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Scale-up cultivation enhanced arachidonic acid accumulation
by red microalgae Porphyridium purpureum
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Abstract The present study attempts to cultivate Por-

phyridium purpureum under different scale-up conditions

for further development and commercialization of

microalgae-derived PUFAs such as ARA and EPA. Dif-

ferent temperatures (25, 30, and 35 �C) and light intensities
(70, 165, and 280 lmol/m2s) were applied to the 50 L

pilot-scale cultivation of P. purpureum in ASW. The cul-

tivation under the light intensity of 280 lmol/m2s at 35 �C
obtained biomass concentration up to 9.52 g/L, total fatty

acid content to 56.82 mg/g, and ARA content to 22.29 mg/

g. While the maximum EPA content of 7.00 mg/g was

achieved under the light intensity of 280 lmol/m2s at

25 �C and the highest ratio of UFAs to TFAs of 74.66%

was also obtained in this trial. Both biomass concentration

and TFAs content were improved by increasing light

intensity and temperature. Moreover, the ratio of ARA to

EPA was enhanced by increasing cultivation temperature

under the light intensity of 280 lmol/m2s. In contrast with

flask culture, the conversion of linoleic acid (C18:2) to

ARA was enhanced in scale-up culture, leading to more

ARA content. Phosphate limitation enhanced the synthesis

of lipid and LPUFAs. Moreover, the biomass concentration

and biosynthesis of palmitic acid were preferred by suffi-

cient C (NaHCO3).
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Introduction

Microalgae are acknowledged as a kind of promising non-

food biomass for fuel and biochemical production owing to

the high photosynthetic efficiency, by which light, carbon

dioxide, and other inorganic nutrients can be converted to

lipids, vitamins, carbohydrates, proteins, and pigments

[1–3]. In addition, microalgae deserve on-going studies on

account of their high lipid (fatty acid) content, fast growth,

direct carbon dioxide mitigation, and year-round cultivation

over a wide range of habitats including non-arable land [4].

Recently, much devotion and endeavor has been concen-

trated upon the cultivation and application development of

microalgae including biofuel production [5], wastewater

treatment [6, 7], animal feed, and high value-added eatable,

and pharmaceutical substances such as polyunsaturated

fatty acids (PUFAs), proteins, vitamins, and pigments [8].

Porphyridium purpureum, a kind of unicellular red

microalgae, can produce a variety of active substances such

as protein, exopolysaccharides, lipid, and pigments, among

which lipid is composed of abundant unsaturated fatty

acids, especially ARA and EPA [9–11].

Attempts on photobioreactors have been conducted for

scale-up cultivation of different microalgal species. An

attached cultivation mode was designed by Lutzu et al. [12]

for polysaccharides production by P. cruentum, which

provided convenience and feasibility for algal harvesting.

A carrier model was set up by Wang et al. [13] for high-

density cultivation of P. cruentum in a 42 L internal airlift

loop photobioreactor. Androga et al. [14] explored the

dynamic modeling of temperature change in outdoor

operating tubular photobioreactors. Clarence et al. [15]

reported the effect of conditions such as temperature,

detention period, light intensity, and salinity on the growth

rate and overall light energy conversion efficiency of P.

cruentum. There also went a report on the daily cyclic

variation of oxygen generation rates, carbon consumption

rates, photosynthetic activities, growth rates, and bio-

chemical composition of the biomass in a pilot plant con-

tinuous outdoor cultivation of P. cruentum [16]. Both light

regime and photosynthetic efficiency were analyzed in

characteristic examples of the state-of-the-art pilot-scale

photobioreactors and productivity in this study was deter-

mined by the light regime inside the bioreactors [17]. Singh

et al. [18] set up a process of outdoor mass cultures of

Porphyridium sp. in flat plate glass reactors, in which cells

constantly secreted some amorphous mucilaginous mate-

rials that form a capsule around themselves. This

Stock culture Up-scaling culture Algae powder

Total lipid Total fa�y acids 
(FAMEs)

Arachidonic Acid Methyl Ester ARA
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phenomenon made the cells masses together and adheres

easily on the wall of vessels, which prevents further growth

of algal cells [19, 20].

