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Abstract
The elemental stoichiometry, growth and biochemical composition of Nannochloropsis gaditana, Rhodomonas marina and
Isochrysis sp. were studied in batch cultures against different nitrogen and sulfur molar ratios (N:S) imposed in their surround-
ings. In N. gaditana, treatments with low N:S lead to an increase in carbon:sulfur (C:S) and N:S molar ratios up to 95 and 81%,
respectively. This was reflected in lipid and protein contents which increased up to 67 and 55%, respectively. Moreover,
polyunsaturated fatty acids, as well as its precursors, increased in low N/S treatments. In R. marina, the treatments applied
promptly the decrease of both C:S and N:S ratios to 70 and 68%, respectively. Nevertheless, eicosapentaenoic:arachidonic acid
ratio increased with N:S treatments by three and a half fold. In Isochrysis sp., the elemental stoichiometry was constrained against
treatments until the highest sulfur input. Overall, sulfur supply highlighted microalgae taxonomic differences and suggested that
biochemical control is required, even in nutrient replete conditions, to fully exploit their potential as added value biomachineries.
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Introduction

Microalgae are known for being primary sources of essential
nutrients that display important functions in human metabo-
lism (Koller et al. 2014). In this regard, polyunsaturated fatty
acids (PUFA) are acknowledged for their structural and phys-
iological roles (e.g., biosynthesis of eicosanoids) (Koller et al.
2014). Moreover, their implication on the mitigation of in-
flammatory processes, cardiovascular health, and cancer pre-
vention makes these bioactive compounds suitable for thera-
peutic and pharmaceutical applications (Koller et al. 2014). In

the aquaculture field microalgae are used to enhance fish
lipids in PUFA (Koller et al. 2014). Therefore, their enhance-
ment in PUFA, namely eicosapentaenoic acid (EPA–
C20:5ω3) and docosahexaenoic acid (DHA–C22:6ω3), is
crucial for the use of microalgae for aquaculture purposes
(Fidalgo et al. 1998; Koller et al. 2014). The eustigmatophyte
Nannochloropsis gaditana, the cryptophyte Rhodomonas
marina, and the prymnesophyte Isochrysis sp. are three ma-
rine microalgae commonly employed in aquaculture hatcher-
ies as dietetic supply of essential nutrients.

The statement that microalgae nutritional value can bemanip-
ulated through changes in their growth conditions has been the
focus of industrial and scientific developments (Fidalgo et al.
1998). Changes in growth media, namely in nutrient supply
comprise a stress-inducement strategy often applied with the
aim of optimizing microalgae composition for commercial and
aquaculture purposes (Feng et al. 2011; Fields et al. 2014;
Mayers et al. 2014). Nitrogen and sulfur are both macronutrients
crucial for protein and vitamin biosynthesis and chlorophyll pro-
duction, which are essential to meet growing cell requirements
(Sukenik 1991; Irihimovitch and Yehudai-Resheff 2008;
Giordano and Raven 2014). Thus the presence and concentration
of these nutrients can influence the growth, biochemical compo-
sition and product yield of microalgae (Karemore et al. 2013).

When microalgae are exposed to changes in their growth
conditions, they may respond in two ways: maintain the cell
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composition and functional activities at the expense of growth
(homeostasis) or modulate their metabolic strategies and cell
composition (acclimation) (Montechiaro et al. 2006). For in-
stance, nutrient fluctuations may comprise alterations in their
acquisition and metabolism leading to changes in microalgal
elemental composition (Montechiaro et al. 2006). The way in
which microalgae respond is linked with their metabolic reg-
ulation (Giordano and Raven 2014).

The acquisition and assimilation of nutrients by microalgal
cells are dependent on nutrients concentration and balance
with the other medium components (Giordano and Raven
2014; Mera et al. 2016). In the wide array of nutrients com-
monly used inmicroalgal culture media, sulfur seems to be the
macronutrient less studied for its impacts in microalgae bio-
chemical composition (Mera et al. 2016). With the knowledge
that microalgae have different nutrient requirements, the aims
of the present study were to investigate the effect of nitrogen
and sulfur molar ratios on biochemical composition, growth,
and elemental stoichiometry of N. gaditana, R. marina and
Isochrysis sp. for aquaculture purposes.

