipid accumulation in C. 
subellipsoidea under some infaust environmental condi-
tions. It was worth noting that that N-deficiency triggered 
early synthesis of starch followed by lipid accumulation 
in C. subellipsoidea by the report of Msanne et al. (2012). 

Allen et  al. (2015) also found an increment in lipid con-
tent in C. subellipsoidea through nitrogen stress. These pre-
liminary studies were encouraging and demonstrated the 
lipid biosynthesis of C. subellipsoidea could be effectively 
regulated by exoteric chemical or physical environmental 
factors.

The scenario in this study was to probe the possibili-
ties of using nitrogen manipulation strategies (one-stage 
continuous N-deficiency, N-sufficiency, N-limitation, and 
two-stage batch N-starvation) to augment lipid productivity 
by C. subellipsoidea. The biomass, lipid content, and also 
fatty acid profiles would be employed to elucidate the most 
favorable nitrogen manipulation strategy as well as iden-
tify biochemical characteristics that resulted in maximiz-
ing lipid productivity of C. subellipsoidea. Metabonomics 
was further used to capture the comprehensive metabolite 
profiles related to lipid biosynthesis and further understand 
the interdependence of these anabolic and catabolic metab-
olites under the optimal nitrogen manipulation. The find-
ings of this study was also critical to promote the practical 
application of C. subellipsoidea in biofuels industry.

Materials and methods

Materials and chemicals

Coccomyxa subellipsoidea C-169 (strain # NIES 2166) was 
purchased from the Microbial Culture Collection, National 
Institute for Environmental Studies, Japan. All chemicals 
were of the highest purity available.

Microalgae cultivation

Algal seed culture was initiated by a single colony taken 
from the stock agar plate into a 250  mL Erlenmeyer 
flask with 100  mL of the improved liquid Basal medium 
(Shi et  al. 1997), which contained 1  g MgSO4·7H2O, 
1.25 g KH2PO4, 0.5 g EDTA, 114.2 mg boron, 111.0 mg 
CaCl2, 49.8  mg FeSO4·7H2O, 38.2  mg ZnSO4·7H2O, 
15.7  mg CuSO4·5H2O, 14.4  mg MnCl2·4H2O, 11.92  mg 
Na2MoO4·2H2O, 4.9  mg CoNO3·6H2O, 1.25  g KNO3, 
and 10.0 g glucose in 1 L of distilled water (pH adjusted 
prior to autoclaving to 6.1). Erlenmeyer flask was equipped 
with self-made cotton plug functioned as interchange of 
air or oxygen supply as well as contamination control. 
The algal seed was then pre-cultured for 192 h at constant 
28 ± 1 °C and T8 LED fluorescent lamp (three light tubes) 
as light source to provide light irradiance of 50 µmol/m2/s. 
The lamp specifications were constituted by Light inten-
sity: 1000 ± 50  lx Rated power: 10 watts; Wave ranges: 
420–740 nm; Life time: 2500–3125 day; Light color tem-
perature: 6000 K; Usage time: 20,000–25,000 h; Reflector 
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specification: 0.02–0.5. Subsequently, the pre-cultured 
seed liquid was inoculated and cultured in different nitro-
gen manipulation medium to evaluate the lipid productivity 
of C. subellipsoidea. The different nitrogen manipulation 
strategies in detail was as follows:

1.	 One-stage continuous nitrogen-limitation strategy: 
Firstly, 1 mL of the pre-cultured seed liquid (approxi-
mate 0.1  g/L) was taken as inoculum into 250  mL 
Erlenmeyer flask loaded with 100 mL of sterilized liq-
uid media, which contained the same components with 
Basal medium for liquid seed cultivation except for 0.5, 
0.75, and 1.0 g/L KNO3 (N-limitation concentrations) 
instead of 1.25 g/L KNO3 (N concentration of standard 
Basal). Subsequently, all cultures in Erlenmeyer flask 
were induced on a reciprocating shaker (160 rpm/min) 
at 28 ± 1 °C with 70 µmol/m2/s of light intensity by T8 
LED fluorescent lamp. 0.0  g/L (one-stage continuous 
nitrogen-deficiency) and 3.0 g/L KNO3 (one-stage con-
tinuous nitrogen-sufficiency) in Basal media were set 
as control cultures. It was worth noting that all the con-
centrations of KNO3 were added into Basal medium 
from the beginning of cultivation until biomass har-
vest.

2.	 Two-stage batch nitrogen-starvation strategy: 1 mL of 
the pre-cultured seed liquid (approximate 0.1 g/L) was 
inoculated into 100 mL of sterilized Basal media con-
taining the same components as Basal medium used 
for seed liquid and cultured on a reciprocating shaker 
(160 rpm/min) at 28 °C with constant light intensity of 
70  µmol/m2/s (First-stage); In Second-stage, the algal 
cells in stationary phase in First-stage were harvested 
by removal of the residual media and washed with 
sterile deionized water. And then the algal paste cells 
were re-suspended into 100 mL sterilized Basal media 
without supplementation of KNO3. The cultivation was 
performed on a reciprocating shaker (160 rpm/min) at 
28 °C with constant light intensity of 70 µmol/m2/s.

All cultures consist of one-stage continuous nitrogen-
limitation, two-stage batch nitrogen-deficiency, and control 
groups were conducted in three biological duplicates. The 
biomass and the lipid content were determined at 12–24 h 
interval.

Analytical methods

Biomass yield measurement

Algal cells in 3–5 mL culture were harvested by centrifu-
gation at 8000  rpm/min for 20  min and the algal pellets 
were washed several times with distilled water until the 
clarified washing liquid. The wet cells were subsequently 

lyophilized into algal powder to determine the biomass 
yield by the cell dry weight method.

Total lipid content

Up to 20  mg of lyophilized algal powder was accurately 
blended with 0.5 mL of distilled water and disrupted using 
a microwave oven at a high temperature (about 100 °C and 
2450  MHz) for 5  min. Chloroform/methanol (2:1, V/V) 
was then introduced into the mixtures and tempestuously 
shaken by hybrid oscillator for 30  min. The extraction 
procedure was repeated three to five times. All the chloro-
form phases were collected by centrifugation at 8000 rpm/
min for 10 min and evaporated by nitrogen flow. The lipid 
content was calculated by the difference between the two 
weights and was expressed as % of dry cell weight.