Studies focused on design of photobioreactors, however,

little information was discovered about the effect of light,

temperature, and nutrition on the scale-up culture of the red

algae P. purpureum. The present study attempted to culti-

vate the red microalgae P. purpureum under different

conditions for further contribution to the development and

commercialization of microalgae-derived PUFAs such as

ARA and EPA. The influence of nutrients (sodium bicar-

bonate and phosphate) on the yields of TFAs, ARA, and

EPA was also investigated and presented.

Materials and methods

Microalgal cultivation

Microalgae P. purpureum CoE1 applied in the present

study was screened and maintained by the authors’

research group. Prior to the scale-up cultivation, this algal

species was prepared by shake flask cultivation.

All the chemicals (analytical reagents grade) were pur-

chased from Sinopharm Chemical Reagent Co. Ltd.

(Shanghai, China) and fatty acid methyl ester standards

from Sigma-Aldrich Inc. The cells grew in the artificial sea

water medium (ASW) [21]. Stock culture was maintained

in the above medium under the condition of light intensity

of 165 lmol/m2s (24 h/day), temperature of 25 ± 0.5 �C,
and aeration rate of 3 L/min (24 h/day).

Porphyridium purpureum was cultivated in

100 9 50 9 50 cm photoreactor (total volume of 250 L)

within 50 L ASW under the pre-set light intensity and

culture temperature. Aeration was supplied by bubble

stone placed in the bottom of the pool, which was

connected to an air pump with an aeration rate of 300

L/min. The inoculum size was 20%. To avoid the foam

phenomenon, 10 g defoamer (LG-601) was added to the

medium, which could be removed by biomass washing.

Each cultivation run with different conditions was con-

ducted with two replications. The experiment under

different light intensities (70, 165, and 280 lmol/m2s)

and temperature (25, 30, and 35 �C) was set as 70-25,

165-25, 280-25, etc. for short.

Growth analysis

The algal biomass concentration was determined by a

correlation between the absorbance at 680 nm with a

Shimadzu UV-1750 spectrophotometer and dry weight of

biomass [biomass concentration (g/L) = 1.6711 OD680nm

0.0831, R2 = 0.999]. This calibration curve was obtained

from the dry biomass weight determined by weighing the

cells after washing for two times with distilled water

followed by drying in an 80 �C oven overnight until a

constant weight was achieved. In addition, the biomass

concentration was also determined by dry weight method

(centrifugation and lyophilization) for reference.

Lipid extraction

Compared with various lipid extraction methods [22],

lipid extraction in this study was performed using a

modified Folch method, employing a 2:1 chloroform/

methanol (v/v) extraction at 35 �C using an ultrasonic

bath for 45 min [23, 24]. Freeze-dried algal cells of

0.1 g were treated with 5 mL of solvent mixture. After

sonication, 1.7 mL of water was added to the samples,

centrifuged at 6000 rpm for 10 min, and the lipid con-

tained in chloroform layer was recovered. The procedure

was repeated with fresh chloroform until the chloroform

phase was almost transparent and colorless. Subse-

quently, the chloroform layers were collected, distilled

and the crude lipid was blow-dried under nitrogen at

60 �C for subsequent analysis. The lipid was finally

quantified gravimetrically and the content was calculated

by the following equation:

Total lipid content ð%Þ ¼ Total lipid weight ðgÞ
Algae power weight ðgÞ
� 100%:

Fatty acid analysis

The lipid collected above was esterified in 1 mol/L KOH–

CH3OH solvent at 70 �C for 40 min, and simultaneously,

the fatty acid methyl esters (FAMEs) generated were

extracted with hexane. The qualitative and quantitative

analysis of FAMEs was conducted with a Thermofisher

Trace 1300 ISQ LT GC–MS instrument with a TR-5MS

column (30.0 m 9 250 lm 9 0.25 lm). The following

temperature program was used in the analysis: 313 K

(1 min)—20 K/min—503 K (1 min)—3 K/min—543 K

(2 min). The carrier gas wasHewith a flow rate of 60.0 mL/

min and the split ratio was 1:50. The mass spectrometer

contained electron impact ionization (EI) with an electron

energy of 70 eV and an emission current of 25 lA. The
amount of FAMEswasmeasured using an external standard

method and was calculated as below:

Fattyacidcontent ðmg=gÞ¼ Fattyacidweight ðmgÞ
Algaepowerweight ðgÞ;

Fattyacidyeildðmg=LÞ¼ Fattyacidcontent ðmg=gÞ
�biomassconcentrationðg=LÞ:
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Results and discussion

Effect of light intensity and temperature on biomass

production and total lipid accumulation

The effect of light intensity on biomass was investigated at

25 �C under light intensity of 70, 165, and 280 lmol/m2s

(Fig. 1). Once the cells were cultivated under the conditions

of temperature of 25 �C and light intensity of 70 lmol/m2s,

decrease of the biomass concentration from the 4th to 6th

days occurred, namely, 2.46 g/L in the 4th day dropped to

1.00 g/L in the 6th day. It was steady in the value of

1.1–1.3 g/L until harvested. Presumably, the cells could not

grow smoothly under extremely low light intensity. While

the biomass accumulated gradually under the 165-25 case

and it shared a rapid growth after inoculation under the

280-25 case. Finally, the biomass concentrations of the two

cases were up to 5.73 and 6.05 g/L, respectively. Though

there was a tiny difference in biomass concentration of the

two cases, the 165-25 case took a long period to the stationary

phase. Obviously, the cells began an exponential growth

without detention and then entered the stationary phase after

a constant growth process in the 280-30 and 280-35 cases.

The biomass concentrations of the two cases above were

enhanced to 7.86 and 9.52 g/L, respectively. It was worth

mentioning that the biomass harvested in the 165-30 case

was almost the same as that in the 280-25 case.

Overall, the algal biomass accumulation started to

behave differently after inoculation and almost stopped on

the 18th day in all cases (Fig. 1). The maximum biomass

concentration of 9.52 g/L was obtained in the 280-35 case,

suggesting that light intensity and temperature showed

significant impact on the growth of P. purpureum [25–27].

In brief, moderately high light intensity temperature made

for the rapid growth of P. purpureum. Meanwhile, light and

temperature of a middle level prolonged the growth period

with a lag phase. P. purpureum, a kind of autotrophic

microalgae, could synthesize and accumulate chemicals by

photosynthesis, which was affected and regulated by light

intensity, temperature, CO2 and other conditions. Light was

absorbed by the cells in the form of photons, so algal cell

growth was promoted by moderately high light intensity. In

addition, temperature mainly affected enzyme activity and

ATP synthesis process, and perhaps, the enzyme activity

was enhanced by properly high temperature.

The lipid contents of P. purpureum obtained in different

cultivation conditions are concluded in Fig. 2. In general,

the lipid accumulation declined markedly with the increase

of light intensity and temperature. A highest lipid content

of nearly 15 wt% of biomass was received in ASW under

the lowest light intensity (70 lmol/m2s) and temperature

(25 �C). It was assumed that excessive photo-assimilates

could be stored in the form of proteins and polysaccharides

by converting the excess light to chemical energy as an

approach to avoid photo-oxidative damage [28, 29]. Fur-

thermore, based on the following fatty acid analysis, the

cells were apt to synthesize more neutral lipid to maintain

basic life activities under low light and preferred to accu-

mulate more functional lipid especially phospholipid under

high light.

