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ABSTRACT. Tetraselmis suecica is a green microalga that thrives under a wide range of conditions, used in
the commercial culture of fish, mollusk, and crustacean larvae for supplementing the demand for fertilizers. Its
pigments have applications in human health care as drug products, vitamins, and cosmetics. Growth and pigment
concentration of T. suecica were evaluated in experimental cultures with different nutrient concentrations and
light intensities to determine the most appropriate culture conditions to optimize the production of biomass and
pigments. Chlorophyll-a, chlorophyll-b, lutein, violaxanthin, a, B-carotene, and neoxanthin concentrations were
evaluated under three different nutrient conditions (441.5/18.1, 883/36.3, and 1766/76.2 uM of
NaNO3/NaH,PO,) and four light intensities (50, 150, 300, and 750 pumol quanta m?2s?). Increases in either or
both of these factors lead to increases in the concentration of all pigments. Chlorophyll-a reached up to 5x10°
mg m2, chlorophyll-b up to 2500 mg m, lutein 600 mg m?, violaxanthin 300 mg m, o, p-carotene 500 mg m,
and neoxanthin 400 mg m. Growth rate (u) attained values of 1.6 d*. An index to evaluate the efficiency of
pigment production by light intensity (called LER) was computed. The highest LER was recorded at 50 pumol
quanta m2 s and a nutrient concentration of 1766/76.2 uM (NaNOas/NaH,PO,); this treatment optimizes
pigment production with the lowest light intensity. Our results show that the optimum light intensity should be
selected according to the objective of the culture, either maximizing pigment concentration for harvesting at
higher concentrations or reducing production costs regarding light consumption.
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INTRODUCTION advantage of T. suecica for aquaculture lies in its

importance as live food for marine species. For

Tetraselmis suecica is a green microalga in the class
Prasinophyceae. It is characterized by possessing well-
differentiated organelles, body size measuring 2-30
pum, and flagella covered by rigid scales. Such qualities
allow this species to thrive under a wide range of
conditions (i.e. nutrients and light) in coastal and
oceanic waters (Jeffrey et al. 1997, Barsanti & Gualtieri
2006, Borghini et al. 2009, Barten et al. 2020). It has
been used in the commercial culture of fish, mollusk,
and crustacean larvae, as well as for supplementing the
demand for fertilizers, drug products, and cosmetics
(Contreras et al. 2014, Suganya et al. 2016, Rizwan et
al. 2018, Mzozo et al. 2019, Sharawy et al. 2020). The
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example, T. suecica has been shown to increase the
survival rate, feed conversion rate, protein, and lipids
contents in Penaeus vannamei (Sharawy et al. 2020).
Also, copepods fed on microalgae shown preference
and filled their guts more rapidly than T. suecica
(Mzozo et al. 2019). For bivalves are the major food
source, growing much better in unfiltered seawater with
this microalga (Suganya et al. 2016, Rizwan et al.
2018), also complementing with other microalgae
ensures the development of the bivalves (Contreras et
al. 2014). Furthermore, some phytoplankton pigments
contained in this species have applications in human
health care. They can be used as food additives and
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supplements, as they function as natural dyes,
antioxidants, and some might even serve as anti-cancer
agents. For example, the human body uses B-carotene
as a precursor to vitamin A, and lutein is used in
ophthalmic treatments to alleviate age-related degene-
rative damage (Sansone et al. 2017, Faé-Neto et al.
2018, Morangais et al. 2018).

Changes in the pigment composition of microalgae
are influenced by environmental factors such as
nutrients and light conditions (Borowitzka et al. 2016,
Faé-Neto et al. 2018). The addition of nutrients in
cultures of Tetraselmis sp. has been evaluated as a
means to increase the production of lipids and
accessory pigments (Dahmen-Ben et al. 2017, Biondi
et al. 2018, Chang et al. 2020). These studies showed
that the inhibition of carbohydrate synthesis through
modification in the microalgae strain could increase
lipid synthesis. Furthermore, nutrient starvation
processes lead to oil or carbohydrate accumulation,
increased carotenoid contents, and decreased chloro-
phyll-a (Chl-a) and chlorophyll-b (Chl-b) content
(Dahmen-Ben et al. 2017). However, the effect of light
intensity has been only evaluated, comparing a range
from 36 to 133.1 umol quanta m? s (Go et al. 2012).
Other works regarding T. suecica have not considered
the comparison among different light intensities, and
they have only defined one light intensity (Fabregas et
al. 1984, Cid et al. 1992, Ulloa et al. 2012, Abiusi et al.
2014). In addition, those intensities ranges are lower
than those in natural environments (Coria-Monter et al.
2019); furthermore, the simultaneous effect of light
intensity, nitrate, and phosphate has not been
considered.

