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Abstract The understanding of how nitrogen (N) to phos-
phorus (P) ratios regulate growth and chemical composition of
algae is important to control the nutritional value of
microalgae for industrial application. This study compared
the impacts of N:P ratio manipulations on the growth, ele-
ments, lipid, fatty acids and protein contents of Tisochrysis
lutea and Nannochloropsis oculata. F/2 medium was used as
the basal formula to obtained six N:P ratios of 5:1, 10:1, 20:1,
30:1, 60:1 and 120:1 and tested on the algae species in
triplicate. Growth rate was similar in both algal species across
all N:P ratios, and the carbon content in T. lutea was higher
than in N. oculata. However, the carbon contents were high in
the N:P ratios of 5:1 and 120:1 and low from 10:1 to 60:1 N:P
ratios for both T. lutea and N. oculata. There were no signif-
icant differences in cellular N and P, but the protein contents
depended on algae species and were significantly affected by
N:P ratios. The N:P ratio of 20:1 favoured algal growth and
protein content, while the N:P ratio of 120:1 reduced algal
growth and protein synthesis but increased lipid in both algae.
The 20:1 N:P ratio favoured eicosapentaenoic acid (EPA)
production in N. oculata and the 30:1 N:P ratio favours
docosahexaenoic acid (DHA) production in T. lutea. This
study indicates that N:P ratio manipulation is an effective
strategy to change biochemical composition in algae and N
or P limitation tends to lower polyunsaturated fatty acids
(PUFA) contents in algae.
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Introduction

Microalgae are photosynthetic organisms that constitute the
first primary link of an aquatic food chain (Marchetti et al.
2012). The products of microalgae have various applications,
particularly in pharmaceuticals, cosmetics, biofuel production,
and aquaculture (Pulz and Gross 2004; Rosenberg et al. 2008;
Borowitzka 2013). In nature, microalgae are the primary food
for mollusks, zooplankton and crustacean larvae (Borowitzka
1997; Brown and Hohmann 2002; Duerr et al. 1998). Among
various forms of alternative diets, such as algal paste
(McCausland et al. 1999; Robert et al. 2001), yeast (Nell
2002), bacteria (Douillet and Langdon 1994) or even lipid
compounds such as oil emulsions (Coutteau et al. 1996;
Knauer and Southgate 1997), live microalgae remain essential
to the production of larval fish and juvenile bivalves in cap-
tivity (Robert and Trintignac 1997).

As live food, the nutritional compositions, particularly
polyunsaturated fatty acids 20:5(n-3) (eicosapentaenoic acid,
EPA) and 22:6(n-3) (docosahexaenoic acid, DHA) in algae are
critically important because they can affect the growth and
reproduction of aquatic animals (Jonasdottir et al. 2009;
Mueller-Navarra et al. 2000). However, the amount of EPA
and DHA in algae differs greatly among algae species and
environmental conditions. For instance, the EPA content is
4.8 mg g−1 in Tetraselmis sp. but is 23.4 mg g−1 in
Nannochlopsis sp., while the DHA content is 0.2 mg g−1 in
Tetraselmis sp. but is 15.8 mg g−1 in Isochrysis sp. (Patil et al.
2007). Marine microalgae such as Isochrysis sp. and
Nannochloropsis sp. have received increasing attention as live
food for aquatic animals because of their high contents of
DHA and EPA (C-Pa and Lin 2001; Patil et al. 2007) which
are the essential fatty acids in the diet of marine animals for
growth, health and reproduction.

Nutrient availability in the environment can regulate the
growth and biochemical composition of algae (Qin and Culver
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1996; Johansson and Graneli 1999). Phosphorus (P) and
nitrogen (N) are the two major elements limiting primary
productivity (Villar-Argaiz and Sterner 2002), and their avail-
ability can alter the biochemical composition particularly the
lipid content of algae (Ahlgren and Hyenstrand 2003; Sharma
et al. 2012). A typical effect of nutrient limitation is a reduc-
tion of growth and changes of cellular composition in algae
(Beardall et al. 2001b). N and P limitations usually increase
the cellular carbon (C) content (Cembella et al. 1984; Berdalet
et al. 1994), and C accumulation in algal cells may reduce
nutrient utilisation efficiency in luxurious supply and increase
the efficiency of nutrients in short supply (Sterner and Hessen
1994). Furthermore, the nutrient availability in the environ-
ment can affect macromolecular composition (e.g. protein,
carbohydrate and lipid) in algae (Geider and La Roche
2002). Molecular N:P ratios thereby can provide an integrated
measure of the ability of nutrient uptake for algal cells
(Beardall et al. 2001a; Fresnedo and Serra 1992; Qin et al.
2012). Thus, N limitation usually results in low protein con-
tent and high carbohydrate or lipid storage (Shifrin and
Chisholm 1981; Ganf et al. 1986) while P limitation can also
shift the relative contents of protein, lipid and carbohydrate in
algal cells (Theodorou et al. 1991; Reitan et al. 1994).