Fatty acids analysis

The algal cells used for fatty acid profiles analysis were 
harvested by centrifugation at 8,000  rpm/min for 30  min 
and the algal pellets were lyophilized by a freeze dryer 
(ND-10N, Henan, China). Five milligrams of freeze-dried 
powdered C. subellipsoidea sample was weighed and 
saponification at 85  °C in a thermostated water bath for 
1  h by adding NaOH–CH3OH solution. The boron trif-
luoride–methanol (1:2, V/V) was then added to the saponi-
fied solutions and vortexed for 30  min. 1  mL of hexane 
was used to extract the resulting fatty acid methyl esters 
(FAMEs) for 1  h at room temperature. Subsequently, 
10 μL of 100 μg/mL 2-chloronaphthalene (Tokyo Chemi-
cal Industry, Tokyo, Japan) in hexane was added to 90 μL 
of the upper phase before gas chromatography–mass spec-
trometry (GC–MS) analysis. Samples were analyzed by 
using a gas chromatograph (model 7890A, Agilent Tech-
nologies) equipped with a mass-selective detector (model 
5975C, Agilent Technologies), an autosampler (7683B 
series, Agilent Technologies), a split/splitless injector, an 
injection module, and ChemStation software. A capillary 
column (Agilent DB-23; 30  m × 0.25  mm × 0.25  μm) was 
used. The carrier gas was helium at a flow rate of 1.00 mL/
min; the split ratio was 50:1; the injection volume was 
1.0  μL; the solvent delay time was 2  min; the injection 
temperature was 250 °C; and the flame ionization detector 
(FID) temperature was 270 °C. The initial oven temperature 
was set at 130 °C for 1 min, increased to 200 °C at a rate 
of 5 °C/min, and then held for 7 min. The mass range was 
40–400 Da and data were obtained in full scan mode. Fatty 
acids were identified by autoscan and direct comparison 
of their mass spectral pattern, and the retention index was 
determined with the NIST08.LIB mass spectral database.
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Global metabonomics analysis

50  mg of each freeze-dried sample was separately trans-
ferred into microfuge tubes (Eppendorf, Hamburg, Ger-
many) and then the distilled water and methanol (V/V, 1:1) 
was introduced to the lyophilized samples. The mixtures 
were vortexed for 5 min and sonicated by ultrasonic broken 
instrument (Sonics VCX130, USA) for approximate 1 min 
in ice-water bath. The supernatant was collected separately 
from each sample by centrifugation (13,000  rpm/min) for 
15 min at 4 °C. Totally 700 μL of supernatant for each sam-
ple was evaporated with nitrogen gas and was then used 
for lyophilization at −80  °C. 600  μL of each sample was 
re-dissolved in purified water and vortexed for 1 min. All 
the samples were passed through syringe filters (1.7  cm2) 
with a 0.45 μm pore-size PTFE membrane (Minisart SRP 
15, Sartorius, Germany). Subsequently, 50 μL of trimethyl-
silylpropanesulfonic acid was added into all filtrate and 
vortexed for 1 min. The supernatant was collected by cen-
trifugation (13,000  rpm/min) for 2  min at 4  °C and then 
used for acquisition NMR spectra by using a Bruker AV 
III 600 MHz spectrometer equipped with an inverse cryo-
probe at 25 °C through a total of 32 scans over a period of 
3.5 min. The first increment of a 2D-1H, 1H-NOESY pulse 
sequence was used for the acquisition of 1H-NMR data 
and for suppressing the solvent signal. Spectral analysis 
was done using Chenomx NMR suite software version 8.1. 
(Chenomx Inc., Edmonton, Canada). All the spectra were 
referenced to the internal standard, DSS and analyzed by 
experienced analysts against Chenomx Compound Library.

Results

Effect of different nitrogen manipulation on biomass 
and lipid content of C. subellipsoidea

The biomass and lipid content of C. subellipsoidea sub-
jected to different nitrogen manipulation including two-
stage batch nitrogen-starvation (TBNS), one-stage con-
tinuous nitrogen-limitation (OCNL), nitrogen-deprivation 
(OCND) and nitrogen-sufficiency (OCNS) were illustrated 
in Fig. 1. As schematically depicted in Fig. 1a (TBNS strat-
egy), the cell biomass was gradually increased in First-
Stage and achieved the maximal value by 4.52 g/L at 168 h. 
And then the algal cells growth tended towards stability 
within 168–192 h. Subsequently, the algal cells from first-
stage at 192 h were collected and re-suspended into N-star-
vation medium for the following second-stage cultivation. 
It could be seen that the biomass showed a slight increase 
from 4.52 to 4.68 g/L within initial 12 h of Second-Stage 
cultivation and then decreased from 4.68 to 3.38  g/L in 
the range of 12–72 h of N-starvation induction. Although 

nutrition-sufficiency favored the cell growth, it was use-
less for conspicuous lipid accumulation in algal cells. As 
observed in first-stage of TBNS, the lipid content was only 
11.12–18.13% of dry cell biomass from incipient inocula-
tion 0–192  h (Fig.  1a). In contrast, the lipid content was 
dramatically increased from 19.5 to 50.5% and then slightly 
decreased from 50.5 to 48.8% within 36 h under complete 
N-starvation condition (second-stage). This phenomenon 
has been reported by Allen et  al. (2015), where nitrogen 
stress (i.e. N-starvation) involved significant lipid accumu-
lation in C. subellipsoidea.

