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Effects of nitrogen sources on cell growth and biochemical 
composition of marine chlorophyte Tetraselmis sp. for lipid 
production
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Nitrogen is one of the most critical nutrients affecting cell growth and biochemical composition of microalgae, ulti-

mately determining the lipid or carbohydrate productivity for biofuels. In order to investigate the effect of nitrogen sourc-

es on the cell growth and biochemical composition of the marine microalga Tetraselmis sp., nine different N sources, 

including NaNO3, KNO3, NH4NO3, NH4HCO3, NH4Cl, CH3COONH4, urea, glycine, and yeast extract were compared at the 

given concentration of 8.82 mM. Higher biomass concentration was achieved under organic nitrogen sources, such as 

yeast extract (2.23 g L-1) and glycine (1.62 g L-1), compared to nitrate- (1.45 g L-1) or ammonium-N (0.98 g L-1). All ammo-

nium sources showed an inhibition of cell growth, but accumulated higher lipids, showing a maximum content of 28.3% 

in ammonium bicarbonate. When Tetraselmis sp. was cultivated using yeast extract, the highest lipid productivity of 36.0 

mg L-1 d-1 was achieved, followed by glycine 21.5 mg L-1 d-1 and nitrate 19.9 mg L-1 d-1. Ammonium bicarbonate resulted in 

the lowest lipid productivity of 14.4 mg L-1 d-1. The major fatty acids in Tetraselmis sp. were palmitic, oleic, linoleic and lin-

olenic acids, regardless of the nutritional compositions, indicating the suitability of this species for biodiesel production.
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INTRODUCTION

Marine microalgae have great potential as feedstock 

for biofuels, such as biodiesel and bioethanol. Microalgal 

biomass and biofuels production are affected by a variety 

of physicochemical factors such as nutrients, light sup-

ply, temperature, pH and salinity (Kim et al. 2014, Yen et 

al. 2014, Bartley et al. 2016). Particularly among various 

nutritional factors, nitrogen is considered one of the most 

critical nutrient for growth, since it is a constituent in all 

structural and functional proteins such as peptides, en-

zymes, chlorophylls, energy transfer molecules, and ge-

netic materials in algal cells (Cai et al. 2013, Hu 2013). The 

concentration of nitrogen in culture medium consider-

ably affects both cell growth rate and biochemical com-

positions of microalgae (Wang et al. 2013), and numerous 

studies have shown that when the nitrogen is limited in 

culture medium, microalgae slow down cell growth rate 

and increase their lipid or carbohydrate content, reduc-

ing protein synthesis (Ho et al. 2014).

Most microalgae are able to utilize various forms of ni-

trogen, including nitrate, nitrite, ammonium and organic 

nitrogen sources such as urea (Becker 1994); each nitro-

gen source is first reduced to the ammonium form and 

assimilated into amino acids through a variety of path-

ways (Cai et al. 2013). Typically, ammonium was known 
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lindrical photobioreactors (PBRs) with a working volume 

of 500 mL ASW enriched with modified F/2 nutrients, 

containing different nitrogen sources. Initial cell concen-

tration was adjusted to about 0.5-0.6 g L-1 in all experi-

ments, by measuring the optical density at 680 nm (OD680 

0.9-1.0) based on the calibration curve between OD680 

and cell concentration (g L-1). Ambient air was provided 

through the bottom of the PBRs, and the air was filtered 

using 0.2 μm polytetrafluorethylene  membrane filters 

before entering to the PBRs. A constant aeration rate of 

0.2 vvm was maintained using gas flow meters (Rate-

Master; Dwyer, Michigan City, IN, USA). Light was sup-

plied continuously for 24 h with a constant intensity of 

100-120 μmol m-2 s-1 using fluorescent lamps (FL20SD/19; 

Kumho, Seoul, Korea) at both sides of PBRs. Experiments 

were conducted in a separated cultivation room within 

temperature of 20-25°C.