Many studies on nutrient limitation have emphasised the
capacity of total lipid change through nutrient manipulation
(Liang et al. 2013; Sharma et al. 2012; Reitan et al. 1994), but
little research has focused specifically on the changes of
PUFA and elemental contents of algae under different N:P
ratios. N: P ratios have been manipulated to simulate situa-
tions from nitrogen deficiency to phosphorus deficiency as
reported in other studies (Hessen et al. 2002; Breteler et al.
2005; Rodolfi et al. 2009) on a variety of green and golden
algae species. The N and P levels were manipulated under
different proportions of N or P reduction in the F/2 media to
reach the target N:P ratios. Since most previous studies have
focused on manipulating nutrients to evaluate the overall lipid
composition of algae (Kunikane et al. 1984; Fong et al. 2004;
Anderson and Pond 2000; Lai et al. 2011; Ahlgren and
Hyenstrand 2003), this study fills the knowledge gap by
evaluating the effects of different N:P ratios on the biochem-
ical composition particularly the major components of fatty
acids such as eicosapentaenoic acid (EPA), docosahexaenoic
acid (DHA), α-linolenic acid (ALA) and arachidonic acid
(ARA) as well as on some elemental compositions (N, P and
C), protein and lipid in two algae species with intrinsic dis-
tinctions in biochemical compositions.

The supply of a single nutrient can affect physiological,
biochemical and molecular adaptation of algae (Lai et al.
2011; Breteler et al. 2005; Liu et al. 2013), but our knowledge
on the role of N:P ratio in regulating the contents of EPA,
DHA and other fatty acids in algae is limited. Therefore, in
this study, we selected two algal species Tisochrysis lutea
(previously known as the Tahitian strain of Isochrysis, T-Iso,

Bendif et al. 2013) and Nannochloropsis oculata that have
been widely used as live food for zooplankton. The former
contains high DHA and the latter has high EPA, which allow
us to assess how N:P ratios affect algae on their biochemical
compositions. Specifically, we aimed to assess the impact of
N:P ratio on algal growth, elemental composition, fatty acid
profile and the contents of protein and lipid in algal cells. The
understanding of these key issues will enable us to identify the
optimal nutrient regimes for algal culture to produce high
nutritional algae as live food for zooplankton. This study
extends our knowledge on using N:P ratios as a tool to
manipulate the value of algal composition for their use as
zooplankton food or in commercial industries.

Materials and methods

We used six different N:P ratios to examine the changes in
growth and chemical composition of the algae including C, N,
P and biochemical contents, particularly the fatty acid profile
of the two algae, N. oculata and T. lutea. These two species
were used to compare whether the effects of N:P ratios on
algal growth and cellular contents were species-specific. The
algae used in this study were obtained from South Australian
Research and Development Institute Aquatic Science Centre,
Adelaide. The F/2 media was used as the basal formula for
nutrient ratio manipulations at N:P=5:1 (72 μMN; 14.37 μM
P), 10:1 (144 μM N; 14.37 μM P), 20:1 (287 μM N;
14.37 μM P), 30:1 (287 μM N; 9.6 μM P), 60:1 (287 μM
N; 4.8 μM P) and 120:1 (287 μM N; 2.4 μM P). N and P
levels were manipulated under different proportions of N or P
reduction in the F/2 medium to reach the appropriate N:P
ratios. The amount of N and P in the seawater and the medium
from algal inoculation were considered in the final nutrient
manipulation at different N:P ratios. All cultures were carried
out in triplicate. The C:N molar ratios for each treatment were
4.5 (N:P 5:1), 4.7 (N:P 10:1), 5.2 (N:P 20:1), 5.5 (N:P 30:1),
6.1 (N:P 60:1) and 6.5 (N:P 120:1). Two litres of culture were
harvested for biochemical analysis when the stationary growth
phase was reached.