OCNL belonging to the category of N-deficiency was 
also employed to probe effects on biomass and lipid content 
of C. subellipsoidea, OCND and OCNS were set as con-
trol groups. As indicated in Fig. 1b, all the biomass showed 
similar trend of first increase and then decrease during the 
whole cultivation process. Actually, N-sufficiency was 
treated as one of the most prominent contribution for the 
biomass accumulation, but the relatively superfluous N 
would disturb the normal catabolism activity thus limit-
ing lipid biosynthesis. This exactly catered to the results 
of this study where the maximal biomass was achieved by 
7.69 g/L under OCNS treatment (control, 3.0 g/L KNO3). 
Whereas the lipid content maintained a relatively sta-
ble low level ranging from 11.12 to 16.51% (Fig.  1c). In 
contrast, the high lipid produced under N-deficiency usu-
ally had detrimental effects on cell growth. As shown in 
OCND group (control, 0 g/L KNO3), the maximal biomass 
(1.95  g/L) was only a quarter of the maximal biomass of 
OCNS (Fig. 1b). And also a slight increase from 11.12 to 
22.34% was observed in OCND-treated cells. Actually, 
N-deficiency herein was quite different from N-deficiency 
in TBNS, in which cells have not experienced nutritional 
cultivation and were not be provided enough exogenous 
energy for lipid synthesis consequently resulted in a low 
level increase. Amongst all OCNL experimental groups, 
OCNL-1.0 g/L KNO3 performed the most remarkable pro-
moting effect on cell growth and the maximum biomass 
was achieved by 5.49 g/L at 192 h. OCNL-0.5 g/L KNO3 
and OCNL-0.75 g/L KNO3 strategies had similar stimula-
tion effects on C. subellipsoidea growth and the maximum 
biomass was 3.75 and 4.28 g/L, respectively. Although the 
biomasses of OCNL groups were less than that of OCNS 
group, the maximal biomass of this strategy representing 
2.05- to 2.69-fold more than that of OCND group (Fig. 1b; 
Table 1). These results indicated that the cells growth rate 
(accumulation of biomass) of C. subellipsoidea greatly 
depended on nitrogen availability in medium. Apart from 
the biomass parameter, another pivotal point affecting bio-
diesel refinery is the lipid content. Different N-limitation 
manipulations caused distinctly different lipid accumula-
tion in C. subellipsoidea. When algal cells were fed with 
OCNL-0.5  g/L KNO3, the lipid content showed dramatic 
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increase with favorable content was 47.21% at 192 h, which 
represented 2.22- to 2.70-fold higher than that of OCND 
and OCNS strategies. Even though the performances of 

using OCNL-0.75 g/L and OCNL-1.0 g/L KNO3 strategies 
in aspect of stimulating lipid accumulation were less better 
than OCNL-0.5 g/L KNO3, the relatively high lipid content 

Fig. 1   Effect of different nitrogen manipulation strategies on biomass 
and lipid content of C. subellipsoidea. a Effects of two-stage batch 
nitrogen-starvation (TBNS) on biomass and lipid content of C. sub-
ellipsoidea. TBNS strategy was performed by two-stage cultivation: 
the algal cells were cultured with nutrition-sufficiency Basal medium 
(1.25 g/L KNO3) to obtain favorable biomass in first stage; the algal 
cells in first-stage were collected and re-suspended into fresh nitro-
gen-starvation Basal medium (0.0 g/L instead of 1.25 g/L KNO3) to 

induce lipid accumulation in second-stage. b and c Effects of one-
stage continuous nitrogen-limitation (OCNL) on biomass and lipid 
content of C. subellipsoidea. The algal cells were inoculated into 
nitrogen-limitation Basal medium supplied with 0.5, 0.75, 1.0 g/L of 
KNO3. One-stage continuous nitrogen-deprivation (OCND, 0.0  g/L 
KNO3) and continuous nitrogen-sufficiency (OCNS, 3.0  g/L KNO3) 
were set as control groups. Data were shown as mean values of three 
independent biological replicates (n = 3)

Table 1   Comparisons of different nitrogen manipulation for biomass and lipid production of Coccomyxa subellipsoidea 

The total lipid productivity was calculated when the biomass and lipid content reached its highest value. TBNS, OCNL, OCND, OCNS were 
abbreviations of two-stage batch nitrogen-starvation, one-stage continuous nitrogen-limitation, one-stage continuous nitrogen-deprivation and 
one-stage continuous nitrogen-sufficiency, respectively

Biological indicators TBNS OCNL OCNS (control) OCND (control)

First-stage 
(1.25 g/L KNO3)
Second-stage 
(0.0 g/L KNO3)

0.5 g/L KNO3 0.75 g/L KNO3 1.0 g/L KNO3 3.0 g/L KNO3 0.0 g/L KNO3

Biomass (g/L) 3.5 3.75 4.28 5.49 7.39 1.95
Lipid content (%) 50.5 47.21 43.81 40.21 16.51 22.34
Total lipid productivity 

(mg/L/day)
186.05 186.35 197.38 232.37 128.43 45.85
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of 40.81 and 35.21% were also achieved at 192 h, respec-
tively. These results strongly implied that N-limitation con-
centrations has a positive co-relation with the intracellular 
lipid content.

Actually, the lipid productivity controlled by both of 
biomass and lipid content was really crucial for economic-
feasibility of microalgae-based biofuels production. The 
lipid productivity of C. subellipsoidea by different nitrogen 
manipulation were listed in Table 1. As shown in Table 1, 
all OCNL strategies performed better than TBNS and con-
trol groups in terms of achieving the high lipid productiv-
ity (Table  1). Particularly, OCNL-1.0  g/L KNO3 showed 
the greatest superiority with the maximal lipid productivity 
was 232.37 mg/L/day, representing 1.25-fold and 1.81-fold 
more than TBNS and OCNS and even as much as 5.06-fold 

more than that of OCND strategy (Table 1). Based on the 
elaborations, OCNL might be a feasible way for algal lipid 
productivity on a commercial scale and deserved further 
exploration.

Fatty acid profiles of C. subellipsoidea cells treated 
with different nitrogen manipulation

The fatty acid profiles including carbon chain length and 
unsaturation degree of C. subellipsoidea cells treated 
with different nitrogen manipulation (i.e. TBNS, OCNL, 
OCNS, and OCND) were summarized in Table  2. The 
results demonstrated that no distinct difference in fatty 
acid profiles was observed in all nitrogen manipulation 
cultures, being mainly composed of C16 and C18 fatty 

Table 2   Fatty acid compositions of Coccomyxa subellipsoidea cells treated with different nitrogen manipulation

a The notation in the form of CX:Y, where X is the carbon number of the fatty acid chain and Y is the number of double bonds. TFA and RT 
were the abbreviations of total fatty acid and retention time. The abbreviations of various nitrogen manipulation were consistent with the foot-
notes of Table 1. SFAs, MUFAs, and PUFAs indicated the saturated fatty acids, monounsaturated fatty acids, and polyunsaturated fatty acids, 
respectively. The fatty acid compositions and contents were analyzed when the algal biomass achieved the highest lipid productivity. Data are 
shown as the mean ± standard deviation (SD) values for three independent biological replicates (n = 3). The attached list showed the variation of 
fatty acids in OCNL-1.0 g/L KNO3-treated C. subellipsoidea cells at different growth stages, which would be used for "Discussion" section

CX:Ya Fatty acid compo-
nents

RT Relative content (%)