In order to investigate the influence of different nitro-

gen sources on the cell growth and biochemical compo-

sition of Tetraselmis sp., sodium nitrate (NaNO3, 0.750 

g L-1) in F/2 medium was replaced by different nitrogen 

sources, including potassium nitrate (KNO3, 0.892 g L-1), 

ammonium nitrate (NH4NO3, 0.353 g L-1), ammonium bi-

carbonate (NH4HCO3, 0.697 g L-1), ammonium chloride 

(NH4Cl, 0.472 g L-1), ammonium acetate (CH3COONH4, 

0.680 g L-1), urea (CO(NH2)2, 0.265 g L-1), glycine (NH2CH-

2COOH, 0.662 g L-1), and YE. Initial nitrogen concentra-

tion was the same, at 8.82 mM (123.5 mg N L-1). 

Measurement of cell growth

Microalgal cell growth was estimated by measuring 

OD680 and OD750 using a UV/VIS spectrophotometer (DR-

4000U; Hach, Loveland, CO, USA). Cell dry weight (CDW) 

was measured using GF/F filters (0.7 μm pore size; What-

man, Maidstone, UK) after removing salts in the medium 

by centrifugation. Algal cells were washed with 0.5 M am-

monium bicarbonate solution and the supernatant was 

discarded after centrifugation to avoid interference from 

salts in the ASW (Zhu and Lee 1997). Filters were dried 

at 80°C for 1 h and stored in a desiccator. Biomass pro-

ductivity was calculated dividing the difference between 

CDW at the start and at the end of the experiment, by 

elapsed time.

Determination of nitrogen concentration

Nitrate concentrations of NaNO3, KNO3 and NH4NO3 

were determined according to Ultraviolet spectrophoto-

metric screening method (4500-NO3
- B) (American Public 

to be preferred by many microalgae, as it requires less 

energy for assimilating into amino acids, but some mi-

croalgae such as Botryococcus braunii and Dunaliella ter

tiolecta prefer nitrate over ammonium for growth (Chen 

et al. 2011, Ruangsomboon 2015). Some Chlorella spp. 

also prefer nitrate rather than ammonium for growth, 

and they also effectively utilize organic nitrogen sources 

including urea, glycine, yeast extract (YE) and peptone 

(Li et al. 2013, Muthuraj et al. 2014). Depending on the 

source of nitrogen, biochemical composition can also be 

changed; for example, protein content of Dunaliella sali

na was 2-fold higher under ammonium than nitrate sup-

plementation (Norici et al. 2002), while the lipid content 

of Chlorella sorokiniana was over 2-times higher under 

ammonium than urea or nitrate supplementation (Wan 

et al. 2012). Since the favorable nitrogen source for growth 

is different from species to species, and the biochemical 

composition also can be changed by the supplemented 

nitrogen sources, it is required to compare various nitro-

gen sources and select the most appropriate one for each 

species in order to maximize the productivity of the target 

product, such as lipid for biodiesel and carbohydrate for 

bioethanol. 

In this study, a marine microalga, Tetraselmis sp., was 

chosen for lipid production, as it shows active cell growth 

in a wide range of salinity and low temperature, thus 

showing a feasibility of cultivation with natural seawa-

ter on-site for the biodiesel production (Lee et al. 2015, 

Kim et al. 2016b, 2016c). The effects of different nitrogen 

sources including nitrate, ammonium, and organic nitro-

gen on the cell growth, and the biochemical composition 

of Tetraselmis sp. were investigated. Also, the microalgal 

biomass was converted to fatty acid methyl esters (FAME) 

biodiesel, and the fatty acid profile was analyzed for esti-

mating the effect on the consequent biodiesel properties. 

MATERIALS AND METHODS

Microalgal strain and culture conditions

Green marine alga Tetraselmis sp. Ganghwa (KCTC 

12236BP, Korean Collection for Type Cultures, Korea Re-

search Institute of Bioscience and Biotechnology) was 

provided by the Marine Bioenergy Research Center in 

Korea (Lee et al. 2015). The algal cells were cultivated in 

artificial seawater (ASW) enriched F/2 nutrients with 

modification of NaNO3 concentration from 0.075 to 0.75 

g L-1 (Guillard 1975).