Algal growth at different N:P ratios Starter algal cultures of
50–100 mL in the mid exponential growth phase were used as
inoculum giving initial cell densities of The 2.0×
105 cells mL−1 for T. lutea and 2.5×105 cells mL−1 for
N. oculata. Each experiment was carried out in a 2-L aerated
glass Schott bottles exposed to an irradiance of 115 μmol
photons m−2 s−1 with fluorescent tubes on a 12:12-h light-
dark cycle. Mean temperature was 23±1 °C in the light period
and 20±1 °C in the dark period. All cultures were aerated with
a 0.22-μm-filtered air enriched with 1 % CO2 at approximate-
ly 500 mL−1 min−1. Aliquots (1 mL) of each culture were
collected for cell density counts. Algal cell counts (six
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replicates per culture) were undertaken using a Neubauer
haemocytometer. The specific growth rate (μ) was calculated
from the exponential phase obtained through the two points,
N1 and N2, at the two ends of this linear phase (exponential)
using the equation: μ=ln (N2−N1)/(t2−t1) where N2=number
of cells mL−1 at time of harvest t2 andN1=cells mL−1 at time t1
from day 2 until day 6 prior to the stationary growth phase in
both species.

Biochemical analysis In order to optimise the fatty acid con-
tent, algae were harvested during the stationary phase
(Mansour et al. 2005). Samples for measuring protein, total
lipid and fatty acid contents were centrifuged at 7000×g at
15 °C for 15 min to obtain concentrated algal pellets and were
freeze-dried prior to analysis. Lipids were extracted with the
chloroform-methanol method (Bligh and Dyer 1959; Martí-
nez-Fernández et al. 2006). The fatty acid content was mea-
sured and then the samples were methylated in 5 mL of 1 %
H2SO4 in methanol at 70 °C for 3 h. The fatty acid methyl
esters were extracted by adding 750 μL of distilled water and
2 mL of n-heptane. The heptane layer was transferred to a 2
mL vial for analysis using gas chromatography (GC,
PerkinElmer Gas Chromatograph Clarus 500). Fatty acid
methyl esters (FAMEs) were separated and measured on the
GC equipped with a 30 m capillary column (0.32 mm internal
diameter, Zebron ZB-FFAP). Helium was the carrier gas
(1.5 mL min−1). The injector temperature was set at 250 °C
and the detector temperature at 300 °C. The initial oven
temperature was 140 °C for 3 min, then ramped at
10.0 °C min−1 from 1 to 160 °C for 5 min followed by
10.0 °C min−1 from 1 to 230 °C for 10 min. FAMEs were
identified on the GC using software of TotalChrom Navigator
(version 6.3.2 0646, PerkinElmer). The level of the internal
standard 17:0 was used to calculate the FAME concentration in
each sample. Protein contents were calculated from total
Kjeldahl nitrogen (N×6.25) by the combustion technique using
an Elementar RapidN analyser where N values were obtained
as a percent of dry mass for further calculations (Barbarino and
Lourenço 2005; Martínez-Fernández et al. 2006.)

Nutrient concentrations Cell N and C were analysed using a
C/H/N elemental analyser (Carlo-Herba) (Fidalgo et al. 1998).
Cellular P was determined using the nitric acid/hydrogen
peroxide digestion method with inductively coupled plasma
optical emission spectrometry (ICP-OES) (Wheal et al. 2011;
Fong et al. 2004).

Data analyses The data in this study are expressed as mean ±
SD, and the results of growth, protein, total lipid and fatty acid
composition were analysed by two-way analysis of variance
(ANOVA) to test the interaction between the N:P ratio and
algae species. This was followed where applicable with post
hoc Tukey’s multiple comparison test to determine the

significant differences of means between treatments for each
independent factor (Ferrão-Filho et al. 2003). All data were
tested for normality (Shapiro-Wilk Test), homogeneity and
independence (Levene’s test) to satisfy the assumptions for
ANOVA. The level of significant difference was set at
P<0.05.

Results

Algal growth

The specific growth rate between T. lutea and N. oculata was
not different in all treatments of N:P ratios (P>0.05, Fig. 1).
As the N:P ratio increased from 5:1 to 20:1, the specific
growth rate of T. lutea reached the maximum (1.42 d−1,
P<0.05, Fig. 1) with no significant changes with further
increase of the N:P ratio, but declined when the N:P ratio
reached 120:1. Similarly, when the N:P ratio increased from
5:1 to 20:1, the specific growth rate of N. oculata reached the
maximum (1.49 d−1, P<0.05, Fig. 1) but decreased signifi-
cantly with the increase of N:P ratios from 20:1 to 120:1 (P=
0.004). Growth curves of T. lutea and N. oculata under dif-
ferent N:P ratios are shown in Fig. 2. The exponential growth
phase ended within the first 6 days under all test conditions in
both species. At the end of the stationary phase, cell densities
for both T. lutea and N. oculata at the N:P ratio of 20:1 were
significantly higher than those at other N:P ratios (P<0.05,
Fig. 2).