Materials and methods

Growth conditions and experimental design

The eustigmatophyte Nannochloropsis gaditana, the
cryptophyte Rhodomonas marina and the prymnesophyte
Isochrysis sp. were obtained from the private collection of
Mariculture Center of Calheta (Madeira, Portugal). The culti-
vation of each microalga was performed by inoculating starter
cultures into 500 mL of enriched seawater. The initial cell
density was 2.5×106 cells mL−1 for both N. gaditana and
Isochrysis sp. assays, and 1.4×105 cells mL−1 for R. marina.
The natural seawater used, for media preparation, was adjust-
ed to a salinity of 25 g L−1 and sterilized by autoclaving
(Uniclav 88) at 121 °C for 15 min.

Nutribloom plus medium (Necton, Portugal) was used as
the basal formula for the nutrient ratio manipulations
(Table 1). The selection of this medium was related to its use
in the Mariculture Center of Calheta for microalgal growth
with aquaculture purposes. For the experiment the
Nutribloom plus mediumwas modified with variable amounts
of anhydrous Na2SO4 in order to reach the following N:S
ratios: 645:1 (NS), 189:1 (NS3), 110:1 (NS6). The final nutri-
ent concentrations are displayed in Table 1. Temperature was
kept at 23 ± 1 °C, the photoperiod at 18:6 h light/dark cycles,
pH ranging 8 ± 1, light intensity at 52 μmol photons m−2 s−1

and compressed air was used for the aeration of cell cultures.
The microalgae were harvested at stationary phase, centri-

fuged (Labofuge 200; Heraeus) for 5 min at 4500 rpm and
washed twice with distilled water. Growth was monitored
daily with a Neubauer-improved counting chamber

(Marienfield-Superior) and a light microscope (Olympus
BX41) at × 400 magnification.

Biochemical composition

Determination of CHNS content was made by an elemental
analyzer Truspec 630-200-200. Total protein was assessed by
multiplying the nitrogen content for 6.25 as described by Kim
et al. (2014). Total lipids determination was performed ac-
cording to the modified Bligh and Dyer (1959) method.
Briefly, to the freeze-dried algal biomass was added 3 mL of
a methanol:chloroform mixture (2:1 v/v) followed by 400 μL
of a saturated solution of KCl and 2 mL of chloroform. After
homogenization, 2 mL of distilled water was added and the
mixture was left stirring for 15 min. Then the sample was
allowed to settle and the organic phase was removed by pi-
petting. Finally, the solvent was evaporated in a Büchi
rotavapor R-200 in order to proceed to lipids gravimetric
quantification. Lipid and protein contents are presented rela-
tive to the dry biomass weight (DW).

Fatty acid determination

The fatty acid composition of algal dried biomass was deter-
mined as fatty acid methyl esters (FAME) as previously de-
scribed by Lepage and Roy (1986), modified by Cohen et al.
(1988). FAME were analyzed by gas chromatography
(Agilent HP 6890) equipped with a mass selective detector
(Agilent 5973) and a fused silica capillary column DB-5MS

Table 1 Composition of the standard Nutribloom plus culture medium
with variable amounts of sodium sulfate

Component Concentration in final growth medium

NS NS3 NS6

NaNO3 4 mM 4 mM 4 mM

KH2PO4 0.2 mM 0.2 mM 0.2 mM

EDTA 0.05 mM 0.05 mM 0.05 mM

FeCl3.6H2O 0.04 mM 0.04 mM 0.04 mM

ZnCl2 2 μM 2 μM 2 μM

ZnSO4 2 μM 2 μM 2 μM

MnCl2.2H2O 2 μM 2 μM 2 μM

Na2MoO4.2H2O 0.2 μM 0.2 μM 0.2 μM

CoCl2.6H2O 0.2 μM 0.2 μM 0.2 μM

CuSO4.5H2O 0.2 μM 0.2 μM 0.2 μM

MgSO4.7H2O 4 μM 4 μM 4 μM

Na2SO4 - 15 μM 30 μM

Vitamins (mg L−1)