Tetraselmis cells were inoculated in conical-ended cy-
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Statistical analysis

All experiments were performed in duplicates except 

for FAME analysis, which was performed in triplicate. 

Data are presented as mean ± SD. Statistical analysis was 

done using one-way analysis of variance (ANOVA) in SPSS 

ver. 22.0 (IBM Co., Armonk, NY, USA). p-values less than 

0.05 were considered statistically significance.

RESULTS AND DISCUSSION

Cell growth under different nitrogen sources

We found that marine microalga Tetraselmis sp. effi-

ciently utilize organic nitrogen (particularly YE and to a 

lesser degree glycine and urea) and nitrate (NaNO3 and 

KNO3) for the growth, but not ammonium (NH4NO3, 

NH4HCO3, NH4Cl, and CH3COONH4) (Fig. 1A). Cell con-

centration with YE increased rapidly within 2 days, and 

reached the highest value of 2.23 g L-1 after 10 days. Gly-

cine showed the second highest cell concentration of 1.62 

g L-1, followed by potassium nitrate (1.52 g L-1), sodium 

nitrate (1.48 g L-1), and urea (1.39 g L-1). However, in all 

cultures supplemented with ammonium, cell growth 

inhibition was observed, resulting in an even lower cell 

concentration than that observed in nitrogen deficient 

culture. 

Despite the inhibition of cell growth, the remaining N 

concentrations in medium with ammonium chloride and 

ammonium acetate showed a faster decrease than that in 

medium with other N sources (Fig. 1B). This was prob-

ably due to the volatilization of ammonia, and not due 

to the N assimilation by microalgal cells. All ammonia 

exist in the ammonium form (NH4
+) under acidic condi-

tions below pH 7; however, ammonium ions (NH4
+) are 

converted to ammonia (NH3) under aeration at pH above 

7, and the ratio of NH3 increases with further increase in 

pH (Konig et al. 1987). Thus, there is a high probability of 

loss of ammonia due to the high pH around 8.5-9.5 (Fig. 

1C). According to previous studies, ammonia stripping 

was readily caused in an aerated or stirred culture system 

with increasing pH, which resulted from photosynthetic 

activity of microalgae (Huang et al. 2012, Cai et al. 2013). 

Therefore, it seems that the nitrogen consumption by mi-

croalgal cells was the largest in medium with YE and not 

ammonium, as the cell growth rate supports this (Fig. 1A). 

Although YE was the fastest consumed nitrogen source 

by Tetraselmis cells, it seems that the achieved highest cell 

growth rate is not merely due to the nitrogen, since the YE 

Health Association 1995). Ammonium concentrations of 

NH4NO3, NH4HCO3, NH4Cl, and CH3COONH4 were mea-

sured using Ammonia Test Kits (C-Mac, Daejeon, Korea) 

applying Nessler Method (4500-NH3 B&C) (American 

Public Health Association 1995). Organic nitrogen con-

centrations of urea, glycine and YE were determined 

according to Persulfate method (4500-N C) (American 

Public Health Association 1995). Initial nitrogen concen-

trations in all experiments were double checked using TN 

Test Kits (C-Mac), with relative standard deviation (SD) 

was 0.77. 

Analyses for lipid, carbohydrate, and protein 
content

Algal cells were dried overnight in a vacuum oven at 

40°C, and completely pulverized using a mortar and pes-

tle for analyzing lipid, carbohydrate and protein content. 

Lipid content was gravimetrically determined after ex-

tracting lipids using a mixture solution of chloroform and 

methanol (Bligh and Dyer 1959). Lipid productivity was 

calculated dividing the difference in lipid concentration 

at the start and at the end of the experiment, by elapsed 

time. Carbohydrate content was quantified according to 

the modified phenol-sulfuric acid method (Dubois et al. 

