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Abstract Twelve indigenous microalgae, comprising of three
fresh water and nine marine strains, were evaluated for their
potential as source of dietary polyunsaturated fatty acids
(PUFAs) under autotrophic growth conditions. Themicroalgal
lipids showed higher content of omega-3 PUFAs as reflected
in lower omega-6 to omega-3 ratios between 0.1 and 0.75.
Alpha linolenic acid (ALA), was the predominant omega-3
PUFA in fresh water green algal strains. Scenedesmus
dimorphus and Chlorococcum sp. showed higher content of
ALA with an average productivity of 3 mgL−1 day−1. Long
chain omega-3 PUFAs, eicosapentaenoic (EPA) and
docosahexaenoic acid (DHA) were observed in marine
strains. Nannochloropsis and Chlorella sp. had higher content
of EPAwith Chlorella sp. showing an average productivity of
2 mgL−1 day−1. Isochrysis sp. showed higher DHA content
with average productivity of 0.37 mgL−1 day−1. Presence of
EPA and DHA contributed to higher degree of unsaturation in
lipids of marine strains. Among the marine strains, the growth
and lipid profile of Nannochloropsis sp. and Chlorella sp.
remained unaffected by growth medium, whereas strains like
T. theli showed a differential response to media. Spirulina
platensis SP6 from CFTRI algal culture repository was also
included as a reference strain since its nutritional benefits have
been well elucidated. Gamma Linolenic acid (GLA) was the

predominant PUFA in Spirulina sp. with an average produc-
tivity of 0.73 mgL−1 day−1.

Keywords Dietary polyunsaturated fatty acids . Alpha
linolenic acid . Eicosapentaenoic acid . Docosahexaenoic
acid . Autotrophic growth

Introduction

Omega-3 polyunsaturated fatty acids (n-3 PUFAs) such as
alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA),
docosahexaenoic acid (DHA) have been attributed with vari-
ous health benefits like cardiovascular protection, prevention
of age-associated cognition disorders, fetal neurodevelopment
and anti-inflammatory properties in humans (Doughman et al.
2007). The minimum recommended dietary intake of n-3
PUFAs as prescribed by WHO and FAO is 250 mg day−1

while American Heart Association has recommended up to
500 mg day−1 for a healthy adult (Lichtenstein et al. 2006).
Humans, like other members of animal kingdom, are incapa-
ble of de novo synthesis of these PUFAs and depend on die-
tary sources to meet the requirements. The common food
sources of n-3 PUFAs are fish and shellfish, flaxseed (linseed),
hemp oil, soya oil, canola (rapeseed) oil, chia seeds, pumpkin
seeds, sunflower seeds, leafy vegetables and walnuts. Howev-
er, fish oil obtained frommarine fish such as salmon; mackerel
and herring is the major commercial source of EPA and DHA
(Guedes et al. 2011).

The marine organisms such as crustaceans and fish require
PUFAs for their optimal nutrition and stress tolerance and
acquire these fatty acids by feeding on PUFA containing
microalgae/phytoplanktons. The microalgae as source of
PUFAs are exploited in aquaculture as primary live feed as

Research highlights • 12 microalgae strains were evaluated as source of
dietary PUFAs in autotrophic growth.
•Microalgal lipids had higher ratio of n-3 PUFAs as reflected by lower n-
6 to n-3 ratio (0.1 to 0.75).
•ALAwas predominant n-3 PUFA in freshwater while EPAwas major in
marine strains.
• Degree of unsaturation of PUFAs was higher in marine strains.
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well as secondary feed by supporting the growth and repro-
duction of zooplanktons such as rotifers, cladocerans, cope-
pods, brine shrimps that are in-turn fed to the crustacean and
fishes (Brett and Muller-Navarra 1997).

The global demand for n-3 PUFAs is increasing with an
estimated production of 24.87 kilotons in 2013 and expected
to grow at 13.7 % from 2014 to 2020 (www.iffo.net, accessed
on April 20, 2014). This increased demand of PUFAs will
exert further pressure on world’s marine fishery resources
which are depleting due to excessive fish capture and
intense fishery practices (FAO 2010). In addition, many
toxic chemicals such as methyl mercury, dioxins and poly
chlorinated biphenyl (PCB) are found in fish oil due to the
increasing pollution levels of oceanic ecosystem caused by
anthropogenic activities. These toxic contaminants are hydro-
phobic in nature and bind to the lipid deposits in fish causing
bioaccumulation down the food chain (Storelli et al. 2004).
Further, fish oil has unpleasant odour; high cholesterol levels
(Melanson et al. 2005) and the proportion of constituent fatty
acids are difficult to control. Therefore, it is important to
search alternative sources of PUFAs, such as microalgae.