Tiamine 0.07 0.07 0.07

Biotin 0.01 0.01 0.01

B12 0.006 0.006 0.006
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Fig. 1 Growth curves for a
N. gaditana, b R. marina, and c
Isochrysis sp. in treatments NS,
NS3, and NS6
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(30 m × 0.25 mm inner diameter, 0.25 μm film thickness)
from J&W Scientific. The chromatographic conditions were
as follows: oven initial temperature was 150 °C for 2 min;
increasing 3 °C min−1 to 205 °C and kept for 2 min, 3 °C
min−1 to 230 °C and 30 °C min−1 until reaching the final
temperature of 300 °C for 5 min; transfer line temperature
260 °C; detector temperature, 270 °C; split ratio, 40:1.
Helium was used as the carrier gas with a flow rate of 1 mL
min−1. The FAME identification was accomplished by com-
paring the retention times and mass spectra fragmentation to
those of known standards (bacterial acid methyl esters CPmix
and Supelco 37 component FAME mix from Supelco). Four
replicates were performed for each GC analysis with the re-
sults presented as the mean value ± standard deviation (SD) of
FAME expressed in mg g−1 DW. The internal standard used
was heneicosanoic acid (C21:0).

Statistical analysis

In algal growth curves, non-linear regression trend lines were
fit to data with Excel Solver Add In. Statistical analysis of the
data was carried out using the software IBM SPSS Statistics
23. Differences between nutrient availability treatments were
assessed by one-way analysis of variance (ANOVA) followed
by a Tukey’s post hoc analysis; p values < 0.05 were consid-
ered to be statistically significant.

Results and discussion

Growth and biochemical composition

The productivity of microalgae is dependent on factors such as
cell concentrations, carbon fixation efficiency, and conversion
of photosynthate into the desired products (Ho et al. 2003;
Andersen 2013). Since nitrogen and sulfur are involved as
catalyst components in the downstream cellular processes that
lead to fatty acid synthesis, the manipulation of their availabil-
ities on growth medium can trigger changes on growth rate,
protein, and lipid levels (Bell et al. 2003; Giordano and Raven
2014). Table 1 displays the microalgae growth rate, total
lipids, total proteins, and elemental composition according to
the different nitrogen and sulfur ratios in the growth medium.

The growth curves for the marine microalgae at different
N:S ratios are displayed in Fig. 1. Through this figure, it is
possible to visualize that, for N. gaditana (Fig. 1a) and
Isochrysis sp. (Fig. 1c), the N:S ratios influenced the time that
microalgae needed to reach the stationary phase. This was also
reflected in the maximum cell density achieved by these
microalgae 36.54×106 mL−1 and 23.66×106 cells mL−1 at
NS3 treatment for N. gaditana and Isochrysis sp.,
respectively.

In both R. marina and Isochrysis sp. cultures, the cell
growth rate decreased along with the protein content upon
treatments (Table 1). These results might be explained by the
crucial role of proteins to sustain growth, which, in turn, is
dependent on the nitrogen level (Andersen 2013). When the
nitrogen level is below from that required for protein biosyn-
thesis, the growth of microalgae can be affected. Moreover, as
with nutrient depletion, nutrient oversupply (sulfur) can also
promote stress.