1956) and protein content was measured by the Lowry 

method (Lowry et al. 1951). 

Transesterification and FAME analysis

Moisture-free biomass samples were prepared by dry-

ing algal cells in a vacuum oven at 40°C overnight, and 

acid-catalyzed transesterification was performed as de-

scribed by Van Wychen et al. (2013). Composition of fatty 

acids was analyzed using GC-FID (YL6500; Younglin In-

strument, Anyang, Korea) equipped with HP-INNOWAX 

capillary column (Agilent 19091N-213; Agilent Technolo-

gies, Palo Alto, CA, USA). FAME mixture (C8:0-C24:0; 

Sigma Aldrich #18918; Sigma Aldrich, St. Louis, MO, USA) 

was used as a standard FAME, and each fatty acid was de-

termined by the retention time of standard components. 

Gas chromatography (GC) analysis was performed with 

the following conditions: sample injection volume was 1 

μL at 10 : 1 split ratio, inlet temperature was 260°C, car-

rier gas was helium with a constant flow of 1.2 mL min-

1, oven temperature was initially held at 140°C for 5 min, 

increased at a rate of 4°C min-1 up to 240°C and held for 

10 min. Detector temperature was 260°C, detector gases 

were hydrogen, 35 mL min-1; air zero, 300 mL min-1; and 

helium, 20 mL min-1. GC analysis for each sample was 

conducted in triplicate.



Algae 2016, 31(3): 257-266

http://dx.doi.org/10.4490/algae.2016.31.8.18 260

YE was about 2.5 times higher than that in medium with 

inorganic N sources, and it was rapidly consumed during 

the exponential cell growth over 2 days (data not shown). 

It is known that not every microalga can utilize YE as both 

nitrogen and organic carbon sources efficiently. Gu et al. 

(2015) reported that when supplying the same concen-

tration of YE, a freshwater microalga Scenedesmus acutus 

actively utilized YE for growth, resulting in a very high 

cell concentration, up to 10.4 g L-1. However, Chlorella 

and Nannochloropsis species showed an insignificant 

increase in cell concentration. The results indicate that 

mixotrophic cultivation using YE would be more advanta-

geous for some species including Tetraselmis sp., as seen 

in the present study.

Glycine, which showed the second highest cell growth 

rate, forms the dissolved free amino acids in culture me-

dium that can be readily utilized by microalgae (Kumar 

et al. 2014). Some microalgae species, such as Chlorella, 

were reported to produce a significantly high cell con-

centration when glycine was the nitrogen source (Li et al. 

2013, Kumar et al. 2014, Muthuraj et al. 2014). Urea, an-

other organic nitrogen source, is relatively cheaper than 

other nitrogen sources, and can also be easily utilized 

after being degraded to ammonium and bicarbonate via 

urease in most microalgae (Solomon and Gilbert 2008). 

Tetraselmis sp. also grew well in urea supplementation, 

but the final cell concentration and biomass productivity 

were a little bit lower than seen with nitrate supplemen-

tation. Conversely, a marine microalga Nannochloropsis 

salina, was reported to show a clear preference to urea 

over nitrate or ammonium for its growth (Campos et al. 

2014). Isochrysis galbana was also found to produce the 

highest cell concentration in urea rather than nitrate or 

nitrite (Fidalgo et al. 1998). These results indicate that the 

preference for nitrogen source and the ability of nitrogen 

utilization are different from species to species.