Microalgae have been recognized as potent dietary supple-
ment to enhance the nutritional content of foods owing to the
presence of many nutraceuticals such as chlorophylls, carot-
enoids (lutein, beta-carotene, astaxanthin), essential amino
acids, unsaturated fatty acids (EPA, DHA, ALA), β-glucan
and dietary fibre (Becker 2004; Fogliano et al. 2010).
Microalgae, as a source of PUFAs, have advantage over other
plant-based sources as they have higher photosynthetic and
surface area productivity (ten folds) than terrestrial crop plants
(Rittmann 2008). They can be cultivated in non-arable land in
open outdoor ponds throughout the year (Borowitzka 1999)
with minimal nutritional input requirement. Thus, microalgal
strains with high biomass and PUFA productivity could be
important. Few microalgal species such as Schyzochytrium
sp., Crypthecodinium cohnii, Phaeodactylum tricornutum
have been reported earlier for PUFA production under hetero-
trophic growth conditions (Wen and Chen 2003). However
large scale algal cultivation under autotrophic mode may be
preferred as outdoor cultivation systems are well established
for food grade algal biomass production such as Spirulina sp.,
Dunaliella sp., Scenedesmus sp., and Chlorella sp.,
(Borowitzka 1999). According to Jorquera et al. (2010) out-
door autotrophic based pond cultivation of microalgae have a
net energy ratio greater than one over closed systems of bio-
mass production indicating minimal energy requirements to
operate the process.

Hence in the present study 12 indigenous microalgae from
both freshwater and marine habitats, were evaluated for their
fatty acid profiles with a special focus towards n-3 fatty acid
productivity under autotrophic growth conditions. The main
aim of the work was to identify potential PUFA accumulating
strains which can find application as functional foods. The

microalgae were cultivated under autotrophic conditions for
understanding the effects of phototrophic effects on lipid ac-
cumulation and fatty acid composition of the indigenous
strains. The biomass production under batch conditions, daily
average biomass and lipid productivity, PUFA productivity of
all the strains were evaluated for identifying the potential
strain for further optimization. Nutritionally rich microalga
Spirulina platensis (SP6 strain) maintained in the CFTRI algal
culture repository was included in the study for comparison
with indigenous freshwater strains in terms of biomass, lipid
and PUFA productivity. Further, the marine microalgae were
evaluated for their biomass, lipid and PUFA productivity un-
der natural and artificial sea water growth medium for a better
understanding on the effects of growth medium on microalgal
production.

Materials and methods

Microalgal culture: isolation and identification

Freshwater microalgae, Scenedesmus dimorphus, Chlorella
sp., and Chlorococcum sp., used in the study were isolated
from natural water habitats and purified as per the method
described by Vidyashankar et al. (2013). The geographical
co-ordinates of the isolate’s natural habitats are presented in
Table 1. The fresh water strains were identified bymicroscopy
and ITS-2 gene sequencing (NCBI accession number –
Scenedesmus dimorphus - KJ680137; Chlorococcum sp. -
KJ680138; Chlorella sp. - KJ680144). The isolates are per-
petually maintained by regular subculturing. The strains were
cultivated in autotrophic bold basal medium (BBM) (Kanz
and Bold 1969) for the study.

The Marine strains were obtained from culture collection
of Regional Research Centre, Central Marine Fisheries Re-
search Institute (CMFRI), Tuticorin, Tamilnadu, India and
were maintained in autotrophic enriched natural sea water
(ENSW) medium (Table 1). The ENSWand artificial sea wa-
ter (ASW) medium were used for cultivation of marine
microalgal strains in the present study (Table 1). Spirulina
platensis- strain SP6, a nutritionally richmicroalga maintained
at microalgal culture collection of CSIR-CFTRI was included
in the study for a comparison with other microalgae in terms
of its fatty acid composition and Zarrouk medium (Zarrouk
1966) was used for its cultivation. The growth media were
autoclaved at 121 °C for 20 min, vitamin solutions such
as thiamine hydrochloride, cyanocobalamine and biotin,
supplemented for marine media, were membrane
sterilised (0.22 μm). The initial pH of BBM, ASW
and ENSW was adjusted to 7.5 with sterile 1 M NaOH
or HCl solutions. The initial pH of Zarrouk medium
was 8.5.
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Microalgae cultivation and growth measurements

All the cultures were incubated at 25±1 °C under 30 μE
m−2 s−1 light intensity with a photoperiod of 16:8 h light and
dark cycles. The growth experiments were carried out in Er-
lenmeyer flasks (250 mL). The microalgal growth was mon-
itored by measuring the optical density (OD) at 560 nm at
regular intervals and estimating the total chlorophyll and total
carotenoid content in biomass. The growth was expressed as
biomass (gL−1) using an OD versus biomass correlation stan-
dard graph (data not shown) for each microalgal species
individually. The growth profile for motile marine microalgae
species such as Tetraselmis gracilis, Isochrysis sp. and
Pavlova sp. were monitored by measuring the cell number
using haemocytometer and expressed as number of cells per
mL culture. Pigments were extracted with acetone and quantified
by applying Lichtenthaler equations as described by
Vidyashankar et al. (2013). The Specific growth rate (μ day−1)
of the microalgal strains was calculated by the equation

μ day−1 ¼ 1=t ln Xm=Xoð Þ ð1Þ

where Xm and Xo are the concentrations of biomass at the end
and beginning of a batch run, respectively, and t is the duration
of the run.

The cultures were allowed to reach stationary phase for
harvesting. In general the marine strains reached stationary
phase between 14 and 18 days and fresh water strains by
21 days of incubation. The cells were harvested by centrifu-
gation at the end of incubation period, washed with de-ionized
water and lyophilized.