For this reason, this study aims to examine the
combined effect of four different light-intensity levels
and three nutrient conditions on the growth and
pigment composition of T. suecica. The study results
will support the optimization of culture conditions and
contribute to understanding the species response to the
varying conditions that it experiences in the ocean.

MATERIALS AND METHODS

Culture conditions

Tetraselmis suecica inocula were obtained from the
culture collection of the Institute for Oceanological
Research (110) at Universidad Auténoma de Baja
California (UABC) and kept in f/2 medium (Guillard
1975). We used a two-way factorial experimental
design comprising all possible combinations of four
light intensity levels (50, 150, 300, and 750 pmol
quanta m?2 s?) and three NaNOs/NaH,PO, concen-
trations (low, 441.5/18.1; medium, 883/36.3; high,

1766/76.2 uM). The microalgae were continuously
irradiated with daylight fluorescent tubes, and the light
intensity was measured with a 4n quantum scalar
irradiance sensor (Biospherical Instruments model
QSL-100). The culture medium was autoclaved at
120°C and 1.05 kg cm for 15 min. The experiments
were carried out in sterile 3-L Erlenmeyer flasks
containing 2.9 L of culture medium; each flask was
inoculated with a 200 mL initial inoculum containing a
constant number of cells mL™* and incubated for seven
days at 19 £ 1°C; salinity was kept at 33. Cells were
counted daily using a Coulter Multisizer 3 particle
counter. The culture growth rate (U, per day) was
calculated using Equation 1:

_ In(Ny)-In(N,)

N tr—ty

)

where, N1 and N are cell densities at the initial (t1) and
final times (t2).

Code names denoting the light intensity (50, 150,
300, or 750 pmol quanta m? s?) and nutrient
concentration level (L: low; M: medium; H: high) are
used to refer to the different experimental treatments.
For example, 50 L denotes the treatment with 50 pmol
quanta m? s and low nutrient concentration.

Analyses of pigments and nutrients

Samples were taken from each culture daily at the same
time of the day over the seven-day culture period to
measure pigments and nutrient concentrations. A 5-10
mL aliquot from each treatment was filtered through a
Whatman GF/F 25 mm filter preserved in liquid
nitrogen for subsequent analysis. Pigment concentration
was measured using the protocol described by Trees et
al. (2003). Each filter was thawed and placed in 4 mL
of 100% acetone to extract the pigments. Pigments
were identified and quantified using high-performance
liquid chromatography on an ODS-2 C18 column using
a three-solvent gradient system at a flow rate of 1 mL
min't, Pigment separation took 25 min, and the pigment
peaks were detected with a ThermoQuest UV6000
scanning diode-array detector (190 to 800 nm at 1 nm
resolution). The pigments evaluated were Chl-a, Chl-b,
and the carotenoids lutein (Lut), violaxanthin (Viola),
a, B-carotene (Caro), and neoxanthin (Neo).

Filtrates from the pigment analyses were used for
nutrient analysis. They were placed in polypropylene
bottles and stored at -20°C in an ultra-freezer until
analysis. Nutrient (nitrates and phosphates) concentration
was determined with the method described by Parson et
al. (1984), using synthetic seawater to dilute each
sample sufficiently to allow measuring its nutrient
concentration. For nitrates, 0.5 mL of a concentrated
ammonium chloride solution was added to each diluted
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sample, and a 15 mL aliquot was poured into a
reduction column. A solution of 200 uL sulfanilamide
was added and mixed to the reduced sample, followed
by naphthyl ethylenediamine and mixing, before
measuring absorbance at 543 nm. For phosphates, 2.5
mL of a mixture of molybdic acid, ascorbic acid, and
antimony-potassium tartrate mixture added. The
resulting complex was reduced to yield a blue solution,
and its absorbance read at 885 nm wavelength.