It is well known that ammonium is generally preferred 

by many microalgae rather than nitrate or nitrite. Since 

ammonium is the reduced form of nitrogen, it can be 

directly assimilated into amino acids inside the cells, 

whereas nitrate or nitrite must first be reduced to ammo-

nium prior to its utilization (Podevin et al. 2015). How-

ever, in the present study, it was found that nitrate is more 

favorable for the growth of Tetraselmis cells, showing ap-

proximately a 2-fold higher biomass productivity in ni-

trate compared to ammonium (Fig. 1A). Many other mi-

croalgae were also reported to clearly prefer nitrate over 

ammonium for growth, such as D. tertiolecta, I. galbana, 

Neochloris oleoabundans, C. sorokiniana, and Botryococ

cus braunii (Li et al. 2008, 2013, Chen et al. 2011, Roop-

also contains various other compounds such as amino ac-

ids, peptides, vitamins and carbohydrate. Tetraselmis sp. 

seemingly utilizes both nitrogen and organic compounds 

in YE through mixotrophic metabolism, and consequent-

ly the cell growth was more stimulated. While the initial 

nitrogen concentration was the same in all cultures, the 

initial concentration of total carbon in the medium with 
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initial N = 8.82 mM = 123.5 mg N L-1.
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sources. Particularly when supplemented with ammo-

nium bicarbonate, the lipid content increased from 15.7 

to 26.8% within 2 days and reached a maximum of 28.1% 

after 7 days. In cultures supplemented with nitrate and 

organic-N, the lipid content moderately increased up to 

18.1-21.8% on the 10th day, while in the culture which 

was not supplied any nitrogen source, a continuous de-

narain et al. 2015, Ruangsomboon 2015).

Under ammonium supplementation, Tetraselmis cells 

showed cell growth inhibition, indicating that it was toxic 

to the cell growth, at the given concentration of 8.82 mM. 

The inhibitory level of ammonium on cell growth is dif-

ferent, depending on the microalgal species. A marine 

microalga D. tertiolecta was reported to show cell growth 

inhibition at ammonium concentrations above 10 mM 

(Chen et al. 2011), and 15 mM was reported to inhibit the 

growth of a blue-green alga Arthrospira platensis (Ferreira 

et al. 2010), whereas even low levels of 1.2 mM were re-

ported to be lethal for some marine algae (Lourenço et al. 

2002). The inhibitory effect on cell growth is attributed to 

the fact that the excessive transport of ammonium to the 

cells can hinder the formation of ATP in the chloroplast, 

leading to the inhibition of photosynthesis (Ramanna et 

al. 2014). While the nitrate transport is highly regulated in 

algal cells, ammonium influx is not easily controlled, par-

ticularly when the extracellular ammonium level is high 

(Norici et al. 2002). Also, in some cases, oversaturation of 

ammonium in the medium can significantly decreased 

the pH by releasing H+ ions, consequently inhibiting cell 

growth and even causing cell lysis (Li et al. 2013, Wu et al. 

2013).

In the nitrogen deficient culture, Tetraselmis cells sus-

tained the growth, resulting in a higher cell concentration 

than that in ammonium culture. Some species such as S. 

acutus, Chlorella vulgaris, Nannochloropsis sp., and N. 

oleoabundans were also reported to grow well in nitrogen 

deficient conditions utilizing their intracellular nitrogen 

reserves, such as pigment protein molecules (Li et al. 

2008, Gu et al. 2015). Blue-green alga A. platensis was also 

known to degrade phycocyanin, and used it as a nitrogen 

source under nitrogen-limited conditions (Sassano et al. 

2007). 

Changes in biochemical composition and lipid 
productivity

At the start of cultivation, Tetraselmis cells were com-

posed of approximately 15% lipid, 42% carbohydrate, 

and 24% protein, but the composition was significantly 

changed depending on the supplemented nitrogen 

sources as well as cultivation time (Figs 2 & 3). 

All cultures except N deficient one, showed an increas-

ing trend in lipid content as the cultivation time elapsed, 

and the degree of increase in lipid content was very differ-

ent, depending on the supplied N sources (Fig. 2A). In the 

cultures supplemented with ammonium, the cells mostly 

showed higher lipid contents than those with other N 
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productivity, followed by urea, glycine, and nitrate; all the 

four ammonium sources were found to be inappropriate 

due to their inhibitory effect on cell growth.