Fig. 1 Biomass concentration of P. purpureum under different light

intensities and temperatures: (violet closed squares) 70 lmol/m2s,

25 �C; (dark cyan closed circles) 165 lmol/m2s, 25 �C; (pink closed

rhombuses) 280 lmol/m2s, 25 �C; (blue closed five-pointed stars)

165 lmol/m2s, 30 �C; (olive closed up-triangulars) 280 lmol/m2s,

30 �C; (orange closed positive pentagons) 280 lmol/m2s, 35 �C.
Cultivation conditions: pH 7.6, 300 L/min rate of sterile air

Fig. 2 Lipid content of P. purpureum under different light intensities

and temperatures: (violet column) 70 lmol/m2s, 25 �C; (cyan

column) 165 lmol/m2s, 25 �C; (LT magenta column) 280 lmol/

m2s, 25 �C; (yellow column) 165 lmol/m2s, 30 �C; (green column)

280 lmol/m2s, 30 �C; (orange column) 280 lmol/m2s, 35 �C. Cul-
tivation conditions: pH 7.6, 300 L/min rate of sterile air
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Fig. 3 Fatty acid content of P. purpureum under different light

intensities and various temperatures: (orange columns) C16:0; (green

columns) C18:2; (violet columns) C18:1; (yellow columns) C18:0;

(magenta columns) ARA; (cyan columns) EPA. Light intensity and

temperature conditions: a 70 lmol/m2s, 25 �C; b 165 lmol/m2s,

25 �C; c 280 lmol/m2s, 25 �C; d 165 lmol/m2s, 30 �C; e 280 lmol/

m2s, 30 �C; f 280 lmol/m2s, 35 �C. Other conditions: pH 7.6, 300

L/min rate of sterile air
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Effect of light intensity and temperature on fatty

acid accumulation

With regard to fatty acid composition, it was deduced from

Fig. 3 that cultures in different conditions provided similar

categories of FAs, mostly including palmitic acid (C16:0),

stearic acid (C18:0), oleic acid (C18:1), linoleic acid

(C18:2), ARA, and EPA [11]. Combined with Table 1, the

TFA content was gradually improved by the increasing

temperature and light intensity. The 280 lmol/m2s-35 �C
trial provided the maximum TFAs of 56.72 mg/g and the

maximum ARA content of 22.29 mg/g, implying that high

temperature and intensity facilitated the synthesis of TFAs

and ARA [27], while the contents of major FAs were also

enhanced, especially the characteristic ones such as pal-

mitic acid (C16:0), ARA, and EPA.

Firstly, the algae P. purpureum, a kind of autotrophic

organisms, could hardly grow in dark or under very low

light intensity, let alone synthesize and accumulate lipid

and fatty acids. Secondly, the fatty acids existed in the form

of lipids, especially in the photosynthesis organs and

chloroplast membrane structure. The synthesis of chloro-

plasts was greatly influenced by light and temperature.

Moreover, NADPH, which was involved in the anabolism

of lipid and fatty acids, could be merely formed on the

thylakoid membrane of chloroplasts in the photoreaction

stage of photosynthesis [30]. At length, high content of

fatty acids resulted from high light intensity and appro-

priate temperature.

As shown in Table 2, the contents of UFAs were

improved gradually by increasing light intensity and tem-

perature with several exceptions. While the UFAs/TFAs

played a fluctuating variation, namely, the ratio was first

enhanced at 25 �C under increasing light intensity, and

then, it decreased with gradient temperature under

280 lmol/m2s light intensity. The largest ratio of 74.66%

was obtained in the 280-25 case, indicating that high light

intensity and moderate temperature led to high ratio of

UFAs to TFAs, which might be attributed to better

expression of acetyl-CoA carboxylase (ACCase) and

desaturase.

Effect of light intensity and temperature on ARA

and EPA accumulation and ARA/EPA

The impact of light intensity and temperature on ARA and

EPA content and ARA/EPA is presented in Figs. 3 and 4.

Though the ARA content in 70-25 case (Fig. 3a) was badly

lower than that of other tests, which was most likely to be

on account of the shortage of photons, the EPA content was

Table 1 Total fatty acid

content under different culture

conditions

Temperature (�C) Light intensity

(lmol/m2s)

Total fatty acids of different culture time (mg/g)