The light-efficiency rate (LER) was calculated to
evaluate pigment production efficiency concerning
light intensity. LER is defined as the amount of pigment
produced per light intensity unit, as follows:

Light — ef ficiency rate (LER) =
Pigment production( mg m~3) (2)

Light intensity(umol quanta m~2s~1)

where, pigment production is the difference between
the concentration at the beginning of the experiment
(day 1) and the concentration on day 5. Light intensity
is the level corresponding to each treatment. Higher
values of LER mean a higher light-efficiency rate.

Statistical analyses

Previous to the analyses, all data (cell density u, Chl-a,
Chl-b, Lut, Viola, Caro, and Neo) were tested for
normality, using a significance level a = 0.05. Results
indicated that none of these variables had a normal
distribution, and for this reason, we selected the a priori
Kruskal-Wallis nonparametric ANOVA test to evaluate
the significance of the differences, also using a
significance level a = 0.05. When this test indicated
differences among treatments, a posterior Wilcoxon
test was applied (Wilcoxon et al. 1970) to determine
which specific treatment was different from another.
This test considers pairwise comparisons between all
treatments using the seven days of culture, separately
for each variable. For each comparison, all the
treatment observations were put together in a single set,
arranged in increasing order, and ranked, beginning
with 1 for the smallest value. The ranks of each
treatment were added up, and the statistic U was
computed; this value was then compared with the
critical value corresponding to a = 0.05 (Wilcoxon et
al. 1970) to identify significant differences between
treatments. The statistical tests for each variable are
shown in Tables 1-3.

To explore if the nutrient conditions and light
intensities used in our experiments produced significant
differences in the light-efficiency rate (LER) of each
pigment, we conducted multiple comparisons based on
a goodness-of-fit test (GOF) with a variance homo-
geneity model (Zar 2010).

RESULTS

Cell density and growth rate (l)

Cell density in the Tetraselmis suecica cultures was
evaluated in terms of the number of cells (Fig. 1a-c). In
all treatments, day 1 was an acclimatization stage;
between days 2 and 4, the growth increased, and the
growth decreased by day 5. Higher cell densities were
attained under higher light intensities and higher
nutrient concentrations. For example, cell density never
surpassed 12x10° cells mL* in the L treatments (Fig.
1a), whereas it reached up to 26x10° cells mL* in the
H treatments (Fig. 1c). On the other hand, cell density
under high light intensity (300 and 750 pmol quanta
m2 s1) reached somewhat higher levels than in the low
light-intensity treatments (50 and 150 pumol quanta m
s). However, despite these general trends, there were
no statistically significant differences between
treatments than the seven days of culture (Kruskal-
Wallis, a = 0.05).

Nitrate and phosphate concentrations declined with
time in all treatments, especially under high light
intensity (300 and 750 pumol quanta m?s™) (Figs. 2a-c
and 3a-c). Nitrate was depleted since day 2 in the L
treatments (Fig. 2a), since day 3 in the M treatments
(Fig. 2b), and since day 5 in the H treatments (Fig. 2c).
Phosphates were depleted one day earlier than nitrates
in all treatments (Fig. 3a-c).

To better visualize the differences between
treatments, data for day 2 (Figs. 4a-c and 5a,c,e,g,i) and
day 5 (Figs. 4b-d and 5b,d,f,h,j) were plotted. The
growth rate (x) values on day 2 tends to be higher than
those on day 5, showing the difference between rapid
growth and slow growth. On the other hand, day 2 u
values tend to increase with both nutrient concentration
(Fig. 4a) and light intensity, although the differences
between nutrient levels at the highest light intensity
(750 pumol quanta m? s) were very small. A similar
trend is observed on day 5 (Fig. 4b): x increases with
a nutrient concentration in the high light intensity
treatments (300 and 750 pmol quanta m? s), but not
so in the low light intensity ones (50 and 150 pumol
quanta m? st). Despite these general trends, no
statistically significant differences were found when
the growth curves of the different treatments were
compared (Kruskal-Wallis, a = 0.05).