The changes in carbohydrate and protein content of 

Tetraselmis cells mostly showed opposite trends when 

evaluated in nitrogen deficient or sufficient conditions 

(Fig. 2B & C). In the N deficient culture, carbohydrate 

content increased considerably and reached up to 55% 

on the final day of cultivation, but protein content gradu-

ally decreased, similar to lipid content. Conversely, in the 

cultures supplemented with 8.82 mM of nitrogen, the 

protein content increased, while carbohydrate content 

reduced substantially compared to the initial value. The 

results confirm that this microalga accumulates carbohy-

drates under N deficient condition, as reported in a previ-

ous study (Kim et al. 2016a). 

Comparison of autotrophic and mixotrophic 
cultivation

YE provides not only nitrogen but also organic carbon 

such as carbohydrate, thus, the cultivation using YE rep-

resents a mixotrophic condition. YE, which resulted in the 

highest lipid productivity, was selected to evaluate the 

feasibility of replacing whole F/2 nutrients with YE. For 

the evaluation, four different medium compositions were 

prepared: (1) ASW with only NaNO3, (2) ASW with whole 

F/2 nutrients (including NaNO3), (3) ASW with only YE, 

and (4) ASW with YE and whole F/2 nutrients (excluding 

NaNO3). 

When cells were grown in the autotrophic culture with 

only sodium nitrate, the lowest cell concentration of 1.1 

g L-1 and biomass productivity of 62.5 mg L-1 d-1 were ob-

tained (Table 1, Fig. 4A); the remaining nitrogen levels in 

this culture was the highest from among the four differ-

ent media (Fig. 4B). Nitrate as the sole nutrient source, 

did not support the cell growth, though the nitrogen was 

sufficient during the cultivation. When all nutrients of F/2 

medium, including nitrate, phosphate, trace metals, and 

crease in lipid content was seen, resulting in the lowest 

lipid content and lipid productivity on the final day (Fig. 

3). Although higher lipid content was obtained from the 

cultures with ammonium supplementation, the lipid 

productivity (16.1 mg L-1 d-1) was lower than that of ni-

trate- (19.9 mg L-1 d-1) or organic-N (34.7 mg L-1 d-1 YE, 

22.2 mg L-1 d-1 urea, and 21.5 mg L-1 d-1 glycine) supple-

mentation due to a significantly lower biomass produc-

tion, resulting from the cell growth inhibition due to am-

monium. Similarly, I. galbana and C. sorokiniana were 

reported to accumulate lipids when supplemented with 

ammonium as a nitrogen source rather than nitrate or 

urea, but the final biomass concentrations were very low 

due to the inhibition of cell growth by ammonium (Wan 

et al. 2012, Roopnarain et al. 2015). In the present study, 

the lipid productivity was higher in cultures with organic-

N followed by nitrate, owing to the high biomass produc-

tivity, indicating the importance of both high biomass 

concentration and cellular lipid content of microalgae 

for enhancing lipid production (Kim et al. 2016b). Among 

all nine nitrogen sources, YE resulted in the highest lipid 

Table 1. Comparison of biomass productivity, cellular lipid content, and lipid productivity under autotrophic / mixotrophic cultivation 

      Media composition Biomass productivity (g L-1 d-1) Lipid content (wt %) Lipid productivity (mg L-1 d-1)

  Autotrophic NaNO3   62.5 ± 3.5 21.6 ± 0.50 15.8 ± 0.31

NaNO3 + F/2 105.0 ± 0.0 20.0 ± 0.06 22.5 ± 0.08

  Mixotrophic Yeast extract 152.5 ± 3.5 19.6 ± 0.21 31.5 ± 0.23

YE + F/2 (without NaNO3) 140.0 ± 0.0 23.2 ± 0.28 36.0 ± 0.70

Values are presented as mean ± standard deviation (n = 2).
Nitrogen concentrations were the same at 8.82 mM in all culture.