6 days 8 days 10 days 12 days 14 days 16 days 18 days

25 70 23.15 27.20 27.06 25.05 23.86 23.72 23.09

165 24.08 25.46 27.37 29.00 29.39 26.72 24.70

280 24.66 26.21 30.82 31.95 34.86 33.70 29.53

30 165 23.68 25.51 26.48 29.87 29.73 30.03 27.69

280 38.19 39.46 42.02 45.16 45.94 46.42 46.41

35 280 44.40 49.04 52.94 55.40 56.82 56.23 54.90

Cultivation conditions: pH 7.6, 300 L/min rate of sterile air

Table 2 Unsaturated fatty acid content under different culture conditions

Time

(days)

UFAs (mg/g) UFAs/TFAs (%)

70-25 165-25 280-25 165-30 280-30 280-35 70-25 165-25 280-25 165-30 280-30 280-35

6 13.03 10.26 12.33 12.99 20.36 21.62 59.12 54.79 50.02 55.73 54.42 46.06

8 16.32 11.08 15.13 14.28 20.70 23.33 62.18 56.93 57.70 57.31 54.95 46.11

10 15.77 12.12 20.39 15.85 23.75 24.80 60.61 60.08 68.78 59.85 58.71 48.07

12 12.79 15.38 22.50 18.68 27.09 27.99 48.51 60.03 70.43 62.55 61.60 51.08

14 12.27 15.55 23.98 17.42 26.38 30.35 46.00 61.04 74.66 61.11 60.16 54.19

16 12.46 12.61 23.83 17.53 22.53 27.28 45.38 59.52 70.71 59.67 50.82 50.88

18 11.87 10.94 19.38 16.60 24.70 24.04 42.02 61.65 69.37 59.94 53.88 45.23

(70-25): 70 lmol/m2s, 25 �C; (165-25): 165 lmol/m2s, 25 �C; (280-25): 280 lmol/m2s, 25 �C; (165-30): 165 lmol/m2s, 30 �C; (280-30):
280 lmol/m2s, 30 �C; (280-35): 280 lmol/m2s, 35 �C; cultivation conditions pH 7.6, 300 L/min rate of sterile air
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gradually improved. The contents of EPA in 25 �C under

all light intensities (Fig. 3a–c) were somewhat higher than

those of other temperature cases (Fig. 3d–f). On the other

hand, ARA content was enhanced by increasing tempera-

ture and light intensity and the maximum of ARA content

was 22.29 mg/g, gained in the 280 lmol/m2s-35 �C case

(Fig. 3f), which was much higher than Su et al.’s results

under optimal conditions [31]. Hence, it was speculated

that scale-up cultivation enhanced ARA accumulation.

While the maximum of EPA content (7.00 mg/g) was

achieved in the 280 lmol/m2s-25 �C case (Fig. 3c).

As shown in Fig. 4, the ARA/EPA ratio emerged a sharp

fall from the 6th to 10th days, maintained to the 14th day,

and dropped to about 0.6 until harvested under 70-25 case,

implying that the conversion of ARA to EPA was accel-

erated by low light intensity and temperature [11, 32].

Interestingly, the ARA/EPA ratio in 165-25, 280-25, and

165-30 cases generally remained at a level of about 2.0

with a tiny fluctuation. On the contrary, ARA/EPA was

advanced to about 5.4 by increasing culture temperature,

which resulted from the prosperity of ARA with essential

constant of EPA [33]. Both ARA and EPA contents shared

a slightly reduce at the 16th–18th days due to their poor

anti-oxidation properties. At length, the ARA content was

notably enhanced by increasing light intensity and tem-

perature, while ARA/EPA was promoted by increasing

temperature under high light intensity. Therefore, it could

be deduced that the synthetic pathways of fatty acids were

pushed to stay at ARA rather than EPA by high light

intensity and temperature, which might be due to the

decreased activity of D17 desaturase by increasing tem-

perature under high light intensity.