OCND (control) OCNS (control) TBNS OCNL-0.5 g/L 
KNO3

OCNL-0.75 g/L 
KNO3

OCNL-0.1 g/L 
KNO3

C16:0 Palmitic acid 19.34 14.33 ± 1.13 16.74 ± 1.06 15.69 ± 1.13 17.39 ± 1.12 17.22 ± 1.16 18.88 ± 1.11
C18:0 Octadecanoic acid 24.71 2.87 ± 0.03 2.43 ± 0.02 2.76 ± 0.01 2.32 ± 0.03 1.71 ± 0.02 1.96 ± 0.01
C18:1 Oleic acid 25.30 14.09 ± 1.22 16.73 ± 1.22 16.03 ± 1.20 32.24 ± 1.02 34.11 ± 1.22 42.13 ± 1.02
C16:2 Hexadecadienoic 

acid
20.74 4.22 ± 0.07 3.89 ± 0.04 4.05 ± 0.03 3.19 ± 0.05 3.16 ± 0.03 2.64 ± 0.06

C16:3 Hexadecatrienoic 
acid

22.45 3.57 ± 0.02 2.82 ± 0.06 3.13 ± 0.05 2.58 ± 0.02 2.33 ± 0.01 0.94 ± 0.04

C18:2 Linoleic acid 26.88 15.44 ± 0.11 16.06 ± 0.20 15.88 ± 0.21 16.19 ± 0.23 16.62 ± 0.21 17.06 ± 0.35
C18:3 Linolenic acid 29.43 13.78 ± 0.03 12.17 ± 0.05 12.88 ± 0.03 10.77 ± 0.03 10.90 ± 0.04 7.44 ± 0.06

ΣSFAs 17.20 ± 0.13 19.17 ± 0.11 18.45 ± 0.13 19.71 ± 0.13 18.93 ± 0.18 20.84 ± 0.15
ΣMUFAs 14.09 ± 1.22 16.73 ± 1.11 16.03 ± 1.21 32.24 ± 1.22 34.11 ± 1.20 42.13 ± 1.09
ΣSFAs+MUFAs 31.29 ± 2.20 35.90 ± 1.89 34.48 ± 1.78 51.95 ± 3.21 53.04 ± 3.28 62.97 ± 3.47
ΣPUFAs 37.01 ± 0.03 34.94 ± 0.03 35.94 ± 0.06 32.73 ± 0.03 33.01 ± 0.09 28.08 ± 0.07
ΣTFA 68.30 ± 1.02 70.84 ± 1.11 70.42 ± 1.15 84.68 ± 1.32 86.05 ± 1.12 91.05 ± 1.08
Unidentified 31.70 ± 0.22 29.16 ± 0.44 29.58 ± 0.21 15.32 ± 0.33 13.95 ± 0.14 8.95 ± 0.11

The variations of fatty acids in OCNL-1.0 g/L KNO3-treated C. subellipsoidea cells at different growth stages

CX:Ya Fatty acid components Relative content (%)

144 h 192 h 216 h

C16:0 Palmitic acid 19.35 ± 1.02 18.88 ± 1.11 16.76 ± 0.95
C18:0 Octadecanoic acid 1.33 ± 0.01 1.96 ± 0.01 1.85 ± 0.02
C18:1 Oleic acid 24.28 ± 0.62 42.13 ± 1.02 31.12 ± 1.02
C16:2 Hexadecadienoic acid 5.06 ± 0.02 2.64 ± 0.06 1.18 ± 0.02
C16:3 Hexadecatrienoic acid 2.00 ± 0.01 0.94 ± 0.04 0.62 ± 0.01
C18:2 Linoleic acid 10.54 ± 0.28 17.06 ± 0.35 16.84 ± 0.11
C18:3 Linolenic acid 6.48 ± 0.06 7.44 ± 0.06 7.32 ± 0.21
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acids. This was consistent with the previous reports 
where the similar fatty acid profiles were detected in 
C. subellipsoidea and the same genus C. vulgaris cells 
(Hultberg et al. 2014; Allen et al. 2015). These detected 
fatty acid compositions were also extremely similar to 
plant fatty acid components, which indicated the poten-
tial of C. subellipsoidea as an ideal biodiesel feedstock. 
However, as listed in Table  2, the proportion of indi-
vidual fatty acid was distinctively different amongst 
different nitrogen manipulation strategies. The domi-
nant FAs in OCND-treated cells (control) were palmitic 
acid (C16:0, 14.33%), oleic acid (C18:1, 14.09%), lin-
oleic acid (C18:2, 15.44%), and linolenic acid (C18:3, 
13.78%). And the summation of SFAs and MUFAs was 
present as 31.29%, which was less than the proportion of 
PUFAs (37.01%). In OCNS- and TBNS-treated cells, the 
proportions of the main C16:0, C18:1, C18:2, and C18:3 
showed slight increases in comparison with OCND con-
trol, accounting for 16.74 and 15.69%, 16.73 and 16.03%, 
16.06 and 15.88%, 12.17 and 12.88%, respectively. The 
PUFAs were reduced and the current percentages of 
PUFAs (35.94 and 34.94%) closed to the summation 
of SFA and MUFA (35.90 and 34.48%) in OCNS and 
TBNS. As for OCNL strategies, C16:0, C18:1, and C18:2 
were significantly increased as well as C18:3 showed 
slight decrease in comparison with controls and TBNS. 
The content of C18:3 (7.44–10.90%) easily complied 
with the specifications established by ASTM D-6751 
and EN 14214 related to biodiesel quality. It was worth 
noting that C18:1 showed great fluctuation by different 
nitrogen manipulation. It was especially rich in OCNL-
0.1  g/L KNO3 treated cells by occupying approximate 
42.13% of total FAs, which was 1.24- to 2.99-fold more 
than that of controls, TBNS, and other OCNL strate-
gies. In fact, algal lipids containing high oleic acid usu-
ally provide the greater stability for biodiesel produc-
tion. Moreover, the summation of SFA and MUFA was 
higher than the PUFAs in all OCNL strategies. Espe-
cially, the percentages of SFAs and MUFAs dominated, 
accounting for 62.97% in OCNL-0.1  g/L KNO3 treated 
cells, which was far more than the proportion of PUFA 
(28.08%). Correspondingly, the summation of SFAs and 
MUFAs (51.95% and 53.04%) in OCNL-0.5  g/L KNO3 
and OCNL-0.75  g/L KNO3 treated cells also exceeded 
the total contents of PUFAs (32.73 and 33.01%), respec-
tively. Whereas such high content of SFAs and MUFAs 
over PUFAs in algal cells could endow superior oxidation 
stability and lower viscosity properties for algae-based 
biodiesel (Knothe 2014). Taken together, the aforemen-
tioned results are encouraging and then again imply the 
great potential of OCNL strategy to produce desired FAs 
for sustainable biodiesel production.