Fig. 1 Growth rate of Tisochrysis lutea and Nannochloropsis oculata
under different N:P ratios (n=3). Different capital letters inside the same
bar type represent significant N:P ratio effects (P<0.05) between the
algal species, while different small letters on the top indicate a significant
difference in each species (P<0.05) at different levels of N:P ratio. Error
bars represent the standard deviations. White and grey bars represent
T. lutea and N. oculata, respectively
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Carbon, nitrogen and phosphorus in T. lutea and N. oculata
cells

The carbon content in T. lutea was significantly higher than in
N. oculata in all N:P ratio treatments (P=0.001, Fig. 3). The
impact of N:P ratios on the cellular C content depended on
algae species (P=0.001). The highest C content was observed
at the N:P ratios of 5:1 and 120:1 for both T. lutea and
N. oculata (P<0.05, Fig. 3). The lowest C content
(19.65 pg cell−1) in N. oculata was found in the N:P ratio of
10:1 (P=0.001), but C contents in T. lutea and N. oculata were
not significantly different as the N:P ratio increased from 10:1
to 60:1 (P=0.436). The carbon contents in both species
depended on the N:P ratio (P<0.05). Cellular N contents were
not different between species in all N:P ratios (P>0.05, Fig. 3),
but as the N:P levels increased from 5:1 to 120:1, the cellular N
increased in both T. lutea and N. oculata (P<0.05). Similarly,
cellular P contents were not different between species in all N:P
ratios (P>0.05, Fig. 3), but a significant declining trend of P
contents was observed with the increase of N:P ratio in both
T. lutea and N. oculata with highest at N:P=5:1 and lowest at
N:P=120:1 (P<0.05, Fig. 3).

Protein content

The protein content increased with the increase of N:P ratio
from 5:1 to 30:1 in both T. lutea and N. oculata (P<0.05,

Fig. 4). The protein content in both species depended on N:P
ratio (P=0.024). Both species yielded lower protein content
when cultured under high (120:1) and low (5:1) N:P ratios
(P<0.05). The protein contents in T. lutea and N. oculata were
higher at the N:P ratios of 20:1 and 30:1 than at other N:P ratios
(P<0.05), but there was no difference between these two ratios
(P>0.05). The protein content inN. oculatawas 60.67 %when
grown at the N:P ratio of 20:1, but it was reducedwhen the ratio
of N:P increased to 120:1 (P<0.05, Fig. 4).

Fig. 2 Growth curves of Tisochrysis lutea and Nannochloropsis oculata
cultured under different N:P ratios.Data points represent mean ± standard
deviations (n=3)

Fig. 3 Changes of cellular C, N, and P in Tisochrysis lutea and
Nannochloropsis oculata under different N:P ratios. Different capital
letters inside each bar type represent significant N:P ratio effects
(P<0.05) between the algal species, while different small letters on the
top indicate significant species effects (P<0.05) at different levels of N:P
ratio. White and grey bars represent T. lutea and N. oculata, respectively
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Lipid content

The impact of the N:P ratio on cellular lipid depended on algal
species (P=0.001). The lipid content in T. lutea andN. oculata
gradually increased with the increase of N:P ratio from 5:1 to
120:1 (P=0.001, Fig. 4) and was not significantly different
from the N:P ratio of 30:1 to 60:1 (P>0.05) . However, the
lipid content was significantly higher in the N:P ratio of 120:1
compared to that at lower N:P ratios. N:P ratios significantly
affected the lipid content in both algal species (P=0.001).

Fatty acid compositions in T. lutea and N. oculata under
different N:P ratios are shown in Tables 1 and 2. The fatty acid
contents were significantly affected by the N:P ratio supplied
to the culture (P<0.05). The highest level of fatty acids in
T. lutea was the saturated fatty acids, and the content was
significantly higher in the treatment of the highest N:P ratio
(43.38 %, N:P 120:1, Table 1). The amounts of myristic acid

(C14:0) in T. luteawere higher in the N:P ratio of 120:1 (28.53
±0.32 %) than those at lower N:P ratios (P<0.05). The
increase of N:P ratios from 5:1 (11.27 %) to 120:1 (23.
93 %) significantly augmented the C18:1 monosaturated
fatty acids in T. lutea (P<0.05, Table 1).

The contents of polyunsaturated fatty acids (PUFA) were
significantly higher in the N:P ratio of 20:1 (37.94 %) than at
other higher N:P ratios in T. lutea (P<0.05). The highest
alpha-linolenic acid (ALA) content in T. lutea was found in
the N:P ratios of 20:1 and 30:1 (7.53±0.15 % and 6.44±
0.10 %, respectively, P<0.05, Table 1). The amount of DHA
in T. lutea decreased (6.73±0.21 %) as N:P ratios increased
from 30:1 to 120:1 (P<0.05, Table 1). The content of C18:4
polyunsaturated fatty acids was higher in the N:P ratio of 20:1
compared to other N:P ratios (P<0.05).