Lipid extraction and fatty acid composition analysis

The total lipids were extracted from a known quantity
(100 mg) of freeze dried biomass with chloroform: methanol
(2:1). The biomass was ground in a pestle and mortar with
solvent until decolourized. The extracts were filtered
(Whatman filter paper No. 1), dried under vacuum, weighed
and expressed as percent on dry weight basis.

The fatty acid composition was determined by converting
the crude lipids to fatty acid methyl esters (FAMEs) by trans-
esterification with methanolic hydrogen chloride reagent
(Christie 1982). The dried FAME extracts were diluted with
n-hexane (1 mg ml−1) and 1 μl of the FAME solution was
injected in a Gas Chromatograph equipped with flame ioniza-
tion detector (FID). The FAMEs were separated using Rtx-1
(poly(dimethylsiloxane)) capillary column (30 m×0.32 mm
ID×0.25μm film thickness) and identified by comparing their
retention times with standard FAME mixture (C-8 to C-24

Table 1 Details of microalgal isolates

Microalgae Class Habitat/Place of isolation Growth medium

Marine strains

Pavlova sp. Haptophyceae Culture collection of Regional Research Centre, Central Marine
Fisheries Research Institute,
Tuticorin, Tamil Nadu, India

Artificiala /Enriched Natural sea
water mediumbSynechocystis sp. Cyanophyceae

Tetraselmis gracilis Chlorophyceae

Isochrysis sp. Haptophyceae

T. chuii Chlorophyceae

T. theli Chlorophyceae

Chromulina
frieburgensis

Chrysophyceae

Chlorella sp. Chlorophyceae

Nannochloropsis
sp.

Eumastigophyceae

Fresh water strains

Scenedesmus
dimorphus

Chlorophyceae University of Madras, Chennai, India
13°5′2″N, 80°16′12″E

Bold basal mediumc

Chlorella sp. Chlorophyceae India Gate stagnant water pond, New Delhi,
28°36′46″N, 77°13′46″E

Chlorococcum sp. Chlorophyceae Naini lake, Nainital, 29°23′21.32″N,
79°27′33.36E, elevation 1951 m

Spirulina platensis
(SP6)

Cyanophyceae CFTRI culture collection Zarrouk’s mediumd

a - UTEX Culture collection ASW medium recipe, b - Sterile natural sea water enriched with nutrients (mgL−1 sterile sea water) NaNO3 (1);
NaH2PO4.2H2O (0.2); Na2 EDTA (0.45); H3BO3 (0.33); MnCl2.4H2O (0.03); FeCl3.6H2O (0.1); trace metals (μgL−1 ) ZnCl2 (2.1); CoCl2. 6H2O
(2.0); (NH4)6Mo7O24. 4H2O (0.9); CuSO4.5H2O (2.0) and vitamins (μgL−1 ) thiamine hydrochloride (1); cyanocobalamine (1) and biotin (0.2)
c - Kanz and Bold 1969; d Zarrouk 1966
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FAME mix, SUPELCO) as described by Vidyashankar et al.
(2013). The FAMEs were confirmed by GC-MS analysis
(Turbomass Gold, Perkin Elmer, U.S.A) by comparing the
fragmentation pattern with authentic standards.

Degree of unsaturation (DU) of the polyunsaturated fatty
acids (PUFAs) was calculated for each PUFA and summarized
over the entire PUFA profile of all microalgal samples using
the Eq. (2) (Floreto and Teshima 1998).

DU ¼
X

% PUFA Cx:n ω‐γð Þ=% total PUFA x DBf g ð2Þ

where C x:n is the carbon number with number of double
bonds, ω refers to omega (n-3) fatty acids and γ – gamma
refers to GLA. DB is the number of double bonds

Statistical analysis

The cultivation experiments were performed twice in tripli-
cates. Results were expressed as the mean±SD of the repli-
cates. Difference between the groups were statistically ana-
lyzed using one way ANOVA followed by Tukey Kramer
multiple comparison test at significance level of p<0.05.
The statistical analysis was carried out using GraphPad InStat
software, version 3.06, 2003.

Results and discussion

Growth characteristics of microalgae

The growth profile of freshwater microalgae are presented in
Fig. 1. The freshwater strains reached stationary phase between
18 and 21 days of incubation, except in Scenedesmus dimorphus
where the plateau was observed at 24th day of incubation under

batch cultivation. Among the indigenous fresh water strains,
S. dimorphus had highest specific growth rate (0.102±0.001)
followed by Chlorococcum sp. (0.069±0.006) and least in
Chlorella sp., (0.043±0.003) (data not shown). The average bio-
mass concentration at the end of a batch cultivation and daily
biomass productivity of the fresh water microalgae is presented
in Table 2. S. dimorphuswas high biomass producer (0.98 g L−1)
and the biomass productivity of the fresh water strains in batch
cultivation ranged between 45 mgL−1 day−1 (Chlorella sp.) and
70 mgL−1 day−1 (S. dimorphus) (Table 2). The biomass concen-
tration and productivity of the reference strain Spirulina platensis
were 0.80 g L−1 and 57 mg L−1 day−1 respectively (Table 2).