0

20

40

60

80

100

120

140

160

N. gaditana R. marina Isochrysis sp.

C
:S

 (m
ol

:m
ol

)

NS

NS3

NS6

a

b a
b

a

b

c

b

a
a

a)

0

5

10

15

20

25

30

N. gaditana R. marina Isochrysis sp.

N
:S

 (m
ol

:m
ol

)

NS

NS3

NS6

bb

a

a

b

c

a a
b

b)

0

2

4

6

8

10

12

N. gaditana R. marina Isochrysis sp.

C
:N

 (m
ol

:m
ol

)

NS

NS3

NS6a
b

a

b
aa

a a
a

c)

Fig. 2 Microalgae molar stoichiometry variation with N: S ratios: a
carbon: sulfur (C:S); b nitrogen: sulfur (N:S), and c carbon: nitrogen
(C:N) Values (means ± SD) in the same microalgae not sharing a
common superscript are significantly different (p <0.05)
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In N. gaditana, significant differences (p < 0.05) were ob-
served in the relative amount of lipids and proteins upon the
treatments applied (Table 1). These differences indicate that
treatments with low N:S ratios, NS3 and NS6, had a positive
influence on the lipid and protein contents increasing up to 67
and 55%, respectively, suggesting that the content of these two
macromolecular pools were dependent on the nutrient balance
in the medium. High lipid contents are often associated with
lower growth rates in microalgae (Fernandes et al. 2016); this
was observed inN. gaditanawith the NS3 and NS6 treatments
having the lowest growth rates.

Changes in the uptake rates of the chemical elements may
lead to repercussions in cell stoichiometry and, consequently,
in the organic composition of cells as well as in the size of
metabolic pools (protein, lipid, and carbohydrate) (Giordano
2013). The uptake of the essential nutrients from the external
environment by microalgal cells depends on several parame-
ters such as nutrient bioavailability, concentration, and ratio
with the other nutrients present in the growth medium among
others (Ho et al. 2003).

The molar stoichiometry of microalgae presented sig-
nificant differences (p < 0.05) with respect to the treat-
ments applied. In N. gaditana, treatments NS3 and NS6
lead to an increase in nitrogen and carbon contents evi-
denced by a rise in carbon: sulfur (C:S) (Fig. 2a) and
nitrogen: sulfur (N:S) ratios (Fig. 2b) up to 95% and
81%, respectively. In R. marina, the same treatments
prompt the decrease of both C:S and N:S down to 70%
and 68%, respectively. With respect to Isochrysis sp., only
the NS6 treatment led to low C:S (22.19) and N:S (2.87)
ratios, suggesting that at this point the concentration of
sulfur in the growth medium negatively influenced carbon
and nitrogen acquisition.

Microalgae are adapted to scavenge their environments for
resources. In the presence of an increasing perturbation such
as alterations in nutrient ratios, microalgae cells react by
adjusting the capacity, resource utilization, and flux rates in
order to readily adapt and tolerate stress input. The way by
which microalgae respond to deviations from normal operat-
ing conditions is species-specific. Nannochloropsis gaditana

Table 2 Microalgae maximum cell concentration and biochemical parameters against sulfur supply treatments