Pigment concentrations

Chl-a concentrations ranged between 300 and 1100 mg
m on day 2 (Fig. 4c) and between 800 and 4500 mg
m on day 5 (Fig. 4d), showing a tendency to increase
with nutrient concentration and light intensity. The
highest Chl-a concentrations were observed on day 5 in
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Table 1. Results from the pairwise comparisons between treatments using the Wilcoxon test for two independent samples.
Results for Chl-a concentration are shown in the upper triangle of the matrix; results for Chl-b concentration are shown in
the lower triangle. Green cells denote significant differences (a = 0.05), white cells denote non-significant differences, black
cells separate the two sets of results. Codes names denote the light intensity (50, 150, 300, or 750 umol quanta m? s*) and
nutrient concentration level (L: low; M: medium; H: high) as explained in text.

Chl-a
Treatment 150M |300M |[750M |50 H
50 L

Chl-b

Table 2. Results from the pairwise comparisons between treatments using the Wilcoxon test for two independent samples.
Results for carotenoids lutein (Lut) concentration are shown in the upper triangle of the matrix; results for violaxanthin
(Viola) concentration are shown in the lower triangle. Green cells denote significant differences (o = 0.05), and white cells
denote non-significant differences; black cells separate the two sets of results. Codes names denote the light intensity (50,
150, 300, or 750 pmol quanta m? s*) and nutrient concentration level (L: low; M: medium; H: high) as explained in text.

Lut
Treatment |50L |150L |300L |[750L 50M [150M |300M |750M |50H |150H [300H |750H
50 L
150 L
300 L

N

Viola

the high nutrient concentration (H) and high light
intensity (300 and 750 pumol quanta m? s™) treatments.
Statistical tests (Table 1) showed significant differen-
ces in Chl-a concentration between some treatments; in
particular, treatments H and M had significantly higher
concentrations than treatment L. The same trends were
observed for Chl-b (Figs. 5a-b). Chl-b concentrations

on day 2 ranged between 100 and 500 mg m= and
between 200 and 2400 mg m™ on day 5. Significant
differences were observed between L and H. Chl-b
concentrations in treatments 50, 150, 300, and 750 L
were significantly lower than those in treatments 150
and 300 H (Wilcoxon, o = 0.05).
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Table 3. Results from the pairwise comparisons between treatments using the Wilcoxon test for two independent samples.
Results for a,f3-carotene (Caro) concentration are shown in the upper triangle of the matrix; results for neoxanthin (Neo)
concentration are shown in the lower triangle. Green cells denote significant differences (a = 0.05), white cells denote non-
significant differences, black cells separate the two sets of results. Codes hames denote the light intensity (50, 150, 300, or
750 pumol quanta m s) and nutrient concentration level (L: low; M: medium; H: high) as explained in text.

Caro

Treatment

150

50H | 150H | 300H | 750 H

M | 300M | 750 M

Neo
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Figure 1. Cell-growth (£ standard error) curves of Tetraselmis suecica in culture media with a) low, b) medium, and c)
high nutrient concentration, under different light intensities ( -o-50 —-150 -a-300 -3-750).

Lut concentrations ranged from 20 to 110 mg m=on
day two and from 50 to 500 mg m™ on day 5, showing
a tendency to increase with both nutrient concentration
and light intensity (Figs. 5c-d). The highest Lut
concentrations were observed on day 5 in the high light
intensity treatments (300 and 750 pmol quanta m?s™?).
Statistical tests (Table 2) showed that Lut concentration

was significantly higher in the high nutrient concen-
tration-high light intensity treatments (Wilcoxon, o =
0.05).

The other pigments followed a similar trend, with
their concentration increasing by day 5. Viola concen-
trations ranged from 20 to 70 mg m™ on day 2 and
between 50 and 280 mg m™3 on day 5, with a tendency
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Figure 2. Evolution of nitrate concentration in Tetraselmis suecica cultures with a) low, b) medium, and c) high nutrient
concentration and different light intensities (-o-50 —-150 -a-300 -a-750).