The marine strains were evaluated for their growth and pro-
ductivity in both the enriched natural sea water (ENSW) and
artificial sea water (ASW) media. The ASW medium offers
advantage as unlike the physicochemical properties of natural
sea water, which vary between the seasons (Berges et al. 2001),
its chemical composition can be controlled precisely. The total
salinity levels in both the ASW and ENSW media was main-
tained uniformly at 30–33 parts per thousand (PPT). The bio-
mass productivity of microalgal strains vary depending upon
the cultivation conditions such as light illumination intensity,
medium composition, temperature (Hempel et al. 2012). There-
fore, to avoid any effect of varying culture condition, the
microalgal strains in the present study were cultured in their
respective medium under uniform conditions.

The average specific growth rate, average biomass concen-
tration at the end of a batch cultivation, and biomass produc-
tivity of marine microalgae is presented in Table 3. The
growth pattern of marine microalgal strains showed signifi-
cant variations in ASW and ENSW media suggesting that
response to the growth media is species specific.
Nannochloropsissp., T. chuii and Chlorella sp., did not show
any significant variation in their growth in ENSW or ASW
medium and showed a high biomass concentration of
>0.6 g L−1 irrespective of the growth medium (Fig. 2). The
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growth response of Synechocystis sp. also remained same in
both the media, however, the biomass concentration was sig-
nificantly lower at 0.3 g L−1 (Fig. 2). A reduction of 26–50 %
in biomass concentration was observed for T. theli and
Chromulina frieburgensis when cultivated in ASW compared
to ENSW.A slower growth response was seen for these strains
in ASW medium (Fig. 2). Motile microalgal species such as
Pavlova sp., T. gracilis and Isochrysis sp. showed a reduced
growth and biomass concentration when cultivated in ASW
compared to ENSWmedium (Fig. 3). The specific growth rate
(μ day−1), which is the increase in cell density per unit time,
was nearly twofold higher in ENSW medium compared to
ASW medium for all the marine strains. The differential re-
sponse of marine microalgal strains to growth media is man-
ifested in their growth profile in ENSW and ASW media
(Fig. 2). Except for Nannochloropsis sp. and Chlorella sp.,
growth of marine microalgal strains was slower in ASW with
an extended lag phase of about 6 days compared to 3 days in
ENSWmedium. However, cells reached stationary phase ear-
lier (12 days) in ENSW compared to ASW where the growth
plateaued out at 15–18th day (Fig. 1). A similar increase in
biomass concentration of marine strains when cultivated in

ENSW was observed by Berges et al. (2001) who attributed
the effect to the enrichment of natural sea water with macro-
nutrients, trace metals like molybdenum, nickel, and natural
organic compounds. Higher growth rates of certain strains like
Nannochloropsis and Chlorella, in both natural and artificial
media, indicate to their suitability for commercial cultivation.

Lipid content and productivity of microalgae

Eukaryotic algae predominantly contain saturated or mono-
unsaturated fatty acids, with triglycerides as common storage
lipids. The fatty acid composition show a wide variation in
microalgal strains which have been reported to be taxonomic
class specific and could be used as a chemotaxonomic marker
(Sahu et al. 2013). The lipid content and lipid productivity of
the fresh water microalgae under study is presented in Table 2.
Among the freshwater chlorophyceae (green algae) strains,
Chlorella sp. andChlorococcum sp. showed significantly high
l ip id con ten t o f abou t 25 % w/w fo l lowed by
Scenedesmus dimorphus with a content of 16.57 %
w/w.Spirulina platensis showed a lower lipid content of about
5 %. The average lipid productivity of fresh water

Table 2 Biomass, lipid and PUFA productivity of fresh water strains

Microalgae Biomass
concentration
(gL−1)

Biomass productivity
(mgL−1 day−1)

Lipid content
(% w/w dry biomass)

Average Lipid
productivity
(mgL−1 day−1)

PUFA (ALA)
productivity
(mgL−1 day−1)

PUFA (GLA)
Productivity
(mgL−1 day−1)

Scenedesmus dimorphus 0.98±0.10 70.17±0.9 16.57±1.97 11.63±1.38c 3.35±0.30 –

Chlorella sp. 0.64±0.06 45.48±2.3 25.28±3.02c 11.49±1.37c 1.36±0.15 –

Chlorococcum sp. 0.72±0.05 51.07±2.68c 25.53±6.51c 13.04±2.24 3.92±0.31 –

Spirulina platensis (SP6) 0.80±0.09 57.38±0.6c 5.10±0.82 2.92±0.47b 0.10±0.01 0.73±0.05

ALA, Alpha Linolenic acid; GLA, Gamma Linolenic acid. Data represents average of three replicates. Data collected after 3 weeks of cultivation. Values
along a column carrying similar superscripts are statistically insignificant at p<0.05

Table 3 Effect of growth media on the specific growth rate, biomass concentration and productivity of marine microalgae

Microalgae Average specific growth rate (μ day−1) Biomass concentration (gL−1) Biomass productivity mg L−1 day−1