Fig. 3. Comparison of biomass productivity, cellular lipid content, 
and lipid productivity under different nitrogen sources on the final 
day of cultivation.
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Fatty acid profiles

The major fatty acids were C16:0, C18:1, C18:2, and 

C18:3 (palmitic, oleic, linoleic, and linolenic acids), re-

gardless of the medium composition (Table 2). The con-

tent of mono unsaturated fatty acids was similar in both 

media, but the culture with YE resulted in a lower content 

of poly unsaturated fatty acids (PUFA) than that with F/2 

medium. In the culture with F/2 medium, linoleic acid 

(C18:2) and linolenic acid (C18:3) contents were higher, 

and stearic acid (C18:0) content was much lower than 

those in the culture with YE. 

Fatty acid profile is an important factor that affects 

biodiesel properties, since the molecular characteristics 

of FAMEs, such as carbon chain length and the number 

of double bonds, directly influence the viscosity, igni-

tion quality, oxidative stability, and cold flow property 

(Knothe 2009, Singh et al. 2014). Also, the fatty acid com-

position can be changed by various factors, including 

different nutritional conditions, physicochemical condi-

tions, and growth phases (Mata et al. 2010, Kim and Hur 

2013). Oxidation stability and cold flow performance are 

known to have inverse relationships to changes in fatty 

acids composition (Serrano et al. 2014). For example, 

vitamins were supplemented, a higher cell concentration 

of 1.5 g L-1 and biomass productivity of 105.0 mg L-1 d-1 

were achieved on the final day, indicating the supply of 

the additional nutrients affected the cell growth. On the 

other hand, in both mixotrophic cultures using YE with 

or without F/2 nutrients, the final cell concentrations 

were similar, showing an approximately 2-fold higher 

value compared to that in autotrophic culture with F/2 

medium. These results indicate that YE can solely support 

the cell growth of Tetraselmis sp. without any additional 

supplementation of F/2 nutrients. The lipid contents ob-

tained on the final day from the four different media was 

not much different, ranging from 19.6-23.2%. However, 

due to the big differences in biomass productivities, the 

resultant lipid productivity was higher in the mixotrophic 

cultures with YE than autotrophic cultures, as shown in 

Table 1. The lipid productivity in the culture with YE only 

was not the highest one, but it is still comparable to that 

in autotrophic cultures.
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Fig. 4. Cell growth (A) and nitrogen concentration remaining in the 
medium (B) under autotrophic / mixotrophic conditions. CDW, cell 
dry weight.

Table 2. Fatty acid composition of FAME biodiesel from the cells 
cultivated under autotrophic / mixotrophic cultures 

Fatty acids
  Fatty acids (%)

Autotrophic culture  
with sodium nitrate

Mixotrophic culture 
with yeast extract

C10:0 0.96 ± 0.66 3.60 ± 0.26
C14:0 0.96 ± 0.07 1.79 ± 0.30
C16:0 23.9 ± 2.10            24.40 ± 1.09
C16:1 0.73 ± 0.04 1.16 ± 0.31
C17:0 9.21 ± 0.28 6.33 ± 0.48
C16:4 7.88 ± 0.24 6.64 ± 0.55
C18:0 2.37 ± 0.17             11.55 ± 0.53
C18:1            13.37 ± 0.37             13.18 ± 0.85
C18:2            18.88 ± 0.71             13.08 ± 0.24
C18:3            14.03 ± 0.86             11.77 ± 0.79
C18:4 2.55 ± 0.10 1.80 ± 0.07
C22:0 5.18 ± 0.33 4.70 ± 0.16
SFA 42.57 52.37
UFA 57.43 47.63
MUFA 14.10 14.34
PUFA 43.33 33.29

Values are presented as mean ± standard deviation (n = 3).
Cells were harvested on the 10th day of cultivation.
FAME, fatty acid methyl esters; SFA, saturated fatty acids; UFA, unsat-
urated fatty acids; MUFA, mono unsaturated fatty acids; PUFA, poly 
unsaturated fatty acids.
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