Parameter Microalgae Treatments

NS NS3 NS6

μ (d−1) N. gaditana 0.69 ± 0.02a 0.44 ± 0.03b 0.47 ± 0.00b

R. marina 1.11 ± 0.11a 1.02 ± 0.06b 0.97 ± 0.01b

Isochrysis sp. 0.63 ± 0.01a 0.47 ± 0.06a 0.55 ± 0.07a

Elemental composition

C (% DW) N. gaditana 12.51 ± 1.04a 20.95 ± 1.94b 17.39 ± 0.81ab

R. marina 28.87 ± 0.60a 29.65 ± 2.25a 21.64 ± 0.61a

Isochrysis sp. 19.60 ± 1.17a 21.56 ± 2.03a 12.51 ± 0.38b

N (% DW) N. gaditana 1.69 ± 0.15a 2.63 ± 0.20b 2.46 ± 0.12b

R. marina 5.59 ± 0.07a 5.63 ± 0.32a 4.67 ± 0.06a

Isochrysis sp. 2.81 ± 0.12a 3.05 ± 0.22a 1.89 ± 0.02b

S (% DW) N. gaditana 1.30 ± 0.21a 1.11 ± 0.01a 1.21 ± 0.05a

R. marina 0.57 ± 0.05a 0.92 ± 0.25a 1.45 ± 0.10b

Isochrysis sp. 1.31 ± 0.10a 1.30 ± 0.02a 1.52 ± 0.22a

Proximal composition

Lipid (% DW) N. gaditana 4.27 ± 0.38a 7.11 ± 0.12b 6.79 ± 0.11b

R. marina 12.09 ± 0.31a 15.02 ± 0.41b 11.79 ± 0.44a

Isochrysis sp. 13.48 ± 0.02a 15.52 ± 0.42b 10.44 ± 0.37c

Protein (% DW) N. gaditana 10.58 ± 0.91a 16.44 ± 1.24b 15.40 ± 0.76b

R. marina 34.91 ± 0.42a 35.18 ± 2.02a 29.17 ± 0.40b

Isochrysis sp. 17.58 ± 0.77a 19.03 ± 1.37a 11.80 ± 0.11b

L/P (W:W %) N. gaditana 0.41 ± 0.07a 0.43 ± 0.04a 0.44 ± 0.01a

R. marina 0.35 ± 0.00a 0.43 ± 0.01ab 0.4 ± 0.02b

Isochrysis sp. 0.77 ± 0.03a 0.82 ± 0.08a 0.88 ± 0.04a

Values (means ± SD) in the same row not sharing a common superscript are significantly different (p < 0.05)

DW, dry weight
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responded to increased sulfur inputs by increasing and/or
adjusting the flux rates toward the acquisition of the limiting
nutrients (carbon and nitrogen), while R. marina responded to
sulfur supply by enhancing its acquisition, and finally,
Isochrysis sp. by maintaining cells stoichiometric balance (ho-
meostasis), until the sulfur input seemed to have exceeded the
threshold concentration.

Elemental C:N ratios (Fig. 2c) are often linked to the flux
balance between carbohydrate, lipid, and protein pools
(Palmucci et al. 2011; Fernandes et al. 2016). Thus carbohydrate
and lipids are known for being themajor carbonmolecular pools,
whereas proteins are the major route for nitrogen assimilation
(Palmucci et al. 2011). In N. gaditana, significant differences
(p < 0.05) in the C:N ratio, along with a steady L:P ratio, were
observed in microalgae subjected to treatment NS3 (Table 2).
Thus, the increase in N. gaditana C:N ratio (Fig. 2c) may
indicate that this treatment resulted in a larger allocation

of carbon in carbohydrates since the ratio L:P remained
constant (Table 2). In R. marina, the decrease in C:N ratio,
observed for the microalgae grown in the highest sulfur
supply (NS6), was coupled with an increase in the L:P ratio
(14%). Having into account the relationship between the
elemental C:N ratio and the main macromolecular pools,
this might be explained by the decrease of carbohydrates
in regard to protein which may lead to an increase in C:N
ratio. In Isochrysis sp., both the C:N and the L:P ratios
presented no significant differences (p < 0.05) indicating
that this microalga responded to sulfur supply by
constra ining the C:N rat io and maintaining cel l
homeostasis.

Fatty acid content

Fatty acid biosynthesis requires several steps that are restricted
by enzymes such as thioesterases, elongases, acyl-coenzyme
A (acyl-CoA) synthetases, and acyltransferases, and by the
supply of energy and precursors (Muhlroth et al. 2013).
Throughout these steps, sulfur is underlined as a key compo-
nent in prosthetic groups (e.g., phosphopantetheine) and
enzyme cofactors (e.g., coenzyme A (CoA)) (Muhlroth et al.
2013).

Table 3 displays the fatty acid profile pattern for
N. gaditana subjected to treatments with different molar
N:S ratios in the growth medium. The amount of individual
fatty acids showed significant differences (p < 0.05) be-
tween the treatments applied. The major fatty acids were
palmitic acid (C16:0) and alpha-linolenic acid (ALA,
C18:3ω3), which together accounted for over 40% of total
fatty acids detected. In this microalga, treatments NS3 and
NS6 lead to an increase in all fatty acid sets, namely in
saturated fatty acids (SFA) and monounsaturated fatty acids
(MUFA), up to 42 and 39%, respectively.