Effect of nitrogen manipulation strategy 
on intracellular metabolites of C. subellipsoidea

The above elaborations (“Effect of different nitrogen 
manipulation on biomass and lipid content of C. subel-
lipsoidea” and “Fatty acid profiles of C. subellipsoidea 
cells treated with different nitrogen manipulation”) clearly 
indicated the best performance with regard to augment-
ing lipid productivity by C. subellipsoidea when one-step 
continuous N-limitation (OCNL-0.1 g/L KNO3) worked. In 
order to expand the potential applications of OCNL strat-
egy in other algae system, NMR-based metabolomics was 
employed to investigate the changes of metabolites related 
to lipid synthesis in C. subellipsoidea. A total of 45 dif-
ferently expressed hydro-soluble small molecules metabo-
lites, including 22 amino acids and derivatives, six amines 
and ammoniums compounds, eight organic acids, seven 
nucleic acid components, and two others compounds were 
identified and quantified in OCNL-treated cells (Table 3). 
These 45 metabolites were classified into carbohydrate 
metabolism, amino acid metabolism, pyruvate and TCA 
metabolism, lipid metabolism, methane metabolism, urea 
cycle, purine metabolism, and other unknown metabolic 
activities. Further, multivariate statistical analysis includ-
ing principal component analysis (PCA) and partial least 
square-discriminant analysis (PLS-DA) was performed 
to characterize the significant differences of metabolites 
in OCNL-treated cells at three time points (144, 192, and 
216  h) (Fig.  2a–c). Both analysis models were well con-
structed with excellent fit and satisfactory predictive abil-
ity (Q2 = 0.988, R2 = 0.957). The unsupervised clustering 
method PCA was used to identify and rank major compo-
nents of variance within the three data sets. As indicated in 
Fig. 3a, samples in different OCNL treatment time points 
(144, 192, and 216 h) were separated clearly on the PCA 
score plot. The first principal component (PC1) accounted 
for 74.2% of the total variance among the three experi-
mental groups. A PCA plot of PC1 vs. PC2 (two compo-
nents account for 91.0% of the variance) clearly separates 
the three group samples treated with OCNL. And most 
individual biological replicate samples (three replicates 
for each time point) tended to be clustered together, which 
demonstrated an overall good reproducibility. These results 
indicated that the metabolic profiles of OCNL-treated cells 
differ significantly at three time points. The supervised 
clustering PLS analysis results further supported such 
intriguing discrepancy (Fig.  2b). Meanwhile, principal 
components in the VIP maps were selected as differential 
signals according to variables with VIP >1. As shown in 
Fig.  2c, there were six metabolites with VIP value >1 in 
the VIP plot, including sucrose, lactate, glutamate, proline, 
sn-Glycero-3-phosphocholine, and valine. To further shed 
light on the potential relations between these metabolites 
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Table 3   Global metabolites in C. subellipsoidea cells treated with OCNL strategy

Classificationa Componentb Formulac Biological function Metabolite concentration (mg/g)d

144 h 192 h 216 h

Amines Ethanolamine C2H7NO Lipid metabolism 1.9000 ± 0.1209 1.0780 ± 0.0124 0.493 ± 0.0116
Methylguanidine C2H7N3 Unknown 0.0140 ± 0.0061 0.0311 ± 0.0113 0.0365 ± 0.0147
Trimethylamine C3H9N Methane metabolism 0.0041 ± 0.0003 0.0042 ± 0.0007 0.0039 ± 0.0002

Amino acid Aminobutyrate C4H9NO2 Amino acid metabolism 0.1944 ± 0.0556 ND ND
Aminolevulinate C5H9NO3 Amino acid metabolism 0.0856 ± 0.0079 ND ND
Alanine C3H7NO2 Amino acid metabolism 2.9480 ± 0.1684 1.684 ± 0.0808 1.3500 ± 0.0770
Arginine C6H14N4O2 Urea Cycle 0.1559 ± 0.0045 0.1137 ± 0.0414 0.0951 ± 0.0341
Asparagine C4H8N2O3 Amino acid metabolism 0.1946 ± 0.0194 0.1221 ± 0.0178 0.1092 ± 0.0208
Aspartate C4H7NO4 Amino acid metabolism 0.1436 ± 0.0129 0.1553 ± 0.0283 0.3390 ± 0.0203
Glutamate C5H9NO4 Amino acid metabolism 7.4740 ± 0.4968 8.4230 ± 0.6090 9.108 ± 0.0973
Glutamine C5H10N2O3 Amino acid metabolism 0.0844 ± 0.0090 0.0448 ± 0.0135 0.0653 ± 0.0035
Glycine C2H5NO2 Amino acid metabolism 0.1086 ± 0.0210 0.1431 ± 0.0167 0.1377 ± 0.0109
Histidine C6H9N3O2 Amino acid metabolism 0.0228 ± 0.0016 0.1352 ± 0.0144 0.1249 ± 0.0181
Isoleucine C6H13NO2 Amino acid metabolism 0.1276 ± 0.0060 0.1196 ± 0.0122 0.0513 ± 0.0047
Leucine C6H13NO2 Amino acid metabolism 0.0844 ± 0.0063 0.1114 ± 0.0122 0.1115 ± 0.0145
Lysine C6H14N2O2 Amino acid metabolism 0.3749 ± 0.0446 0.3141 ± 0.0190 0.1693 ± 0.0066
Methionine C5H11NO2S Amino acid metabolism 0.0500 ± 0.0073 0.0487 ± 0.0048 0.0170 ± 0.0011
Phenylalanine C9H11NO2 Amino acid metabolism 0.0728 ± 0.0148 0.0365 ± 0.0028 0.0228 ± 0.0148
Proline C5H9NO2 Amino acid metabolism 0.1434 ± 0.0204 0.2538 ± 0.0169 0.5323 ± 0.0376
Serine C3H7NO3 Amino acid metabolism 0.9008 ± 0.0075 0.7310 ± 0.0349 0.6867 ± 0.0542
Threonine C4H9NO3 Amino acid metabolism 0.3284 ± 0.0293 0.2627 ± 0.0482 0.2426 ± 0.0166
Tryptophan C11H12N2O2 Amino acid metabolism 0.0147 ± 0.0034 0.0315 ± 0.0030 0.0384 ± 0.0103
Tyrosine C9H11NO3 Amino acid metabolism 0.2286 ± 0.0034 0.1865 ± 0.0034 0.1775 ± 0.0177
Valine C5H11NO2 Amino acid metabolism 0.3112 ± 0.0191 0.4804 ± 0.0239 0.5495 ± 0.0075
β-Alanine C3H7NO2 Amino acid metabolism 1.0342 ± 0.1013 0.3320 ± 0.0200 0.2121 ± 0.0253