BOC

3. 4 5
Time (days)

0

3. 4 5 8
Time (days)

Figure 3. Evolution of phosphate concentration (UM) in Tetraselmis suecica cultures with a) low, b) medium and c) high
nutrient concentration and different light intensities ( --50 —-150 --300 -o-750).

to increase with both nutrient concentration and light
intensity (Figs. 5e-f). Statistical tests (Table 2) showed
that Viola concentrations in treatments H and M were
significantly higher than those in treatment L
(Wilcoxon, a = 0.05). Caro concentrations ranged from
10 to 100 mg m=on day 2 and from 50 to 480 mg m™

on day 5, showing a tendency to increase with both
nutrient concentration and light intensity (Figs. 5g-h).
The highest Caro concentrations were observed in the
high light intensity treatments (300 and 750 pmol
quanta m? s?). Statistical tests (Table 3) showed
significant differences in Caro concentrations between
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low (L), medium (M) and high (H) nutrient concentration and different light intensities: a) growth rates on day 2, b) growth
rates on day 5, ¢) Chl-a concentration on day 2, d) Chl-a concentration on day 5.

the low light-low nutrient concentration treatments and
the high light-high nutrient concentration ones
(Wilcoxon, o = 0.05). Neo concentrations ranged from
10 to 100 mg m3on day 2 and between 50 and 380 mg
m on day 5, with a tendency to increase with both
nutrient concentration and light intensity (Figs. 5i-j).
The highest Neo concentrations were attained on day 5
in the high light intensity treatments (300 and 750 pmol
quanta m? s?). Statistical tests (Table 3) showed
significant differences in Caro concentrations between
some H and M treatments and the L treatment under
high light intensity (300 or 750 pumol quanta m s)
(Wilcoxon, a = 0.05).

The LER of pigments in the different treatments
(Figs. 6a-f) showed a general trend to increase under
lower light intensities and higher nutrient concen-
trations. The highest efficiencies for Chl-a were
attained in H. In particular, the highest efficiency was
observed in the highest nutrient concentration-lowest

light intensity treatment (50 H), which was
significantly higher vs. all others (indicated with an
asterisk in Fig. 6a) (GOF, a = 0.05). The same pattern
was observed for Chl-b (Fig. 6b). The highest LERs for
Lut were attained in treatments 50 H, 150 M, and 300
H (Fig. 6¢), with no significant differences (GOF, o =
0.05). The highest efficiencies for Viola were observed
in treatments 50 M and 50 H (Fig. 6d), with no
significant difference between them (GOF, a = 0.05).
The highest efficiencies for Caro were observed in
treatments 50 M and 50 H (Fig. 6e). Finally, the highest
LER for Neo was attained in treatment 50 H (Fig. 5f).

DISCUSSION

The growth and pigment concentration of microalgae,
including Tetraselmis suecica, are influenced by light
intensity and nutrient concentration (Borghini et al.
2009). In our study, combinations of high nutrient con-
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on day 5.

centration and high light intensity (300 and 750 umol
quanta m s™) provided the most favorable conditions
for cell density increase (cell growth). Although there
were no statistically significant diffe-rences between
treatments, the highest cell densities attained in our
cultures (26x10° cells mL™? in the high nutrient
concentration-light intensity treatments) were twice as
high as the maximum value (13x10° cells mL™) reported
by Fabregas et al. (1984) for the same species grown
under higher nutrient concentrations but lower light
intensities than those used in our study.