In treatments NS3 and NS6, the changes in the medium
prompted an increase in C16:0, monounsaturated stearic acid
(C18:1) and linoleic acid (LA, C18:2ω6) contents (Table 3).
C16:0 and C18:1 are both products of plastidial de novo FA
synthesis and can be further synthesized into PUFA in the
endoplasmic reticulum (Chen et al. 2013; Huerlimann et al.
2014). Thus, their enhancement along with polyunsaturated
fatty acids (PUFAs) can be explained by increased plastidial
production, possibly induced by the treatment with the N:S =
189:1 ratio, NS3.

The conversion of arachidonic acid (AA, C20:4ɷ3) to
eicosapentaenoic acid (EPA, C20:5ɷ3) catalyzed by the ome-
ga 3 (ɷ3) desaturase is the main route of EPA biosynthesis in
Nannochloropsis (Stefels 2000; Rocha et al. 2003; Harwood
and Guschina 2009). Sulfur supply triggered omega 6 (ɷ6)
fatty acids accumulation, namely the precursor of the ɷ6 LC-
PUFA, this increase converged in an increased EPA content
(Table 3).

Table 3 N. gaditana fatty acid profile under different N:S ratios in
growth media

Fatty acids
(mg g−1 DW)

Treatment

NS NS3 NS6

C14:00 0.29 ± 0.02a 0.41 ± 0.01b 0.28 ± 0.04a

C16:00 4.54 ± 0.21a 6.36 ± 0.13b 5.07 ± 0.27c

C18:00 0.16 ± 0.00a 0.22 ± 0.00b 0.16 ± 0.01a

Total-SFA1 5.45 ± 0.24a 7.74 ± 0.15b 6.07 ± 0.31c

C16:1 1.08 ± 0.04a 1.52 ± 0.05b 1.43 ± 0.19b

C18:1 1.62 ± 0.09a 2.24 ± 0.14b 1.58 ± 0.15a

Total-MUFA1 2.84 ± 0.12a 3.95 ± 0.16b 3.15 ± 0.14c

C16:3ɷ3 1.58 ± 0.07a 1.48 ± 0.03a 1.40 ± 0.17a

C18:2ɷ6 2.76 ± 0.11a 4.27 ± 0.07b 3.22 ± 0.25c

C18:3ɷ3 4.66 ± 0.23a 4.85 ± 0.21a 4.15 ± 0.35a

C18:4ɷ3 0.28 ± 0.01a 0.25 ± 0.01b 0.31 ± 0.00c

C20:3ɷ6 0.08 ± 0.00a 0.16 ± 0.00b 0.12 ± 0.02c

C20:4ɷ6-AA 0.07 ± 0.00a 0.15 ± 0.00b 0.11 ± 0.02c

C20:5ɷ3-EPA 1.09 ± 0.02a 1.35 ± 0.02b 1.11 ± 0.03a

Total-PUFA1 11.71 ± 0.41a 14.29 ± 0.26b 11.88 ± 0.37a

∑ɷ3 7.90 ± 0.28a 8.28 ± 0.21b 7.18 ± 0.58a

∑ɷ6 2.97 ± 0.12a 4.70 ± 0.07b 3.51 ± 0.29c

∑ɷ3:∑ɷ6 2.66 ± 0.07a 1.76 ± 0.04b 2.06 ± 0.34b

ɷ3 HUFA 1.38 ± 0.02a 1.69 ± 0.02b 1.32 ± 0.07a

EPA:AA 15.59 ± 0.79a 8.80 ± 0.09b 10.45 ± 2.96b

(SFA + MUFA):PUFA 0.71 ± 0.02a 0.82 ± 0.02b 0.78 ± 0.03b

Total1 20.00 ± 0.74a 25.98 ± 0.47b 21.10 ± 0.72a

Values (means ± SD of four replications) in the same row not sharing a
common superscript are significantly different (p < 0.05)
1 Contains some minor components not shown
2Containsω9 and ω7 isomers