ASW ENSW ASW ENSW ASW ENSW

Pavlova sp. 0.069±0.009 0.321±0.03 0.24±0.020 0.48±0.020 17.14±2.01 26.66±3.83

Synechocystis sp. 0.113±0.01 0.213±0.02 0.32±0.003a 0.33±0.035a 22.85±3.00b 22.78±1.44b

Tetraselmis gracilis 0.127±0.02 0.299±0.03 0.32±0.020 0.46±0.060 22.85±2.00 32.85±0.95

Tetraselmis chuii 0.165±0.01 0.271±0.03 0.61±0.002 a 0.66±0.047 a 33.88±1.50 36.66±6.29

Tetraselmis theli 0.198±0.02 0.436±0.04 0.67±0.050 0.85±0.071 37.22±4.95 47.92±5.76

Isochrysis sp. 0.053±0.003 0.289±0.03 0.32±0.030 0.48±0.040 22.85±3.00 34.28±0.11

Chromulina frieburgensis 0.027±0.001 0.346±0.04 0.53±0.055 0.68±0.035 29.44±0.55 37.67±0.15

Chlorella sp. 0.116±0.006 0.135±0.01 0.79±0.040 a 0.78±0.008 a 56.43±3.65c 56.12±2.66c

Nannochloropsis sp. 0.144±0.04 0.159±0.009 0.78±0.013 a 0.77±0.011 a 55.71±1.30c 55.49±0.53c

Specific growth rate data collected on mid log phase of growth (6th day) of cultivation and biomass concentration estimated after 14–18 days of
cultivation

Values in rows carrying similar superscripts are statistically insignificant at p≤0.05
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chlorophyceae strains was in the range of 11–13 mgL−1d−1

(Table 2).
The lipid content and productivity of the marine

microalgae under study is presented in Table 4. Pavlova sp.
(Haptophyceae); Nannochloropsis sp. (Eumastigophyceae)
and Chlorella sp. (Chlorophyceae) showed the highest lipid
content which varied from about 26%w/w in ENSW to about
30 % w/w in ASW medium. The lipid productivity of
Nannochloropsis was high at >15 mg L−1d−1 in both the me-
dia while Chlorella sp. showed a higher lipid content of 25 %
w/w; and lipid productivity of 14mg L−1d−1 in ASWmedium.

In ASWmedium, T. theli showed an enhanced lipid content
of 22.85 % w/w and lipid productivity of 10.95 mg L−1d−1.
The lipid productivity of all the other strains also showed an
enhancement in ASW medium but remained <10 mg L−1d−1.
The reduced lipid productivity in these strains when cultivated
in ENSW medium may be attributed to enhanced growth
(Table 3), as the natural sea water enriched with micro nutri-
ents alleviate nutritional stress required for lipid accumulation.
It has been reported widely that availability of nutrients plays

an important role in lipid accumulation by microalgae
(Harwood and Jones 1989); where nutrient sufficient condi-
tions promote the growth and nutrient deficient conditions,
specifically nitrogen limitation and other abiotic stress, induce
lipid accumulation. Under these stressed or nutrient deficient
conditions microalgae channelize their metabolism towards
accumulation of lipid as preliminary storage material
(Guschina and Harwood 2009). However growth and lipid
accumulation under a cultivation condition is species specific.
ASW is an effective medium for studying the effect of mineral
nutrition towards lipid/PUFA accumulation in microalgae
since media composition can be precisely controlled unlike
in natural sea water medium.

Fatty acid composition of microalgae

The fatty acid composition of fresh water and marine
microalgae is represented in Table 5. PUFA productivities
for fresh water and marine strains are represented in Tables 2
and 4 respectively. The fatty acid composition was unique
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with respect to PUFA distribution. Alpha linolenic acid (ALA,
C-18:3, n-3, Δ9,12,15) was the major PUFA in freshwater
chlorophyceae strains Scenedesmus sp., Chlorella sp. and
Chlorococcum sp.; and gamma linolenic acid (GLA, C-18:3,
n-6, Δ6,9,12) was the dominant PUFA in fresh water

cyanophycean alga Spirulina platensis. Eicosapentaenoic acid
(EPA, C-20:5, n-3, Δ5,8,11,14,17) was the major PUFA in ma-
rine microalgae except Isochrysis sp. where docosahexaenoic
acid (DHA, C- 22:6, n-3,Δ4,7,10,13,16,19) was the predominant
PUFA.
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Fig. 3 Growth profile of marine microalgae in Artificial (ASW) and Enriched natural sea water medium (ENSW) – (a) – Pavlova sp., (b) – Isochrysis
sp., (c) – Tetraselmis gracilis

Table 4 Effect of growth media on the lipid and PUFA productivity of marine microalgae