Ammoniums compounds Choline C5H14NO Lipid metabolism 0.6800 ± 0.0011 0.5200 ± 0.0006 0.1300 ± 0.0039
Phosphocholine C5H15NO4P Lipid metabolism 0.1469 ± 0.0080 0.1344 ± 0.0070 0.0103 ± 0.0008
sn-Glycero-3-p C8H21NO6P Lipid metabolism 0.0692 ± 0.0031 0.2208 ± 0.0223 0.4211 ± 0.0064

Ketones Acetoin C4H8O2 Unknown ND ND 0.0002 ± 0.0001
Nucleic acid components AMP C10H14N5O7P Purine metabolism 0.4758 ± 0.0038 0.5767 ± 0.0442 0.3728 ± 0.0191

Inosine C10H12N4O5 Purine metabolism 0.0190 ± 0.0049 0.0199 ± 0.0064 0.0153 ± 0.0054
NAD+ C21H28N7O14P2 Energy metabolism 0.6459 ± 0.0167 0.6788 ± 0.0605 0.7021 ± 0.0248
NADP+ C21H28N7O17P3 Energy metabolism 0.0612 ± 0.0054 0.0963 ± 0.0167 0.1184 ± 0.0139
UDP-galactose C15H24N2O17P2 Carbohydrate metabo-

lism
0.2944 ± 0.0079 0.2505 ± 0.0434 0.2600 ± 0.0448

UDP-glucose C15H24N2O17P2 Carbohydrate metabo-
lism

0.4830 ± 0.0448 0.4111 ± 0.0587 0.40381 ± 0.0335

UMP C9H13N2O9P Purine metabolism 0.0787 ± 0.0110 0.0461 ± 0.0052 0.0578 ± 0.0219
Organic acids 2-Oxoglutarate C5H6O5 Pyruvate and TCA 

metabolism
0.1455 ± 0.0422 0.1162 ± 0.0034 0.0800 ± 0.0081

Acetate C2H4O2 Pyruvate and TCA 
metabolism

0.0740 ± 0.0027 0.0336 ± 0.0037 0.0301 ± 0.0061

Formate CH2O2 Pyruvate and TCA 
metabolism

0.0079 ± 0.0023 0.0108 ± 0.0006 0.0102 ± 0.0017

Fumarate C4H4O4 Pyruvate and TCA 
metabolism

0.0714 ± 0.0026 0.0303 ± 0.0031 0.00519 ± 0.00024

Lactate C3H6O3 Pyruvate and TCA 
metabolism

4.150 ± 0.3069 1.224 ± 0.1094 0.6841 ± 0.0959

Malate C4H6O5 Pyruvate and TCA 
metabolism

0.5248 ± 0.0598 0.3460 ± 0.0055 0.2074 ± 0.0298
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and lipids biosynthesis, the biochemical pathway embrac-
ing most of detected metabolites, lipids, and fatty acids 
was mapped in Fig. 3. The information of metabolites were 
summarized in Table 3.

Discussion

It was widely accepted that nitrogen was one of the most 
fundamental and crucial ingredient in determining meta-
bolic growth, photosynthetic rate and biochemical com-
positions (e.g. glycolipids, fatty acids, nucleic acids, and 
amino acids) of microorganisms, including microalgae 
(Wang et  al. 2016). Furthermore, nitrogen has a positive 
role in generating and transforming metabolic energy in 
the form of ATP or NADPH, which were important driv-
ing forces for promoting the accumulation of metabolites 
in plants (Coruzzi and Bush 2001). Therefore, nitrogen 
received special attention when using unfavorable environ-
mental factors to stimulate lipid accumulation in micro-
algae. One-stage continuous N-sufficiency (OCNS) or 
N-deficiency (OCND) might be the most inceptive nitrogen 
manipulation strategies used for microalgae and performed 
remarkable promoting effect on cell metabolic growth or 
lipid biosynthesis. However, the high-density cells pro-
duced under OCNS usually accompanied by the depressed 
lipid content consequently lower overall lipid productiv-
ity. And also OCND had detrimental effects on cell growth 
since N-deficiency could not satisfy the nutritional require-
ment to make microalgae slow down even cease cell divi-
sion (Benavente et  al. 2016). Therefore, some investi-
gations had been attempted to enhance the overall lipid 
productivity under N-deficiency condition with modulation 
and/or supplementation of other nutrients for synergistic 
effects. A traditional two-stage batch N-starvation (TBNS) 
strategy was proposed to enhance the overall lipid produc-
tivity by inceptive nutrient-sufficient medium to maximize 

cell biomass followed lipid accumulation by N-deficiency 
(Klok et al. 2014). Reflecting upon the vast majority of sci-
entific publications on lipid accumulation, TBNS manipu-
lation achieved the relatively high lipid productivity by 
many microalgae species like Chlorella, Scenedesmus and 
Desmodesmus species (Mujtaba et  al. 2012; Pancha et  al. 
2014; Rios et al. 2015). Actually, this TBNS strategy was 
also available in C. subellipsoidea, which was supported 
by the lipid productivity of 186.05 mg/L/day in this study, 
representing 1.45- and 4.06- fold more than that of OCNS 
and OCND. However, such nitrogen manipulation process 
usually involved higher capital cost, additional harvesting 
and medium requirement due to discontinuous phase cul-
tivation (Klok et  al. 2014). Subsequently, one-stage con-
tinuous nitrogen-limitation (OCNL) emerged as a potential 
strategy by merging the positive aspects of N-deficiency 
(inhibiting cell growth) and nutrition-sufficiency (limiting 
lipid formation) to create the optimal conditions by regulat-
ing nitrogen concentration in medium for lipid productiv-
ity. Pancha et al. (2014) has reported the advantage of flex-
ible in adjusting the N-limitation concentrations to promote 
the opportunities of accumulating tailor-made biomass 
compositions, such as protein, carbohydrate, and chloro-
phyll. Interestingly, in this study, OCNL-treatment further 
augmented lipid production of C. subellipsoidea with the 
favorable productivity was 232.37  mg/L/day, representing 
1.25-fold more than the traditional TBNS strategy. These 
results strongly implied the potential of OCNL nitrogen 
manipulation strategy in augmenting lipid productivity of 
C. subellipsoidea.