The ARA and EPA yields at different temperatures (25,

30, and 35 �C) under high light intensity (280 lmol/m2s)

Fig. 4 Ratio of ARA to EPA of P. purpureum under different

conditions: (violet closed squares) 70 lmol/m2s, 25 �C; (orange

closed circles) 165 lmol/m2s, 25 �C; (pink up-closed triangulars)

280 lmol/m2s, 25 �C; (olive right-closed triangulars) 165 lmol/m2s,

30 �C; (dark cyan closed rhombuses) 280 lmol/m2s, 30 �C; (dark

yellow closed five-pointed stars) 280 lmol/m2s, 35 �C. Cultivation
conditions: pH 7.6, 300 L/min rate of sterile air

Fig. 5 ARA or EPA yield of P. purpureum under different condi-

tions: (LT magenta columns) ARA yield; (LT cyan columns) EPA

yield. Light intensity and temperature conditions: a 280 lmol/m2s,

25 �C; b 280 lmol/m2s, 30 �C; c 280 lmol/m2s, 35 �C. Other

conditions: pH 7.6, 300 L/min rate of sterile air
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are presented in Fig. 5. Obviously, the ARA yield rose

along with culture time and almost stopped at the 14th day

in all cases. The maximum ARA yields at different tem-

peratures (25, 30, and 35 �C) were 75.60, 113.77, and

191.85 mg/L, respectively, suggesting that the ARA

accumulation mainly occurred in the late growth phase.

The maximum ARA yield (191.85 mg/L) was distinctly

higher than that (159.74 mg/L) of flask culture, which was

attributed to not only the higher ARA content but also the

larger biomass concentration in scale-up cultivation. It was

proven that the scale-up cultivation was conducive to the

accumulation of ARA. On the contrary, the EPA yield was

hardly impressive. The maximum EPA yields of increasing

temperature (25, 30, and 35 �C) were 37.69, 21.64, and

42.74 mg/L, respectively, implying that the scale-up cul-

tivation showed none preference to EPA accumulation.

Probably, the high yield of ARA was premised on sacri-

ficing EPA synthesis.

Fatty acid and ARA synthesis

In algal cells, the synthesis of short-chain fatty acids is

similar to that in higher plants, animals, fungi, and bacterial

cells [34, 35]. It is catalyzed by two enzymes: ACCase and

fatty acid synthase (FAS). Malonyl-CoA–ACP is obliga-

tory during the fatty acid elongation (FAE) and FAs cat-

alyze this reaction to form C16:0–ACP and C18:0–ACP.

The synthesis of linoleic acid C18:2 (9, 12) is catalyzed by

D9, D12 desaturases, respectively. EPA is synthesized via

fatty acid elongation and multiple desaturation in both

omega-3 and omega-6 pathways [36, 37]. In the omega-3

pathway, C18:2 is catalyzed by D6 desaturase to produce

C18:3 (6, 9, 12), and C20:3 (8, 11, 14) is formed via FAE.

The synthesis of ARA (5, 8, 11, 14) is catalyzed by D5
desaturase and EPA is formed by D17 desaturase. While in

the omega-6 pathway, C18:2 was catalyzed by D15
desaturase to produce C18:3 (9, 12, 15), and then, C18:4 (6,

9, 12, 15) is synthesized by D6 desaturase. C20:4 (8, 11,

14, 17) is formed via FAE and EPA (5, 8, 11, 14, 17)

synthesis is catalyzed by D5 desaturase [38, 39]. At length,

ARA and EPA synthesis are accomplished with desaturase

catalysis and multi-step FAE. EPA is the final product of

elongation and desaturation in P. purpureum.

Comparative cultivation with 1 L and 50 L scale

Cultivation in 2 L glass flasks containing 1 L ASW was

conducted under the light intensity of 165 lmol/m2s at

25 �C with an air flow of 3 L/min [31, 40] and the 50 L

scale-up cultivation was set as 280-25 case. The compar-

ative analysis of the fatty acid between 1 L flask and 50 L

scale-up cultivation is represented in Fig. 6, which illus-

trated that ARA content (% in TFAs) obtained in scale-up

cultivation was almost twice as much as that in flask cul-

tivation, while the palmitic acid (C16:0) was significantly

lower than that of flask cultivation. Simultaneously, the

C18:2 and C18:0 contents in scale-up culture were notably

lower than that of flask culture. However, the content of

C18:1 was slightly larger than that of flask cultivation. In

addition, the metabolic final product EPA content in scale-

up cultivation was also higher than that in flask ones.