Saturated fatty acids were highest among other fatty acid
groups inN. oculata, and its content was higher in algae at the
N:P ratio of 120:1 than at 5:1 (P<0.05, Table 2). The C16:0
saturated fatty acid was higher at the N:P ratio of 120:1 (38.29
±0.19) than that at other N:P ratios (P<0.05, Table 2). The
highest amount of monosaturated fatty acids was C16:1 under
the N:P ratio of 120:1 (30.28±0.12 %, P<0.05). The PUFA
content significantly increased when the N:P ratio increased
from 5:1 to 20:1 and decreased as the N:P ratio increased to
120:1 (P<0.05). Linoleic acid (C18:2) in N. oculata was
higher (3.41±0.09) at the N:P ratio of 20:1 than at other N:P
ratios. The amount of EPA (38.67±0.06 %) in N. oculata was
significantly higher at the N:P ratio of 20:1 than at the 120:1
ratio (10.27±0.06 %; P<0.05). The amount of EPA in
N. oculata was regulated by the N:P ratio in the culture media
(P<0.05). The ARA in N. oculata was significantly higher at
the N:P ratio of 20:1 than at other ratios (P<0.05).

The interactive effects of algae species and N:P ratios were
detected on major species of polyunsaturated fatty acids
(P<0.05). The EPA content was not affected by N:P ratios
in T. lutea, but it was highest at the N:P ratio of 20:1 and
lowest at the N:P ratio of 120:1 (P<0.05). The DHA content
was significantly higher in T. lutea compared to N. oculata
regardless of N:P ratios (P<0.05). The ALA content was not
affected by N:P ratios in N. oculata, but it was highest at the
20:1 or 30:1 N:P ratio and lowest at the 60:1 or 120:1 N:P ratio
(P<0.05) in T. lutea. In contrast, the ARA content was not
affected by N:P ratios in T. lutea, but it was highest at the N:P
ratio of 20:1 and lowest at 60:1 or 120:1N:P ratio inN. oculata
(P<0.05).

Discussion

In this study, algal growth was enhanced when the N:P ratio
increased from 5:1 to 20:1, and then there was a gradual
decline from 20:1 to 120:1 N:P ratios. This finding is similar

Fig. 4 Protein and lipid content (% dry matter) in Tisochrysis lutea and
Nannochloropsis oculata corresponding to different N:P ratios. Different
capital letters inside the same bar type represent significant N:P ratio
effects (P<0.05) between the algal species, while different small letters
on top indicate significant difference in each species (P<0.05) at different
levels of N:P ratio.White and grey bars represent T. lutea and N. oculata,
respectively
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to a previous study by Vanucci et al. (2012) where final cell
yields of the dinoflagellate Ostreopsis ovata was increased
from a low N:P ratio of 5:1 to a high N:P ratio of 16:1, which
is consistent with another study using similar N:P ratios on the
same dinoflagellateO. ovata (Vidyarathna and Granéli 2013).
Similarly, Mayers et al. (2014) have found that the maximum
cell density was obtained when the Nannochloropsis sp. was
cultured under the N:P ratios of 16:1 and 32:1 compared to
64:1 and 80:1. Our results demonstrated that the N:P ratio of
20:1 increased the final cell densities in T. lutea andN. oculata
compared to those at the N:P ratio of 5:1. Furthermore, the
current results showed that within each species, algal growth
was affected by the range of N:P ratios. Geider and La Roche
(2002) stated that phytoplankton is N-limited at N:P <16 and
that it is P-limited at N:P >16 based on the Redfield ratio
(Redfield, 1934). However, in the present study, the highest
growth rate was obtained for both algae species under the N:P
ratio of 20:1 compared to the rest of the N:P ratios. This
finding is consistent with a previous study that the N:P ratio
of 20:1 favoured the growth of Thalassiosira sp. and
Chroomonas salina (Zhang and Hu 2011). In contrast, another
study on other algal species such as Cylindrotheca closterium
and Platymonas helgolandica var. tsingtaoensis (Sun et al.
2004) showed a different pattern, where the algal growth rate
is higher at the N:P ratios of 160:1 and 80:1 than at 16:1, and

this suggests that algal preference for optimal N:P ratios varies
among species as reported in previous studies (Clark et al.
2002; Flynn et al. 2002). The response of algal growth to N:P
ratios depends on the physiological requirement for nutrients
and varies among species (Lagus et al. 2004). Our results
demonstrate that the higher growth rates of T. lutea and
N. oculata occurred close to the N:P ratio of 20:1, which is
slightly higher than the Redfield ratio of N:P=16:1.