Microalgae Lipid content (% w/w) Lipid productivity
mgL−1 day−1

EPA productivity mgL−1 day−1 DHA productivity mgL−1 day−1

ASW ENSW ASW ENSW ASW ENSW ASW ENSW

Pavlova sp. 30.36±0.84 26.13±0.26 5.25±0.63a 5.09±0.90a 0.69a 0.74a – –

Synechocystis sp. 22.85±1.27 16.5±1.56 5.21±0.22 3.87±0.73 0.48b 0.49b – –

Tetraselmis gracilis 16.16±0.51 18.72±1.72 3.74±0.54b 3.57±0.53b 0.37 0.12 – –

Tetraselmis chuii 18.89±1.50 11.37±0.37 8.11±0.43 5.63±0.36 0.63 0.38 – –

Tetraselmis theli 22.85±1.07 17.5±0.75 10.95±0.41 8.44±0.40 1.41 0.94 – –

Isochrysis sp. 14.66±1.18 8.72±0.82 3.33±0.14 2.62±0.22 0.099 0.068 0.37 0.33

Chromulina frieburgensis 15.74±1.57 7.87±0.87 5.93±0.26a 5.15±0.51a 1.34 0.71 – –

Chlorella sp. 25.28±0.98 20.35±0.35 14.18±2.91 12.88±0.82 2.12 1.67 0.091 0.072

Nannochloropsis sp. 31.13±0.85 26.86±1.86 17.27±3.17 15.49±0.94 1.34 1.04 0.11 0.087

EPA, Eicosapentaenoic acid;DHA, Docosahexaenoic acid;ASW, Artificial sea water; ENSW, Enriched natural sea water. Data represents average of three
replicates. Data collected after 3 weeks of cultivation in respective growth medium. Values carrying similar superscripts in a row are statistically not
significant at p<0.05

7076 J Food Sci Technol (November 2015) 52(11):7070–7080



T
ab

le
5

Fa
tty

ac
id

co
m
po
si
tio

n
of

m
ic
ro
al
ga
e

F
at
ty

ac
id

†
M
ar
in
e
st
ra
in
s*

Fr
es
h
w
at
er

st
ra
in
s

Sy
ne
ch
oc
ys
tis

sp
.

C
hr
om

ul
in
a

fr
ie
bu
rg
en
si
s

T.
gr
ac
ili
s

T.
th
el
i

T.
ch
ui
i

Is
oc
hr
ys
is

sp
.

P
av
lo
va

sp
.

N
an
no
ch
lo
ro
ps
is

sp
.

C
hl
or
el
la

sp
.

Sc
en
ed
es
m
us

di
m
or
ph
us

C
hl
or
oc
oc
cu
m

sp
.

Sp
ir
ul
in
a

pl
at
en
si
s

C
hl
or
el
la

vu
lg
ar
is

C
-1
2:
0

nd
nd

nd
nd

nd
nd

nd
nd

nd
nd

0.
94

±
0

0.
95

±
0

0

C
-1
4:
1

nd
0.
42

±
0

nd
nd

nd
nd

nd
nd

nd
0.
62

±
0

0.
44

±
0

nd
0.
97

±
0

C
-1
4:
0

5.
42

±
0.
5

5.
64

±
0.
6

3.
59

±
0.
9

5.
08

±
0.
8

4.
62

±
0.
6

9.
56

±
0.
9

5.
15

±
0.
15

4.
2
±
0.
2

5.
33

±
0.
3

1.
74

±
0.
1

1.
05

±
0.
05

0.
73

±
0

2.
88

±
0.
2

C
-1
6:
1

21
.6
2
±
2.
6

20
.4
3
±
2.
3

26
.5
5
±
2.
6

18
.0
1
±
2.
0

27
.5
9
±
2.
5

6.
66

±
0.
6

25
.3
1
±
2.
1

29
.3
8
±
3.
0

24
.9
3
±
2.
3

1.
85

±
0.
1

7.
39

±
0.
97

10
.4
5
±
1.
4

5.
61

±
0.
6

C
-1
6:
0

35
.5
4
±
4.
5

34
.1
9
±
3.
9

32
.9
3
±
2.
9

30
.4
5
±
3.
5

36
.0
2
±
2.
6

19
.5
±
2.
0

34
.1
3
±
3.
3

36
±
2.
6

36
.5
3
±
3.
5

34
.9
±
3.
4

20
.7
3
±
2.
3

22
.2
7
±
2.
2

51
.9
9
±
5.
1

C
-1
8:
1

9.
61

±
1.
6

9.
74

±
0.
97

16
.9
8
±
1.
6

9.
07

±
0.
9

17
.1
8
±
1.
8

19
.3
9
±
1.
3

11
.3
8
±
1.
8

16
.7
1
±
1.
7

11
.4
8
±
1.
8

15
.9
5
±
1.
9

17
.6
4
±
1.
4

19
.6
8
±
1.
9

15
.0
6
±
1.
5

C
-1
8:
2

(n
-6
)

1.
12

±
0.
1

1.
21

±
0

1.
48

±
0

1.
07

±
0.
1

1.
2
±
0

2.
24

±
0.
4

1.
3
±
0

0.
82

±
0

1.
29

±
0.
1

14
.2
2
±
1.
4

18
.9
5
±
1.
5

15
.6
5
±
1.
6

8.
49

±
1.
4

C
-1
8:
3

(n
-3
)

nd
nd

nd
nd

nd
9.
42

±
0.
9

nd
nd

nd
28
.8
1
±
2.
1

29
.8
9
±
2.
8

3.
35

±
0.
5

11
.3
9
±
1.
3

C
-1
8:
3

(n
-6
)

nd
nd

nd
nd

nd
nd

nd
nd

nd
nd

nd
23
.7
7
±
2.
7

nd

C
-1
8:
0

2.
31

±
00
.1
3

2.
62

±
0.
2

2.
48

±
0.
4

1.
92

±
0

2.
03

±
0.
3

6.
5
±
0.
6

2.
16

±
0.
6

2.
13

±
0.
3

2.
26

±
0.
6

1.
88

±
0.
1

2.
46

±
0.
4

3.
34

±
0.
4

nd

C
-2
0:
5

(n
-3
)