According to the synthesis route, the scale-up cultivation

promoted the conversion from C16 to C18 to C20, espe-

cially from C16:0 to C18 and from C18:2 to ARA, which

could be referred that the activation of D6 and D5 desat-

urases was strengthened and better expressed [39].

The fatty acid accumulation mainly occurred in sta-

tionary phase, during which, perhaps, the limited nutrient

availability accelerated the biosynthesis of lipids (fatty

acids) in scale-up cultivation. Given that fatty acids mainly

existed in the membrane structure, membrane fluidity was

reinforced by LPUFAs, especially ARA and EPA to adapt

the high light conditions, while the ACCase, a key enzyme

in the biosynthesis of fatty acids, was also strengthened by

high light intensity and temperature. Moreover, the photo-

inhibition impact, as well as self-shading effect [41], could

be suppressed by the openness of cultivation space under

high light intensity. Because of the large ventilator

capacity, the adherence phenomenon was also restrained by

high circulation velocity of ASW. The algal cells could

hardly gather to form blocks, which prevented the contin-

uous growth. Perhaps, the heat and mass transfer conditions

would be the potential reason. At length, the ARA accu-

mulation was enhanced by scale-up cultivation.

Fig. 6 Contrast of fatty acid content of P. purpureum under different

culture scales: (LT yellow columns) fatty acid content of 1 L scale;

(LT cyan columns) fatty acid content of 50 L scale. Cultivation

conditions: 1 L culture conditions: 165 lmol/m2s, 25 �C, pH 7.6, 3

L/min rate of sterile air; 50 L culture conditions: 280 lmol/m2s,

25 �C, pH 7.6, 300 L/min rate of sterile air
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Effect of sodium bicarbonate (NaHCO3)

and phosphate (KH2PO4) on algal growth

The effect of nutrient of C and P on P. purpureum was

investigated under two cases: the nutrient of N-1 case was

NaHCO3 (0.8 g/L) and KH2PO4 (0.035 g/L) and that of

N-2 case was NaHCO3 (0.04 g/L) and KH2PO4 (0.035 g/

L). Figure 7 illustrates that sufficient sodium bicarbonate

possessed an obvious promotion on algal growth. The

biomass concentrations of two cases were 10.02 g/L (N-1)

and 6.97 g/L (N-2), respectively, demonstrating that car-

bon could obviously promote biomass accumulation of P.

purpureum in 50 L scale-up cultivation with the limited

introduction of phosphate (0.035 g/L). Perhaps, further

enhancement of growth might be relied on engineering

issues, involving availability of light, utilization of nutri-

ent, medium circulation rate, etc.

Effect of sodium bicarbonate (NaHCO3)

and phosphate (KH2PO4) on lipid/fatty acids

As shown in Table 3, the lipid contents of those two

patterns were both higher than that of 280-35 case, which

could be speculated that phosphate limitation was con-

ducive to the accumulation of lipid [28], while the lipid

content of the N-2 case was apparently 20–67% higher

than that of N-1 case. Possibly, the adequate carbon

resource, utilized in the form of HCO3
- by algae, would

conceal the impact of phosphate limitation on lipid syn-

thesis. Meanwhile, concerning that the sufficient phos-

phate is a positive factor for the synthesis of protein,

phosphate limitation would enhance the synthesis of lipid

in accordance with the performance of the study by Su

et al. [28].