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA,
polyunsaturated fatty acid; LC–PUFA, long-chain polyunsaturated fatty
acid; DW, dry weight
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Sulfur availability is known to influence photosynthesis
efficiency and hence carbon assimilation and allocation
(Simionato et al. 2013). According to Mizuno et al.
(2013), sulfur decrease leads to an increase in starch and
lipid contents along with changes in the fatty acid compo-
sition of Chlorella lobophora and Parachlorella kessleri.
However, these changes involve an increase in C16:0 and
C18:0 coupled with a decrease in PUFAs (Mizuno et al.
2013). In opposition to sulfur depletion conditions that in-
duce a rapid decrease in photosynthesis efficiency, in sulfur
replete media, the chloroplast transcriptional activity pro-
ceeds normally and results in PUFAs increase (Irihimovitch
and Yehudai-Resheff 2008).

The general fatty acid profile of R. marina presented a
similar trend across treatments, but evidencing some quanti-
tative differences (p < 0.05) between media (Table 4). ALA,
stearidonic acid (SDA, C18:4ω3), EPA, and DHA were the
main fatty acids accounting together for over 65% of total
fatty acids.

Furthermore, the fatty acid patterns suggest that
R. marina responded to treatments NS3 and NS6 by chang-
ing the nutritional ratios that determine its applicability. For
instance, the EPA:AA ratio increased by three and a half
fold in microalgae subjected to the treatment NS6. EPA
enrichment of live feeds is needed in marine hatcheries,
making this microalgal species a suitable resource for aqua-
culture (Karlsen et al. 2015).

In R. marina, the increased sulfur uptake did not result
in the enhancement of microalgae biochemical composi-
tion. This might indicate that: (i) the sulfur assimilation
was diverted toward other sulfur-containing compounds
such as low molecular weight compounds or sulfate esters,
like carbohydrates; (ii) the amino acids composition may
have shift toward sulfur-containing amino acids, despite no
positive effects detected in protein content; and/or (iii) the
excess sulfur was not assimilated.

The fatty acid profile of Isochrysis sp. showed significant
differences in the relative amounts of fatty acids detected

Table 4 R. marina fatty acid profile under different N:S ratios in the growth media