The increase of N:P ratio from 5:1 to 120:1 increased the
cellular N content of T. lutea and N. oculata in the current
study. Similarly, in a previous study, the increase of N:P ratio
from 22:1 to 3000:1 also increased the cellular N content in
Calcidiscus leptoporus (Langer et al. 2012). In the treatments
of N:P ratios at 20:1 and 30:1 where phosphorus was limited,
the excess N may be easily incorporated into protein as shown
in Scenedesmus sp. when N was in excessive supply relative
to P in the medium (Rhee 1978). Our results demonstrated that
the increase of the N:P ratios from 5:1 to 120:1 (ascending N
supply) increased the cellular N contents, but phosphorus
limitation might lead to the accumulation of excess nitrogen
stored as protein in the cells of T. lutea and N. oculata. The
increase of N:P ratio from 20:1 to 120:1 leads to P limitation
and a tendency of PUFA reduction in both algal species,
which is consistent with the report onDunaliella parva where
the N:P ratio of 118:1 decreased the cellular P content

Table 1 Fatty acid composition (% total fatty acids) of Tisochrysis lutea grown at different N:P ratios

Species Tisochrysis lutea

N:P ratios

Fatty acids 5:1 10:1 20:1 30:1 60:1 120:1

Saturated

C14:0 12.20±0.1a 15.38±0.20b 22.40±0.26c 23.37±0.25d 26.47±0.32e 28.53±0.32f

C16:0 9.17±0.11 9.48±0.14 10.80±0.36 10.59±0.20 13.40±0.11 14.85±0.22

Sum 21.37 24.86 33.20 33.96 39.87 43.38

Monosaturated

C16:1 3.30±0.11 3.73±0.15 4.74±0.14 4.82±0.14 4.21±0.11 3.60±0.10

C18:1c 11.27±0.15a 15.87±0.21b 18.31±0.10c 17.26±0.14d 19.27±0.21e 23.93±0.15f

C22:1c 0.42±0.09 0.50±0.10 0.90±0.10 0.77±0.15 0.59±0.16 0.40±0.10

Sum 14.99 20.10 23.95 22.85 24.07 27.93

Polyunsaturated

C18:2b 4.30±0.10 4.31±0.18 5.63±0.15 4.02±0.06 3.71±0.24 3.43±0.25

C18:3a (ALA) 6.27±0.21a 6.37±0.15a 7.53±0.15b 6.44±0.10b 4.13±0.13c 3.56±0.14c

C18:4a 15.20±0.17 a 15.50±0.17a 16.40±0.11b 15.50±0.15a 11.50±0.15c 8.80±0.15d

C20:4b (ARA) 0.37±0.07 0.38±0.06 0.51±0.10 0.42±0.10 0.33±0.10 0.30±0.10

C20:5a (EPA) 0.34±0.02 0.35±0.03 0.57±0.06 0.43±0.06 0.31±0.03 0.29±0.04

C22:6a (DHA) 6.80±0.30a 7.20±0.10a 7.30±0.26a 8.20±0.10b 7.02±0.26a 6.73±0.21a

Sum 33.28 34.11 37.94 35.01 27.00 23.11

All values are mean ± standard error (n=3). Different letters in the same row represent significant differences at P<0.05. The bold fatty acid species are
described in the results
aω-3 fatty acids, bω-6 fatty acids, and cω-9 fatty acids

ALA alpha-linolenic acid, ARA arachidonic acid, EPA eicosapentaenoic acid, DHA docosahexaenoic acid
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compared with the N:P ratios of 30:1 and 6:1, though the
PUFA contents were not reported by Suzuki et al. (1997).

Cellular C contents of algae at the N:P ratios of 5:1 and
120:1 were high in T. lutea andN. oculata in the present study,
in line with a previous result on C. leptoporus where lower
N:P ratios of 0.17:1 and higher N:P ratios of 3000:1 increased
C content compared with the N:P ratio of 22:1 (Langer et al.
2012). Similarly, N:P ratios of 0.57:1 and 115:1 also increased
the carbon content in T. lutea (Marchetti et al. 2012). Under
the optimum range of N:P ratios (20:1–30:1), carbon contents
were lower than the high (120:1) and low N:P ratios (5:1) in
T. lutea and N. oculata. Langer et al. (2012) also found that in
C. leptoporus, the N:P ratio of 22:1 resulted in low carbon
contents compared to the N:P ratios of 0.17:1 and 3000:1. At a
high or low N:P ratio, algae can produce excess C that may be
stored internally as starch and lipids for metabolism and
reproduction (Sterner and Hessen 1994; Claquin et al. 2002).
This suggests that carbohydrates may be the preferential stor-
age at low N:P ratios, while lipids might be the preferential
storage at high N:P ratios. However, in this study, we did not
measure the conversion of cellular C to carbon compounds
and further investigation is needed to identify whether a high
C in the low N:P ratio can be converted to lipids or starch for
physiological functions in algae.