The effect of N-1 and N-2 patterns on fatty acids is

shown in Fig. 8. Among the main fatty acids, the content

of palmitic acid (C16:0) in N-1 case was higher than that

in N-2 case, suggesting that the accumulation of palmitic

acid, the substrate of the LPUFAs, was enhanced by

adequate carbon resource (NaHCO3). Its content exceeded

that of ARA (Fig. 8a). On the contrary, the ARA content

in N-2 case was marginally larger than that of palmitic

acid. Curiously, the ARA and TFAs were not remarkably

enhanced under the two phosphate limitation conditions,

which was inconsistent with our previous work in the

flask cultivation. Perhaps, the effect of phosphate limita-

tion was neutralized by scale-up and light, heat, and mass

transfer issues. However, the EPA content showed a slight

increase, improving the PUFAs (mainly for ARA and

EPA) accumulation. In addition, the UFA-to-TFA ratio of

N-2 case (see the additional document) was about 10%

higher than that of 280-35 case, implying that phosphate

limitation was still in favor of UFA synthesis. Interest-

ingly, the maximum ARA content of the two cases in

scale-up cultivation was also about 22.00 mg/g, the same

as that in 280-35 case. The fatty acid yield of N-2 case

was distinctly lower than that of N-1 case (Fig. 9a) owing

to the lower biomass concentration of N-2 case (Fig. 7).

Finally, the ARA content was doubled by scale-up culti-

vation compared with flask culture, and the maximum

ARA yield (217.93 mg/L) was remarkably higher than

that (159.74 mg/L) of flask culture [28], attributing to

biomass prosperity in scale-up cultivation. Although the

biomass concentration obtained in this study was rela-

tively high, improvement of biomass is still an urgent

problem in scale-up cultivation.

Fig. 7 Biomass concentration of P. purpureum under different

nutrients: (closed squares N-1) 0.8 g/L NaHCO3 and 0.035 g/L

KH2PO4; (closed circles N-2) 0.04 g/L NaHCO3; and 0.035 g/L

KH2PO4. Cultivation conditions: 280 lmol/m2s, 35 �C, pH 7.6, 300

L/min rate of sterile air

Table 3 Lipid content under

different nutrients
Time

(days)

Lipid content (%)

N-1 N-2

6 10.01 16.77

8 10.64 15.81

10 11.82 14.16

12 11.21 15.37

14 11.60 18.40

16 11.67 16.37

18 10.00 13.09

(N-1) 0.8 g/L NaHCO3 and

0.035 g/L KH2PO4; (N-2)

0.04 g/LNaHCO3 and 0.035 g/L

KH2PO4; cultivation conditions

280 lmol/m2s, 35 �C; cultiva-

tion conditions pH7.6, 300L/min

rate of sterile air
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Conclusions

In summary, the scale-up cultivation of P. purpureum was

carried out under the various light intensities at increasing

temperatures. The algal biomass, TFAs, and ARA were

improved by increasing light intensity and temperature.

Moreover, the ratio of ARA to EPA was enhanced by

increasing cultivation temperature under the light intensity

of 280 lmol/m2s. Most importantly, compared with the

flask cultivation, the conversion pathway from C18:2 to

ARA in scale-up cultivation was enhanced obviously,

leading to significant ARA accumulation. Phosphate limi-

tation was confirmed to enhance the synthesis of lipid and

LPUFAs. Further research should be figured out an

economic and efficient way of harvesting, which would

save much time, labor as well as energy. In addition, the

lipid and fatty acid metabolic pathways deserved continu-

ous study for the production of LPUFAs, which could be

utilized to guide the commercialization of LPUFAs.
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Fig. 8 Fatty acid content of P. purpureum under different nutrients:

(orange columns) C16:0; (green columns) C18:2; (violet columns)

C18:1; (yellow columns) C18:0; (magenta columns) ARA; (cyan

columns) EPA. Nutrient conditions: a 0.8 g/L NaHCO3 and 0.035 g/L

KH2PO4; b 0.04 g/L NaHCO3 and 0.035 g/L KH2PO4. Cultivation

conditions: 280 lmol/m2s, 35 �C, pH 7.6, 300 L/min rate of sterile air

Fig. 9 Fatty acid yield of P. purpureum under different nutrients:

(LT yellow columns) TFA yield; (LT magenta columns) ARA yield;

(LT cyan columns) EPA yield. Nutrient conditions: a 0.8 g/L

NaHCO3 and 0.035 g/L KH2PO4; b 0.04 g/L NaHCO3 and 0.035 g/

L KH2PO4. Cultivation conditions: 280 lmol/m2s, 35 �C, pH7.6, 300
L/min rate of sterile air
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