Higher nutrient concentrations and higher light
intensity favored the growth rate (x) of T. suecica. The
highest x values attained in our study (over 1.3 d?)
were twice as high as the figure (0.67 d) reported by
Goetal. (2012) for the same species grown under 108.7
umol quanta m? st and 290 uM nitrate. They
considered this value as the maximum rate because
higher light intensities led to photoinhibition. However,
as our results show, T. suecica can be grown at higher
light intensities of up to 750 pmol quanta m?s? and
thus attain a higher x Dahmen-Ben et al. (2017)
reported a  of 0.6 d* for T. marina grown under 60
umol quanta m? s, while Ulloa et al. (2012) reported
a pof 0.36 d* for T. suecica grown under 220 pmol
quanta m2 s, and Fabregas et al. (1984) obtained a rate
of 0.55 d. All these reported rates are about half as
high as those attained in our study; this shows that light
intensity should be used to attain higher growth rates in
cultures. The growth rate is also affected by nutrient
concentration, as lower nutrient concentrations are
related to lower g values. Fabregas et al. (1984)
reported that nitrate concentrations of 2000, 4000, and
8000 M are optimal for the growth rate (0.55 d*) of T.
suecica, that crop biomass did not increase with higher
nutrient concentrations, and that 2000 UM was the most
efficient concentration. However, the x value reported
by Fabregas et al. (1984) is half as high as the one
attained in our study; this can be explained by the low
light intensity (220 pmol quanta m? s) used by those
authors, which is just one-third of the intensity used in
our cultures. Therefore, the combined effect of these
two variables is specifically important to determine the
expected growth rates.

In our study, pigment concentrations also increased
with light intensity and nutrient concentration. The
highest pigment concentrations were attained under
high light intensities (300 or 750 pumol quanta m?2s?),
a finding that should be borne in mind if the culture
objective is to produce pigments. Several pigments
produced by T. suecica have applications in human
health care. For example, lutein is used in ophthalmic
treatments (Cho et al. 2011) and is an important source
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values (GOF, o = 0.05).

of diet supplements to delay human health decline (Del
Campo et al. 2007). In our cultures, Lut and other
pigments attained concentrations several orders of
magnitude higher than those obtained in other studies
on the same species (e.g. Borghini et al. 2009).

Several studies have evaluated various light
conditions, seeking to optimize the production and
pigments of microalgae. However, most of those
studies have focused on the design and behavior of light
within bioreactors to increase cell density, and thus
improve productivity and reduce costs (Olaru et al.
2015), or increasing the amount of energy produced (in
the form of lipids) per total energy consumed
(Rattanapoltee & Kaewkannetra 2014). Our study
proposed using the LER to optimize light use and
evaluate this ratio for our experimental treatments. The
LER is defined as the amount of pigment biomass
produced per light unit, thereby identifying the
treatment with the best cost-benefit balance. Ahmed
(2014) and other authors have used a similar approach
to evaluate the protein efficiency rate (in terms of the
weight gained from protein consumption) to optimize

feed for fish cultures. Evaluating LER provided us with
a quantitative tool to identify the culture conditions that
best exploit the light resource for producing pigments.
In our study, the highest LER -for all the pigments
evaluated- was attained in the treatments with the
lowest light intensity (50 pmol quanta m2s), and high
nutrient concentrations (M or H) is the most suitable
conditions for pigment production efficiency. There-
fore, the lowest light intensity is the most suitable
condition in terms of cost-benefit. Some authors (e.g.
Coelho et al. 2014, Kawaroe et al. 2016) seek to attain
high cell-density production to reduce harvest effort.
Therefore, the selection of light-intensity conditions
should be based on whether the purpose of the culture
is producing a higher pigment concentration or
reducing production costs in terms of light consump-
tion.

Based on our experimental results, we conclude that
increases in nutrient concentration and light intensity
promote a higher concentration of Chl-a, Chl-b, lutein,
violaxanthin, o,f3-carotene, and neoxanthin, which is an
advantage for harvesting at higher concentrations. Our
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cultures attained x values twice as high as those
reported previously, thus showing that light should be
adjusted accordingly to promote the required cell
growth. However, in terms of light-intensity efficiency
(LER), the best treatment was the one with the lowest
light intensity (50 umol quanta m? s™) and a nutrient
concentration (NaNO3z/NaH»PO4) of 1766/76.2 uM.
Therefore, we conclude that the selection of light-
intensity conditions for growing T. suecica should be
based on whether the objective of the culture is
producing pigment in a higher concentration for
harvesting at higher concentrations or reducing
production costs in terms of light consumption.
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