In this study, protein contents in T. lutea and N. oculata
were affected by N:P ratios. The protein contents of algae at
the N:P ratios of 20:1 to 30:1 were higher than other N:P
ratios. In another study, the high protein yield inProrocentrum
donghaiense also happened to fall into the range of the N:P
ratios of 8:1 to 64:1 (Lai et al. 2011). Besides, Berdalet et al.
(1994) and Kilham et al. (1997) reported that algae at highN:P
ratios of 200:1 to 486:1 resulted in a lower protein concentra-
tion than at a medium N:P ratio of 20:1 to 24:1 due to
phosphorus deficiency, which coincides with the low protein
content at the high N:P ratio in this study. The amount of N in
the N:P ratios from 20:1 to 30:1 was 287 μMwhich coincides
with high protein contents in both algae species. This finding
is consistent with a previous study that the protein level is high
in Microcystis aeruginosa at medium N:P ratios from 18:1 to
50:1, and the reason is that these N:P ratios with high ambient
N promote protein synthesis (Downing et al. 2005). Similarly,
the N content was higher in the N:P ratios of 20:1 to 30:1
(287 μM) than that in 5:1 (72 μM) and 10:1 (144 μM) in both
species, suggesting that a relatively low N:P ratio with abso-
lutely high N concentration favours a high constituent of
protein in algae (Flores and Herrero 2004). Thus, a lack of
N would result in a decrease in the rate of protein synthesis
(Berdalet et al. 1994), as shown in the low protein content

Table 2 Fatty acid composition (% total fatty acids) of Nannochloropsis oculata grown at different N:P ratios

Species Nannochloropsis oculata

Treatments

Fatty acids 5:1 10:1 20:1 30:1 60:1 120:1

Saturated

C14:0 1.10±0.06 1.20±0.02 1.27±0.01 1.53±0.01 1.41±0.02 1.33±0.02

C16:0 16.50±0.34a 17.66±0.30b 19.71±0.37c 33.55±0.40d 36.26±0.22e 38.29±0.19f

Sum 17.60 18.86 20.98 35.08 37.67 39.62

Monosaturated

C16:1 21.00±0.17a 21.80±0.13b 26.62±0.14c 28.54±0.39d 29.44±0.23d 30.28±0.12d

C18:1c 0.36±0.01 1.29±0.01 2.04±0.06 2.56±0.04 2.66±0.03 3.32±0.07

C22:1c 0.13±0.01 0.17±0.15 0.19±0.10 0.20±0.10 0.13±0.06 0.15±0.03

Sum 21.49 23.26 28.85 31.30 32.23 33.75

Polyunsaturated

C18:2b 2.02±0.08a 2.55±0.07b 3.41±0.09c 2.03±0.11a 1.46±0.12d 1.00±0.18e

C18:3a (ALA) 0.35±0.22 0.57±0.21 0.79±0.13 0.59±0.10 0.37±0.15 0.27±0.15

C18:4a 0.50±0.15 0.50±0.10 0.35±0.01 0.65±0.12 0.45±0.11 0.39±0.09

C20:4b (ARA) 5.20±0.10a 5.20±0.10a 6.31±0.11b 4.19±0.10c 3.60±0.10d 3.32±0.10d

C20:5a (EPA) 21.53±0.06a 21.57±0.06a 38.67±0.06b 25.40±0.08c 14.33±0.09d 10.27±0.06e

C22:6a (DHA) 0.15±0.02 0.23±0.03 0.34±0.02 0.47±0.02 0.33±0.03 0.21±0.03

Sum 29.75 30.62 49.87 33.33 20.54 15.46

All values are mean ± standard error (n=3). Different letters in the same row represent significant differences at P<0.05. The bold fatty acid species are
described in the results
aω-3 fatty acids, bω-6 fatty acids, and cω-9 fatty acids

ALA alpha-linolenic acid, ARA arachidonic acid, EPA eicosapentaenoic acid, DHA docosahexaenoic acid
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under the N:P ratios of 5:1 and 10:1 in the current study.
Protein is the major macromolecular pool of intracellular N,
and thus N availability in the medium can influence protein
synthesis (Zhao et al. 2009). Hence, the N:P ratios from 20:1
to 30:1 are recommended to increase the protein content of
algae as long as the N concentration in the medium is suffi-
cient for protein synthesis.