Apart from the lipid productivity per unit mass of cells, 
the fatty acid compositions in lipids was also crucial fac-
tor if it was used for high-quality biodiesel production. 
Because biodiesel properties (i.e. oxidative stability, cold 
flow, and viscosity) were greatly dependent on the fatty 
acid compositions and the predominant components of 
high-quality biodiesel should be short-chain fatty acids 

Metabolites aclassification and bidentification were based on Chenomx Database; cFormula of each metabolite was from CAS Registry; dMetabo-
lites concentration was calculated by the following reduction formula: C (mg/g) = C0 × V0 × M/m, where C0 was the metabolite concentration 
in NMR data format (mmol/L), V0 was the liquid volume of the extracted metabolites (L), M represented the molar mass of each metabolite (g/
mol), and m indicated the weight of each sample (g). Extraction and analysis procedure of the metabolites were described in detail in "Analyti-
cal methods" Global metabolites analysis. The average metabolites concentration data are shown as the mean ± SD values for three independent 
biological replicates. ND indicated that the metabolite was not detected

Table 3   (continued)

Classificationa Componentb Formulac Biological function Metabolite concentration (mg/g)d

144 h 192 h 216 h

Methylmalonate C4H6O4 Purine metabolism ND 0.0088 ± 0.0017 0.0093 ± 0.0016
Succinate C4H6O4 Pyruvate and TCA 

metabolism
0.4096 ± 0.0486 0.2869 ± 0.0286 0.1324 ± 0.0102

Sugars Sucrose C12H22O11 Carbohydrate metabo-
lism

40.29 ± 2.179 22.44 ± 2.295 21.55 ± 2.372



	 World J Microbiol Biotechnol (2017) 33:160

1 3

160  Page 10 of 13

containing 14–18 carbon atoms (Knothe 2014; Lee et  al. 
2014). From this point of view biodiesel from C. subellip-
soidea seemed to fulfil the requirements since the high per-
centage of C16–C18 fatty acids that constituted triacylglyc-
erols were detected in cells. Actually, the lipids dominated 
by SFAs and MUFAs were favorable for oxidative stabil-
ity, combustion-related properties, and cold-flow property. 
Although lipids rich in PUFAs had excellent performance 
on solidify property of biofuels, the abundant highly-unsat-
urated fatty acids was more susceptible to oxidation. Many 
previous reports indicated that a high yield of SFAs (e.g. 
C16:0 and C18:0) along with MUFAs (e.g. C18:1) could 

endow the oxidation stability and cold-flow property for 
algae-based biofuels (Praveenkumar et al. 2012; Lee et al. 
2014). In this study, the most valuable finding was that 
the summation of SFAs and MUFA (51.95–62.97%) in 
OCNL-treated C. subellipsoidea cells was just higher than 
the content of PUFAs (28.08–32.73%). OCNL-1.0  g/L 
KNO3-treated C. subellipsoidea cells especially showed 
superiorities in achieving such percentages of fatty acids. 
Whereas the proportions of SFAs and MUFAs in TBNS-
treated and OCNS-treated cells (control) were almost equal 
with individual content of PUFAs and also the SFAs and 
MUFAs contents in OCND-treated cells (control) was far 

Fig. 2   PCA score plot (a), PLS-DA score plot (b), and VIP scores 
(c) of metabolites in C. subellipsoidea cells treated with OCNL at 
three time points (144, 192, and 216 h). Each dot represents one bio-
logical sample in PCA score plot and PLS-DA score plot while the 
same color and shape dots are biological replicates of each time point 
sample. Metabolites were listed from highest to lowest contribution 

to accumulation of lipids in VIP scores figure. Variable importance 
in the projection of Comp.1 (VIP) ranks the contribution of each 
variable to lipids accumulation in OCNL-treated cells. Components 
were selected as significant signals according to variables with VIP 
>1. Abbreviations of some metabolites were adopted in order to show 
clearly
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lesser than the contents of PUFAs. Even the same species 
C. subellipsoidea worked, the summation of the SFAs and 
MUFAs (38.9%) in cells cultured with N-starvation was 
also a gap with the content of PUFAs (60.0%) (Allen et al. 
2015). These elaborations strongly suggested that OCNL 
manipulation not only augmented lipid productivity of C. 
subellipsoidea cells but also produced the most preferable 
fatty acid profiles for the use of C. subellipsoidea as a bio-
fuel resource.

The augmented lipid productivity of C. subellipsoidea 
has been demonstrated by OCNL strategy. However, the 
metabolites related to lipid biosynthesis as well as the inter-
dependence relation of metabolites and lipids under OCNL 
manipulation needed to be discussed to further expand the 
biomass utilization of C. subellipsoidea. As depicted in 

Fig.  3, glycolysis is the metabolic pathway that converts 
glucose into pyruvate with the generation of energy mol-
ecules (i.e. ATP or NADH). In this study, sucrose, UDP-
galactose, and UDP-glucose metabolites were detected in 
OCNL-treated C. subellipsoidea cells (Table 3). The con-
tinual reduction of three metabolites indicated that glycoly-
sis activities might be significantly strengthened since these 
metabolites could be converted to glucose and the accumu-
lated glucose could be integrated into glycolysis. In par-
ticular, sucrose significantly decreased from 40.29 mg/g to 
21.55 mg/g across 72 h of OCNL treatment, which implied 
that sucrose might be an important contributor for glyco-
lysis and had crucial effect on the lipids biosynthesis of C. 
subellipsoidea (Fig.  2; Table  3). This finding was incon-
sistent with the report of Lv et al. (2016), where elevated 

Fig. 3   Simplified scheme of lipids pathway in C. subellipsoidea cells 
with OCNL manipulation. The proposed metabolic pathways were 
based on KEGG database (http://www.kegg.jp). Diagram showing 
the level changes in metabolite abundance at three time points (144, 
192, and 216  h) mapped onto the metabolic network. Y-axis value 
and X-axis represented metabolite concentration and time points. 