10
.9
7
±
1.
09

11
.8
1
±
0.
8

2.
96

±
0.
2

8.
27

±
0.
8

6.
4
±
0.
6

2.
2
±
0.
2

13
.4
5
±
1.
4

6.
49

±
0.
9

12
.2
3
±
1.
3

nd
nd

nd
nd

C
-2
2:
6

(n
-3
)

nd
nd

nd
nd

nd
8.
21

±
1.
2

nd
0.
54

±
0.
05

0.
53

nd
nd

nd
nd

Σ
SF

A
43
.2
7

42
.4
5

39
37
.4
5

42
.6
7

35
.5
6

41
.4
4

42
.3
3

44
.1
2

38
.5
2

25
.1
8

27
.2
9

54
.8
7

Σ
M
U
FA

31
.2
3

30
.5
9

43
.5
3

27
.0
8

44
.7
7

26
.0
5

36
.6
9

46
.0
9

36
.4
1

18
.4
2

25
.4
7

30
.1
4

21
.6
4

Σ
PU

FA
12
.0
9

13
.0
2

4.
44

9.
34

7.
6

22
.0
7

14
.7
5

7.
85

14
.0
5

43
.0
3

48
.8
4

39
.4
2

19
.8
8

ω
6/
ω
3

ra
tio

#
0.
10

0.
10

0.
50

0.
13

0.
19

0.
11

0.
10

0.
12

0.
10

0.
49

0.
63

11
.7
9

0.
75

D
U

4.
72

4.
72

4.
00

4.
66

4.
53

4.
05

4.
74

4.
96

4.
88

2.
67

2.
61

2.
60

2.
57

†
−
F
at
ty

ac
id

co
m
po
si
tio

n
ex
pr
es
se
d
as

re
la
tiv

e
pe
rc
en
ta
ge

*
M
ar
in
e
st
ra
in
s
w
er
e
cu
lti
va
te
d
in

A
S
W

D
at
a
re
pr
es
en
ts
av
er
ag
e
of

th
re
e
re
pl
ic
at
es
.D

at
a
co
lle
ct
ed

af
te
r
3
w
ee
ks

of
cu
lti
va
tio

n

#
-
R
at
io

of
su
m

of
n-
6
to

su
m

of
n-
3
fa
tty

ac
id
s

nd
,N

ot
de
te
ct
ed

J Food Sci Technol (November 2015) 52(11):7070–7080 7077



Among the fresh water chlorophyceae strains, the ALA con-
tent contributed about 30% and 28%w/w of the total FAME in
Chlorococcum sp. and Scenedesmus dimorphus respectively
with a productivity of 3.9 mgL−1 day−1 for the former and
3.35 mgL−1 day−1 for the later. The Chlorella sp. showed an
ALA content and productivity of 11.39 % w/w of total FAME
and 1.36 mgL−1 day−1 respectively. The results obtained in the
present study were similar to Guedes et al. (2011) who reported
high ALA contents in chlorophyceae species. Among the satu-
rated fatty acids, palmitic acid (C-16:0) was predominant com-
ponent of FAME of all the algal strains with Chlorella sp.,
showing over 50 % w/w. A lower content and productivity of
ALA combined with very high levels of palmitic acid render
Chlorella sp. unsuitable for nutritional applications. The other
major n-6 PUFA observed in fresh water chlorophyceae strains
and Spirulina was linoleic acid (LA, C-18:2) contributing be-
tween 8 and 20 % of total FAME. The gamma linolenic acid
(GLA), an omega-6 fatty acid with wide nutritional and phar-
maceutical applications (Deng and Chow 2010), was unique to
Spirulina platensis which showed a high content (24 % w/w of
total FAME) of this fatty acid with a productivity of
0.73 mgL−1 day−1.

The major n-3 PUFA of total FAME of marine strains was
EPA with Pavlova sp. and Chlorella sp. showing a higher
content at 13.45 % and 12.23 % respectively and Tetraselmis
gracilis showing the least at 2.96 %. In addition to EPA, an-
other important n-3 long chain PUFA DHAwas detected only
in three marine algae, Isochrysis sp. (8.2 % of FAME),
Nannochloropsis (0.5 % of FAME) and Chlorella sp. (0.5 %
of FAME). Linoleic acid (LA, C-18:2) was the only n-6 PUFA
observed in marine algae. The EPA productivity of marine
microalgae is presented in Table 4. As observed with lipid
content and productivity, the strains showed an enhanced
EPA productivity in ASW medium. The Nannochloropsis
sp., Chlorella sp. and T.theli with higher lipid content and
productivity, showed EPA productivity of 1.34, 2.12 and
1.41 mgL−1 day−1 respectively.