Nitrogen and phosphorus are essential elements for algal
metabolism, since their deficiency can affect biochemical
synthesis in algae (Kilham et al. 1997). A highN:P ratio above
22:1 indicates a P-limiting condition (Healey and Hendzel
1979; Nalewajko et al. 1981). For T. lutea and N. oculata, at
the N:P ratio of 120:1, the lipid accumulation was higher than
at low N:P ratios, indicating that T. lutea and N. oculata can
accumulate lipids at a high N:P ratio. In accordance with our
results, Chlorella sp. can accumulate a high content of lipids
under high N:P ratios of 55:1 and 110:1 (P limitations) com-
pared to the lower N:P ratios of 11:1 and 7:1 (N limitations)
(Liang et al. 2013). A few algal species, including Chlorella
spp. (Reitan et al. 1994; Liang et al. 2013), Dunaliella spp.
(Gordillo et al. 1998; Takagi et al. 2006),Parietochloris incisa
(Bigogno et al. 2002), Neochloris oleoabundans (Tornabene
et al. 1983) and Botryococcus braunii (Li and Qin 2005), have
also been reported to have the capacity of accumulating large
quantities of lipids in cells at high N:P ratios. A high N:P ratio
usually indicates low P availability and may cause P deficien-
cy for algal growth and alter their lipid biosynthetic pathways
towards the formation and accumulation of lipids (Hu et al.
2008). When there is a lack of P source in the medium, cell
division will be reduced and C source is absorbed continu-
ously by algal cells, leading to high lipid synthesis in the
Krebs cycle (Ratledge and Wynn 2002), suggesting that the
N:P ratio of 120:1 in this study has a lower P content and thus
may have increased lipid synthesis by stimulating the lipid
metabolic pathways. Unfortunately, we did not measure the
mechanism of lipid metabolic pathways in algae under a low P
concentration. Further research is required to examine the
lipid metabolic pathways at high N:P ratios to gain more
understanding on the process of lipid synthesis at low P
concentrations. The N:P ratios can be manipulated based on
the need of cultivation. For instance, if the aim of cultivation is
for lipid production, then higher N:P ratios should be used and
vice versa (Mayers et al. 2014).

In this study, the impact of N:P ratio on the contents of
ARA, ALA, EPA and DHA depended on algal species. To our
best knowledge, this is the first study reporting the impact of
N:P ratios on biochemical properties between algae species
that possess different EPA and DHA profiles. The increase of
N:P ratio from 20:1 to 120:1 decreased the amount of EPA and
DHA in N. oculata and T. lutea, which is consistent with a
previous study where a higher N:P ratio of 555:1 (P limitation)
decreased the amounts of EPA and DHA in the diatoms
Thalassiosira pseudonana and Chaetoceros calcitrans

compared to a lower N:P ratio of 14:1 (Harrison et al. 1990).
Similarly, the EPA and ARA contents in Phaeodactylum
tricornutum and Porphyridium cruentum were higher at the
20:1 N:P ratio than at the 7:1 N:P ratio, while DHA in T. lutea
and ALA in Chlorella vulgaris and Dunaliella tertiolecta
were increased at the N:P ratio of 20:1 compared with at the
N:P ratio of 7:1 (Breuer et al. 2012). In comparison, we found
that cellular DHA and ALA in T. lutea and cellular ARA and
EPA in N. oculata were low at low N: P ratios (5:1–10:1) and
high at N:P ratios of 20:1 to 30:1. Under an unfavourable
condition such as low N and low P that inhibits biochemical
synthesis, algae are unable to increase the PUFA content by de
novo synthesis, but algae in a mediumwith sufficient nitrogen
and phosphorus can more efficiently produce energy-rich
PUFA (Solovchenko et al. 2008).

In conclusion, the N:P ratio significantly affected the
growth, cellular elements and biochemical composition in
both T. lutea and N. oculata. N:P ratios of 20:1 and 30:1
favoured algal growth and protein content, while the high
N:P ratio (120:1) reduced algal growth and protein content
but increased lipid in both algae. The N:P ratio of 20:1
increased the EPA content in N. oculata while the N:P ratio
of 30:1 increased the DHA content in T. lutea. This study
indicates that N:P ratio manipulation is an effective strategy to
change the nutritional content in algae. Further research is
needed to understand the physiological mechanisms of the
biochemical changes in T. lutea and N. oculata under different
N:P ratios and to enhance the production of valuable biochem-
ical compounds such as lipid and PUFA in algae.
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