The data were expressed as the mean ± SD values for three independ-
ent biological replicates (n = 3), which was consistent with the date 
shown in Table  3. UDP-Glucose, UDP-galactose, G3P, PEP, OAA, 
and α-KG were the abbreviations of uridine diphosphate glucose, 
uridine diphosphate galactose, glyceraldehyde-3-phosphate, phospho-
enolpyruvate, oxaloacetate, and α-ketoglutarate, respectively

http://www.kegg.jp
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level of sucrose was detected when H. pluvialis cells syn-
thesized astaxanthin. Such discrepancy might be due to 
different microalga species with different target products 
(astaxanthin in H. pluvialis; lipids in C. subellipsoidea) to 
result two alga species perform different metabolic behav-
ior. Some other metabolites also provided significant entry 
points into glycolysis pathway. As shown in Table  3 and 
Fig.  3, the down-regulations of lactate and alanine indi-
cated that the two metabolites were effectively converted to 
pyruvate intermediate in glycolysis. Meanwhile, one cho-
line and three choline-containing metabolites (i.e. trimeth-
ylamine, phosphocholine and sn-Glycero-3-p) were also 
detected in OCNL-treated cells. The continual decrease 
of phosphocholine from 0.15 to 0.01  mg/g demonstrated 
that this choline-containing metabolite was effectively 
converted to choline molecule. While accumulated cho-
line had two branches: one is into trimethylamine and the 
other into sn-Glycero-3-p. The relatively constant of tri-
methylamine (from 0.0041 to 0.0039 mg/g) suggested that 
most of choline might be integrated into sn-Glycero-3-p 
branch, which could be seen from the increased concentra-
tion 0.07 to 0.42 mg/g (approximate 6.0-fold). Sn-Glycero-
3-p could be further used to synthesize G-3-P intermediate 
in glycolysis. In light of conversion between choline and 
choline-containing metabolites, sn-Glycero-3-p might be 
as an important contributor for glycolysis pathway (Figs. 2, 
3). Interestingly, the precursors of most detected amino 
acids are exactly the intermediates of glycolysis (Fig.  3). 
For instance, the precursor of serine, threonine, and gly-
cine was G3P; PEP was the precursor of phenylalanine as 
well as pyruvate was the precursor of tyrosine and lysine; 
ethanolamine and alanine could also be interconverted into 
pyruvate. However, most of the amino acids associated 
with intermediates of glycolysis showed continual decrease 
under OCNL treatment. Lee et al. (2014) once reported that 
N-starvation usually lead to a reduction of de novo amino 
acid biosynthesis and increment in fatty acids content. 
Therefore, the decreased levels of amino acids in this study 
might contribute to the accumulation of lipids. In addition, 
the down-regulated ethanolamine metabolite (from 1.90 to 
0.493 mg/g) was also detected in OCNL-treated C. subel-
lipsoidea cells, which also supported pyruvate accumula-
tion and then strengthened glycolysis (Fig. 3).

Pyruvate was further converted into acetyl-CoA, which 
was an important pivot for TCA cycle and other bio-
chemical activities. However, some intermediates such 
as malate, α-KG, succinate, and fumarate existed in TCA 
cycle showed significant reduction in OCNL-treated cells 
(Table 3; Fig. 3). Therefore, it could be inferred that TCA 
cycle was down-regulated to enable more acetyl-CoA from 
pyruvate or acetate into fatty acids pathway (Fig. 3). On the 
other hand, some detected amino acid metabolites could be 
synthesized by intermediates in TCA cycle. For instance, 

asparagine could be synthesized by oxaloacetic acid (OAA) 
as well as α-ketoglutarate was used for glutamate and pro-
line synthesis (Fig.  3). Obviously, C. subellipsoidea cells 
treated with OCNL demonstrated a unique amino acid 
metabolic profile that asparagine was synthesized in lower 
amounts while glutamate and proline showed a high accu-
mulation. Lv et  al. (2016) reported that proline and glu-
tamic acid were common cytoprotective metabolites and 
played important roles in enhancing the stability of cell 
membrane. Therefore, the up-regulations of proline (0.14 to 
0.53 mg/g) and glutamic acid (7.47 to 9.11 mg/g) indicated 
that the two amino acids might be important regulatory fac-
tors to protect C. subellipsoidea cells from nutrition-limita-
tion stress. In addition, OCNL-treated cells produced lower 
amounts of formate and aminobutyrate metabolites, which 
could be converted into fumarate and succinate interme-
diates in TCA cycle (Table 3; Fig. 3). However, the slight 
accumulation of the two intermediates was generally negli-
gible for promoting TCA cycle.

Collectively, the down-regulations of TCA and amino 
acid metabolites response to OCNL manipulation might 
promote most part of energy and acetyl-CoA toward fatty 
acids pathway. As shown in Fig. 3 and Table 2, acetyl-CoA 
flowed into fatty acid pathway to mainly synthesize pal-
mitic acid (C16:0), stearic acid (C18:0), oleic acid (C18:1), 
hexadecadienoic acid (C16:2), hexadecatrienoic acid 
(C16:3), linoleic acid (C18:2), and linolenic acid (C18:3). 
It could be also seen from the attached list data in Table 2 
that C16 fatty acids (i.e. C16:0, C16:2, and C16:3) showed 
successional reduction as well as all C18 fatty acids (i.e. 
C18:0, C18:1, C18:2, and C18:3) firstly increased and then 
decreased at different extent with the cultivation duration 
from 144 to 216  h. Although precise carbon partitioning 
(i.e. acetyl-CoA) into individual fatty acid was still not 
well understood, these results indicated that the reduc-
tion of C16 fatty acids might be mostly used for C18 fatty 
acids biosynthesis, especially C18:1 was increased from 
24.28 to 42.13%. Moreover, C18:2 and C18:3 showed 
increment from 10.54 to 17.06% and 16.48 to 27.32%, 
respectively. Lamers et  al. (2012) reported that oleic acid 
(C18:1) was the main constituent in the formation of lipid 
bodies in microalgae cells. Therefore, it could be inferred 
that the accumulation of C18:1 caused more lipid bodies 
in OCNL-treated C. subellipsoidea cells in this study (data 
not shown).

Conclusion

A preferred OCNL strategy for augmenting lipid productiv-
ity of C. subellipsoidea has been demonstrated. The find-
ings not only promoted the potential of emerging oleagi-
nous model alga C. subellipsoidea for biofuels production, 
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but also might be available in other microalgae culture 
systems for lipids resource by nitrogen manipulation. Fur-
ther, most part of energy and metabolic flux (e.g. acetyl-
CoA) derived from TCA cycle and glycolysis flowed into 
fatty acids pathway to strengthen the proportions of satu-
rated and monounsaturated fatty acids response to OCNL 
manipulation. Although precise carbon partitioning among 
individual fatty acid was still not well understood, the 
information obtained in this study would pave the way for 
promulgating biosynthesis of algal lipids.
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