Therefore, based on the growth, lipid content, lipid and EPA
productivity, the marine microalgal strains of Nannochloropsis
sp. and Chlorella sp. could be considered as the candidate
organisms for PUFA (EPA) production as they accumulate
PUFA without compromising the growth. Also, a differential
response to ENSW and ASW medium in strains like T. theli
could be utilised for two stage cultivation system for PUFA
(EPA) production. The first stage would involve biomass pro-
duction in nutrient sufficient natural sea water (ENSW) medi-
um followed by induction of lipid accumulation in nutrient
deficient ASW medium in second stage. The results obtained
in the present study are also encouraging for the potential ap-
plication of selected fresh water microalgal strains e.g.,
Scenedesmus dimorphus and Chlorococcum sp. as source of
PUFA (mainly ALA) compared to some earlier bioprospection
studies such as Guedes et al. (2011) and Hempel et al. (2012).

The fatty acid composition indicated very high therapeutic
value for these microalgal lipids in terms of n-6 to n-3 ratio.
The n-6 to n-3 ratio for microalgae were very low in the range
between 0.75 and 0.1 indicating that omega three fatty acids
(EPA and DHA in marine strains and ALA in freshwater
strains) are 2 to 10 fold higher than omega six fatty acid
(LA) except in Spirulina where the n-6 to n-3 ratio is very
high owing to the presence of GLA (n-6) as dominant PUFA
(Table 5). The ratio of n-6 to n-3 fatty acids is very important
in any food, since both of these fatty acids compete for the
same enzyme to synthesize prostaglandins, a pro-
inflammatory marker. It was observed that a lower ratio of
n-6 to n-3 fatty acids is more desirable in reducing the risk
of many of the chronic diseases such as cardiovascular dis-
ease, cancer, inflammatory and autoimmune diseases
(Simopoulos 2002, 2008). The study also validates the earlier
reports suggesting Spirulina, as a major source of GLA, a
nutritionally important n-6 PUFA.

The presence of EPA and DHA in marine microalgae is
also reflected in higher degree of un-saturation (DU) of their
lipids (4.00 to 4.96), strongly supporting their candidature as
source of dietary PUFAs (Table 5). The presence of long chain
polyenoic PUFAs in marine microalgae could be an adaptive
response to colder marine habitats which induces fatty acid
desaturation required for membrane fluidity (Thompson et al.
1992). Several authors have observed accumulation of PUFA
in psychro-tolerant strains and reported increase in PUFA pro-
duction under cold environments (Teoh et al. 2004; Fogliano
et al. 2010). Thus screening for psychro-tolerant strains would
be beneficial for industrial production of PUFAs.

The fatty acid composition of few microalgal species such
as Nannochloropsis sp., Porphyridium cruentum, Isochrysis
galbana and Parietochloris incise under autotrophic growth
c o n d i t i o n s a n d Pha e o d a c t y l um t r i c o r n u t um ,
Crypthecodinium cohnii, Schyzochytrium sp. under heterotro-
phic growth condition is well documented (Cohen and
Ratledge 2005). However a detailed description on the fatty
acid composition and productivity of indigenous strains main-
ly with respect to dietary PUFAs are rare except a few, such as
Guedes et al. (2011). The present study is first of its kind in
terms of description of fatty acid composition and evaluation
of the PUFA productivity of certain indigenous marine and
freshwater microalgal strains.

The n-3 PUFA rich microalgae evaluated in the present
study could be used directly as n-3 PUFA fortifying agents
in foods such as cookies, pasta, bread etc. Fortification of
foods with n-3 PUFA rich microalgal biomass would enrich
their nutritional properties by balancing/reducing the n-6 to n-
3 PUFA ratio. The direct use of PUFA enriched microalgal
biomass as functional foods would improve the economics of
food processing industry as critical downstream processing
can be avoided. Apart from the PUFA, the microalgal biomass
would also contribute other nutritionally important
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compounds such as carotenoids, chlorophylls, dietary fibre to
processed food products. Alternatively, the microalgal bio-
mass can be either used as feedstock for PUFA rich oil pro-
duction or as feed for poultry (Fraeye et al. 2012) to obtain n-3
PUFA fortified eggs. Thus the microalgae could be important
alternative source of PUFA to marine fish oil and identifica-
tion and evaluation of indigenous PUFA accumulating
microalgae therefore assumes significance.

Conclusion

The present study was focussed on evaluation of a few of the
indigenous marine and freshwater microalgae as potential
source of PUFA under autotrophic mode. Freshwater
chlorophyceanmicroalgaeChlorococcum sp. and Scenedesmus
dimorphus can be the possible candidates for ALA production
with an average productivity of 3 mgL−1 day−1. Marine
microalgae Nannochloropsis sp. and Chlorella sp. could be
the source of EPA with productivity of 1 to 2 mgL−1 day−1.
Growthmedium composition significantly affected the biomass
and PUFA productivity of some marine strains such as
Tetraselmis theli. A two stage cultivation system for improving
overall lipid or PUFA productivity could be designed for such
marine strains, where the biomass obtained with growth pro-
motingmedium is incubated in lipid/PUFA enhancingmedium.
From the present study it can be concluded that microalgae
could be a potential vegetarian source of dietary PUFAs.
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