Fatty Acids (mg g−1 DW) Treatment

NS NS3 NS6

C14:0 2.97 ± 0.19a 3.15 ± 0.13a 1.87 ± 0.06b

C16:0 4.03 ± 0.27a 4.22 ± 0.16a 2.49 ± 0.05b

C18:0 0.48 ± 0.04a 0.59 ± 0.01b 0.27 ± 0.02c

Total-SFA1 7.54 ± 0.49a 8.05 ± 0.30a 4.66 ± 0.11b

C16:1 0.97 ± 0.15a 0.67 ± 0.02b 0.77 ± 0.05b

C18:1 4.12 ± 0.27a 4.38 ± 0.11a 2.11 ± 0.07b

Total-MUFA1 5.09 ± 0.42a 5.05 ± 0.12a 2.87 ± 0.10b

C18:2ɷ6 7.10 ± 0.46a 9.34 ± 0.22b 3.79 ± 0.05c

C18:3ɷ3 20.41 ± 1.13a 19.32 ± 0.41a 14.10 ± 0.25b

C18:4ɷ3 18.46 ± 1.03a 17.12 ± 0.30a 15.49 ± 0.22b

C20:4ɷ6-AA 0.19 ± 0.02a 0.25 ± 0.03a 0.03 ± 0.00b

C20:5ɷ3-EPA 12.10 ± 0.53a 10.12 ± 0.05b 7.33 ± 0.09c

C22:6ɷ3-DHA 8.34 ± 0.54a 7.89 ± 0.24a 5.15 ± 0.15b

Total-PUFA1 66.89 ± 3.62a 64.51 ± 0.73a 46.06 ± 0.51b

∑ɷ3 59.31 ± 3.13a 54.45 ± 0.58b 42.07 ± 0.47c

∑ɷ6 7.57 ± 0.49a 10.07 ± 0.20b 3.99 ± 0.06c

∑ɷ3:Σɷ6 7.84 ± 0.09a 5.41 ± 0.08b 10.55 ± 0.09c

∑ɷ3 HUFA 20.44 ± 1.07a 18.01 ± 0.26b 12.48 ± 0.24c

DHA:EPA 0.69 ± 0.02a 0.78 ± 0.02b 0.70 ± 0.01a

EPA:AA 64.42 ± 6.26a 40.14 ± 4.13a 229.31 ± 30.09b

(SFA + MUFA):PUFA 0.19 ± 0.00a 0.20 ± 0.00b 0.16 ± 0.00c

Total1 79.52 ± 4.50a 77.61 ± 1.10a 53.59 ± 0.70b

Values (means ± SD of four replications) in the same row not sharing a common superscript are significantly different (p < 0.05)
1 Contains some minor components not shown
2Containsω9 and ω7 isomers

SFA, saturated fatty acid;MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; LC–PUFA, long-chain polyunsaturated fatty acid;DW,
dry weight
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(Table 5). The major fatty acids were myristic acid (C14:0),
SDA and DHA, that together accounted for over 50% of total
fatty acid content. The fatty acid pattern of this microalga was
similar when grown in NS and NS3 media (Table 5).
Moreover, in the treatment with the highest sulfur input,
Isochrysis sp. fatty acids showed an analogous trend to
R. marina, displaying a decrease of 42% in total fatty acids.

The assimilatory routes of sulfur converge in an array of
compounds that also need carbon and nitrogen for their syn-
thesis (Stefels 2000; Giordano and Raven 2014). Hence, the
assimilatory routes of carbon, nitrogen, and sulfur are
intertwined and the limitation of any of them stalls the pro-
duction of the corresponding molecular pools (Falkowski and
Raven 1997; Giordano and Raven 2014). Treatment NS6 trig-
gered a decrease in N/S and C/S ratios in both Isochrysis sp.
and R. marina. This might have led to an internal

stoichiometric imbalance where the resources (e.g., carbon
skeletons) required for sulfur assimilation were in short sup-
ply, limiting the growth and biochemical productivity.

The presence of EPA, DHA, and AA is essential in
selecting microalgae for aquaculture purposes. However, due
to the competitive interactions between them, the optimal re-
quirements for each individual fatty acid must be taken into
account when feeding live-prey in aquaculture (Luo et al.
2015). In this regard, all microalgae cultures, with the excep-
tion of N. gaditana cultivated in NS3, exceeded the recom-
mended minimal ratios of EPA:AA > 5 for flatfish larvae
nutrition, and the sum of omega 3 (∑ω3) and omega 6
(∑ω6) rate higher than 2 for larval and juvenile oysters nutri-
tion (Bell et al. 2003; Huerlimann et al. 2010). Regarding the
DHA:EPA ratio, only Isochrysis sp. was above the recom-
mended value (DHA: EPA > 2) for flatfish larvae nutrition
(Bell et al. 2003).

Conclusion

The results of the present study evidence that the way by
which microalgae respond to deviations to their normal oper-
ating conditions is species-specific and affects differently the
carbon allocation in the three main macromolecular pools, as
well as nutrients fluxes to the microalga cell. These differ-
ences may, for instance, determine the relationship between
algae and their zooplanktonic predators in aquaculture and
favor one microalgae species with respect to the others.
Thus, the biochemical control on the production of these mi-
croorganisms to commercial purposes is crucial in order to
assess these effects and understand these differences, even in
nutrient replete conditions, bringing novel insights on
microalgae enhancement.

Funding information This study was partially supported by the Oceanic
Observatory of Madeira (M1420-01-0145-FEDER-000001-Observatório
Oceânico da Madeira-OOM).
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